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The south-western Sardinian coast (ltaly), in the sector between the small
village of Chia (Domus de Maria) and the Piscinni locality (Teulada), is one of
the most interesting of the island, being characterized by a wide
geodiversity, a complex history testified by several archaeological sites,
rich ecosystems, and beautiful landscapes. This area is already famous as a
seaside resort, but its rich geological heritage is totally unrecognized and
the educational and touristic potential of its archaeological sites is widely
undervalued. In this paper, we propose an itinerary in seven stages, each of
which selected considering mainly its geology (geodiversity, scientific
relevance of the geological features, and educational potential), and also
the additional values as the presence of archaeological sites and/or of
ecological diversity and/or touristic attractions. The aim of this work is to
propose the study area as a geotrail since it represents a valuable geological
(and not only) heritage to be protected, preserved, and valorized in the
broadest meaning of the word. The following sites have been selected:
Chia tower hill, showing interesting geological features and the Punic-
Roman archaeological site of Bithia; Campana and Su Giudeu beaches with
their dune system and the adjacent wetlands; Settiballas, near to the Chia-
Laguna resort displaying a significant geological contact; Capo Spartivento
rias and cliffs; Tuerredda beach and sand dunes; Capo Malfatano, a
panoramic promontory made up of 460 million years old metamorphic
rocks; and Piscinni area, where a beautiful beach and a wide Punic/Roman
sandstone quarry can be observed. In addition, the most panoramic points
are overlooked by Spanish towers built during the 16th to 17th century. The
study area is described from geological and archaeological points of view,
after a detailed field survey, the petrographic characterization of the main
rocks, and an overview of the scientific literature. The quantitative
assessment of the geosite values has been also performed, revealing the
high potential for scientific, educational, and touristic purposes. The main
concerns related to the preservation and valorization of this geosite are
also addressed. Finally, a discussion on the geosite assessment methods is
proposed to contribute to the scientific literature on the geoheritage. The
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site-by-site description is reported at the end of the paper to be used as a

field guide.
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geoheritage, geoconservation, archaeology, Punic-Roman quarry, touristic and
educational value, geotrail

Introduction and Aims

Geoheritage is a relatively new topic in the Earth Sciences field.
Since the concept of geological heritage was first introduced, at the
beginning of the 90s, several papers have been published in the
attempt to examine the different sides of this multidisciplinary topic,
and its significance has been extended to wider concepts as
geodiversity, geoconservation, and geoethics. Seminal papers such
as Brocx and Semeniuk (2007), Gray (2008), and Brilha (2016) and
books (Gray, 2013; Reynard and Brilha, 2017) have addressed many
concerns raised during a decades-lasting scientific debate. Among
them, we can mention the significance of a site (from local to global
interest), the reason why it is important (type locality of fossils and/
or rocks of particular interest or just aesthetic value), who can be
interested in a site (tourists, students, scholars), and finally which is
the scope of instituting a geosite (scientific research, touristic
attraction, education, conservation) (Brocx and Semeniuk, 2007).
One of the aims of these studies is to identify those features making a
geological site worth to be considered as a geoheritage.

Quantitative approaches have also been developed to provide
numerical models for the geosite assessment (Fassoulas et al., 2012;
Strba et al., 2015; Brilha, 2016; Kubalikova, 2019; Mucivuna et al.,
2019; Pereira et al., 2019; Ruban et al., 2021). Some of the methods are
intended to be
parameterizing every side of the geoheritage topic, from the

“omni-comprehensive” by considering and
geological values (uniqueness, geodiversity, significance, etc.) to the
degradation risks and from the educational value to the touristic
attractiveness and thus to the economic potentiality (Bruschi et al.,
2011; Fassoulas et al., 2012; Brilha, 2016; Ruban et al., 2021). Other
methods, considering the complexity of each parameter involved in
geosite assessment, are devoted to exploring in detail specific concepts
of the topic, such as the quantification of geodiversity (Ruban, 2010;
Gray, 2013; Ibdez et al., 2019; dos Santos et al., 2020; Zakharovskyi and
Németh, 2021), the aesthetic value of a geosite (Kirillova et al., 2014;
Mikhailenko et al,, 2017), its potential for touristic purposes (Pralong
and Reynard, 2005; Kubalikovd, 2014; Widawski et al., 2020), the
presence of additional values (Reynard et al., 2007; Vujicic et al., 2018),
and many others sides of the geoheritage topic.

The great interest of the scientific community is further testified
by the publishing of several site-focused works that, applying the
general rules, concepts, definitions, and models of geoheritage, bring
to light the significance of a specific site, to give it more value, and to
make it known to an audience as wider as possible (Panizza, 2009;
Vuji¢i¢ et al., 2011; Kirchner, 2016; Gioncada et al., 2019). Such a
work also attempts to raise public awareness and to involve politics
(from local administrations to international policies) in valorization,
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conservation, and protection of geosites of particular interest
(Gordon, 2018; Gordon et al, 2018; Newsome and Dowling,
2018; Sumanapala et al., 2021; Ruban et al,, 2022). Indeed, policy
has relegated the geological heritage to a secondary role compared to
biodiversity or to archaeological sites, and only in very recent times,
the geoheritage concept has been introduced in official reports and
international agendas (Reynard and Brilha, 2017).

A further development in the geoheritage field is the evolution of
the concept of geosystem services (Gray, 2011) and its placement into
the geoconservation and land management practices (van Ree and
van Beukering, 2016; Németh et al, 2021a, 2021b). Geosystem
services can be defined as the abiotic (geologic) component of the
ecosystem services which in turn are defined as the goods, functions,
and processes of ecosystems that support human life and needs and
that finally benefit the society (Gray, 2011; Gray, 2018). In other (our)
words, geosystem services can be seen as a scientific, educational,
social, and economic capital that should be valorized, managed, and
protected and that, first of all, needs to be studied.

Sardinia has a complex geological history, in which exemplary
processes have alternated over more than 500 million years, from the
Palaeozoic to the Quaternary, strongly characterizing the island and
making it interesting from both a scientific and a didactic-cultural point
of view. Some examples of the Sardinian geodiversity are 1) a well-
preserved, complete transect of the huge Palacozoic Variscan chain
(Cocco et al, 2018); 2) the presence of one of the widest Variscan
batholiths (Rossi and Cocherie, 1991), where several zoomorphic and
anthropomorphic rocks represent natural monuments (Verdiani and
Columbu, 2010); 3) plenty of abandoned mine sites (mainly for
exploitation of Pb and Zn but also Fe, Cu, Au, barite, fluorite, etc.)
that represent a geoheritage with high touristic potential (Balletto et al,,
2020); and 4) karst, caves, and canyons in the Mesozoic limestones,
representing one of the biggest karst landscape in Italy (Cabras et al,,
2008). Despite the wide variety of Sardinian geology, few scientific
works developing and promoting its geo-cultural research, highlighting
its geodiversity, and making known the main geological events and/or
the peculiar rocky outcrops have been published (Mossa et al,, 2018;
Buosi et al., 2019a; Gioncada et al., 2019; Franceschelli et al,, 2021).

Following the above-described considerations, this paper focuses
on a stretch of coast along the south-western side of the wide Gulf of
Cagliari in Sardinia (Italy), between the localities of Chia (to the east)
and Piscinni (to the west), passing through Capo Spartivento and
Capo Malfatano capes (Figure 1). The study area is one of the most
interesting and fascinating places of the whole island, renowned for its
beaches and sea, but also characterized by a significant geodiversity
well known to geologists but totally obscure for common tourists.
Additional values to this geodiversity are provided by the ecological
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context of wide biodiversity and by the occurrence of historical-
archaeological sites. To fully valorize (from touristic, scientific, and
educational points of view) this rich heritage, we propose a seven-
stage itinerary including the most significant examples of geodiversity,
the main archaeological sites, the most famous beaches, and
panoramic viewpoints located in the study area. Each stage of this
geo/archeo-trail will be described from geological, archaeological, and
subordinately ecological points of view. The petrographic features of
each lithology and their petrological and geodynamic significance will
be briefly explained. To ensure an objective evaluation of the whole
itinerary (or geotrail), its quantitative assessment will be computed
stage-by-stage using a modified version of the method proposed by
Brilha (2016).

The aims of this research are 1) to raise public and political
awareness about geoheritage through the description of the most

10.3389/feart.2022.910990

noticeable features in the study area; 2) to valorize these natural and
cultural monuments highlighting the touristic and cultural/didactic
potential, paying attention to a sustainable development; and 3) to
suggest possible solutions regarding conservation and protection of
these geosites.

Different sides of the geoheritage topic, with special regard to
the assessment methods, are also discussed in the framework of
the international scientific literature to contribute to the growing
debate on the geoheritage and its evaluation.

Geological setting

The Sulcis region forms the south-western part of the
metamorphic Palaeozoic basement of the Variscan Sardinia
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(Figure 1A), which, in turn, is divided into three main tectono-
metamorphic zones, with a decrease of the metamorphic grade
from NE to SW: 1) an internal (or axial) zone in north-eastern
Sardinia, which continues in the southern Corsica basement; 2) a
nappe zone, further subdivided into external and internal nappes,
in south-eastern, central, and north-western Sardinia; and 3) a
fold-and-thrust belt, belonging to the external zone, in south-
west Sardinia, also referred to be the foreland of the chain
2015). The
late Variscan

et al,
intruded by
granitoids, which form the Sardinian batholith. The reader is
referred to Cruciani et al. (2001, 2008a, b, 2012, 2014, 2015),
Massonne et al. (2013), and Fancello et al. (2018) for further
information on the geology and metamorphism of the rocks of

(Carmignani et al, 2001; Cruciani

metamorphic  basement is

the axial zone.

The nappe zone is made up of a low/medium metamorphic
grade metasedimentary sequence with intercalated a volcanic
succession, ranging in age from the Upper Cambrian to the
boundary Ordovician-Silurian, which lies on a thick Cambrian
siliciclastic succession (Arenarie di San Vito Fm.) and followed
by Middle-Ordovician and Upper Ordovician-Lower Silurian
metapelitic-carbonatic successions (Punta Serpeddi Fm., Black
Shale Fm., Villasalto Limestone Fm.) (Oggiano et al, 2010;
Cruciani et al., 2016, 2017). The reader is referred to Cocco
et al. (2018) for a complete review of the geology of the
nappe zone.

The external zone comprises the oldest rocks of the Sardinian
basement that, due to the complex polyphase deformation and
metamorphic history, raised a decades-lasting scientific debate in
the geologist community. According to the former interpretation
(Carmignani et al,, 2001 and references therein), the Settiballas
schists Fm. (outcropping exclusively in the study area) represent
a Precambrian(?) sequence intruded during the Ordovician by
granitoids (the protolith of the Monte Filau orthogneiss) and
overlaid by the Precambrian Bithia Fm. (Junker and Schneider,
1983). This Precambrian sequence lies below the Cambrian
Groups (or formations) of Nebida, Gonnesa, and Iglesias
(Pillola et al., 1995).

The new interpretation of the geological setting of this area
totally reconsiders the significance of the Bithia Fm. The U-Pb
radiometric dating of zircons from a metavolcanic layer
2012)
provided an Ordovician age (457 + 0.17 Ma) thus younger

within the Bithia succession (Pavanetto et al,

than the supposedly overlying Nebida Fm. (Lower Cambrian).
These new data, coupled with the finding of a m-thick
mylonitic contact between the two formations and with
other structural evidence, led Pavanetto et al. (2012) to
recognize this succession as an allochthonous tectonic unit
formerly belonging to the external nappe zone and
tectonically juxtaposed over the Lower Cambrian Nebida
Group (belonging to the foreland); accordingly, the Bithia
Fm. was renamed as “Bithia Tectonic Unit”. This new
interpretation also detailed

was confirmed by a
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microstructural study and by further U/Pb radiometric data
(462.1 +
metavolcanics, corroborating the Ordovician age of the

4.3 Ma) on zircon populations from the same

succession (Cruciani et al., 2018).

The Monte Filau orthogneiss is generally accepted as the
metamorphic counterpart of a Middle Ordovician, type-S
leucogranite (Cruciani et al., 2019b) intruded in a sedimentary
the Settiballas  Schists), and both
metamorphosed during the Variscan orogenesis in Devonian-

succession  (now
Carboniferous times. The subsequent Variscan orogenesis
the
anchimetamorphic-epimetamorphic grade of metamorphism
(Franceschelli et al., 2017).

The low-grade metamorphic rocks belonging to the Variscan

produced in external zone an

basement are intruded by a huge plutonic complex being part of
the larger Sardinian batholith, emplaced at the end of the
Variscan orogenesis at about 320-280 Ma.

Although there are several studies concerning the geological,
structural, and metamorphic evolution of the above-described
rocks, the full geological significance of this sector remains a
matter of debate in the scientific community, making it one of the
most interesting areas in Sardinia from a geological point of view
(Pavanetto et al., 2012; Costamagna et al., 2016; Cruciani et al.,
2018; Cruciani et al., 2019b).

Methods

A detailed field survey has been performed to identify and
characterize the most significant sites to be chosen as stages of the
itinerary. Several photographs and the exact coordinates of each
point have been acquired to allow everyone to recognize the site
and its features even in the absence of a guide. Petrographic thin
sections have been realized and studied by optical microscopy to
fully characterize the outcropping rocks.

Seven geosites (also referred to as stages or stops of the
itinerary) were selected based on the occurrence of at least three
of the following features: geodiversity, significance of geological
features in the regional framework (scientific interest),
occurrence of didactic examples of geological features/
processes (educational interest), closeness to archaeological
and or ecological-rich sites (additional values), viewpoints or
renowned beaches (aesthetic values), accessibility of the site, and
proximity to touristic facilities (likelihood of the site to be
visited).

The quantitative assessment of the geosites has been
performed with the method of Brilha (2016), slightly modified
to better meet the peculiarities of the here proposed itinerary. The
reasons of this choice, among dozens of methods, are described in
the Discussion section, whereas a summary of the main features
of the method and the changes brought to it are here reported.
The value assessment proposed by Brilha (2016) considers
several parameters grouped into four main categories:

frontiersin.org
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scientific value (SV), potential educational use (PEU),
potential touristic use (PTU), and degradation risk (DR).
PEU and PTU share most of the parameters, but some of
them are characteristic of one or another category. To each
parameter, a value from 0 to 4 is assigned (hereafter referred to
as the absolute value). The final score of each category is the
weighted sum of the parameters that composed it. Weighted
sum means that each parameter is multiplied by a percentage
factor that depends on how important the parameter is within
its category.

In this case study, the quantitative assessment is performed
for each stop of the itinerary and then an average value is
reported. Moreover, the final value of each category is
reported in percentage to provide the reader a clearer result.
Some slight adjustment to the calculation of Brilha (2016) has
been made to better meet the peculiarities of the proposed
itinerary. A summary of the different categories, with the
constituent parameters and their weighting factors, is reported
in Table 1.

The changes brought to the original method are described
here. In the SV category, a new parameter has been added,
that is, the archaeological and ecological diversity. This is an
added value also for the geologist community since many
the past
multidisciplinary  fields

studies in year are getting involved in

such as archaeometry or
biogeology exploring the relationships between geology
and the surrounding environment. On the other hand, the
weighting factor of this new parameter (equal to 5) is
intentionally low to prevent ecology/archaeology to
overshadow the prevailing geological interest. In addition,
the weighting factor of the geological diversity has been
increased to 10 (from the former value of 5). To keep the
total weight of parameters to 100, the key locality weight has
been lowered to 10 from original 20. This choice was driven
by considering the concept of significance as underlined by
[Brocx and Semeniuk (2007), and references therein]; they
discussed it in the light of both scale and rarity and
concluded that a geological feature unique or rare in a
given territory should be considered significant (at the
local scale) even if quite common elsewhere. Since the key
locality parameter as defined by Brilha (2016) implies an
international or at least national significance, sites lacking
such recognition are strongly penalized and, by reducing its
weight factor, we partly reduce this disadvantage.

In the PEU and PTU categories, several adjustments were
made. The didactic potential is here assigned based on the
students’ levels (elementary, secondary, or university) to
which it is possible to teach the geological features, rather
than be based on what is already taught in schools; this better
meets the literal meaning of the didactic “potential” (see the
Discussion section for the explanation of this concept).
the of the

potential, assigned to each stage, has been modified

Accordingly, absolute value educational
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considering what we suppose students of various levels
could understand from each site.

The economic level parameter is based, in the original
method, on the household income of the population living in
the municipality hosting the geosites. This assumption
disregards the contribution of thousands of tourists who
every year visit the study area and the proximity to Cagliari
(the Sardinia’s Capital) and its hinterland, where the average
income is significantly higher than that of the villages in the
(source, Italian Ministry of Economy').

study area

Accordingly, an absolute value = 3 was assigned to the
economic level.

The last parameter here modified is the density of the
population; it is included in three categories, PTU, PEU, and
DR. Like the economic level, this parameter considers solely
the municipalities where the geosites are located, and in our
case study, we should assign the lowest absolute value, 1;
however, we decided to increase the value to 2 since the
geosite is close to Cagliari (whose density of population
would result in a value of 3 in the assessment method),
where many people, in every season, come from. This
modification affects positively the PEU and PTU but, at
the same time, increases the DR since more people
frequent a site and more it is likely that they contribute to
its degradation.

Proposed geosites and itinerary
Geoheritage and archaeological sites

The study area displays several didactic examples of
geomorphological features as follows: 1) the southern
slopes of the Sulcis orographic and hydrographic systems;
2) coastal alluvial basins and wetlands along the Chia plain; 3)
a summary of the coastal landforms spanning from shores
with aeolian dunes to vertical cliffs, from tombolos and sandy
bars to drowned rias occupied by lagoons and delimited by
rocky headlands (Figure 2). Moreover, a considerable
geodiversity and a regional significance (sensu Brocx and
Semeniuk, 2007) of geological features can be observed. In
a few square kilometers, schists, metasandstones, quartzites,
marbles, and orthogneiss belonging to the metamorphic
Variscan basement are found together with the late
Variscan granitoids (Pavanetto et al., 2012; Cruciani et al,,
2018). Locally, this crystalline basement is overlaid in direct
contact by quaternary sediments, thus marking a gap of more
than 450 Ma (Table 2). Some of these rocks crop out only in
the studied sector and, being among the oldest Sardinian

1 https://wwwl.finanze.gov.it/finanze/analisi_stat/public/index.php?
tree=2021#download_dataset.
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TABLE 1 Categories and parameters considered in the quantitative assessment of the geosite (modified after Brilha 2016).

Parameters Possible values Weighting factors

Scientific value (SV)

A. Representativeness 0-4 30
B. Key locality 0-4 10°
C. Scientific knowledge 0-4 5
D. Integrity 0-4 15
E. Geological diversity 0-4 10°
F. Archaeological/ecological diversity ¢ 0-4 5¢
F. Rarity 0-4 15
G. Use limitations 0-4 10
Maximum (theoretical) weighted score 400

Degradation risk (DR)

A. Deterioration of geological elements 0-4 35
B. Proximity to areas potentially causing degradation 0-4 20
C. Legal protection 0-4 20
D. Accessibility 0-4 15
E. Density of population 0-4¢ 10
Maximum (theoretical) weighted score 400
Potential educational touristic uses (PEU-PTU) PEU PTU
A. Vulnerability 0-4 10 10
B. Accessibility 0-4 10 10
C. Use limitations 0-4 5 5
D. Safety 0-4 10 10
E. Logistics 0-4 5 5
F. Density of population 0-4¢ 5 5
G. Association with other values 0-4 5 5
H. Scenery 0-4 5 15
I. Uniqueness 0-4 5 10
J. Observation conditions 0-4 10 5
Kg. Didactic potential (PEU only) 0-4¢ 20
Lg. Geological diversity (PEU only) 0-4 10
Kr. Interpretative potential (PTU only) 0-4 10
Ly. Economic level (PTU only) 0-4¢ 5
M. Proximity of recreational areas (PTU only) 0-4 5
Maximum (theoretical) weighted score 400 400
For each parameter, the absolute value and the weighting factor are reported. Superscript letters indicate those parameters that differ from the original method.
“Decreased weight factor.
“Increased weight factor.
“New parameter.
dModification of the absolute value (see text).
rocks, represent a key for understanding the geological The above-described geological scenario is enriched by the
history of the whole island. The outcrops and the contacts archaeological remains of different civilizations, from Phoenician
between different rocks are commonly well exposed, and (8th century BC) to Roman (3rd century BC to 5th century AD)
many geological features are so evident that they could be and finally Spanish (16th century). This area was extensively
clearly explained to people lacking any geological background populated, especially in the Phoenician-Punic and Roman
as well. periods, with various settlements on the coast where the
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remains of the ancient village of Bithia (Bartoloni, 1996) on the
promontory of the Chia tower (Torre di Chia), the harbor at Capo
Malfatano area, and the ancient quarries of Piscinni, with the
extractive fronts still intact and recognizable, can still be seen
today. These archaeological sites are part of a wider itinerary of
the south-western part of Sardinia, starting from Cagliari (e.g.,
Roman amphitheater, Early Christian San Saturnino Basilica,
Romanesque Cathedral and others; Columbu et al., 2017,
2018, 2022) to the Punic-Roman site of Nora, which
preserves buildings and materials of a high historical value
(i.e., theater, thermal baths; Columbu and Garau, 2017;
Columbu, 2018; Columbu et al., 2019), to the important
Phoenician-Punic settlements of Monte Sirai (Bartoloni,
20005 Perra, 2009), Sulki village (today Sant’Antioco)
(Bartoloni, 1988; Pompianu, 2010), Antas site with Punic-
Roman Temple (Columbu et al., 2021), and several Nuragic
the
archaeological finds have been found as well as in other
areas of Sardinia (Bertorino et al., 2002). In addition to the

structures in westernmost  part where several

civil settlements of classical age, several coastal watchtowers
[ie., the towers of Chia (near the village of Bithia), Capo
Malfatano, Capo Spartivento, and Piscinni] built around the
16th to 17th centuries constituted a unique defensive system,
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transformed into a cultural and tourist network today and
appreciated and visited by hundreds of tourists.

Not only civil and military settlements are scattered within
the territory but also well-preserved ancient mines (mainly lead
and zinc) and quarries that establish an ideal link between
geoheritage and archaeological heritage are present.

Geotrail and stops

The itinerary proposed here is enclosed in the municipalities
of Domus de Maria and Teulada towns and follows a transect
along the coastline between the Chia village (in the east) and the
Piscinni beach in the eastern side of the Teulada Gulf (Figure 2).
As outlined in the Methods section, seven localities (stages or
stops) have been selected considering the occurrence of specific
features grouped in five categories (Table 2): geodiversity/
geological significance, educational potential, additional values,
aesthetic value, and accessibility/facilities. To be selected, each
site must exhibit several geological features (including but not
limited to lithologies, landforms, processes, structures as folds
and foliations, etc.), thus satisfying the criteria of geodiversity/
geological significance. In addition, at least other two different
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TABLE 2 Summary of the features of each stage grouped in five categories.

10.3389/feart.2022.910990

Stage |Locality | Geodiversity and Educational Additional Aesthetic Accessibility/
scientific significance potential values values facilities
(@) L Clear landforms; Three archaclog.
Three litologies - attractions: Easy access by car.
. . Less accessible N . . Y a Y
Stop 1 | Torre Chia Exposed geological contacts acology and Punic tophet Viewpoint Camping, resorts and
Four coastal landforms structural setting Romzjm village restaurants nearby.
Spanish tower
Campana- ()| Three litologies Clear landforms; aches se i ;i s
Stop2 | SuGiudeu | Contact granite/schists Didactic examples Wetkands with | Beaches and sea | Five to ten minutes
op beachesand | Foliations and folds of folding, contacts, | high biodiversity | &40 Beach bars,
islet Three coastal landforms granite emplacement Y g
M. Settiballas | Two litologies Low potential. Easy access by car.
Stop 3 | ChiaLaguna | Geological contact of Understandable None Viewpoint Camping, resorts and
resort local significance only to geologists restaurants nearby.
(c) . . Clear landforms; .
Two litologies o o . . . Twenty minutes
Stop 4 Capo_ Contact granite/orthogneiss Didactic examples Roman (r_all. V‘e"_’P"‘“‘: walk from car park.
Spartivento of contacts and Modern lighthouse | Vertical cliffs
Two coastal landforms ! Luxury resort.
granite emplacement
Clear landforms; . N
Tuerredda Two litologies Less accessible Wetlands with Beach and sca Five minutes walk
Stop 5 N T renowned from car park.
beach Two coastal landforms geology and high biodiversity | g i beauty Beach bars.
structural setting 3
(d) Clear landforms; Twenty minutes
Stop 6 Capo Two litologies Less accessible Spanish tower. Viewpoint, walk from car park.
P Malfatano Three coastal landforms geology and High biodiversity | Vertical cliffs Beach bar and
structural setting restaurant.
(e) | Twolitologies Clear landforms;
Piscinni Foliations, folds and Didactic unconformity | Punic/Roman Beach and sca Five minutes
Stop 7 beach unconformity and sedimenta: uarries renowned walk from car park.
i y Yy q for their beauty park.
Two coastal landforms

Representative photographs of some stages are also shown: a) panoramic view from the Chia tower hill; b) strongly deformed schists at the Su Giudeu islet; c) inlet in the Capo Spartivento
cliff; d) panoramic view of Capo Malfatano; e) Piscinni Punic/Roman quarries exposing a didactic unconformity; in the background is the 16th century Spanish tower.

categories must be fulfilled. The basic idea is to propose sites that,
besides the geological interest, can also be attractive from
different points of view to reach an audience as wider as
possible. Note that audience is not only intended in a touristic
way but also includes scientists, students of various levels, and
amateurs of geology and/or archaeology.

The selection criteria led to exclude several localities that,
although beautiful and valuable as touristic attraction, lack the
geodiversity requirements since totally hosted in the metapelites
of the Bithia Fm., the most widespread lithology in this area. Many
viewpoints located along the panoramic coastal road were excluded
due to the scarce geodiversity as well or to the lack of additional
values. In other cases, outcrops geologically interesting for scientists
were excluded for their low educational potential (difficult to be
explained to laypersons) and for the low aesthetic value.

The detailed description of each stop and the geological/
petrographic features of each lithology are reported in Detailed
description of the itinerary and Geological and petrographic
features of rocky outcrops and geomaterials, respectively,
which, if separated from the main paper, could serve as a field
guide. A summary of the main features of each site is reported
here and schematized in Table 2.
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Stop 1—Chia tower. It consists of a promontory where
three different rocks (metapelites, marble, and skarn) can be
observed. The contact between marble and metapelites is
well exposed. Landforms as promontory, tombolo, gravelly
beach with sandy dunes and a river mouth can be observed.
The civil settlement of Bithia (Punic and Roman ages), a
Punic tophet, and a Spanish watchtower of the 16th century
represent an additional historical value. The aesthetic value
is ensured by the viewpoint from the top of the hill from
where landforms can be clearly seen and explained
(educational value). The site is well accessible and rich in
facilities for visitors.

Stop 2—Porto Campana—Su Giudeu. The beaches of Su
Giudeu, Porto Campana, and Sa Colonia represent a geologically
rich area with didactic coastal landforms (beach, dunes, ponds)
and different rocks represented by Settiballas schists intruded by
a late Variscan granitoid and finally cut by aplitic dikes
outcropping in the Su Giudeu islet. The additional value is
represented by the biodiversity-rich environment of the
wetlands behind the beach. The aesthetic value is undisputable
and well known to tens of thousands of tourists who come to this
locality every year.
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Stop 3—Mt. Settiballas—Chia Laguna resort. In this hill, the
contact between the Ordovician orthogneiss of Monte Filau
and the Settiballas schists can be observed. Geology is hardly
understandable for laypersons, but this contact has high
significance for geologists and thus a high scientific value.
The aesthetic value is provided by the panoramic view from
this poorly known point that allows to see the whole alluvial
plain of Chia and most of its beaches. Facilities for visitors
are a nearby resort and the easy access by paved road.

Stop 4—Capo Spartivento. This rocky promontory is made
up of a late Variscan granite intruding the Ordovician
orthogneiss. Cliffs up to 60m asl. cut by decameter-wide
inlets provide a great aesthetic value and a wide panoramic
view. Additional values and facilities consist of a lighthouse
(now an exclusive resort) and a roman trail leading to the Mt.
Sa Guardia Manna hill that offers an even wider view.

Stop 5 — Tuerredda beach. Tuerredda is one of the most
renowned beaches in the south-west Sardinia. It is emplaced
along a fault marking the contact between the Monte Filau
orthogneiss and the Bithia Unit, both visible on the beach
edges. Geological features are not easy to understand and so
have a low educational potential. Additional value consists of a
wetland below the dunes hosting a significant biodiversity.

Stop 6—Capo Malfatano. It is a rocky headland consisting of
Variscan metamorphic rocks belonging to the Bithia Unit and
showing all its facies (metapelites, marble lenses, and
metavolcanics) and the deformations produced during the
Variscan orogeny. Coastal landforms, dominated by cliffs,
inlets, and a drowned ria (now occupied by a lagoon), have a
didactic and aesthetic value. Additional value is given by the 16th
century Spanish tower.

Stop 7—Piscinni beach. From a geological point of view, an
unconformity between the Bithia Unit and the Upper Pleistocene
sandstones can be observed, marking a gap of more than 450 Ma.
This feature is so clear and well preserved that its didactic
potential is certainly high. The additional values consist of
Punic/Roman quarries, where the original shapes of the
carved ashlars are still visible, and of Spanish watchtower. The
aesthetic value is provided by the white sandy beach and by the
quarries that are sometimes drowned forming pools filled by
crystalline water.

In summary, each geosite is characterized by a geology-rich
heritage mainly consisting of metamorphic rocks, granitoids, and
The
deformation produces structures with high significance for

locally sedimentary covers. strong and polyphase
structural geologists and that are so well preserved that they
can be used as didactic examples for students. A summary of the
main coastal landforms is also observed from beaches, dunes, and
ponds in the eastern area to the rocky headlands, cliffs, and rias in
the western area. The didactic potential, as intended in this paper,
is commonly high since many geological features are evident
enough to be explained to everyone. Additional values are

present in six sites out of seven and are mainly represented by
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archaeological sites and/or by biodiversity-rich ecosystems. The
aesthetic value is undisputable in the whole territory; viewpoints
tens of meters above the sea level or beaches with fine-grained
golden sand and emerald-turquoise crystalline seawater attract
thousands of tourists from all over the world every year. Facilities
for visitors are well of

developed, offering all kinds

accommodation and foods for all budgets and needs.

Quantitative assessment of the
geosites

Scientific educational and touristic value

The results of the quantitative assessment of the here
proposed itinerary, performed according to the method
described in Methods, in Table 3
summarized in this section, whereas the pros and cons of the

are reported and
method are described in the Discussion section. For each stop, the
absolute and weighted values of each parameter and the final
score of each category are reported. The last column reports, for
each parameter and category, the average weighted value of the
whole itinerary reported in percentage.

The final scientific value (SV) category scores 70%, testifying
a good scientific value of the study area. The most penalizing
parameters are represented by the lack of a nationally or
internationally recognized key locality within the itinerary,
supporting the need to lower the weight of this parameter
with The

archaeological/ecological diversity lowers the total value of the

when dealing with sites local  significance.
SV category since each stop is treated separately, and thus, some
of them, lacking this kind of feature, negatively affect the final
weighted average.

The potential educational use (PEU) and potential touristic
use (PTU) categories show high values of 80% and 81%,
respectively. Surprisingly, the lowest value (46%) is assigned to
the scenery parameter, that is, the beauty of the site (see the
Discussion section for the explanation of such a low value).
Another parameter lowering the total scores of PEU and PTU
is the density of the population, which, even if modified to
consider the proximity of Cagliari (the absolute value
increased from 1 to 2), remains quite low. Finally, the safety
conditions contribute to lower the total scores of PEU and PTU.
The barely sufficient weighted value of 68% does not mean that
the itinerary is dangerous for tourists and/or students but mainly
reflects the lack of emergency structures in close proximity. Most
of the sites have safety facilities as easily walkable and marked
trails, boardwalks, and fences, but in places like Piscinni ancient
quarries and Capo Spartivento, a safety improvement would be
useful. High scores in the PEU and PTU categories are provided
by the facilities (logistic, accessibility, accommodations, etc.), the
possibility to observe and interpret the geological features, and
the low vulnerability.
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Degradation risk

The degradation risk (DR) category is separately discussed to
better highlight the site vulnerability and to discuss the possible
actions aimed at its conservation. Table 3 provides a clear
overview of the most sensitive parameters of each stage,
supporting the usefulness of the quantitative assessment of the
geosite features. The overall percentage score of DR = 51% reveals
a low to moderate degradation risk of the whole geosite. The
highest value (which means a high degradation risk) is related to
the parameter of legal protection scoring of 82%. In vulnerable
areas as the dunes of Su Giudeu, walking or camping is forbidden,
but there is no control of accesses and, during the summer, it is
quite common to observe tourists walking on the dunes. The
Piscinni quarries as well are in a restricted area under the
supervision of the Superintendency of Cultural Heritage, but
there is a lack of a real access control. In other areas such as the
stages of Settiballas, Capo Spartivento, and Capo Malfatano, no
restrictions are in force, further lowering the total score of this
parameter. The other problematic parameter (79%) is the
accessibility of the geosite since almost all sites are easy to be
reach: the easy access of people is an advantage to the PEU and
PTU categories but, at the same time, increases the degradation
risk. On the other hand, it should be said that various stages of the
itinerary are not really sensitive to deterioration; geological
features such as the contact between granite and orthogneiss
at Capo Spartivento or the decametre-thick marble lenses at Capo
Malfatano are difficult to be destroyed by natural or anthropic
agents, so their degradation risk is low, even in the absence of
legal protection and/or with high anthropogenic pressure.

Considering each stage separately, it is possible to assess
the most vulnerable ones. They are the beaches of Su Giudeu
and Tuerredda where the high presence of visitors, especially
in summer, is associated with a significant vulnerability of
some geological features, especially the dunes but also the
islets that are reached by thousands of people every year. Not
only human pressure but also natural causes can result in the
degradation of these geosites. The coastal erosion driven by
changes of the dominant marine currents, by storm events,
and by the sea-level rise, whose impact is predicted to increase
due to the global warming (Nerem et al., 2018), strongly
threatens the coastal sites, both of geological and of
archaeological interest (Reimann et al, 2018). Current
evidence of the erosional processes can be observed at the
quarries of Piscinni where several blocks of sandstone, up to
several meters in size, are collapsing or are already collapsed
under the wave action. Moreover, the most interesting quarry
floors lie just 1 or 2 m above the sea level and so are impacted
by flooding during storm events. No degradation risks, neither
from natural events nor from the human activities (here very
limited), have been detected for the two sites of this itinerary
that are well above the sea level, which are the Settiballas and
Capo Spartivento stops.
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Discussion
Geosite protection and valorization

The main purposes to institute a new geosite (or geotrail) are
its protection and its valorization, and the better way to do it is by
assessing the risk factors and the potentialities of the site. In this
paper, the quantitative assessment revealed a low to moderate
degradation risk for most of the geosites but highlighted that
some of them are endangered due to coastal erosion and human
activities. However, the current conservation state of the sites is
commonly quite good. Geological features such as the Bithia
outcrops, the contacts between different lithologies or facies, and
the quaternary sandstone sequences are well exposed and, except
for the local collapses of the latter, do not show evidence of
substantial decay. The vulnerable dune systems of Su Giudeu and
Porto Campana have even increased their average height and
width in the past years thanks to a series of interventions
(boardwalk to cross dunes and ponds, fencing of dunes,
chess-shaped cane barriers) funded by the Sardinia regional
government and realized by the municipality of Domus de
Maria (Costa et al., 2014).

A good conservation state does not mean that further
interventions are not necessary. On the contrary, there is a
need to prevent a possible deterioration, which would be
enhanced if this site will becomes a geosite in the future.
Obviously, we cannot deal with global issues such as the sea-
level rise or the increased occurrence of extreme weather
events due to the climate change, but it is possible to act for
limiting local risks like those produced by the anthropic
Without the of
geoconservation, already examined by several authors
(Wimbledon et al., 1995; Prosser et al., 2006; Brocx and
Semeniuk, 2007; Ellis, 2011; Gray, 2013; Gordon, 2018;
Prosser, 2018), we would like to suggest some low-cost

activities. exploring vast  topic

conservation interventions. First, the area should be better
monitored to control the accesses to vulnerable and protected
areas and to prevent the geosites from visitors’ misconducts.
The installation of fences and low-impact boardwalks (like at
Su Giudeu beach), the refurbishing of old trails, and the
placement of posters reporting the rules for a correct site
fruition could protect the most vulnerable sites and, at the
same time, enhance visitors’ safety.

As regards the valorization of the geo-itinerary, this paper
intends to be the first step in this direction. Several geosites
within the Variscan basement have been proposed in the past
years in different countries, for instance, in Germany (Wrede and
Miigge-Bartolovi¢, 2012), Czech Republic and Poland
(Alexandrowicz, 1998; Migon and Rozycka, 2021), Spain
(Fuertes-Gutiérrez and Ferndndez-Martinez, 2012), Morocco
(Mehdioui et 2022), and hundreds of others. A
comparison between the here proposed itinerary and other

al.,

geosites worldwide would be meaningless since each geosite

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.910990

30U3I0S YpIeT Ul SIaiuo4

T

640°UISIB1UOIY

TABLE 3 Results of the quantitative assessment of the geosite’s value performed following a modified version of the method proposed by Brilha (2016).

Scientific value (SV)

A. Representativeness
B. Key locality

C. Scientific knowledge
D. Integrity

E. Geological diversity

F. Archaeological and/or ecological

diversity
G. Rarity
H. Use limitations

Total SV

Potential educational touristic uses
(PTU-PEU)

A. Vulnerability

B. Accessibility

C. Use limitations

D. Safety

E. Logistics

F. Density of population

G. Association with other values
H. Scenery

I. Uniqueness

J. Observation conditions

KE. Didactic potential (PEU only)
LE. Geological diversity (PEU only)

KT. Interpretative potential (PTU only)

LT. Economic level (PTU only)

1° stop

Torre Chia

Abs  Weighted

60
0

20
60
40
10

N N

—

15
2 20
21 225

Abs  Weighted

PEU PTU

4 40 40
4 40 40
4 20 20
3 30 30
4 20 20
2 10 10
4 20 20
3 15 45
4 20 40
4 40 20
3 60

4 40

4 40
3 15
4 20

2° stop

Su Giudeu

Abs  Weighted

120
0
20
60
40
10

[ I NN A

4 60
2 20
24 330

Abs  Weighted

PEU PTU

2 20 20
4 40 40
4 20 20
3 30 30
4 20 20
2 10 10
4 20 20
4 20 60
4 20 40
4 40 20
3 60

4 40

4 40
3 15
4 20

3° stop

Settiballas

Abs  Weighted

120
0
20
60
40
0

S & B oA O B

'S

60
4 40
24 340

Abs  Weighted

PEU PTU

4 40 40
3 30 30
4 20 20
3 30 30
4 20 20
2 10 10
4 20 20
0 0 0
4 20 40
4 40 20
2 40

3 30

3 30
3 15
4 20

4" stop

Capo

Spartivento

Abs  Weighted

2 60

0 0

4 20

4 60

4 40

2 10

4 60

4 40

24 290

Abs  Weighted
PEU PTU

4 40 40

1 10 10

4 20 20

2 20 20

4 20 20

2 10 10

4 20 20

1 5 15

4 20 40

4 40 20

3 60

3 30

4 40

3 15

4 20

5° stop

Tuerredda

Abs  Weighted

2 60
0 0

1 5

4 60
4 40
2 10
1 15
4 40
18 230

Abs  Weighted

PEU PTU

4 40 40
4 40 40
4 20 20
3 30 30
4 20 20
2 10 10
4 20 20
4 20 60
4 20 40
4 40 20
2 40

3 30

3 30
3 15
4 20

6 stop

Capo Malfatan

Abs  Weighted

2 60
0 0

4 20s
4 60
4 40
1 5

1 15
4 40
20 240

Abs  Weighted

PEU PTU

4 40 40
2 20 20
4 20 20
3 30 30
4 20 20
2 10 10
4 20 20
0 0 0
4 20 40
4 40 20
2 40

2 20

3 30
3 15
4 20

7" stop

Piscinni

Abs  Weighted

120
0
20
60
40
20

N N N S

[

30
2 20
24 310

Abs  Weighted

PEU PTU

4 40 40
4 40 40
4 20 20
2 20 20
4 20 20
2 10 10
4 20 20
1 5 15
4 20 40
4 40 20
4 80

2 20

4 40
3 15
4 20

Whole
geosite
Weighted
values
Avg % of
max val.
71
0
89
100
100
46
61
79
70
Avg % of
max val
PEU PTU
93 93
79 79
100 100
68 68
100 100
50 50
100 100
46 46
100 100
100 100
68
75
89
75
100
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proximity to recreational areas) and so do not need any
improvement and represent the strong points of this itinerary,
especially the additional archaeological/ecological value. The
latter represent the very peculiarity of the itinerary since most
of the geosites offer more than geology and thus can also be
attractive for people not specifically interested in this discipline.
Other parameters have a low score (density of population,
economic level) but cannot be significantly improved just by
promoting a geoitinerary.

To conclude this section, a summary of practical actions to
valorize the itinerary is proposed: 1) information campaigns to raise
public awareness about the great hidden value of these sites, which
should involve all the stakeholders; 2) involvement of the scholar
community in new research/educational projects; 3) a monitoring
service possibly carried out by a qualified staff that could also
address visitors to the less known attractions and to explain the
geosite features; 4) improvement of signage and infrastructures to
protect the geosites and the visitors; and 5) involvement of local
administrations in large-scale land management. In addition, the
preservation and the development (cultural and economic) of this
territory should pass through the membership to regional, national,
or even international networks of protected zones and parks as
already done for the Su Giudeu beach that belongs to the “Natura
2000 network.

Finally, we suggest that the Detailed description of the stops
and the Geology and petrography of outcropping rocks could be
presented in the form of a leaflet or brochure to be used by
tourists, students, geology enthusiasts, and scholars as a field
guide of the attractions (especially the less known ones) of this
territory.

Considerations on the assessment
method

The main purpose of this work is the valorization of an area
that offers to visitors (tourists, students, scholars) plenty of
attractions, with most of them neglected, unrecognized, or
the
methodological approaches for geological heritage assessment

undervalued. A comprehensive  overview  on
would be beyond the scopes of this paper; however, a discussion
about different assessment methods and concepts at their bases is
required to justify the preference of a method to another and also
to contribute to the growing debate about geoheritage.
Quantitative methods are commonly based on an easy-to-
understand principle, that is, the identification of several
parameters, sometimes grouped in categories, to each of
which a numerical value is assigned (Pereira et al., 2007;
Reynard et al., 2007; Ruban, 2010; Rybar, 2010; Bruschi et al.,
2011; Fassoulas et al., 2012; Strba et al., 2015; Brilha, 2016; Ruban
et al.,, 2021). A total rank is so obtained; it can be related to the
maximum rank allowed by the method, and/or it can be

compared to other sites where the same method was used. If
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the underlying idea is straightforward, its application is by far
more complex. Different parameters, different scores and
calculations, and even different concepts and meanings of the
same parameter can be found in the literature. The value
assignment to a geosite can be further complicated by the
occurrence of additional values such as archaeological-cultural
and/or ecological features (Reynard et al., 2007; Moroni et al,
2015; Migon et al., 2018). Many aspects of the geoheritage topic
are more multifaceted than one can imagine, deserving studies
focused on them. What is geodiversity and how can it be
quantified (Gray, 2008; Ruban, 2010; Brilha et al, 2018)?
What “geosite value” means (Strba and Rybar, 2015)2 Who
benefits from this value (Brocx and Semeniuk, 2007; Hose,
2008; Strba, 2019; Benedetto et al, 2022)? What is the
aesthetic value of a site (Kirillova et al., 2014; Mikhailenko
et al, 2017)? How should the visibility (Mikhailenko and
Ruban, 2019) and accessibility (Mikhailenko et al., 2021) be
weighted in the final rank of a geosite? How and why should
we protect the geological heritage (Prosser et al., 2006; Gray,
2013; Migon and Pijet-Migon, 2017; Gordon et al., 2018)? These
and many other questions were answered by researchers in the
past decades, contributing to a productive debate that is still
active and evolving. On the other hand, this growing literature
makes difficult the site-focused studies since authors have to
select the most significant parameters to be considered (and those
to be neglected), to assign them a score, to opt for a “school of
thought”, and to choose a calculation method. This obviously
results in the impossibility to compare the values obtained
through different methods as highlighted by Strba et al. (2015).

In this case study, the choice of the method (Brilha, 2016) was
driven by several considerations. It considers a great number of
parameters, most of which are easy to understand even for lay
persons, and thus, it can be easily explained to local stakeholders
(local governments, tour operators, investors, tourists). It does not
require complex calculations or statistical analyses, so it is quite easy to
be applied. The score of each parameter is weighted relative to the
category it belongs to so that each category expresses a total score that
considers the importance of each single parameter, rather than being
just the sum of them. It is relatively recent, so it considers the
contributions proposed by many other authors during the past
years. Finally, it is one of the most cited, indicating a wide
recognition by scholars’ community and, more importantly,
facilitating the comparison between the here proposed geosite and
other geosites throughout the world.

Obviously, there is no method that is absolutely and
objectively better than others, and the same method could be
well tailored to some case study and less suitable in others. The
method by Brilha (2016) used in this work also has its own pitfalls.

The parameters enclosed in the SV category could be, in our
opinion, better weighted. The key locality has a heavy weight (20)
and affects the whole scientific value, lowering the total score of
sites lacking this recognition but having local or even international
significance. The latter could be better evaluated considering, for
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instance, the number of international scientific papers dealing with
the site geology. On the contrary, the parameter of geodiversity,
one of the most important concepts in geoheritage (Gray, 2008;
Crofts, 2014; Brilha et al,, 2018), has a very low weight (5). In
addition, just three geological features in the same site (this
includes rocks, minerals, fossils, landforms, processes, etc.) are
enough to assign it the maximum absolute value of this parameter,
further undervaluing geodiversity-rich sites. Didactic potential, as
already discussed in the Methods section, should be intended as
what students of various levels can understand from a specific
geosite, rather than be based on what is already taught in schools.
We cannot assess what students can understand (actually, we do
not even know what is taught in schools of various levels, in
different countries), but some general constrain can be proposed.
Geomorphological forms and processes as dune formation, cliff
erosion, and alluvial plain development can be considered easy-to-
understand concepts, even for primary school students, since they
are ongoing processes, whose effect is clearly visible and which do
not require preliminary knowledge. Similarly, some structural
features as folds, foliations, and unconformities, when evident
(as in this study area), can be shown and explained to young
students (primary or secondary schools). On the other hand, the
geologic significance of these structures and the geodynamic
framework they belong to require basic knowledge of geology
and thus are considered harder concepts. Metamorphic processes
are even more difficult to be explained since they are based on
mineralogical, petrographic, and geochemical principles accessible
to students at the university level. Another parameter that could be
better measured is the scenery that is the aesthetic value of a
geosite; in the method of Brilha (2016), it is evaluated based on
whether or not the site is a destination of tourism campaign and
thus does not consider the real beauty of the site. Other authors
(Pralong, 2005; Kirillova et al., 2014; Migon and Pijet-Migon, 2017;
Vukoici¢ et al,, 2018) have tried to quantify the scenery on the basis
of more rigorous criteria such as the number of viewpoints and
width of view, height contrasts and landscape elevation, color
contrast, and many others. These methods are more objective but
often require the acquisition and elaboration of geomorphological
data and so are more difficult to be applied.

In this work, some parameters were modified or introduced to
better match the features of the proposed itinerary and to partly
solve some of the above-mentioned criticisms. With this discussion
on methods, parameters, and even concepts, in the framework of the
international scientific literature, we have also tried to bring our
constructive contribution to the geoheritage topic.

Concluding remarks on the site
significance

The detailed description (See below) and the quantitative
assessment testify the high value of this sector, characterized by
various complex and articulated aspects of great interest.
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The noticeable geodiversity is manifested by the occurrence
of metamorphic rocks belonging to the Variscan basement,
intruded by late Variscan granitoids and unconformably
covered, after a gap of about 450 Ma, by quaternary
sediments. Also, from a geomorphological point of view, a
wide geodiversity is observed: the southern slopes of the
orographic system represented by rocks belonging to the
crystalline basement; alluvial coastal plains, partly covered by
wetlands, that collect the streams flowing down from the
mountains; and a summary of the most common coastal
landforms. Moreover, structural features such as foliations,
folds, kinematic indicators, unconformable contacts, and so on
are well expressed. All these features make this area an ideal place
for teaching geological processes to every kind of audience.

Beyond the geological heritage, the study sector offers
additional values represented by ecological diversity and
archaeological attractions: the faunal and floral richness of the
wetland environment, the widespread Mediterranean maquis
shrubland, and the nearby centuries-old forest of Is
Cannoneris. The archaeological heritage, as well, is rich and
various, being characterized by earlier Phoenician settlements,
followed by Punic and Roman ones and by far recent Spanish
towers resting on panoramic headlands. The link between the
human occupation, the territory exploitation, and the geology is
established by the well-preserved ancient quarries of Piscinni.

All these features are set in a land already known for its
beautiful landscapes and coasts and that is already equipped to face
with tens of thousands of tourists every year, so the facilities for the
visitors of a desirable future geopark would be readily available.

Detailed description of the itinerary

The seven sites forming the proposed itinerary are below
described paying attention mainly to the geological features and
to the archaeological sites, and subordinately to the ecosystems
and biodiversity. The petrographic features of each lithology
found in this itinerary are also described to complete the
geological background, mainly addressed to geology students
and scholars.

Stop 1. Chia tower (Figures 2, 3). This stop is located between
two promontories separated by a sandy/gravelly beach (Figure
3A). The southern promontory is dominated by the Chia tower
hill, where the archaeological site of the Punic-Roman centre of
Bithia and a 16th century tower were built. The northern
promontory is actually an islet that is sometimes connected to
the coast by transient sandy bars (tombolo).

Beyond the nice landscape—consisting of cliffs, the islet, the
river mouth of Rio di Chia, the backshore dune system covered by
a sparse pine grove and a beach separated into two parts by a
whitish marble outcrop—various highly deformed rocks of great
geological interest, can be observed: looking at the Chia tower hill
from the sea (Figure 3B), the sub-horizontal contact between a
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brownish, highly-deformed metapelite (bottom) and a yellowish,
massive to highly fractured metalimestone/metadolostone (top),
forming the promontory on which was built the Chia tower
(Figures 1C, 3B), can be recognized.

The Bithia archaeological site, whose visible part rests mainly
on the Chia tower hill (Figures 3C,D), testifies the sequence of
different civilizations likewise in other Sardinian ancient villages.
The Bithia discovery occurred in 1926 after a coastal storm and
was followed by several excavation campaigns that allowed to
outline the site history. The remains of a ceramic amphora date
the Phoenician presence at least since the end of the VIII century
B.C. (Zucca, 1985); barely coeval finds of Nuragic-made
containers, testify the interaction between Phoenician and
indigenous populations (Bartoloni, 1996). During the VI
century B.C. the village was conquered and occupied by the
Punic and, after a period of partial decline during the V century,
marked by a population decrease, was repopulated, and involved
in fortification works. The Roman period started at the end of IV
century B.C. and lasted until the end of IV century A.D., even if
the decline of Bithia, probably linked to the infrastructure decay,
began several years before (Bartoloni, 1996).

The ruins of Bithia are scattered in a wide area surrounding
the Chia tower cape but are currently visible in few places. The
most important site is in the north-eastern side of the Chia tower
hill where excavations brought to light the remains of the edifices
of Roman and Punic age. The islet of Su Cardulinu still preserves
traces of ancient worships testified by the ruins of a Phoenician
tophet (i.e., an outdoor sanctuary) and of a subsequent Punic
sanctuary surrounded by the temenos (= boundary walls). Finally,
the Necropolis, designated by the three civilizations in the littoral
dune system in the backshore of Sa Colonia beach, is represented
by different kind of burials that are barely visible due to the dune
coverage.

Another archaeological attraction of this area is the Chia
tower (Figure 3C) that gives the name to the whole area. It is a
Spanish tower with circular cross section of 10 m in diameter and
13 m in height, built to prevent pirates from disembarking to
supply fresh water. The construction, planned since 1572, was
completed in 1592 and followed by several restoration
interventions.

Stop 2. Porto Campana - Su Giudeu beaches (Figures 2, 4).
Moving from the Chia tower toward south-west, there are the
three above-cited beaches separated one by another by
decametre-sized rocky headlands and by the Monte Cogoni
hill (Figures 4A,B). These beaches are visited every year by
tens of thousands of beachgoers attracted by the crystal-clear
emerald/turquoise sea and by the fine-grained golden sand, but
this territory offers even more. This is a Site of Community
Importance (SCI - ITB 042230) as defined by the EU directive 92/
43/CEE and part of the “Natura 2000” network aimed at
protecting sensitive and vulnerable habitats. Indeed, this tract
of coast is characterized by a dune system, discontinuously
extending along the shores for approximately 2.5 km in length
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(Buosi et al., 2019b). The maximum width and height of dunes
(200 m and 10-12 m, respectively) is reached behind the islet of
Su Giudeu. The dune system is less developed in the Campana
beach where dunes reach heights of 10 m and widths of 70 m and
even less in the Sa Colonia beach (in the northern sector, at the
base of the Chia tower hill). These dune systems are considered
moderately vulnerable (Ciccarelli et al., 2017) due to the marine/
aeolian erosion and to the human impact. The foreshore is
characterized by a well-structured area of bars and troughs,
and it is bounded offshore by the Posidonia spp. prairie.

This area has also a great environmental importance since
hosts a “Coastal dunes with Juniperus spp.” European habitat
code 2250 (Picchi, 2008) a complex and vulnerable habitat
consisting of several floral and faunal species, threatened by
alien plants and anthropic disturbance (Pinna et al., 2019). The
back-dune area is a wetland largely occupied by three ponds
namely the Stagno di Chia, the Stangioni su Sali and Campana
(Figure 4A) whose water is mainly supplied by small seasonal
rivers, namely Riu Baccu Mannu and Riu Perdosu. Width, depth,
and salinity of the ponds are mainly controlled by the seasonal
rainfalls and subordinately by the interaction with sea water. The
latter occurs occasionally during flood events that can open
channel mouths. The wetland environment, as well as the
dune one, represents an ecological niche to be protected since
hosts rich floral and faunal assemblages; the latter includes
several species of waterbirds that use to stop in these ponds
during the migratory journeys (Ferrarini et al., 2021). In addition,
the Sa Colonia beach is a site of nidification for the Caretta
caretta turtle.

Finally, the Su Giudeu islet is worth to be mentioned (Figures
4A,B). It is a small (<8000 m®) rocky islet, locally covered by
sparse vegetation, emerging at about 100 m from the water edge,
that can be easily reached by feet thanks to a sandbar extending
orthogonally from the shore. It consists of both metamorphic and
magmatic rocks, the former mainly outcropping toward the
beach, the latter toward the sea. Metamorphic rocks are
metapelites belonging to the Settiballas Schists that here
exhibit amazing folds highlighted by alternating dark- and
light-coloured layers (Figure 4C). Folds vary in size (from
metric to centimetric), in shape (isoclinal, kink, box-fold) and
geometry (horizontal, vertical, inclined), testifying the strong
tectonic accident these rocks underwent in the remote past.
Magmatic rocks are represented by an undeformed, massive
Variscan granite hosting centimetric to metric mafic enclaves
and cut by fine-grained leucogranitic dikes, therefore three
generations of magmatism are represented in this small islet.
The contact between metamorphic and magmatic rocks is
impressive since it is possible to observe at the metric scale
the granite literally incorporating the schists (Figure 4D).

Stop 3. Mt. Settiballas — Chia Laguna resort (Figure 5). Few
100 m from the coast, the Mt. Settiballas hill rises above the
Stagno di Chia (Chia Pond). The hill is largely occupied by the
Chia Laguna resort and by several detached houses with gardens
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FIGURE 3
(A) Panorama from the tower looking toward east; (B) overview of the geology of the Chia tower hill—the red line highlights the transition
between, from bottom to top, dark phyllites and metadolostones/marbles of the Bithia Formation; (C) Spanish tower overlooking the Bithia ruins; (D)

Bithia Punic/Roman ruins.
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and pools. The main road winding up the hill offers a perfect
sightseen of the whole area, including the coast, the tower of Chia,
the three ponds and the alluvial valley of Chia. Moreover, the hill
itself represents an interesting example of the geology of this area.
Along the road cuts, it is possible to observe the Settiballas Schist
Formation, probably the oldest Sardinian rock, and its intruding
rocks, the younger Monte Filau Orthogneiss. The contact between
the Settiballas Schists and the Monte Filau Orthogneiss is well
exposed and appears along a road-cut in the northernmost road of
the Chia Laguna complex (Olivastro Street, coordinates:
38°53’56.75"N, 8°52°2.66"'E); here, looking toward north, the
darker rocks belonging to the Settiballas Schists Formation can
be recognized on the left, whereas the lighter meta-igneous rocks of
the Monte Filau Orthogneiss outcrop on the right. The contact is a
sub-vertical, tectonically disturbed intrusive contact (Figure 5B)
formed about 460 million of years ago when the Monte Filau
Orthogneiss (a granite at that period) was emplaced into the
Settiballas Schists, probably a pelitic-psammitic sequence at that
time. The contact is in turn intruded by a tectonised highly
fractured leucogranitic (cm-thick) vein of late Variscan age. The
Settiballas Schists are metapelites-metasandstones, the former

10.3389/feart.2022.910990

characterized by typical andalusite porphyroblasts aligned with
the foliation (Figure 5C), which testify the past thermal
metamorphism that affected these rocks; these mineralogical
features are well-recognizable in proximity of the above-
described contact. The orthogneiss intruding the metapelites is
composed of three different petrographic facies: two leucocratic
facies, from fine-grained to coarse-grained, and a biotite-rich
facies. The leucocratic facies are both recognizable in proximity
of the contact, with an increase in the grain size away from it; the
fine-grained facies is characterized by mm-thick, dark aggregates
oriented with the main foliation.

Stop 4. Capo Spartivento (Figure 6). An unpaved road
starting from the Su Giudeu beach leads, after about 1 km, to
the Cala Cipolla small sandy beach enclosed within granitic
rocks. From here, after a 1-km-long steep slope, the
promontory of Capo Spartivento can be reached. It is the
second southernmost point of the Sardinia Island (after Capo
Teulada cape) and represents the western edge of the Cagliari
Gulf and the eastern edge of the Teulada Gulf. The stop is located
at the Capo Spartivento lighthouse (Figure 6A) resting at the top
of cliffs up to 60 m in height.

FIGURE 4

(A) View (toward SE) of the Su Giudeu and Porto Campana beaches with their dune system and the Su Giudeu islet on the right; (B) view from the
shore of the Su Giudeu islet; (C) open, asymmetric folds in the Settiballas Schists outcropping in the Su Giudeu islet; (D) intrusive contact between the
Settiballas Schists and late Variscan leucocratic granitoids, visible at the Su Giudeu islet.
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A wide panorama of the southern Sardinian coast, spanning
from Cala Cipolla to the east, to Capo Teulada to the west, can be
observed from the top of these cliffs. An even wider panorama, that
reaches the eastern edge of the Cagliari Gulf, can be admired from
the top of the Mt. Sa Guardia Manna, few minutes northward by
feet, which represents the highest point of this sector (Figure 6B).
The cliffs have subvertical to vertical surfaces (Figure 6C) and are cut
by decametre-wide embayment, locally hosting caves and small
gravel beaches. The seawater deep blue indicates that the cliffs
continue several meters below the sea level.

The geology and geomorphology of this stretch of coast
are mainly dominated by a granitoid pluton that covers an

10.3389/feart.2022.910990

area of about 4.5 km?* around the cape and that, at first sight,
seems to be the only outcropping rock. A careful
examination reveals the presence of orthogneiss bodies
belonging to the Monte Filau Orthogneiss enclosed within
granites and well exposed at about 20 m to the west of the
lighthouse (Figure 6A and inset). Granites are characterized
by pinkish to greyish colour, medium to coarse grain size
and a massive texture lacking any foliation or preferential
orientation (Figure 6D). Orthogneiss are similar in colour
but shows a finer grain size and an evident foliation mainly
marked by phyllosilicates, and a weak mineral lineation
lying on the foliation plane. The contact between these

FIGURE 5

(A) View (toward SE) from the Settiballas hill of, from left to right, the tower of Chia, the Sa Colonia Pond, and part of Mt. Cogoni hill; (B) contact
between the Settiballas Schists and the Monte Filau orthogneiss at the Chia Laguna village; (C) detail of the contact in (B), with a fractured late

leucocratic dike intruding the contact.
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two rocks is sharp and devoid of any reaction border
(Figure 6A).

The lighthouse itself represents a tourist attraction. It was
built in 1856 by Navy and represents one of the ancient
lighthouses still currently working. The structure is a two-
storey building surmounted by the lighthouse tower that
reaches 81 m above the sea level. A barrack, that formerly
hosted a small garrison, stands close to the lighthouse. Both
buildings were totally renovated few years ago and now are a
Luxury Guests Houses.

Stop 5. Tuerredda beach (Figure 7). This beach, an enclave
of the Teulada’s municipality within Domus de Maria
territory, is one of the most renowned beaches of the
southern Sardinia. It is located approximately half-way
between Chia and Capo Malfatano, at the end of a small,
north-south oriented, alluvial valley between Mt. Pranedda
(east) and a headland called “Schiena del Siciliano” (west). The
Tuerredda beach is set in a highly valuable naturalistic
context, being surrounded by several square kilometres of
almost uninhabited land covered by Mediterranean forest and
scrub (Figure 7A). Moreover, the area behind the poorly
developed dunes, is partly occupied by a small transient
pond and it can be regarded as a wetland (“Tuerredda” in
Sardinian language means “small wetland”). From a geological
point of view, the alluvial valley is set along a fault that
separates two different geological formations and affects the
local geomorphology: To the east, the soundness of the rocks
belonging to the Monte Filau Orthogneiss is reflected in the
steep hill of Mt. Pranedda; the “softer” rocks of the Bithia Unit
(to the west) result in the Schiena del Siciliano gentle and
rounded low hill. The difference between the two formations
is evident in the Tuerredda beach even for laypersons; on the
left, looking toward the sea, the yellowish to greyish, coarse-
grained orthogneiss crops out as a compact rock fractured at
right-angled sharp edges (Figure 7B). The straight foliation is
marked by dark elongated trails of biotite crystals. On the
opposite side of the beach, the rocks belonging to the Bithia
Unit are well exposed (Figure 7C). They consist of dark
brown/grey foliated rocks hosting several centimetre-sized
folded veins and lenses of quartz. It is worth of note the
strong deformation affecting these rocks that can be
recognized by the pervasive foliation and by folds of
different styles and geometries. The same lithological
contrast can be observed in the Tuerredda islet, a small
(about 4 hectares) islet emerging from the sea at about
200 m from the shoreline.

Stop 6. Capo Malfatano cape (Figure 8). It is a hilly
promontory that juts southward into the sea for about 1.5 km
and delimiting the western side of a bay hosting the Tuerredda
beach and other small sandy to pebbly coves. Similarly, to the
stop 1, this stage of the itinerary offers different kinds of
attractions, including landscape, history, and geology. The
former is the more evident at first sight since Capo Malfatano
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is surrounded by coves, headlands, cliffs, and a wide lagoon
overlooking the crystal-clear seawater in a context of pristine
nature (Figure 8A). From the geomorphological point of view,
the lagoon is a ria that is a deep coastal inlet formed by the
drowning of a river valley. The valley formed during Messinian
age (7-5 Ma) when the sea level was lower and the coastline was
retreated, and then was submerged and covered by sediments
during a sea level rise. The subsequent sea-level fluctuations led
to the erosion of the younger sediments and finally to a new
drowning of the ria that led to the present lagoon formation
(Orru et al., 2014).

Less known but worth to be mentioned and valorised is the
history of this site. Thanks to its position and geomorphology it
represented a strategic site since Phoenician age; the deep inlet on
the east side was a natural safe harbour, the inner lagoon was
(and still is) a fish-farm and the promontory itself was an ideal
lookout point. Unfortunately, few remains of the older
occupation stages have been found; Phoenician presence is
testified by few ceramics remains but, considering the lack of
infrastructures (buildings, routes, harbour), Capo Malfatano was
likely a temporary shelter during storm events, rather than a
stable inhabited site (Bartoloni, 2009). More documented, even if
badly preserved, are the evidence of the Roman civilization stage,
testified by several roman sites scattered in the whole area
(Giuman and Ibba, 2012): a partially submerged ancient Villa
resting on the lagoon coast that was also used for fish-processing
by salting; a small roman necropolis in an inlet on the eastern
coast that was unearthed after a storm; the remains of a quarry
that was exploited to obtain sandstone ashlars; a totally
submerged structure formed by metre-sized squared blocks.
The latter was an ancient breakwater/bulwark of undefined
age, spanning from Phoenician to late-Roman period
(Antonioli et al, 2007, and references therein) now lying
1.3 m below the sea level. Orrui et al. (2014) hypothesized that
the structure, now partly collapsed by waves, was formerly at least
1 m above the sea level and thus, coupled with other geological
and archaeological evidence, determined a sea level rise of about
2 m in the last 2,400 years. Thanks to the low depth, the structure
can be explored even by inexpert divers. The more recent history
of Capo Malfatano is documented by the homonym Spanish
tower resting on the southern edge of the promontory at about
65m as.l (Figure 8B). It was built at the end of 16th century
(1593 is the first attestation) as a military post equipped with
heavy artillery and during its three century-long life was involved
in different attacks by barbary pirates.

The geology of this area is dominated by the rocks of the Bithia
Unit that in this zone can be found in three different facies
(Pavanetto et al, 2012; Cruciani et al, 2018). The most
widespread facies consists of greyish to brownish laminated
metasandstones/quartzites and phyllites with alternating darker
and lighter levels. In the south-eastern edge of the promontory a
hectometre-long marble body, likely representing a formerly
limestone layer within the siliciclastic sequence, crops out as a
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FIGURE 6
(A) View of the lighthouse in the background and, in front, the Monte Filau orthogneiss intruded by Variscan granitoids; (B) view of the lighthouse

and Capo Spartivento from the road that leads to Mt. Sa Guardia Manna; (C) high, sub-vertical, incised cliffs, few dozen meters south of the
lighthouse; (D) granitoid body, about 100 m north-west of the lighthouse, with centimeter-thick pegmatites.
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Schiena del Siciliano

FIGURE 7

(A) View from the main road (toward SW) of the Tuerredda beach and island in the foreground and Capo Malfatano and Schiena del Siciliano
headlands in the background; (B) outcrop of the Monte Filau orthogneiss in the eastern side of the Tuerredda beach; (C) outcrop of the highly

deformed Bithia Unit phyllites in the western side of the Tuerredda beach.

NE-SW elongated lens, sometimes showing beautiful, E-W striking
upright folds (Figure 8C). On the opposite side of the promontory,
in a little bay in the western side, a metavolcanic layer within the
same stratigraphic sequence can be found. In addition, a decametre-
long NW-SE oriented lens of yellowish to pinkish albitite crops out
in the central area of the cape (Cruciani et al.,, 2019a). In the south-
eastern sector of the promontory, phyllites often show a strong
mylonitic deformation with asymmetric folds and various kinematic
indicator; these rocks can therefore be treated as mylonites.

All the above-described rocks belong to the Variscan
basement that is locally covered by Quaternary loose to
consolidated deposits.

Stop 7. Piscinni site. As well as in the previous stop, here it
can be observed a territory that offers more than a touristic
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attraction for Indeed, the Piscinni beach,

characterized by fine-grained pearl-grey colour beaches and

beachgoers.

shallow turquoise water, is just the starting point of a
historical and archaeological trip along this stretch of coast.
Moving from the beach toward south-east, there is an almost
continuous rocky outcrop that reaches Capo Malfatano cape,
locally interrupted by few metres-wide inlets and coves. The
main lithology is represented by Upper Pleistocene (120-80 ka)
sandstones lying in direct contact over the Palacozoic basement,
here represented by the Bithia Unit, thus marking a gap of more
than 450 Ma (Figure 9E). Pleistocene sediments form a 3-5m
thick sequence that, from the bottom, consist of a transgressive
conglomeratic basal level, followed by marine fossiliferous
sandstone and finally by aeolian sandstones showing well

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.910990

Fancello et al.

preserved cross laminations. These sandstones are carbonate-
cemented and commonly show good mechanical properties but,
at the same time, are not too hard to be cut and carved; for these
reasons, they represented a good construction material largely
used in local Punic and Roman settlements. Several remains of
ancient quarries are scattered along a 1.5 km-long stretch of
coast. Some of the quarries are so well preserved that is still
possible to observe the quarry faces and floors (Figures 9A-C),
and it can be appreciated the huge volume of the exploited
material. The scaling, the niches left by ashlars removing, the
marks of the utensil used by quarrymen are still evident on the
rocky faces.

Accumulation of centimetre-sized sandstone fragments,
deriving from the ashlars squaring-off, are locally found at
the edge of the quarries. Some metre-sized squared

10.3389/feart.2022.910990

indentations along the coastline show an unnaturally
regular shape, suggesting that they were intentionally cut
into the rocks to make easy the docking and the load/unload
operations by ships (Figure 9C). This hypothesis is
supported by the behind of these
indentations, of three decimetric circular holes distanced

finding, one
about 3.5 m one from the other that were likely the housing
of poles supporting a crane (Figure 9D and inset). The huge
volume of the materials removed from the quarries,
estimated at about 150.000 m® (Orru et al., 2014), the
quarry organization and design, the former presence of
cranes and/or other earth-moving equipment (Figure 9D)
indicate that this area was a full-fledged extractive industrial
complex, rather than a small business. Moving further
toward south the promontory of Piscinni can be reached.

Capo Teulada
A e

FIGURE 8

(A) View (toward SW) from Mt. Sa Guardia Manna (stop 4) of the Capo Malfatano promontory and the Tuerredda island in the foreground; in the
background can be recognized the Capo Teulada promontory; (B) view of the Capo Malfatano tower looking toward south, with the phyllites of the
Bithia Unit outcropping in the cliffs; (C) E-W striking upright fold in marbles from the south-east side of the Capo Malfatano promontory.
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A Spanish tower, less or more coeval to that of Capo
Malfatano cape, stands above the promontory (Figure
9C). It was built for defensive purposes using mainly
sandstone ashlars from a nearby ancient quarry and/or
reusing ashlars from an older (Roman?) and larger
structure whose shape and dimension can be recognized
by the remains of its perimetral walls.

Geological and petrographic features
of rocky outcrops and geomaterials

In the studied area, the dominant lithologies are part of
the Palaeozoic crystalline basement, mainly represented by
metamorphic rocks (Bithia Unit, Settiballas Schists and
Monte Filau orthogneiss) and igneous rocks (late
(Figure 1B).  Subordinated
Quaternary sediments crop out in the western sector
(Figure 1D).

The Bithia Unit mainly consists of metasandstones,

Variscan  granitoids)

metapelites and locally quartzites, with marbles and
metavolcanics intercalations, the latter dated at about
460 Ma, Middle Ordovician (Pavanetto et al, 2012;
Cruciani et al,, 2018). It is visible in various coastal
outcrops especially in stop 1 (Chia tower), stop 6 (Capo
Malfatano promontory) and stop 7 (Piscinni bay) (Figure
1B). In stop 1 the Bithia Unit is represented by well foliated
and folded metapelites, metadolostone and marbles whose
contact can be seen in the outcrops under the Chia tower
(Figure 3B). The highest lithological variability of the Bithia
Unit is expressed in stop 6 (Figure 8), where metavolcanics,
metasandstones, metapelites, marbles and quartzites crop
out. Layered marbles are intercalated with metapelites in
the south-east side of the promontory (Figure 8C),
whereas poorly foliated metavolcanics and metasandstones
crop out in a narrow bay in the western side. In stop 7, the
Bithia Unit is composed exclusively by metapelites with thin
arenaceous intercalations well exposed in the almost
continuous road cuts of the SP71 route (Figure 1D) and
along the coast where form a didactic unconformity with
the overlying Quaternary sandstones (stop 7, Figure 9). The
main foliation with associated lineation can be well
recognized. Quartz veins following the foliation and folds
are abundant.

The tectonic contact between the Bithia Unit and the
older Nebida Group is approximately located in the Piscinni
lagoon (Pavanetto et al,, 2012) and is covered by recent
deposits. The Nebida Group can be seen in the western
side of the Piscinni bay along the road cuts (Figure 1B); in
this area it is composed by metapelites and metalimestones
still preserving fossiliferous content and depositional
structures.
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In thin section the metapelites consist of an intercalation
of moderately deformed quartz + plagioclase layers (Figure
10A), and micaceous layers formed by muscovite and chlorite
crystals oriented along the main foliation. Marbles are
composed of calcite and quartz with rare muscovite flakes
and dolomite crystals (Figures 10C,D). Metavolcanics are
made up by a fine-grained matrix of quartz and oriented
micas wrapping sub-millimetric K-feldspar porphyroclasts
probably representing volcanic relicts rotated by a shear
deformation.

The Monte Filau Orthogneiss and the Settiballas Schists crop
out in the central sector of the proposed itinerary, in stop 2 (Su
Giudeu - Porto Campana), stop 3 (Chia Laguna Resort) and stop 4
(Capo Spartivento). The best exposure of the two metamorphic
rocks, including their contact, can be seen in the road cuts within the
Chia Laguna Resort and in the overlooking hill. The Settiballas
Schists (Figures 2, 5) consist of metapelites and metasandstones of
unknown age showing petrographic features of both contact and
regional metamorphism. Contact metamorphism is revealed by
mm-sized, rounded andalusite crystals, better visible in outcrops
close to the orthogneiss, likely formed during the emplacement of
the Middle Ordovician granite, the protolith of the Monte Filau
orthogneiss (Pavanetto et al, 2012). At the thin section scale,
andalusite is associated with biotite and muscovite and
intercalated with quartz- and feldspars-rich layers (Fig. 10E).

The Monte Filau orthogneiss occurs in three different facies:
a biotite-rich one, and two leucocratic (biotite-poor) ones further
distinguished in a fine-grained and a coarse-grained facies
(Cruciani et al.,, 2019b). The coarse-grained leucocratic facies
is composed of quartz, feldspars, muscovite and rare biotite. The
fine-grained facies hosts also garnet, sillimanite, andalusite and
coarse-grained muscovite; moreover, at the outcrop scale, mm-
thick dark aggregates are observed (Mazzoli and Visona, 1992).
The biotite facies is composed by mm-thick quartz-feldspatic
porphyroblasts wrapped by biotite crystals marking the main
schistosity (Figure 10B).

The igneous rocks are represented by Upper Carboniferous —
Lower Permian granitoids extensively cropping out between Su
Giudeu and Teurredda and represented by greyish to pink
equigranular granodiorites with variably sized biotite crystals
and subordinated leucogranites. Quartz veins, aplitic clusters
with porphyritic texture, and mafic enclaves are common. The
widest outcrop is in the Capo Spartivento and Mt. Sa Guardia
Manna areas (Stop 4, Figure 6) where it intrudes the Monte Filau
Orthogneiss here represented by elongated apophyses of the
biotite-rich facies. A smaller but interesting and didactic
outcrop can be observed in the Su Giudeu islet (stop 2, Figure
4), where granitoids intrudes and envelops the strongly deformed
Settiballas Schists and, in turn, both are crosscut by aplite dikes.
The granitoids have a simple mineralogy consisting of quartz, K-
feldspar + plagioclase and biotite and are cut by cm-thick
pegmatite veins, aplite dikes and mafic enclaves.
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FIGURE 9

(A,B) Sandstone quarries close to the Piscinni beach; (C) sandstone quarry on the south-east side of the Piscinni promontory where the
homonym Spanish tower rests; (D) holes into the rocky substrate likely carved to wedge in wooden poles supporting a crane; (E) cantilever terraces
excavated into the sandstone above the metamorphic basement.
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FIGURE 10

Petrographic features of metamorphic and sedimentary rocks described in the itinerary. (A) Layering in a metapelite from the Bithia Unit, with
quartz-feldspar layers and muscovite-chlorite layers that mark the main foliation; (B) sample of the Monte Filau orthogneiss from stop 3 showing a
rotated K-feldspar porphyroblast in a K-feldspar+quartz matrix, with phyllosilicates marking the foliation; (C) marble from stop 1, with muscovite
flakes that mark the foliation and the matrix of calcite crystals; (D) marble from stop 6 with a lesser amount of muscovite and a higher amount of
calcite with respect to (C); (E) sample from stop 3 of the Settiballas Schists, with a layer composed of andalusite + muscovite + biotite in contact with
a quartz-feldspatic layer; (F) sample from stop 7 of the quaternary sandstones, with the carbonate matrix which includes lithic clasts, quartz crystals,

and fossils.

Quaternary sandstones are scattered in the Capo Malfatano minor conglomerates with carbonate cement, belonging to
promontory and in the Piscinni area, where they reach the widest different depositional environments, from shoreface to dune
extension. They consist of sandstones, micro-conglomerates and environment. In the Piscinni area (stop 7) sedimentary
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structures as cross-stratification and abrasion surfaces are clearly
visible. These deposits are particularly interesting due to their
exploitation in Phoenician-Roman times, as proved by the
remains of the quarries. In thin section, sandstones are
characterized by quartz and feldspar grains derived from the
erosion of previous crystalline rocks, and scattered fossils such as
gastropods, foraminifera, and bivalves (Figure 10F) surrounded
by a carbonate matrix.

More recent deposits are widespread behind the coastal
line of Su Giudeu-Porto Campana and in the Piscinni areas, as
lagoon deposits which characterize the typical landscapes of
the whole area, well visible during dry periods as wide plains of
pelitic-muddy and organic sediments; associated with them
there are large sandy beach and dune system, whose features
reflect the actual erosional, transport and sedimentation
processes.
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