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PREFACE

In this preface we introduce the PhD Thesis on Deep-Seated Gravitative Slope Deformation (DGSD)
entitled “DEEP-SEATED GRAVITATIONAL SLOPE DEFORMATION: INSIGHTS INTO THE
GEOMORPHOLOGICAL AND KINEMATIC EVOLUTION. (EASTERN CENTRAL SARDINIA
- WESTERN MEDITERRANEAN SEA)”. DGSD deserved a large interest in international literature
in the last decades. The literature on this matter shows a markedly interdisciplinary approach, with
contributions from different fields, such as geomorphology, engineering geology, rock mechanics,
remote sensing. The subject is of high interest for many practical and scientific reasons. In fact, this
phenomenon represents an important geo-hazard in relation to the deformation of large infrastructures
and secondary collateral landslides. Although DGSDs play an important role in slope evolution and
geo-hydrological risk. DGSDs are characterized by slow movements that can suddenly accelerate and
cause catastrophic collapse of the deformed slopes.

With the aim of contributing in studying of DGSDs and collateral landslide in Eastern Sardinia, we
highlight different aspects through geomorphological analysis with both field surveys and remote
sensing techniques.

These phenomena represent highly critical, as they are located near the inhabited centers of Jerzu,
Ulassai, Osini and Gairo. This area is characterized by a high risk linked to the manifestation of
superficial collateral landslides that could have a close correlation with the DGSDs.

DGSDs, considered halfway between the common surface landslides and tectonic phenomena, are
little known in Sardinia. A detailed study of the DGSDs was therefore carried out for the first time in
order to understand their geo-structural characteristics and their temporal evolution. These have been
related to the stratigraphic, structural and geomorphological setting of the area, framing them in the
complex geodynamic context of the Western Mediterranean.

A preliminary basic study of the vast area dominated by the Pardu Valley and Quirra Valley and the
carbonate plateaus called “Tacco di Ulassai” and “Tacco di Tertenia” through an important field

surveys was carried out. In particular, the methodology was based on:

Large scale geological and geomorphological field surveys and mapping;

High detail geomorphological and structural surveys based on Uncrewed Aerial Vehicle
Digital Photogrammetry (UAV-DP);

e Morphotectonic analysis;

e Large scale DGSDs analysis in relation on fluvial evolution in particular whit river capture;

e Multi-source and multi scale Monitoring of active DGSDs.



The manuscript was structured in four different but complementary papers. The papers are briefly
introduced, examining their contribution in understanding of the DGSDs in Sardinia as follows.

The first paper “Deep-seated gravitational slope deformations in central Sardinia: insights into the
geomorphological evolution” published on Taylor & Francis — Journal of Maps describes
characteristics of the main DGSDs in central Eastern Sardinia, in the right slope of Pardu Valley.
The paper highlight the occurrence of DGSDs associated with the evolution of river slope in the uplift
setting with in the low seismic and low tectonic activity regions of Sardinia. Using Geological and
geomorphological analysis was possible to identify different evolutionary stages of DGSDs, focusing
on the probable and catastrophic evolution of these processes in an urban setting. The paper is
associate at the geomorphological map comprising all different paleo and active geomorphological
process of the area.

Valentino Demurtas, Paolo E. Orru & Giacomo Deiana (2021) Deep-seated gravitational slope
deformations in central Sardinia: insights into the geomorphological evolution, Journal of Maps,
17:2,594-607, Published October 2021 https://doi.org/10.1080/17445647.2021.1986157

The second paper “Evolution of Deep-Seated Gravitational Slope Deformations in Relation with
Uplift and Fluvial Capture Processes in Central Eastern Sardinia (Italy)” published on MDPI-
Land present an innovative approach for analyse relations of DGSDs and fluvial dynamics by using
morphotectonic, morphostratigraphic, geomorphic and In- SAR data in the Pardu and Quirra rivers.
The paper presents a methodology that allowed to identify different active DGSDs with both lateral
spread and sackung characteristics in a sector of Sardinia historically affected by hydrogeological
instability. The multidisciplinary and multi-scale analysis made it possible to understand that in this
contest the DGSDs have an important role in the evolution of the slopes and in the triggering of
collateral landslides.

Demurtas, V.; Orru, P.E.; Deiana, G. Evolution of Deep-Seated Gravitational Slope Deformations
in Relation with Uplift and Fluvial Capture Processes in Central Eastern Sardinia (Italy). Land 2021,
10, 1193. Publisced November 2021 https://doi.org/10.3390/1and10111193

The third paper “Preliminary results from active lateral spreads monitoring using Multi-source and
multi-scale monitoring system in East-Central Sardinia” Submitted on Taylor & Francis -
European Journal of Remote Sensing focused on the DGSD and the collateral landslides in Ulassai
village. Active Lateral spread processes and large toppling in an urban and tourist contest were

highlighted. The work aims to present a methodology that integrates remote-sensing techniques, field



mapping, and monitoring systems to support a civil protection plan based on the Early warning
system.

Valentino Demurtas, Paolo E. Orru & Giacomo Deiana (2022) Preliminary results from active
lateral spreads monitoring using Multi-source and multi-scale monitoring system in East-Central

Sardinia, Eur. J. Remote Sens. Submitted December 2021

Finally, the correlations with DGSDs in different geological, geodynamic and climatic context have
been made. Paleo and active DGSDs and large landslides were analyzed in an emerged and
submerged sector in southern Sardinia. These processes are correlated with the post Last Glacial
Maximum sea level rise phases.

Deiana, G.; Lecca, L.; Melis, R.T.; Soldati, M.; Demurtas, V.; Orru, P.E. Submarine Geomorphology
of the Southwestern Sardinian Continental Shelf (Mediterranean Sea): Insights into the Last Glacial
Maximum Sea-Level Changes and Related Environments. Water 2021, 13, 155. Publisced January
2021 https://doi.org/10.3390/w13020155

During the research period carried out in Trondheim in Norway, in collaboration with the Norwegian
Geological Survey (NGU) and the University Center in Svalbard, the DGSDs in the Svalbard Islands
were studied as part of the "Mapping of deep seated gravitational slope deformations (DGSDs) on
Svalbard (Svalbard-dgsds)"” project. The first results are summarized in the paper “Evidence of Deep-
seated Gravitational Slope Deformation on Nordenskjold Land (Western Svalbard)” under
preparation paper. The work is based on remote sensing mapping and database creation of the
geomorphological elements related to potential DGSDs in the Svalbard Islands. The survey and the
geomorphological description/mapping is carried out through DEM and aerial photographs together.
The work allowed the identification of large areas affected by DGSDs in the slopes of glacial valleys

and in the coasts of the fjords in a sector of the archipelago.



1 DEEP- SEATED GRAVITATIONAL SLOPE DEFORMATION: a
review

Deep-Seated Gravitational Slope Deformation - DGSD is a complex type of landslide and represent
a very important geomorphological element, both from the scientific point of view and for the
possible implications in terms of social and economic impact (Zaruba & Mencl, 1969; Dramis &
Sorriso-Valvo, 1994; Pdnek & Klimes, 2016, Martino et al., 2020). The DGSD are placed in an
intermediate position between tectonics and superficial landslides (Pdnek & Klimes, 2016, Discenza
& Esposito 2021).

These are processes that generally follow a mechanical behavior called gravitational creep in the
initial and intermediate stage (“Creep evolution”, Coltorti et al., 1984). This mechanism is
characterized by very slow deformations speed and is develop on materials with more or less plastic
rheological behavior. The speeds are very slow, from a few mm/year to cm/year but can increase
following extreme meteoric events or seismic events (Dramis et al., 2002, Jibson et al., 2004; Tibaldi
et al., 2015, Delchiaro et al., 2019; Francioni et al., 2019).

These phenomena are indicated with various terms in the international literature:

e Slope Tectonics ( Jaboyedoff et al., 2011),

e Mass Rock Creep ( Radbruch-Hall, 1978; Chigira, 1992)

e Deep-seated gravitational slope deformation (DSGSD) (Terzaghi K., 1962),

e Deep-seated continuous creep (Hutchinson J.N., 1988),

e Sackung (Zischinsky U., 1966; 1969),

e Rock Slope Deformation (Hungr et al., 2014; Jarman & Harrison, 2019).

e Deformazione gravitativa profonda di versante (DGPV) in Italy (Dramis F., 1984; Sorriso-
Valvo M., 1988).

The DGSD are defined as complex type of rock slope failure characterized by large dimensions
generated in stone rocks (Dramis et al., 2002). They are characterized by a very slow and long-term
deformation with deformations on a very large surface of the slope and with the triggering of
secondary collateral gravitational phenomena. A fundamental aspect that determines the danger of
DGSDs is that, under certain conditions, the slow movements typical of these mass movements can
suddenly accelerate and give rise to catastrophic collapses of entire slopes (Radbruch-Hall, 1978;
Nemcok A., 1982; Onida M, 2001; Crosta & Agliardi, 2003).



Distinctive element among superficial landslides and DGSDs is both the lack of a continuous sliding
surface or basal shear zone (Dramis & Sorriso-Valvo, 1994) and the absence of continuous and well-
defined external boundaries (Agliardi et al., 2001; Jarman, 2006; Agliardi et al., 2012; Crosta et al.,
2013; Jarman & Harrison, 2019).

From the tectonic processes, they are distinguished by the lower rock volume involved and by the
triggering factors. In the tectonic processes the stress effects are directly linked to deep deformations
of the earth's crust while in the DGSDs to the stresses linked to the relief morphological and
geological parameters (Dramis et al 2002, Discenza & Esposito 2021).

1.1 Geomorphological evidence

The most particular geomorphological evidences of the slopes affected by DGSDs vary along the
slope (Figure 1). In the top slope there are usually extensional features such as double-crested, ridges,
trenches, synthetic and antithetic (uphill-facing) scarps, tension cracks. Swellings, rotations of blocks,
compressive cutting surfaces and landslides characterize the medium-low portions of the slopes. More
information on superficial and deep structures of DGSD s are reported in the papers by Chigira
(1992), Agliardi et al. (2001, 2012) and Jaboyedoff et al. (2013), and the references therein.

In general, the following common characteristics can be distinguished in the DGSD:

e The area involve are comparable up to the entire slope (Agliardi et al., 2001); the volumes
involved are generally variable between 106 m3 (Jarman, 2006; Discenza et al., 2011) and 10°
m? (Tibaldi et al., 2015; Agliardi et al., 2019; ; Drouillas et al., 2020), although locally they
can reach 10'°- 10" m? (Barori et al., 2013). Many DS GSD s are included in this range, with
volumes varying between 107 and 108 m® (Nichol et al., 2002; Hirlimann et al., 2006;
Jarman, 2006; Gutiérrez et al., 2008; Ghirotti et al., 2011; Oppikofer et al., 2017; Glueer et
al., 2019; Martino et al., 2020). The rock thickness involved varies from a few tens to
hundreds of meters (Pdnek & Klimes, 2016)and the extensions in width can reach the order
of kilometers (Kojan & Hutchinson, 1978; Radbruch-Hall et al., 1976; Agnesi et al., 1978;
Carraro et al., 1979).

e The speed displacement is very slow in the order of mm/y (Agliardi et al., 2001). The temporal
behavior is variable according to various factors: some phenomena evolve at a constant speed

(Chigira M., 1985), while others evolve according to phases of reactivation and acceleration
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following heavy rain or seismic events (Dramis & Sorriso-Valvo, 1994; Varnes et al., 1990;
Agliardi et al., 2001; Ambrosi & Crosta, 2006; Agliardi et al., 2012; Jaboyedoff et al., 2013;
Panek & Klimes, 2016, Della Seta et al., 2017 ). In particular cases, the DGSD can evolve in
a catastrophic way, giving rise to collateral mega-slides. (Radbruch-Hall, 1978; Dramis &
Sorriso-Valvo, 1994; Panek et al., 2009, Hungr & Evans, 2004, Panek & Klimes, 2016 ) One
of the most important features is the presence of minor collateral landslides around the DGSDs
(Agliardi et al., 2001). The deep gravitational phenomenon plays the role of predisposing and
triggering the secondary phenomenon.

The deformation type is characterized in the initial and advanced stage by a mechanical
behavior called gravitational creep, characterized by very slow deformations evolution,
whose speed is controlled by the plastic rheological behavior of the rock (Genevois & Tecca,
1984; Genevois & Prestininzi, 1979; Martino et al., 2017; Discenza et al., 2020 ). In the final
stages, preceding the collapse, the velocities increase (Muller, 1968), thus passing to an

accelerated creep that precedes the rupture.

DGSDs are identifiable through characteristic morphostructures such as ridge-top splits,
escarpments, counter-scarps, trenches, tension cracks (Jahn, 1964; Zischinsky, 1966; 1969;
Ter-Stepanian, 1966; Beck, 1968; Patton & Hendron, 1974; Tabor, 1971; Radbruch-Hall et
al., 1977; Mahr, 1977; Bovis, 1982 ; Agliardi et al., 2001, 2012). Most frequently structures,
well descripted in this thesis, are the extensional trenches, depressions similar to narrow
grabens, constituting a system of escarpments and counter escapes set on high-angle cutting
planes (Demurtas et al. 2021a).

One of the most important features is the presence of minor collateral landslides around the
DGSDs (Agliardi et al., 2001). The deep gravitational phenomenon plays the role of

predisposing and triggering the secondary phenomenon (Demurtas et al 2021).



colluvial wedge colluvial wedge graben fill

toe bulging/large landslides

trenches/grabens associations

Figure 1 - Morpho-structural features characteristic of DGSD phenomena, related kinematic significance, and typical
associations. From Discenza & Esposito 2021 redrawn after Agliardi et al., 2012

1.2 Classification

Over the years, many terms and definitions were used by several authors to describe the phenomena
acting on large space-time scales, which can be considered as complex, or sometimes multiple,
processes deriving from the mutual interaction of many mechanisms of movement (Cancelli &
Casagli, 1995 Discenza & Esposito 2021). DGSDs are commonly classified into three types (Dramis
and Sorriso Valvo, 1994; Dramis et al., 2002): sackung or rock-flow, lateral spreads, and deep seated
block slide.

The sackung (Zischinsky, 1966, 1969), is a term later translated in English into “rock flow” (Varnes,
1978). These are rock volumes of varying sizes, from the slope scale to that mountain ridge scale,
which move on large sliding surfaces that are difficult to identify.

Mainly involve schistose metamorphic rocks. Are characterized by very slow creep movements along
a series of shear micro-planes or by a slow plastic deformation of the rock mass. These phenomena
present a complex system of brittle fractures, especially in the upper and lower part of the slope,
where the stress is lower and the rock mass have more rigid behavior.

The deformation is manifested by the profile of the slope characterized by a concave top slope and a
convex foot slope (Bisci etal.,1996; Rad- bruch-Hall, 1978; Radbruch-Hall etal.,1976; Zischinsky,
1966, 1969).



Sackung

(1u) (1v) (1w) (1y)

=]
£ |
T |
o 77
(=%
W | (2) (2f)
W 20
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Figure 2 Examples of DGSDs proposed in the literature, divided on the basis of general typology (sackung and
spreading) and ordered on the basis of year of publications (Discenza & Espostito 2021, modified after Agliardi et al.,
2012). Sackung: (1a), (1b) Zischinsky (1966); (1c), (1d) Nemcok (1972); (1e) Mahr (1977); (1f), (1g) Hutchinson
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(1988); (1h), (1), (1j) Chigira (1992); (1k) Agliardi et al. (2001); (11), (1m), (1n), (10) Ambrosi & Crosta (2006); (1p)
Apuani et al. (2007); (1q), (1), (1s), (1t) Bois et al. (2008); (1u) Agliardi et al. (2009); (1v) Martino et al. (2020); (1w),
(1y) Vick et al. (2020). Spreading: (2a) Jahn (1964); (2b) Zaruba & Mencl (1969); (2¢c) Nemcok (1982); (2d)
Hutchinson (1988); (2e) Martino et al. (2004); (2f) Esposito et al. (2007); (29), (2h), (2i), (2j), (2k) Di Maggio et al.
(2014); (21) Pdanek & Klimes (2016)

Lateral spread refers to the sub-horizontal movement of rigid rock blocks above a more ductile
substrate (such as limestone, massive sandstone, or volcanic rock overlying clayey rocks) (Varnes,
1978; Dramis et al., 2002; Cru-den &Varnes,1996; Jahn, 1964; Pasuto &Soldati, 1996). Lateral
spread tend to be associated with structural arrangements such as anticline folds or emergence of
thrust fronts (Dramis & Soriso-Valvo, 1994). The movements are very slow, discontinuous, but can

be greatly accelerated by earthquakes.

The block slide is the sliding for relatively short distances of large rocky blocks, which can involve
an entire slope, reaching, in these cases, dimensions greater than those normally found in the other
two types of DGSDs (Voight, 1973; Zaruba & Mencl, 1982). This phenomenon, especially in Italian
literature, is also referred to rock block slide (Esposito et al., 2007).

Often these phenomena involve large rock masses characterized by a generally translational motion,
along one or more well-defined shear zones (Varnes, 1978). On the upper part, graben-like
depressions are formed similar to those described for sackung.

Despite the similarity of the phenomena, the difference with the lateral spreads consists, in addition
to the different deformation modality, in the height-length ratio of the deformed mass. In the Block
slide, the rigid rocks affected by structural discontinuities are not reduced into metric or decametric
blocks, as occurs in the lateral spread. Also this deformation type is characterized by a long creep
phase which can eventually, but less frequently than sackung, evolve to the final accelerated creep
phase and collapse.

Compared to other types of gravitational deformations, a decisive role in triggering this phenomenon
is played by the presence of tectonic fractures and faults subjected to regional tectonic stress or

affected by seismic activity.
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1.3 Deformative models

The DS GSD s produce significant deformations within the rock masses and soils involved in the
instability, of both brittle and ductile nature (Chigira, 1992; Jaboyedoff et al., 2013, Discenza &
Esposito 2021). As regards the deep structural geometries Chigira M., (1992) he states that, under the
action of the gravity, both brittle and ductile rock structures are similar to those of tectonic origin.
According to Dramis et al., (2002) the shear planes do not continue in depth due to the high pressures
resulting in areas of ductile deformation. In this cases, in the inner portion of slope, creep processes
determine the progressively decreasing of deformations with depth (Jahn,1964; Zischinsky, 1966;
Mencl, 1968; Nemcok, 1972; Mahr & Nemcok, 1977; Varnes, 1978; Nemcok, 1982; Dramis &
Sorriso-Valvo, 1994; Cruden & Varnes, 1996; Martino et al., 2004; Esposito et al., 2007; Discenza
et al., 2011; Martinotti et al., 2011; Di Maggio et al., 2014; Della Seta et al., 2017), without the
development of a continuous sliding plane or basal shear zone. The basal shear zone generally present
thickness between few meters and some ten of meters and is composed by cataclastic breccias with
abundant fine matrix (Crosta & Zanchi, 2000; Madritsch & Millen, 2007; Crosta et al., 2013).
Analyzing DGSDs, the rock mass must be considered as a discontinuous volume formed by rigid
blocks separated by planar joints whit various extension and spacing (Beck 1968). This model is quite
applicable to the study of lateral spreads and block slides.

While for the Sackungs the most suitable deformation model is that associated with plastic and
viscous deformations (Onida, 2001).

Zischinsky 1966; 1969 propose for the first time a geomechanical model based on the concept of
DGSDs interpreting as rocks mass affected by plastic-viscous deformations.

However, the most accredited model is that of Mencl (1968), which derives from the works of
Zischinsky (1966; 1969). He postulates that in the central part of the slope, where the confinement
pressure is high and therefore the deviatoric stresses are too low to generate shear deformation, the
rock mass behaves like a viscous fluid. This model was well schematized by Mahr, 1977 through the
construction of geological sections (Figure 3). On the other hand, in the upper and lower parts of the
slope involved by DGSDs, where the confinement pressures are lower, the deviatoric stresses can
generate brittle deformations. These surfaces they manifest on the ground in the form of
morphostructures. More recently, a Sackung model has been introduced by Savage and Varnes

12



(Savage & Varnes, 1987; Varnes et al., 1989) according to which the shear stress acting in depth

would give rise to a plastic flow along a continuous sliding basal surface.

2 extending
fFlouw

compressive

Flowr

Figure 3 - Deformation models mainly applicable to the Sackungs taken from (Dramis & Sorriso-Valvo, 1994). a) from
Mahr, 1977 modeling on the basis of Mencl's theory (1968); b) from Savage and Varnes, 1987. LEGEND. 1) Viscous
deformation zone; 2) shear breakage zone; 3) shear zone in the fragile, shallow zone.

1.4 Control factors

DGSDs are controlled by various control factors related to the interaction between the geodynamic

activity and the geo-structural setting of the involved slope (Dramis, 1984). The main factors can be

summarized in the following points:

The relief energy, that is the difference in height between the upper part and the lower part of
the slope, represents the decisive morphological element in the triggering of the DGSDs. This
must be high enough to allow the destabilization of large volumes and masses of rock (Onida,
2001, Crosta et al. 2013 ). Mortara & Sorzana (1987) in the western Alps, 50% of the DGSDs
occur on slopes with relief energy between 500 and 1000 m.

The slope does not seem to be such a fundamental factor in triggering DGSDs. However, the
slope instability tends to grow with the slope, although many works show that the DGSDs
involve slopes with inclinations typically between 18 ° and 50 ° (Sorriso-Valvo, 1984). For

13



lower slope values there are generally no favorable conditions for the development of Deep
Gravitational phenomena, while for higher values, the modeling of the slope tends to evolve
through more rapid and superficial gravitational processes such as landslides (Mortara &
Sorzana, 1987).

The lithological and structural characteristics, play a central role in triggering the DGSD.
These processes occur where the geological structure makes the slope less subject to
superficial landslides with faster kinematics. Therefore, the apparent paradox arises that it is
precisely the most coherent rocks that are most favorable for the development of larger deep
gravitational phenomena (Dramis, 1984). A large number of lithologies are affected by deep
gravitational deformations, from metamorphic to sedimentary rocks, but sometimes also
plutonic ones. When the slopes are set on shale, the DGSD tend to manifest themselves in the
form of Sackung; on the other hand, in the case of slopes characterized by the overlapping of
massive sedimentary units (limestone, sandstone, dolomite or conglomerate) on more tender
units (shale, siltstone or marl), the lateral spread typically develops; finally, slopes made up
of igneous rocks generally show block slide phenomena (Nemcok, 1972). A more important
role than lithology, however, is played by the structural setting of the rock mass, understood
as schistosity or foliation, stratification and fracture/faults network. (Mortara & Sorzana,
1987; Massironi et al., 2003, 2010).

Another important trigger factor is the slope tectonic history. The tectonic events suffered by
a slope can persist in the form of residual stresses that are reactivated when they are no longer
compensated in the direction normal to the slope by a neighboring pressure. The relationship
between tectonic activity and slope movements can be direct or indirect (Onida, 2001). We
speak of a direct relationship when the regional stress field, producing tectonic deformations
(faults, folds, thrusts, etc.), modifies the slope geometric structure, thus determining
conditions of instability and the development of DGSDs. Passive influence, on the other hand,
is established in cases of tectonic lifting (Uplift). The vertical movements of the earth's crust
produce topographical differences in height to which increases in the activity of erosive
processes and in the deepening of the local hydrographic network. This processes more rapid
depending on the climatic and morphological conditions. The two conditions can easily
coexist. The association between DGSDs and seismic activity is documented by several
authors (Dramis et al 1984, 2002). Strong earthquakes can be accompanied by slope
deformations, caused both by the tectonic movements that caused the earthquake and by
gravitational readjustments (Onida, 2001). Seismic tremors act in different ways on the

slopes: disconnecting the rock masses; reducing the cohesion; by varying the interstitial
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pressures of the waters, causing the collapse of the rock mass shear resistance (Solonenko,
1977; 1979).

Finally, morphoclimatic factors also affect the triggering of gravitational deformations of the
slope, although there are greater knowledge gaps on this factor than the others. Favorable
conditions are created by the deep alteration processes by groundwater (Genevois &
Perstininzi, 1979) and by extreme meteoric events (Starkel, 1976). Effects of instability of the
valley slopes can also develop following the rapid retreat of glaciers following changes in the
climate (Panizza, 1973).
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2 STUDY AREA

Central eastern Sardinia (Gerrei, Barbagia, Ogliastra, Sarcidano) is characterized by the presence of
carbonate plateaus called “Tacchi” or “Tonneri” which give the sector the name of “Area dei Tacchi”.
This landscape is represented by a series of Mesozoic carbonate plateaus that cover in discordance
Paleozoic metamorphites and granites. The “Tacchi” are the result of a complex geological evolution
and derive from a single and extensive Mesozoic limestone and dolostone coverage; divided into
various fragments following tertiary tectonic movements from which it was fractured, uplifted or
down lifted and subsequently eroded and isolated by fluvial, gravitational and meteoric processes.

The study area is located on the eastern border of the Tacchi area and covers part of the territory of

the municipalities of Ulassai, Osini, Jerzu, Gairo and Tertenia.

2.1 Geological setting

Sardinia can be divided into main geological complexes for approximately equivalent extensions: the
Paleozoic metamorphic basement, the late Paleozoic intrusive complex and the late Paleozoic and
Meso-Cenozoic volcano-sedimentary covers. The study area is mainly made up of Paleozoic
metamorphites, Mesozoic deposits and Quaternary continental coverings. The most ancient rocks of
Sardinia, which have an age ranging from a probable Precambrian to the Upper Paleozoic, show a
variable metamorphism from anchizone to a high degree. Igneous rocks emerge extensively, making
up almost a third of the island; it is essentially linked to the intrusive complex with a basically
calcalkaline affinity, which took place in the Upper-Permian Carboniferous (Figure 4).

The post-varisic coverings are represented by sedimentary and volcanic rocks weakly deformed
during the Alpine orogenesis phases in particular during the opening of the Balearic Basin and the

Tyrrhenian Sea. (Carmignani et al., 2001).
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2.1.1 Paleozoic basement

The fundamental features of the Paleozoic basement derives from tectonic events of the Hercynian
(Carboniferous) orogenesis, which produced deformations, metamorphism and an important
magmatism.

The basement shows a tectonic-metamorphic zoning typical of collisional orogenetic chains with a
NE-SW trend (Figure 5) (Carmignani et al., 1994; 2001, 2016).
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Figure 5 Main structural elements of the Sardinian Hercynian base. (Carmignani et al.. 2016).
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The Varisic basement of Sardinia has been divided into four metamorphic zones (Elter et al., 2004;

2010) which show an increase in the metamorphic degree towards the NE (Franceschelli et al., 2005).
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During the Upper-Carboniferous and the Permian, an important post-collisional distensive tectonics
overlaps these structures, resulting the exhumation of metamorphites and the intrusion of a granite
complex (Conti et al., 1995). The metamorphic basement of the study area consists by low grade
metamorphic complex consisting of a predominantly terrigenous succession and metavolcanites.

Towards the sea, the outcrops of the granite area increase (Figure 6) (Vai & Cocozza, 1974).

2.1.2 Late paleozoic and meso-cenozoic covers
Above the Variscan basement (Figure 7) lies a thick Mesozoic—Cenozoic volcano-sedimentary

succession containing different sedimentary and volcano-sedimentary complexes (Salvador, 1994;

Costamagna 2015, 2017) linked to the evolution of the present-day western Mediterranean Sea.
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Figure 7 General stratigraphic composition of the Genna Selole Formation (modified after Costamagna 2015, 2017)

The extensional regime, which began with the collapse of the Hercynian chain in the upper
Carboniferous, continued during the Permian and Triassic, identifying a long period of intracratonic
evolution. During this geological period developed an intense and general peneplanation. The
continently context helped by climatic factors, allowed favorable conditions for the formation of
anthracitiferous lake basins (Seui, Seulo and Perdasdefogu) and the residual iron concentrations of
Ogliastra (Ferro dei Tacchi). (Marini, 1984). In the South of Ogliastra, these continental conditions
persist until the Middle Jurassic, during which the Mesozoic transgression manifest by transitional
environments by carbonate platform. (Carmignani et al. 2001, Costamagna & Barca, 2004).

The Jurassic succession at the base is characterized by a discontinuous unit, whose thickness does not
exceed a few tens of meters, with a silicoclastic-carbonatic constitution, of a continental to transitional

environment, which takes the name of Genna Selole Formation (Bajociano-Bathonian) (Dieni et al.,
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1983). This formation passes above a dolomitic platform succession called the Dorgali Dolomite

Formation (Bathoniano-Kimmeridgiano) (Amadesi et al., 1960; Costamagna & Lecca, 2002).

Following the Cretaceous marine regression, Sardinia was affected by low tectonic processes. The
major morpho-structural features of Sardinia derive from compressive (mainly Oligocene) and

distensive (Miocene and Plio-Quaternary) deformations respectively connected with the collisional

margin of north-eastern Corsica, with the opening of the Balearic Basin and with that of the

Tyrrhenian Sea (Figure 8) (Carmignani et al., 2001).
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The morpho-structural features determined by the NE-SW transcurrent faults of central-northern
Sardinia give the most direct physiographic expression of compressive tectonics (Aquitanian-Lower
Burdigalian).

In the study area, the major tectonic features are represented by a system of transcurrent faults with
extensional components, oriented NW-SE.

In the upper Burdigalian the deformation regime changes completely becoming extensional, this
occurs with the formation of deep basins which are later filled by various transgressive cycles. In this
period, the "Tacchi" area does not register marine deposits as it results in a high morpho-structural
(Carmignani et al., 2001).

In the Pliocene, the relaxing components continue to act associated with the opening of the Tyrrhenian
Basin which lead to the formation of the Campidano graben and the lifting of the lateral horst,
resulting in a reliefs rejuvenation. This phenomenon is associated with widespread basaltic
magmatism. In the Ogliastra sector, these phenomena manifest themselves with the Barisardo basaltic
flow of the Plio-Pleistocene age and with geomorphological evidence that indicates an important

recent up-lift caused by the reactivation of the faults in a relaxing regime (Carmignani et al. 2001).

2.2 Geodynamic setting
Sardinia is located in the center of the western Mediterranean between two Neogenic ocean basins:

the Liguro-Provencal Basin to the West, open between 30 and 15 Ma (Cherchi & Montadert, 1982),
and the Tyrrhenian Basin to the East, still evolving for about 10 Ma (Kastens et al., 1988; Sartori R.,
1989). The island is closely linked, in its Cenozoic evolution, to Corsica and together they constitute
the Sardinian-Corsican block. This is an extensive fragment of continental lithosphere consisting
mainly of intrusive igneous and Paleozoic metamorphic lithologies. The central-western
Mediterranean is constituted by sets of chains and basins (Figure 9). The geodynamic evolution of
the whole area was controlled by the interaction between two major plates, Africa and Europe,
originally separated by the Tethys basin (McKenzie D, 1972; Amodio Morelli et al., 1976; Dewey et
al., 1989; Ziegler , 1988) and from minor plates: Iberia (corresponding to Spain) and Adria (referable
to the lithospheric basement of the Italian peninsula and the Adriatic Sea; Oldow et al., 2002).
The main phases of this tectonic cycle are:

. Ocean opening (Middle - Upper Jurassic);

. Transition (Lower Cretaceous);

. convergence oceanic (Upper Cretaceous-Middle Eocene);

. Continental collision (upper Eocene - present day).
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The Apennine orogeny is the current result of this last collisional context and develops according to
an extensional basins-chains system starting from the Tyrrhenian Basin and with a general vergence
towards the NE in southern Italy and south in Sicily. (Boccaletti et al., 1990; Lentini et al., 1996;
2006).

In this context, the Sardinian-Corsican block represents a fragment of continental lithosphere at the
center of Neogenic oceanic lithosphere (Mazzella M.E., 2010). The Sardinian-Corsican block
represents a detached and rotated sector of the Alpine foreland that includes a small fragment of the
western Alps in northern Corsica (Alvarez w., 1972; Montigny et al., 1981; Vigliotti and Langenheim,
1995). The collision of the block with the Adriatic margin occurs in the Middle Miocene (Patacca et
al., 1990). Since then, an extensional tectonics linked to the rifting of the Tyrrhenian has dominated
in Sardinia and Corsica (Assorgia et al., 1997; Casula et al., 2001). In the last phases a translation-
rotation of the Sardinian-Corsican block, the “Fossa Sarda” was formed, consisting of a series of
basins arranged in a N-S direction, distributed from the Gulf of Cagliari to the Gulf of Asinara.
Ogliastra belongs to the great horst of Eastern Sardinia.

The “Fossa Sarda”, corresponding to a sedimentation basin, was formed by a marked tectonic type of
relaxation (connected to the translation of the Sardinian-Corsican block) which favored an intense
volcanic activity, as demonstrated by the vast distribution in this sector of the Sardinia of volcanic

materials, interspersed in sedimentary rocks.
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In the Plio-Quaternary (approximately between 5 and 2 Ma), a new rift valley is formed between the
Gulf of Cagliari and the Gulf of Oristano known as Graben del Campidano, exploiting the structures
that generated the Fossa Sarda.

The Graben is bordered to the west by normal faults oriented NW-SE and plunging towards the
depression (Figure 11). In Ogliastra, located in the eastern horst, a series normal faults were formed.
These are set on the previous Oligo-Myocene transcurrent faults (Casula et al., 2001).

Based on preliminary geodetic data from the PTGA network, Ferranti et al., (2008) found the
presence of a weak but present internal deformation in the Campidano graben area. The velocities,
respect to Cagliari, of the sites east and west of the basin define a right lateral movement astride the
graben which would occur between 3 and 7 mm/a (Figure 11) (Mazzella et al., 2010).

Despite the stability of this area, the residual speeds of the GPS sites compared to Cagliari are still
appreciable. The TEUL and RUIN sites move away from CAGL at about 1.5 mm/y thus suggesting,
due to their proximity to the fixed site, a possible activity of the synthetic faults and the faults

bordering the Campidano to the west (eg Sarroch Fault).
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Figure 11 PTGA speed field in southern Sardinia referred to the stable site of CAGL. In blue the rotation pole, in green
the recent seismicity. The numbers show the extension/traverse components in mm/y. FF: Fangario Fault; SaF: Sarroch
Fault. (Mazzella et al. 2010) (Faults from Casula et al., 2001 and from Carmignani L., 1996). The sector in blue
represents the Ulassai plateau while continuous lines represent the Quirra fault and the Genna and Crexia fault. Red
square represent the study area.

To the east of the basin, the URPI site has a residual velocity approaching the CAGL of 1.2 £ 0.2
mm/y which would suggest the presence of an active tectonic structure between the two sites very
close to each other. Between the URPI and TEUL sites, the velocity differential is 0.3 £ 0.2 mm/y in
divergence, in a direction perpendicular to the NW-SE development direction of the basin, the same
as that recorded between URPI and RUIN, plus north. These latter sites also diverge from each other
with a lateral component of right-side movement which, along the direction of the border faults of
the basin, is 1.8 + 0.3 mm/a. To the west of the basin, the relative speed between the TEUL and RUIN
sites defines an oblique divergence of 1.7 + 0.3 mm/a in the N-S direction and 1 + 0.3 mm/ a in the
perpendicular direction in the interposed area. Although historical and instrumental seismicity fails
to give information on local active structures (Boschi et al., 2000), the PTGA speeds suggest a
widespread but consistent pattern of deformation that currently occurs asismically. It is therefore
possible that the Campidano border faults, where the main strain is accumulate, have a creep-type

kinematic. The fact that the entire Sardinia block is no longer affected by intense tectonic activity is
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the reason for its current low seismicity. The earthquakes that are observed from time to time are
generally linked to the mild activity of the faults bordering the Sardinian-Corsican block on the
various sides, especially on the eastern and southern sides. Looking at the INGV instrumental catalog
(http://terremoti.ingv.it), we can observe the distribution of earthquakes since 1985 (Figure 12). There
are a few dozen and only in 4 cases magnitude 4 has been exceeded: in the north east there were the
2 earthquakes of April 26, 2000 (magnitude 4.2 13:28; magnitude 4.7 at 13 : 37) and the earthquake
of magnitude 4.3 of 18 December 2004. In the south of Sardinia there was the earthquake of
magnitude 4.1 of 24 March 2006. The most recent low-magnitude earthquake events in the astudy
area were ML1.8 (Escalaplano, 4 April 2019) and ML1.6 (Perdasdefogu, 14 October 2020) (INGV,
2021).

300 -500
500 - 800

Figure 12 Recent seismicity in Sardinia (1st January 1985 — 14th April 2020) according the instrumental catalog
compiled by INGV (http://terremoti.ingv.it).
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3 CHAPTERII

Deep-seated gravitational slope deformations
In central Sardinia: insights into the
geomorphological evolution

Valentino Demurtas, Paolo E. Orru & Giacomo Deiana (2021) Deep-seated gravitational slope
deformations in central Sardinia: insights into the geomorphological evolution, Journal of Maps,
17:2,594-607, Published October 2021 https://doi.org/10.1080/17445647.2021.1986157

ABSTRACT

In this study, we analyse deep-seated gravitational slope deformations (DGSDs) in central Sardinia.
The area is characterised by plateaus with a prominent limestone scarp overlying metamorphites. A
comprehensive mapping of structural, karst, fluvial, and slope morphologies in Pardu and Ulassali
valleys is presented herein. The uplift linked to the Plio-Pleistocene tectonic activity leads to high-
slope topography, which favours gravitational processes, such as DGSDs and rock-avalanches.
Although DGSD is a common phenomenon in the relief of the central Mediterranean region, it has
never been studied in Sardinia. We describe the kinematic models and geomorphological evolution
of DGSD in Sardinia for the first time. The application of light detection and ranging, high-resolution
unmanned aerial vehicle photogrammetry, and geological, structural, and geomorphological surveys
enabled a depth morphometric analysis and the development of interpretative three-dimensional
models. The geo-structural setting and high relief energy associated with recent upliftment are the
major controlling factors of DGSDs.

KEYWORDS: Deep-seated gravitational slope deformation; tectonic geomorphology;

morphostratigraphy; geomorphological mapping; rock avalanche; UAV.
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3.1 Introduction

Deep-seated gravitational slope deformation (DGSD; Dramis & Sorriso-Valvo, 1994) is a complex
type of rock slope failure characterised by large dimensions generated in stone rocks (Dramis et al.,
2002). DGSDs are characterised by slow movements that can suddenly accelerate and cause
catastrophic collapse of large sections of the deformed slopes (Agliardi et al., 2020; Crosta &
Agliardi, 2003; Nemcok, 1972; Ostermann & Sanders, 2017, Radbruch-Hall, 1978). Therefore, this
phenomenon represents a major geological hazard associated with the deformation of large
infrastructures and the generation of secondary landslides. Although DGSDs represent a major
geological hazard, information about them is scarce so far (Soldati, 2013). Advanced technologies in
both remote sensing (e.g. satellite data and space-borne interferometric synthetic aperture radar)
(Frattini et al., 2018; Mantovani et al., 2016; Novellino et al., 2021) and proximal sensing such as
unmanned aerial vehicle (UAV); (Deiana et al., 2021; Devoto et al., 2020, Eker & Aydin, 2021) and
light detection and ranging (LiIDAR) have enabled a better understanding of these processes. They
are characterised by extremely slow deformation rates (Cruden & Varnes, 1996) and landform
assemblages such as double-crested ridges, trenches, synthetic and antithetic (uphill-facing) scarps,
tension cracks, and convex (bulged toes) and deep basal shear zones (Agliardi et al., 2001; Chigira,
1992; Crosta et al., 2013, Mariani & Zerboni, 2020; Panek & Klimes, 2016). Shear zones exhibit the

characteristics of cataclastic breccias with abundant fine matrix (Crosta & Zanchi, 2000) and

thicknesses up to tens of metres (Ostermann & Sanders, 2017).

38°N

36°N

, =g E 20°E
Figure 13 Geographical location and structural features of the study area modified after Deiana et al. (2021): red lines
represent thrust fronts; white lines are the Sardinian—Corse Block translation 30 Ma; yellow line represents the
Sardinian—Corse Block translation 25 Ma (modified after Carminati & Doglioni, 2005); green line represents the
Sardinian—Corse Block translation 14 Ma (Gattacceca et al., 2007).
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In this study, we present three cases of DGSDs in Sardinia. The study area is located in Ogliastra
(central-east Sardinia) in the Pardu River Valley (Figure 13). The area is characterised by wide
plateaus, called Tacchi, with a prominent Jurassic limestone scarp overlying Palaeozoic
metamorphites (Carmignani et al., 2016; Pertusati et al., 2002).

The major evidence of DGSDs in the Pardu River Valley is the presence of large prismatic blocks of
dolomitic Mesozoic slab displaced up to tens of metres downstream from the initial altitude. The
geomorphological features associated with DGSDs vary along the slope. A set of ridge-top trenches,
with widths up to 50 m, lengths of hundreds of metres, and depths of >50 m is present in the plateau
edge. The middle slopes are characterised by tilted blocks, shear zones, and rockfall deposits. Large
block deposits with rock avalanche features in the foot-slope are associated with the final-collapse
phases of the DGSDs.

For the first time in this setting, we delineated long-term deformations, such as gravitational slides
(Zaruba & Mencl, 1982) with lateral spreading (Cruden & Varnes, 1996; Jahn, 1964; Pasuto &
Soldati, 1996) and sackung kinematics (Bisci et al., 1996; Radbruch-Hall, 1978; Radbruch-Hall et
al., 1976; Zischinsky, 1966, 1969), which involve giant carbonate blocks, and the underlying foliated
metamorphites. Geomorphological and geological analyses enabled the identification of various
evolutionary stages as follows: (1) early stage represented by the spreading at the plateau edges, (I1)
second stage of the old DGSDs located in the middle slope, and (I11) third stage corresponding to the
final evolution of the deformation process developed through collapse.

We highlight the occurrence of DGSDs associated with the evolution of river slope in the uplift setting
within the low seismic and low tectonic activity regions of Sardinia. Thus, we analysed the
geomorphological evolution of the slope, particularly focusing on the probable and catastrophic
evolution of these processes in an urban setting.

A geomorphological map at a scale of 1:10.000 was generated showing: (i) the karst morphology on
carbonate plateaus; (ii) the gravity feature on the edge plateau linked to the extensional trenches and
tilted blocks; (iii) different landslide deposits on the slopes (rockfalls, palaeo-DGSDs, slope debris,

and rock avalanches); and (iv) hydrographic elements (e.g. creeks, canals, and fluvial elbows).

3.2 Geological setting

East-central Sardinia (Italy) is characterised by a Jurassic dolomitic plateau (Tacchi) overlying a
metamorphic Palaeozoic basement, primarily comprising metasandstone, quartzites, and phyllites
(Figure 14) (Carmignani et al., 2016; Pertusati et al., 2002).
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Figure 14 - Geolithological sketch map of the study area based on geological data of Autonomous Region of Sardinia.
The red boxes indicate the location of the main map that covers Pardu Valley and the east side of Tacco of Ulassai.

The area is characterised by the Pardu River Valley in the east and the Barigau River Valley in the
south-west; the central and north-western sectors include extensive dolomitic plateau called Tacco of
Ulassai. The geological basement comprises Palaeozoic metamorphites affected by complex plicative
structures and regional low-grade metamorphism (Carmignani et al., 2001, 1994; Elter et
al., 2004, 2010). The major Palaeozoic units are the Filladi Grigie del Gennargentu Formation and
Monte Santa Vittoria Formation, which constitute metarenites, quartzites, shales, and metavolcanites
(Middle Cambrian—Middle Ordovician) (Meloni et al., 2017; Pertusati et al.,, 2002; Vai &
Cocozza, 1974). The metamorphic basement summit has suffered chemical alteration associated with
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a warm humid climate during the Permian and Triassic periods (Costamagna &
Barca, 2004; Marini, 1984).

An angular unconformity of Mesozoic sedimentary succession rests on the metamorphic basement.
Basal layers are primarily fluvial sediments of the Genna Selole Formation (Middle Jurassic), which
are overlain by dolomitic limestones of the Dorgali Formation (Middle-Upper Jurassic).
(Costamagna et al., 2018; Costamagna & Barca, 2004; Dieni et al., 1983; Pertusati et al., 2002).
These Mesozoic deposits are extensive and decipherable from their plateau morphology. The Genna
Selole Formation (Costamagna, 2015; Dieni et al., 1983) represents a mixed succession of
siliciclastic to siliciclastic—carbonate deposits. The Dorgali Formation is represented by dolomitic
sequences with thickness up to tens of metres. The lower part, with a thickness of approximately 30
m, is affected by marl intercalations, whereas the upper part is typically massive. Mesozoic units are
sub-horizontal strata with an attitude of approximately N90/0-5°, and the plateau edges can reach a
dip amount of up to 40° and direction parallel to the slope owing to the DGSD.

Quaternary covers, represented by continental deposits, are primarily colluvial and alluvial deposits.
The most extensive outcrops represent landslide deposits, including rockfalls, toppling, and collapsed
DGSDs at the foot-slope of the Tacchi, abundant on the right slopes of the Pardu and Barigau rivers.
Moreover, terraced alluvial deposits have also been identified in the downslope.

The rockfalls and toppling landslides have been characterised by different sedimentological features
based on age. These deposits are associated with rockfalls affecting the plateau edge wall and the

collapse of some parts of the DGSDs.

3.3 Tectonic and geodynamic settings

The geodynamic setting is associated with the collisional dynamics between the African and
European plates (Figure 13). The structural setting is associated with the Alpine cycle, which first
appeared with a strike-slip fault in the Oligo—Miocene and in the Pliocene and Quaternary with an
extensional component (Carmignani et al., 2001, 2016; Carminati & Doglioni, 2005; Cherchi &
Montadert, 1982; Gattacceca et al., 2007; Gueguen et al., 1997; Oggiano et al., 2009; Ulzega et
al., 2002).

The major features in the study area are the NW-SE faults on which the Pardu Valley is engraved,
and the secondary fault directions include ENE-WSW and NNE-SSW (Pertusati et al., 2002).

The Plio-Quaternary tectonic phase is associated with conspicuous N-S faults (Casula et al., 2001).
These rectilinear and normal faults are also evident in the continental margin and control its
morphology (Figure 14). In the continental region, these N-S faults are associated with alkaline

basalts with an age of approximately 3.9 Ma (Lustrino et al., 2007). Quirra River follows this N-S
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direction from the south of the Pardu River capturing elbows and flows in a straight line for

approximately 30 km (Figure 15).
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Figure 15 Three-dimensional (3D) model of Pardu River (Rio Pardu) Valley and Ulassai Plateau. Blue lines represent
major hydrographic features, and red areas represent the major DGSDs. (a) Fluvial capture elbow; (b) Lequarci
waterfall. (1) Tisiddu Mountain DGSD; (2) Bruncu Pranedda DGSD; (3) Scala San Giorgio DGSD.

Based on preliminary geodetic data from the Peri-Tyrrhenian Geodetic Array network, Ferranti et al.
(2008) revealed the presence of low internal deformation in Sardinia. In Sardinia, seismicity is
typically scattered and sporadic, except for the dozen tremors detected following the ML4.7
earthquake of 7 July 2011 in the Corsican Sea, which primarily characterises the edges of the
continental lithosphere block. Significant seismic events also occurred in the eastern sector, in
particular, three events with a magnitude > 4 (26 April 2000, magnitude ML 4.2 and 4.7, and 18
December 2004, magnitude ML 4.3) located in the central Tyrrhenian Sea approximately 60 km east
of Olbia in the Comino depression (Cimini et al., 2016). The most recent low-magnitude earthquake
events were ML 1.8 (Escalaplano, 4 April 2019) and ML 1.6 (Perdasdefogu, 14 October 2020)
(INGV, 2021).
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3.4 Geomorphological setting

The landscape is characterised by sub-horizontal carbonate plateaus, separated by deep rectilinear
valleys engraved in the Palacozoic basement for several hundreds of meters (Maxia et
al., 1973; Ulzega & Marini, 1973). Erosion primarily acted on the Oligo—Miocene strike-slip faults
with an increase in the erosive rate during the Plio-Pleistocene uplift phases (Marini & Ulzega, 1977).
A significant karstic process has acted on plateau surfaces, comprising ancient palaeoforms and
currently hypogeal and superficial morphologies (De Waele et al., 2005, 2012). Karst palaeoforms
represented by complex cockpit doline types have been characterised in the area in a humid and warm
morphoclimatic setting (Fleurant et al., 2008; Liang & Xu, 2014; Waltham, 2008). These dolines are
separated by residual reliefs called Fengcong, sorted along the major structural features. The
hypogean karst enabled the development of sinkholes, karst springs, cavities, and caves (e.g. Su
Marmuri Cave and Is lianas Cave). The combined action of karst, uplift, river erosion, and gravity
has led to the formation and evolution of numerous hanging valleys on the plateau surface (Ulzega &
Marini, 1973).

The presence of major regional faults has influenced the watercourses, which maintain a prevalent
N-S direction in the Pardu River (set on the main fault), toward the western side of the map,
corresponding with the secondary faults. Considering the descriptive parameters, geometrical
conditions, and longitudinal profile, the evolutionary conditions of the Pardu Valley are associated
with a cycle of underdeveloped fluvial erosion, suggesting a relatively young age of engraving
(Marini & Ulzega, 1977; Maxia et al., 1973; Ulzega & Marini, 1973).

The evolution of Pardu River is closely associated with that of Quirra River (Palomba & Ulazega,
1984; Pertusati et al., 2002). Pardu River flows from the NW toward the SE and then abruptly
changes direction toward the NE. At this point, a capture elbow adjacent to the present head of the
Quirra River is well developed. The upstream part of Quirra River flows at an altitude of
approximately 200 m higher than the Pardu River.

It also presents an over-sized and over-flooded valley with respect to the upstream catchment area.
Moreover, there are various orders of terraces and deposits in the Pleistocene. This setting indicates
that the Pardu River, previously flowing south along with the Quirra River, was captured by Pelau
River (De Waele et al., 2012; Palomba & Ulzega, 1984).

Gravity-related mass movements occur along carbonate cornices with rockfalls and toppling. We
have focused on the DGSDs in this study, as they are important in the morphological evolution of the

carbonate plateau.
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3.5 Methods
Geological and geomorphological analyses were performed and a 1:10.000 geomorphological map

was generated in accordance with cartographic models in the literature related to geomorphological
mapping (GNGFG, 1994; ISPRA 2007; ISPRA & AIGEO, 2018; Miccadei et al., 2012; Smith et
al., 2011). A remote sensing survey, accompanied by the interpretation of aerial photos and digital
terrain models (LiDAR data of 1-m cell size, by Autonomous Region of Sardinia acquired in 2008),
and field surveys were performed to analyse vast areas, including the Tacco di Ulassai and the Pardu
River and Barigau River valleys.

The main map was created using the ESRI ArcGIS/ArcMap using the Regional Technical
Cartography of the Autonomous Region of Sardinia at 1:10.000 scale. We comprehensively analysed
three areas with specifically interesting DGSD process: Bruncu pranedda, Scala San Giorgio, and
Tisiddu Mountain (Figure 15).

To analyse the DGSDs at the local scale, we used high-resolution digital elevation models (DEMS)
acquired via structure for motion from a UAV. Structural and geomorphological field mapping
surveys were performed at a 1:200 scale for each landslide, thereby enabling the creation of a
geological 3D model of the slope deformations (Clapuyt et al., 2016; Eker & Aydin, 2021; Peternal
et al., 2017; Valkaniotis et al., 2018). Briefly, 100 structural survey stations were set in the
metamorphic basement and in the Mesozoic units using geological compass. Structural data were
processed using Rocscince Dips.

The aerial surveys were performed using UAVs (DJI Phantom 4) flying at altitudes of 50-60 m above
ground level. The acquired images were analysed and processed using photogrammetric Agisoft
MetaShape software and constrained by 10-12 ground control points using GEODETIC LEICA
GNSS for each area. The resulting orthorectified mosaic and DEM (WGS 84 datum and UTM 32N
projection) had a cell size of 5 cm/pixel and were considered sufficiently precise to be used for the
geomorphological analysis. 3D high-resolution UAV models were used to develop interpretative
superficial models using geomorphological evidence and stratigraphic and structural data of the
DGSDs. Geological interpretative cross-sections of geologic features crossing the major DGSDs were
also generated to define the movement kinematics, deformative style, and deep geometries of the
DGSDs.
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3.6 Results

3.6.1 Geomorphological map

The cartographic synthesis was based on the lithologies on which landforms were highlighted, with
distinct morphogenetic processes and relative chronological positions.

Geomorphological map shows the lithology from the Palaeozoic basement to the continental
Quaternary covers (Figure 16).

Figure 16 - Major geologicl units presente in the main map: Metém—éfphic basement: A('a) altered phyllites; (b)
Fractured metasandstone and quartzites. Transitional and marine Mesozoic succession: (c) Genna Selole Formation
(siliciclastic—carbonate deposits and clays); (d) Basal facies of Dorgali Formation (layered dolostone and marls); (e)

Dolostone of massive Dorgali Formation. Rockfall deposits: (f) Cemented; (g) Quiescent; (h) Slope deposits.
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The major physiographic units presented in the geomorphological map are the Tacco of Ulassali,
Tisiddu Mountain, and the two main valleys, namely Pardu River and Barigau River valleys. The
Ulassai Plateau, which comprises Mesozoic dolomitic lithologies, is affected by various superficial
and underground karst morphologies (De Waele et al., 2012). A karst palaeo-landscape with a sub-
tropical climate consisting of cockpit and Fengcong was detected (Fleurant et al., 2008). The latter,
characterised by gentle relief, is aligned in the direction of the Oligo—Miocene faults. These
formations are the major pathways of underground waterflows, on which sinkholes have developed.
The plateau surface is affected by extensive polje-type dolines, which defines an extensive
hydrography. The catchment area of the plateau flows out of the Santa Barbara area, which flows into
the Ulassai stream after an 80-m hydraulic jump (Lequarci waterfall) (Figure 15).

The edge of the plateau was affected by gravitational processes at different scales. Moreover, there
widespread rockfalls and toppling of various magnitudes were present. Three orders of landslide
deposits were identified, namely cemented, quiescent, and active.

The valley floor of the Pardu River in the upper part is characterised by a bed set on rock with major
erosive features, whereas in the downstream part near the capture elbow, alluvial deposits exist with
two orders of terraces. Downstream of the capture, the river resumes the erosive character with the
valley floor set on the rock.

The legend signifying geomorphology in this study was conceived to effectively represent the features
of the study area. We highlighted outcropping bedrock lithology, tectonic features, superficial
deposits, and the distribution of structural, gravitational, and karst landforms.

3.6.2 Morphostructural setting of DGSDs

Various areas affected by DGSDs located at the edges of the carbonate plateau were identified, with
the major ones located on the east side of Tacco di Ulassai and Tisiddu Mountain. The main structures
that indicate the deep gravity phenomenon were large and deep extensional trenches which are
evident in the carbonate lithotypes. A complex structural setting was deciphered based on the analysis
of faults, foliation, and tectonic-gravitational structures (Figure 17). Trenches had lengths of several

hundreds of metres and a decametric opening and depth (Figure 18).
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Figure 17 - Stereographic projections of tectonic and gravitational structures. (1) Low-angle dip schistosity in the
metamorphic basement; (2) Dorgali Formation layering. The larger angles indicate the blocks of the DGSD; (3) Primary
Cenozoic faults, NW-SE and secondary sub-vertical faults; (4) Vertical fractures in the Mesozoic units associated with

the tectonic structures; (5) Extensional trenches.
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Figure 18 UAV images of the DGSD showing the major geomorphological and structural features. The white dashed
lines represent the major extensional trenches. (Al). Panoramic view of the Ulassai Village. (A2) Bruncu Pranedda
DGSD. (A3) Top slope sector. (A4) Middle slope sector. (B) San Giorgio DGSD. (C) Tisiddu Mountain DGSD. (D)

Evidence of collapse deposits of rock avalanches. Recent collapse near Ulassai Village. (D1, D2) Palaeo-collapses of
mega-blocks, 2040 m for each side.
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The Bruncu Pranedda DGSD depicted two regions with different settings located in the top and
middle slopes. In the top slope toward the east of the largest extensional trenches called Pranedda
Canyon (Figure 18 (A1-A3);Figure 19 (A,Al1,D)), the rock mass fracturing increased, and the attitude
of the Dorgali Formation is toward the east, with a dip amount of up to 40°. In this area, both facies
of the Dorgali Formation were visible, with the summit comprising dolomitic banks and the lower
part characterised by an alternation of well-stratified dolomites and marls. This subdivision was not
observed in the middle slope (Figure 18 (A4)), where basal marly levels do not appear on the surface.
This indicates that the basal facies (approximately 30 m) were partially covered by slope deposits;
however, they also sank a few metres inside the fractured and altered Palaecozoic metamorphic
basement. This can be correlated with the field observations at the same altitude, with the basement
and the massive facies of the Dorgali Formation.

The Scala San Giorgio DGSD is located north of Osini Village (Figure 18 (B) and Figure 19 (C))
and is characterised by two major extensional trenches parallel to the slope that affect the Dorgali
Formation with dip amount up to 20°. All the sequences of the Dorgali Formation are exposed;
however, the Genna Selole Formation is covered by rockfall deposits.

The Tisiddu Mountain DGSD in the south of Ulassai Village is characterised by a highly fractured
segment of the Dorgali Formation located tens of metres downstream. Only the top massive banks of
dolostones are visible. The basal level was partially sinking in the metamorphic basement.

Shear zones are located in different geological units that represent structural weaknesses (Figure 20).
(I) The top of the metamorphites was affected by sub-horizontal foliation (Figure 17) and advanced
weathering, and the rock exhibited a reddish or whitish colour. This type of alteration could be linked
to the pre-transgressive Mesozoic period (Marini, 1984); (1I) Genna Selole Formation exhibited
plastic clay layers; (111) basal levels of Dorgali Formation were characterised by the alternations of

marl and dolomite.
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150 225m

Figure 19 - LiDAR 3D model of the DGSD. (A1) Bruncu Pranedda. (B) Tisiddu Mountain. (C) Scala San Giorgio. (1)
High fracturing area with active extensional trenches. (2) Collapse deposits of rock avalanches. The black dashed lines
represent the major extensional trenches. White dashed lines represent the major stratigraphic discontinuity between
marine Mesozoic sequence and the metamorphic basement. (D) UAV 3D model of Bruncu Pranedda. (4) Detachment
niche. (5) Transit area. (6) Collapse deposits of rock avalanches.
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Figure 20 Interpretative geological cross-sections. (1) Scala San Giorgio, (2a) Bruncu Pranedda lateral spread; (2b)
Bruncu Pranedda sackung; (3) Tisiddu Mountain sackung. (a) Metamorphic basement; Dorgali Formation over Genna
Selole (orange). (c) Hypothetical shear zone, (d) active extensional trenches, (e) trench rockfall deposits.

Geomorphological evidence and stratigraphic and structural analyses enabled the identification of
various DGSDs characterised by different kinematics. From the structural analysis (Figure 17), the
major faults with NW-SE and NE-SW directions were in concordance with the main trenches. The
secondary trenches and the joints did not exhibit a good correlation with the large-scale structures
because they were associated with the features inside the deformation rock mass. Lateral spreads were
developed at the plateau edge due to the sub-vertical pre-existing fractures (Figure 17). Consequently,
there was a predominant horizontal movement associated with vertical fractures in the carbonate and
a zone of ductile basal deformation that affected the Genna Selole Formation and the summit, which
altered the metamorphites (Bruncu Pranedda top slope and San Giorgio DGSD). DGSDs with a higher
vertical shift represented a more advanced stage with sackung features (Tisiddu Mountain and middle
slope of Bruncu Pranedda). A large part of the deformation affected the Palaeozoic basement, which
was evidenced by the sinking of the carbonate sequence in the metamorphites.

These DGSs were associated with numerous rockfalls and toppling landslides that affect carbonate
walls. Dolomitic blocks with sizes up to 30 m on each side were identified, moving up to 900 m away
from the detachment points, which were linked to mega-rockfall events with rock avalanche features
(Figure 18 (D)). We also identified mega-blocks of Dorgali Formation in the downslope that were

associated with collapsed palaeo-DGSD.
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3.7 Discussion

Geomorphological data regarding the DGSD of Bruncu Pranedda, Scala San Giorgio, and Tisiddu
Mountain were used to generate geological sections for reconstructing a hypothetical surface of basal
rupture and deep geometries (Figure 20).

Geological and geomorphological analyses using high-resolution topographic data enabled the
identification of different DGSD kinematic and evolutionary models. Based on the collected data, it
was possible to identify three evolutionary stages.

The initial movement stage was characterised by lateral spread kinematics (Delgado et
al., 2011; Dramis & Sorriso-Valvo, 1994; Fioraso, 2017; Gutiérrez-Santolalla et al., 2005; Panek &
Klimes, 2016; Taramelli & Melelli, 2008) (Figure 20 (1,2a)), with a separation of the DGSD from the
edge of the plateau. This occurred via horizontal movement without vertical sinking.

The stratigraphic setting is characteristic of the lateral spreads because the Dorgali Formation (hard
formation) rests on the Genna Selole clays and on an altered and fractured schist basement (plastic
formations). In the carbonate lithologies, the deformation is brittle and develops with a major fracture;
however, in the basement, it is ductile with a sub-horizontal movement. The basal sub-horizontal
shear zone is primarily located in the Genna Selole Formation and in the summit altered
metamorphites.

The second stage (Figure 20 (2b,3)) is associated with the deformation pattern of the sackung type
(Ambrosi & Crosta, 2006, 2011; Audemard et al., 2010; Bovis & Evans, 1996; Coquin et
al., 2015; McCalpin & Irvine, 1995; Oppikofer et al., 2017; Soldati et al., 2004), which can be
deduced from the partial sinking of the DGSD body inside the Palaeozoic basement. This stage is the
observable downslope of the plateau edges located in the parts of the Dorgali Formation tens of metres
away from the original stratigraphic altitude. They are separated from the plateau by an extensive
transit area characterised by the presence of slope deposits with limited outcrops of the Palaeozoic
basement. This is an advanced stage assimilable at a sackung landslide and is associated with a major
basal deformation that allows the movement of the bodies even for several hundreds of metres. The
shear zone is located in the metamorphic basement with a sub-circular shape.

The third stage is the consequence of the collapse of the peripheral margins of DGSDs and is
manifested through rock avalanche deposits (Figure 19 (D)). These deposits, comprising blocks with
a size of several thousands of cubic metres, cover the most recent slope deposits and represent one of
the major evidence for present movements of the DGSDs. In fact, rock avalanche deposits have been
found to exhibit sedimentological and geomorphological characteristics of a very recent event. The
evidence of current activity is demonstrated by the detachment of a rock avalanche which occurred

in November 2014, involving a total volume of rock more than 1500 m3.
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The type and evolutionary characteristics of rockfalls and rock avalanches represent high risk factors
in some sectors of the inhabited centre below; a monitoring network is being created based on satellite

and geotechnical technologies with the aim of developing an early warning system.

3.8 Conclusions

A kinematic model and geomorphological evolution characteristics of DGSD in Sardinia were
described for the first time in this study. The study highlighted an extremely young territory
conformation, associated with the Neogene and Quaternary geodynamic events, implying a series of
problems related to the slope process. The causes of the DGSDs are associated with the structural
characteristics of the area and the Neogene and Quaternary geomorphological evolution of the river
valley associated with the recent uplift. In the main map, a comprehensive mapping of structural,
karst, fluvial, and slope morphologies in Pardu and Ulassai valleys is presented.

The predisposing factors of DGSDs can be identified in the following points:

e The tectonic history of the slope with a passive influence has been caused by a major uplift
associated with the Neogene and Quaternary geodynamic events. The upliftment has
increased the erosion rates, thereby leading to the deepening of the valleys and detente of the
slopes. The energy of the relief of the slopes is the decisive morphological element which
initiates the DGSDs; in the cases studied, it is higher than 650 m.

e Cenozoic tectonics have also conferred the structural conditions that predisposed the
development of DGSD, particularly in the Dorgali Formation. In fact, the major DGSD
trenches are evidently parallel to the major faults and primarily parallel to that of Pardu Valley
in the NW-SE direction, on which the slope is also set

e The lithostratigraphic conditions are represented by the Mesozoic units on the foliated and

altered metamorphic basement.

The initiation of rapid catastrophic processes such as rock avalanche is associated with the
accelerations of DGSDs. These accelerations are linked to seismic activities and extreme rainfall
events. The latter cause the hydration of the rocks in the shear zones, thereby decreasing the
geomechanical characteristics.
High-resolution topographic data and geological and geomorphological field surveys enabled the
identification of three evolutionary stages of DGSD.

e The first stage preceding the capture of the Rio Pardu by the Rio Pelau associated with the

uplift and the Plio-Quaternary tectonics.
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e The second phase associated with a major erosive activity following the capture of the Rio
Pardu which triggered the oldest DGSDs with sackung features.

e The present evolution of plateau edges through lateral spread DGSDs and rock avalanches.

3.9 Software

The map was digitised using ESRI ArcGIS ® 10.6 software. UAV photogrammetry data were
processed by Agisoft Metashape Professional ®. The digital terrain models were generated using the
Global Mapper ® 21.0. Geological sections were created using Adobe Illustrator ® CC2015.

3.10 Main map

https://www.tandfonline.com/doi/suppl/10.1080/17445647.2021.1986157?scroll=top

DEEP-SEATED GRAVITATIONAL SLOPE DEFORMATION IN CENTRAL SARDINIA.
INSIGHTS INTO THE GEOMORPHOLOGICAL EVOLUTION
Scale 1:10.000
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4 CHAPTER I

Evolution of Deep-Seated Gravitational Slope
Deformations in Relation with Uplift and Fluvial
Capture Processes in Central Eastern Sardinia

(Italy)

Demurtas, V.; Orru, P.E.; Deiana, G. Evolution of Deep-Seated Gravitational Slope Deformations
in Relation with Uplift and Fluvial Capture Processes in Central Eastern Sardinia (Italy). Land 2021,
10, 1193. Publisced November 2021 https://doi.org/10.3390/land10111193

ABSTRACT
Connections between Plio-Pleistocenic tectonic activity and geomorphological evolution were studied in the

Pardu Valley and Quirra Valley (Ogliastra, East Sardinia). The intensive Quaternary tectonic activity in
Sardinia linked to the opening of the Tyrrhenian Basin is known. In Eastern Sardinia, it manifests with an
uplift that is recorded by geomorphological indicators, such as deep-seated gravitational slope deformation,
fluvial captures, engraved valleys, waterfalls, and heterogeneous water drainage. The Pardu River flows from
the NW toward the SE and then abruptly changes direction toward the NE. At this point, a capture elbow
adjacent to the current head of the Quirra River is well developed. The Quirra River, in its upstream part, flows
at altitudes approximately 200 m higher than the Pardu River. It also shows an oversized and over-flooded
valley with respect to the catchment area upstream. This setting indicates that the Pardu River, which
previously flowed south along the Quirra River, was captured by the Pelau River. We analyzed long-term
landslides with lateral spreading and sackung characteristics, which involve giant carbonate blocks and
underlying foliated metamorphites in both valleys. The use of LiDAR, high-resolution uncrewed aerial vehicle
digital photogrammetry (UAV-DP), and geological, structural, and geomorphological surveys enabled a depth
morphometric analysis and the creation of interpretative 3D models of DGSDs. Space-borne interferometric
synthetic aperture radar (INSAR) data using ERS and Sentinel-1 satellites identified downslope movement of
up to 20 mm per year in both Pardu Valley flanks. Multi-source and multi-scale data showed that the state of
activity of the DGSDs is closely linked to the geomorphological evolution of the catchment areas of the Rio
Pardu and Rio Quirra. The intense post-capture erosion acted in the Rio Pardu Valley, giving it morphometric
characteristics that were favorable to the current evolution of the DGSDs, while the Rio Quirra Valley presents

paleo-DGSDs that have been fossilized by pre-capture terraced alluvial deposits.

Keywords: morphotectonic; morphostratigraphy; DGSDs; river capture; fluvial terraces; Sardinia; Italy
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4.1 Introduction

The Pliocene and Quaternary geodynamic processes related to the Tyrrhenian basin opening led an
uplift in Sardinia (Carmignani L. et al. 2001; Carminati & Doglioni, 2005; Cherchi A & Montardert
1982). This is evidenced by a morphotectonic setting linked to fluvial and gravitative morphologies
(Maxia C, et al. 1973; Ulzega & Marini 1973). Therefore, the hydrographic basins of the Rio Quirra
and the Rio Pardu have been studied in detail in order to analyze their evolutionary scenarios in
relation to a river capture.

Rio Pardu and Rio Quirra are two of the most important rivers in central eastern Sardinia. The two
basins are separated by a river capture caused by the Rio Pelau, which isolated Rio Pardu, the
catchment area of Rio Quirra. Rio Pardu flows from northwest to southeast and then flows towards
the northeast through a river capture elbow with the name of Rio Pelau. Rio Quirra flows from the
north to the south parallel to the coast and then abruptly bends towards the Tyrrhenian Sea near the
mouth. The flow directions are closely related to the structural conditioning of the main alpine
structural setting and are linked to the opening of the Tyrrhenian basin (Demurtas, V. el al. 2021, De
Waele, J. et al 2012) (Figure 21).
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Figure 21- Geographical location and structural features of the study area, modified after (Deiana et al. 2021); red lines
represent thrust fronts; white lines are the Sardinian—Corse Block translation at 30 Ma; the pink line represents the
Sardinian—Corse Block translation at 25 Ma; the yellow line represents the Calabrian block translation at 10 Ma; the
green line represents the Calabrian block translation at 5 Ma.

River drainage systems are very dynamic features of the landscape. Geological changes can cause
fluvial captures, leading to abnormal large-scale river networks (Suhail, H.A et al. 2020; Carabella
et al, 2020; Fan, N et al 2018; Bishop P, 1995; Willett,S .D et al 2014; Whipple, K. 2017; Prince P
2011; Aslan A et al, 2014, De Waele 2012). The main geological changes that cause river captures
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are glaciation and tectonic movements associated with earthquakes and faults (Shugar D 2017).
Tectonic movements, especially landscape uplift, are much slower than glacial processes. Therefore,
the development of tectonic river capture normally requires hundreds of thousands of years, or even
millions of years (Bracciali et al. 2015; Anton D.2014).

The particular evolutionary characteristics of the Pardu and Quirra valleys in relation to slope
instability dynamics have been the subject of various studies (Maxia et al., 1973; Ulzega & Marini,
1973, De Waele et al. 2012; Demurtas et al 2021). This sector of Sardinia represents one of the most
susceptible areas to landslides in the region. This high hazard is closely linked to the particular
vulnerability to important weather events, especially rainstorms. Rainfall-induced landslides
represent a relevant threat to the population, infrastructure, buildings, and cultural heritage (Panek et
al. 2011, Quesada- Roman et al. 2019 , Volpe et al. 2021, Shoe et al. 2021, Quesada-Roman et al.
2021). Among the most important catastrophic geological events in Sardinia are those that occurred
in the Rio Pardu valley, which involved the inhabited centers of Gairo, Osini, Ulassai, and Jerzu.
Between 15 and 17 October, 1951, extreme rainfall of about 1000 mm involved this area, triggering
mudflows and landslides. This catastrophic event caused abandonment of the villages of Osini and
Gairo (De waele,2012; Ulzega 1977, Demurtas et al 2021). These settlements have been rebuilt at
least in part, sometimes with transfer to another area on the same slope. However, these measures
proved useless, as the new sites present the same geo-hydrological risks as the previous ones (The
AVI project - Landslide Database; Moretti A. 1953). Landslides affected schistose Paleozoic
metamorphites on the left slope, while on the right, there was also widespread rockfall. Recent studies
have highlighted the presence of deep-seated gravitational slope deformations with sacking
(Zichinsky, 1966, 1969; Radbruch-Hall et al., 1976; Radbruch- Hall, 1978; Bisci et al., 1996) and
lateral spread (Jahn, 1964; Cruden & Varnes, 1996; Pasuto & Soldati, 1996) characteristics that
affect the sub-horizontal carbonate succession and the underlying metamorphites (Demurtas et al.
2021).

Deep-seated gravitational slope deformation (DGSD, (Dramis & Sorriso-Valvo, 1994) is a complex
type of rock slope failure characterized by large dimensions generated in stone rocks (Dramis et al.,
2002). DGSDs are characterized by slow movements that can suddenly accelerate and cause
catastrophic collapse of sections of the deformed slopes (Agliardi et al., 2020; Crosta & Agliardi,
2003, Nemcok, 1972; Ostermann et al., 2017, Radbruch-Hall, 1978). Therefore, this phenomenon
represents an important geo-hazard in relation to the deformation of large infrastructures and
secondary collateral landslides. Although DGSDs play an important role in slope evolution and geo-
hydrological risk, knowledge about them was scarce for a long time (Soldati, 2013). They are

characterized by very slow deformation rates (Cruden & Varnes, 1996), landform assemblages (such
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as double-crested ridges, trenches, synthetic and antithetic scarps, tension cracks, and convex bulged
toes), and deep basal shear zones (Agliardi et al., 2001, Chigira, 1992; Crosta et al., 2013; Mariani
& Zerboni, 2020; Panek et al., 2016). Often, shear zones present characteristics of cataclastic
breccias with an abundant fine matrix (Crosta & Zanchi, 2000) and thicknesses up to tens of meters
(Ostermann et al., 2017). DGSD is a common phenomenon in the relief of the Mediterranean Sea in
relation to the particular geodynamic context that characterizes the region and to the widespread
orogenetic chains. In this context, DGSDs play an important role in slope relief evolution, showing
at least geometric analogies with gravity-accommodated structural wedges. Often, DGSD phenomena
are influenced by the scale structural context of the slope and use pre-existing tectonic structures
(fault and thrust) to guide their evolution, which is also in relation to a reactivation linked to a slope
stress field variation (Gentili et al 1994, lovine et al. 1998).

In Sardinia, the studies and evidence of DGSDs are quite scarce, but the distensive tectonics and the
Plio-Quaternary uplift could justify the favorable conditions for the development of DGSDs, which
could also be due to local reactivation of Hercynian and Alpine tectonic structures. In this context,
the slope evolutionary characteristics are analyzed in particular, the DGSDs and the evolution of
watercourses in relation to the uplift. The aim is to correlate these different aspects through
geomorphological analysis with both field surveys and remote sensing techniques. Furthermore, the
choice to analyze these basins takes on a particular characteristic due to the economic and social
repercussions that the conditions of instability of the slopes determine in the populations of the towns
of Ulassai, Osini, Jerzu, and Gairo. In fact, as is well known, these inhabited centers are continually
threatened by disasters. Different types of interventions were carried out to protect inhabited centers
and infrastructures, but they were carried out without a global study of the problem and, therefore,
without real knowledge of the evolutionary modalities of the valley and the real gravitational
dynamics of the slopes. Understanding the kinematics and temporal behavior of DGSDs and
landslides is important for designing monitoring systems based on strong process knowledge. In some
cases, continuous monitoring is the only way to reduce risk ( Frigerio et al 2014, Sestras et al 2021,
Zhang et al 2021 ,Bianchini et al 2021 , Demurtas et al 2021 b).

We hypothesize that the Plio-Quaternary tectonics and uplift in the Ogliastra area are the main forcing
mechanisms for sustaining the necessary gravitational forces of DGSDs.

Here, we present an innovative approach for analysis of DGSDs and fluvial dynamics by using
morphotectonic, morphostratigraphic, and geomorphic data and time-series INSAR data in the Pardu
and Quirra rivers. We also integrated stratigraphic and morphotectonic data of the drainage basin
scale to support our observations and analyses about the relation between DGSD activity and fluvial

capture.
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4.2 Geological setting

East-central Sardinia (Italy) is characterized by widespread Jurassic dolomitic plateaus—called

“Tacchi” in Sardinia overlying a Paleozoic basement (Figure 22 and Figure 23 a,b) (Carmignani et

al., 2016; Pertusati et al., 2002).
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Figure 22 - Geolithological sketch map of the study area based on geological data of the Autonomous Region of Sardinia.
Continental margin topography by (Chiocci et al. 2021). Black dashed lines show the analyzed rivers.
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Figure 23 - Lithostratigraphic sketch of lithological units: Low-grade metamorphic rocks: (a) Monte Santa Vittoria Fm;
(b) Filladi del Gennargentu Formation; (c) granitic plutonic complex and dikes; marine and transitional Mesozoic
sedimentary succession; (d) gluvial and deltaic conglomerates, sandstones, and mudstones (Genna SeloleFormation); (e)
dolostone (Dorgali Formation); (f) cemented paleo-rockfall deposits; (g) paleo-rockfall deposits; (h) active rockfall; (i)
slope deposits; (l) terraced alluvial deposits; (m) alluvial deposits (modified after Demurtas et al.2021).

The area is characterized by the Pardu River Valley in the north, the Quirra River Valley in the south,
and the Rio Pelau toward the east (Figure 24). The geological basement primarily comprises low-
grade Paleozoic metamorphites affected by complex plicative structures, while in the coastal sector,
there are widespread outcrops of carboniferous granites placed in the terminal phases of the
Hercynian orogeny (Carmignani et al., 2001, 1994; Elter et al., 2004, 2010). The major metamorphic
Paleozoic units are the Filladi del Gennargentu Formation and Monte Santa Vittoria Formation, which
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are constituted by metasandstones, quartzites, phyllites, and metavolcanites (Middle Cambrian—
Middle Ordovician) (Meloni et al., 2017; Pertusati et al., 2002; Vai & Coccozza, 1974). The summit
of the metamorphic basement has suffered chemical alteration associated with a warm humid climate
during the Permian and Triassic periods (Costamagna & Barca, 2004; Marini, 1984).

The marine and transitional Mesozoic sedimentary succession rests on the metamorphic basement in
angular unconformity. These Mesozoic deposits are extensive and decipherable from their plateau
morphology and are clearly visible along the right slope of the Rio Pardu and the Rio Quirra. The
basal layers are primarily fluvial sediments of the Genna Selole Formation (Middle Jurassic) , which
are overlain by dolomitic limestones of the Dorgali Formation (Middle—Upper Jurassic).
(Costamagna & Barca, 2004; Costamagna et al., 2018; Dieni et al., 1983; Pertusati et al., 2002).
The Genna Selole Formation ( ) represents a mixed succession
of siliciclastic to siliciclastic—carbonate deposits. The presence of clay layers is important as a
predisposing factor for lateral spread. The Dorgali Formation is represented by dolomitic sequences
with thicknesses of up to tens of meters. The lower part, with a thickness of approximately 30 m, is
affected by marl intercalations, whereas the upper part is typically massive. The attitude of the strata
of the Mesozoic units is sub-horizontal with a dip of approximately N90/0-5°, while at the plateau
edges, it can reach a dip of up to 40° and a direction parallel to the slope owing to the DGSDs.
Quaternary covers, which are represented by continental deposits, are primarily gravitative and
alluvial deposits. The most extensive outcrops are represented by landslide deposits, including
rockfalls, toppling, and collapsed DGSDs, and are abundant in the lower part on the right slopes of
the Pardu Valley and Quirra Valley (eastern slope of Monte Arbu). Downslope, actual and terraced
alluvial deposits have also been identified, and they are well developed and hierarchized in the Rio
Quirra (Petrusati 2002).

The deposits of the rockfalls and toppling landslides have been characterized by their different
sedimentological features based on age. These deposits are associated with rockfalls affecting the

plateau edge wall and the collapse of some parts of the DGSDs (Demurtas et al 2021).

4.3 Geodynamic setting

The river networks’ geometry and gravity processes show a young conformation of the landscape,
which is typical of a recent tectonic setting. The geodynamic setting is associated with the collisional
dynamics between the African and European plates (Carminati & Doglioni, 2005) (Figure 21). The
structural setting is associated with the Alpine cycle, which first appeared with a strike-slip fault in

the Oligo—Miocene, and then in the Pliocene and Quaternary with an extensional component
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(Carminati & Doglioni, 2005; Carmignani et al., 2001, 2016; Cherchi & Montadert, 1982; Gattaceca
et al., 2007; Gueguen et al., 1997; Oggiano et al., 2009, Ulzega et al., 2002).

The major features in the study area are the NW-SE and N-S faults on which, respectively, the Pardu
Valley and Quirra River are engraved, and the secondary fault directions include ENE-WSW and
NNE-SSW (Pertusati et al., 2002).

The Plio-Quaternary tectonic phase is associated with conspicuous N-S faults (Casula et al., 2001).
These rectilinear and normal faults are also evident in the continental margin and control its
morphology (Figure 22). In the continental region, these N-S faults are associated with alkaline
basalts with an age of approximately 3.9 Ma—Pleistocene (Lustrino et al., 2007). Especially during
the upper Pliocene, a general areal elevation occurred throughout the island, highlighted by the traces
of the paleo-surfaces and by the numerous and superimposed paleo-hydrographies; moreover, the
Neogenic sediments, which were already affected by Oligo-Miocene Tectonics, are currently also
found at altitudes of 700 m, such as on the Tacco di Laconi, and are widely found above 500 m of
altitude in various locations on the island. The reasons for these events are related to the more general
distensive tectonics that affect the whole Tyrrhenian area (Marini 1983).

Based on preliminary geodetic data from the Peri-Tyrrhenian Geodetic Array network, Ferranti et al.
(2008) revealed the presence of low internal deformation in Sardinia. In Sardinia, seismicity is
typically scattered and sporadic, except for the dozen tremors detected following the ML4.7
earthquake of 7 July 2011 in the Corsican Sea, which primarily characterized the edges of the
continental lithosphere block. Significant seismic events also occurred in the eastern sector—in
particular, three events with a magnitude > 4 (26 April 2000, magnitudes ML 4.2 and 4.7, and 18
December 2004, magnitude ML 4.3)—Ilocated in the central Tyrrhenian Sea, approximately 60 km
east of Olbia in the Comino depression (Cimini et al., 2016).The most recent low-magnitude
earthquake events were ML 1.8 (Escalaplano, 4 April 2019) and ML 1.6 (Perdasdefogu, 14 October
2020) (INGV, 2021).

Along the Ogliastra coast, recent movements have acted by conditioning the trend of the hydrographic
network and the morphological evolution. The basaltic plateau of the Teccu in Barisardo can be
related to these movements along an N-S line.

The Sardinian continental margin started from around 9 Ma, following the opening of the Tyrrhenian
Sea, which caused the thinning of the continental crust and the formation of tectonic depressions,
which are now sites of deep intra-slope basins.

The continental margin off the Ogliastra is represented by the continental shelf, the continental slope,

and the plain called the Ogliastra basin, which reaches the deepest point of the whole Sardinian
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margin at 1750 m depth. The continental shelf is very narrow with less than 10 km of width, and it is

indented by several submarine canyons (Chiocci et al. 2021, Ulzega et al. 2002).

4.4 Geomorphological setting

The landscape, which is characterized by sub-horizontal carbonate plateaus, represents the result of
the paleogeographic evolution of the region. The current dolomitic plateaus represent the extensive
carbonate sedimentation due to the Jurassic marine transgression on the peneplanated Paleozoic
metamorphites during the Permian and the Triassic. The continental phase following the post-
Mesozoic emergence determined the setting of a tectonic control hydrographic network represented
by deep rectilinear valleys engraved in the Paleozoic basement for several hundreds of meters (Maxia
etal., 1973; Ulzega & Marini, 1973) (Figure 24. Erosion primarily acted on the Oligo-Miocene strike-
slip faults with an increase in the erosive rate during the Plio-Pleistocene uplift phases (Marini &
Ulzega, 1977). The presence of major regional faults has influenced the watercourses, which maintain

a prevalent N-S direction in the Pardu and Quirra Rivers (set on the main fault).

® psasps

=) Main stream direction } <

N7 Fluvial Capture

Figure 24 Three-dimensional (3D) model of the Pardu River and Quirra River. Blue lines represent major hydrographic
features, and red areas represent the major DGSDs. (a) Fluvial capture elbow; (b) Lequarci waterfall.

The evolution of the Pardu River is closely associated with that of the Quirra River (Palomba &
Ulazega, 1984; Pertusati et al., 2002, De Waele 2012). The Pardu River flows from the NW toward

the SE and then abruptly changes direction toward the NE. At this point, a capture elbow adjacent to
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the present head of the Quirra River is well developed. The upstream part of the Quirra River flows
at an altitude of approximately 200 m higher than the Pardu River. It also presents an over-sized and
over-flooded valley with respect to the upstream catchment area. Moreover, there are various orders
of river terraces and slope deposits of the Pleistocene. This setting indicates that the Pardu River,
previously flowing south along the Quirra River, was captured by the Pelau River (De Waele et al.,
2012; Palomba & Ulzega, 1984). Considering the descriptive parameters, longitudinal profile, and
the evolutionary conditions, the Pardu Valley is associated with a cycle of underdeveloped fluvial
erosion, suggesting a relatively young age of engraving (Marini & Ulzega, 1977; Maxia et al., 1973;
Ulzega & Marini, 1973).

DGSDs are present in both river basins and cause collateral landslides. In particular, rockfalls and
toppling occur along carbonate cornices, while rotational slide occurs in the metamorphic rocks
(Demurtas et al 2021). We focused on the DGSDs in this study, as they are important in the
morphological evolution of the slopes.

A significant Kkarstic process has acted on plateau surfaces, comprising ancient paleoforms and,
currently, hypogeal and superficial morphologies (De Waele et al., 2005, 2012, Demurtas et al. 2021).
Karst paleoforms represented by complex cockpit doline types have been characterized, and they
belong in a humid and warm paleo-morphoclimatic setting (Fleurant et al., 2008; Liang & Xu, 2014;
Waltham, 2008). These dolines are separated by residual reliefs called Fengcong, which are sorted
among the major structural features. The hypogean karst enabled the development of sinkholes, karst
springs, cavities, and caves (e.g., Su Marmuri Cave and Is lianas Cave). The combined action of karst,
uplift, river erosion, and gravity has led to the formation and evolution of hanging valleys on the
plateau surfaces (Ulzega & Marini, 1973). The geomorphological analysis of the continental margin
off the coast shows that the area occupied by the shelf is rather narrow and is engraved with numerous
submarine canyons (Chiocci et al 2021, Gamberi et al 2021 ,Marani et al 2004 ) (Figure 22). The
structural lines coincide with those of the continental part that has emerged—mainly N-S,
accompanied by normal tectonic lines in the E-W direction. The shelf break is about —130 m;
however, locally, it is at about —60 m due to the erosion of retrogressive canyons. The submerged and
emerged morphologies highlight the extremely young landscape conformation, which is associated
with the Neogene and Quaternary geodynamic events, implying a series of problems related to the
slope process. The control factors of the DGSDs are associated with the geo-structural characteristics
and the Neogene and Quaternary geomorphological evolution of the river valley, which is associated
with the recent uplift (Demurtas et al. 2021).

We can summarize the events that dominated the valleys’ evolution (Demurtas et al. 2021; Palomba
et al. 1984; Maxia et al. 1973):
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e The first stage preceding the capture of the Rio Pardu by the Rio Pelau associated with the
uplift and the Plio-Quaternary tectonics. This phase involves a general incision of the valleys
and erosion of the slopes, and it led to a new hydrographic setting, causing river capture
(Middle-Lower Pleistocene).

e The second phase was associated with major erosive activity in the Pardu Valley following
the capture, which led to complete erosion of the valley (Upper Pleistocene).

e The present evolution of the slopes through widespread landslides and DGSDs.

4.5 Materials and methods

A morphotectonic analysis of the River Pardu and River Quirra was carried out based on an integrated
approach that incorporated a cartographic and morphometric analysis (ISPRA e AIGEO 2018,
Miccadel E. et al. 2018; Carabella et al. 2020; Miccadei et al. 2021). Remote sensing analysis and
geological and geomorphological field mapping in slopes and the valley floor of the Rio Quirra and
Rio Pardu were performed from the head to the mouth on a scale of 1:10,000. The field surveys were
based on the interpretation of data from remote sensing on a large scale. Particular attention was paid
to the study of morphologies related to river dynamics (fluvial and orographic terraces) and slope
gravitational process (DGSDs and collateral landslides).

Multi-scale field surveys were carried out to analyze the geological and structural setting of the slopes
in particular, the plateaus’ edges and the left slope of the Pardu Valley (Guzzetti et al. 1999,
Dragicevié et al. 2015, Shi et al. 2018 , Deiana et. al 2019, Melis et al. 2020).

The DGSDs were surveyed in detail by reconstructing the structural setting and analyzing the
relationships with the surrounding collateral landslide and alluvial deposits. The study areas were
often not accessible due to their steep slopes; therefore, they required remote sensing survey systems
to complete the field investigations. Uncrewed aerial vehicle digital photogrammetry (UAV-DP) is a
robust methodology for the investigation of DGSDs and large landslides. In particular, it was used
for the recognition of large lateral spreads in Malta and Tunisia (Devoto et al. 2020, Gaidi et al.
2021). We used UAV-DF and light detection and ranging (LIiDAR) to extract high-resolution
topographic 3D DGSD models and perform detailed morphometric analyses.

DGSD displacement and rate were evaluated using space-borne interferometric synthetic aperture
radar (INSAR). Over the last 30 years, INSAR techniques have been widely used to investigate
geological (e.g., volcano activity, earthquakes’ ground effects, etc.) and geomorphological processes
in particular, DGSD. In different geological and climatic contexts, this technique allows one to
analyze extremely slow DGSDs and to identify displacements of about 1-2 mm in favorable
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conditions (Devoto et al 2020, Gaidi et al 2021,Delgado et al 211, Oliviera et al 2015Crosetto et al
2016, Mantovani et al 2016, Frattini et al 2018, Novellino et al 2021, Eker et al 2021).

Based on previous studies on the fluvial deposits of Rio Quirra and Rio Pardu (Ulzega 1973, Palomba
1984, Demurtas et al. 2021), the geological analysis was implemented by using high-resolution
topographies based on UAV-DP and LiDAR. Detail-scale field surveys were carried out in the
alluvial quaternary deposits with the aim of the identification and mapping of various terraced orders
and the reconstruction of the relative chronology among morphostratigraphy and sedimentological
indicators. Stratigraphic profiles relating to the various orders of river terraces and landslide deposits
were surveyed in the natural outcrops of the alluvial plains.

4.5.1  Aerial and Uncrewed Aerial Vehicle Remote Sensing
LiDAR and aerial photogrammetric data produced by the Autonomous Region of Sardinia were used

to perform visual and morphometric analysis of DGSDs and fluvial morphologies. A detailed
orthophoto dating from 2016 was used together with LiDAR data with a cell size of 1 x 1 m and
vertical resolution of 30 cm.

The aerial surveys were performed using UAVs (DJI Phantom 4 and DJI Matrix 200) flying at
altitudes of 50-60 m above ground level. The acquired images were analyzed and processed using
the photogrammetric Agisoft MetaShape software and constrained by 10-12 ground control points
using GEODETIC LEICA GNSS for each area. The resulting orthorectified mosaic and DEM (WGS
84 datum and UTM 32N projection) had a cell size of 5 cm/pixel and were considered sufficiently
precise to be used for the geomorphological analysis.

To analyze the DGSDs at the local scale, we used high-resolution digital elevation models (DEMSs)
acquired via structure from motion from a UAV-DF (Clapuyt et al., 2016; Eker & Aydin, 2021,
Peternal et al., 2017; Valkaniotis et al., 2018).

The 3D high-resolution UAV-DF models were used to develop interpretative superficial models by
using geomorphological evidence and stratigraphic and structural data of the DGSDs. Geological
interpretative cross-sections of geologic features crossing the major DGSDs were also generated to
define the movement kinematics, deformative style, and deep geometries of the DGSDs.

The DTMs were used to analyze the morphometric parameters of the hydrographic basins under
analysis. The longitudinal and transversal profiles of the valleys were extracted in such a way as to
highlight different erosive structures in relation to river capture and to analyze the different altitudes

of the various river terraces.
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4.5.2  InSAR Analysis
Space-borne interferometric synthetic aperture radar (INSAR) data were used to analyze the slope

deformation (letto et al. 2015, Mateos et al. 2018, Moretto et al. 2021,Mondini et al. 2021).
Interferometric permanent scatters (PSs) are used to investigate the temporal and spatial superficial
slope deformation. To detect ground displacement, we used only high-PS coherence (0.6-1) located
on built dolomitic blocks and the metamorphic rock outcrops. Low-coherence PSs, which are not
useful, are located on rockfall deposits and in vegetated areas. We used the Sentinel-1 and European
Remote Sensing (ERS) satellites (Table 1) and took into account the line-of-sight (LOS) velocities.
We used a dataset from 1992 to 2000 from the ERS satellite and a dataset from 2014 to 2020 from
Sentinel 1. The processed data from ERS and Sentinel 1 were provided, respectively, by Ministero
dell’Ambiente ¢ della Tutela del Territorio e del Mare (Italy) and the Geological Survey of Norway.
The total area analyzed covered the entire Pardu Valley and Quirra Valley. Four focus areas (Table
1) that showed interesting results were analyzed by using time series of PSs to understand the

landslides’ temporal evolution.

Table 1 Parameters of the INSAR data on the sectors in focus.

Area Satellite Acquisition Acquisition TrackAngle Inc Angle
Geometry Interval
Ulassai Sentinel 1 Ascending Oct 2014—Feb 2020 -9.6 42.4
Osini Sentinel 1 Ascending Oct 2014—Feb 2020 -9.6 42.4
San Giorgio Sentinel 1 Ascending Oct 2014—Feb 2020 -9.6 42.4

Gairo Sentinel 1 Descending Oct 2014—Feb 2020May 1992—-Dec -169.6 36.3

ERS 2000 | aee-- ] eeee-
4.6 Results

4.6.1 InSAR, PS, and Time Series Analysis

The results of the large-scale INSAR analysis showed that most PSs were located in stable areas, while
high deformation rates were recorded in the slopes of Pardu Valley, where slope-failure processes in
particular, rockfalls and DGSDs were widespread. All four focus areas were analyzed in detail with
the Sentinel 1 data (from 2014 to 2020). For the left flank of Rio Pardu, the ERS data (from 1992 to
2000) were also used in descending order of acquisition. The data from the periods 1992-2000 and
20142020 indicated areas with large slopes that were identified as DGSDs that were active in Pardu
Valley. We used only PSs with high coherence (0.6-1) that were located in the rocky outcrops and in
the urban structures, while low-coherence points located in rockfall deposits and in vegetated areas
were not considered. The PS analysis allowed the recognition of active DGSDs and the measurement
of their movement rates, which turned out to be extremely slow, ranging from 6 to 20 mm/year (Figure
25 and Figure 26. We identified a downslope movement of up to 1 cm/y in the right slope of the Pardu
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Valley and a movement of up to 2 cm/y in the left slope. Continuous movements that did not change
over years with both linear and seasonal trends were observed. The INSAR analysis showed no

perceptible movements on the slopes of Rio Quirra.

Gairo DSGSD

» | San Giorgio blocks
LOS Velocity (mm/y)

Figure 25 - Analysis of the focus areas with InSAR data. The points represent high-coherence permanent scatters located
on bhuildings, rocky outcrops, and blocks of large rock avalanches. The stars represent the PSs used to analyze the time
series shown in 26. (a) Bruncu Pranedda lateral spread. (b) Gairo DGSD. (c) Osini landslide. (d) San Giorgio paleo-
rock avalanche.
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Figure 26 Time series extracted with the representative permanent scatters. The vertical axes represent the cumulative
LOS displacement; the horizontal axes represent the time. (a) Bruncu Pranedda lateral spread—seasonal displacement
trend, maximum displacement of 5 cm from 2014 to 2020; (b) Osini landslide—seasonal displacement trend, maximum
displacement of 6 cm from 2014 to 2020; (c) San Giorgio paleo-rock avalanche—constant movement trend of the large
blocks, maximum displacement of 6 cm from 2014 to 2020; (d) Gairo DGSD; (d1) the ERS data show a constant
deformation trend, with a maximum displacement o f23 cm from 1992 to 2000; (d2) the Sentinel 1 data show a constant
deformation trend that is correlated with the ERS data, with a maximum displacement of 10 cm from 2014 to 2020. The
colors of the points agree with the colors of the stars that identifies the location of the PS in Figure 27.
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In the Ulassai area, the PS analyses showed a stable surface in the urban area and on the west slope
of the main extensional trench of Pranedda Canyon (Figure 25a and Figure 26a). However, in
accordance with the geomorphological evidence, downstream from the main trench, the speeds of the
PSs showed LOS displacements of up to 1 mm/y. In this sector, the PSs were located in rocky
dolomitic outcrops on the top edge of the plateau, in the total absence of vegetation and in excellent
exposure conditions. No movements were detected in the DGSD downstream from Bruncu Pranedda
due to the low PS coherence due to dense vegetation. Using Sentinel data from 2014 to 2020, we
measured a total of 5 cm (orange star in Figure 25). It was possible to observe seasonal deformation
trends with an excellent correlation among all of the PSs analyzed. Generally, no movement was
observed during the winter and spring, but an acceleration was observed during the summer and
autumn.

In Osini, a cluster of PSs were well defined within the inhabited center, particularly in the northwest
and southeast sectors, where there was a speed of between 4 and 6 mm/y, with a maximum of 8 mm/y
(Figure 25c and Figure 26b) with a seasonal trend. Spotlights were located on the roofs of the
buildings. In the surroundings of the inhabited center, the dense vegetation resulted in a low coherence
of the PSs; therefore, they were not considered.

In the Gairo sector, the INSAR data showed a large area that was greater than 1 km2 with a high
diffusion of PSs. Based on the high-resolution field surveys, the PSs are located on rocky
metamorphic outcrops. The speeds were, on average, greater than 8 mm/y, with a maximum of 2
cm/y. The cluster identified a well-defined area with a circular shape that was delimited by PSs with
zero or negligible speed (Figure 25b and Figure 26 d1,d2). The higher speeds were located in the
central and basal part of the DGSD, while towards the top and lateral flanks, the speeds decreased. In
the lateral and top parts, the DGSD was delimited by stable PSs (speeds of 0-2 mm/y), which allowed
the deformed area to be circumscribed in detail. in the PSs on the foot slope with a low coherence
due to the continuous movement of slope deposits and the vegetation were not considered. The
deformation’s progression was continuous and linear, and an excellent correlation was found between
the Sentinel 1 and ERS data. In the southern part of the DGSD, a high concentration of PSs were
located in the abandoned village of Old Gairo with speeds that were sometimes greater than 1 cm/y.
The town of New Gairo, which was built after the 1951 catastrophe, showed displacements limited
to 2-4 mmly.

In the San Giorgio sector, scattered PSs were identified with speeds greater than 10 mm/y on the large
blocks of the rock avalanche on the slope (Figure 25d and Figure 26¢). These blocks, with dimensions
of up to 30 m per side, were collateral landslides related to the collapsed DGSD located at the edge

of the plateau above. All of the PSs showed a linear trend with a slowdown in the winter and spring
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between 2016 and 2017. This slowdown, which was observed in all of the PSs, indicates that the
causes of the movement are to be found in processes that involve a greater portion of the slope, and
not only in the large blocks. The surrounding area did not allow a PS analysis due to the importance
of the wooded vegetation, but evidence of deformation was visible in the road infrastructure.

4.6.2 Deep-Seated Gravitational Slope Deformation

Various areas affected by DGSDs and landslides that were located of the slopes of Pardu Valley and

on the slope of Monte Arbu of Tertenia were identified (Table 2).

Table 2 Main characteristics of the DGSDs and landslides analyzed.

Location Landslide Geology Landslide Kinematic Displacement Displace | Area
Speed ment Km?
mm/y Trend
North Ulassai Bruncu Dolomitic limestone set on Lateral spread top 6-10 mm/y Seasona | 0.2
Pranedda altered and fractured phillites slope; sackung middle |
Lateral slope
spread
South Ulassai Monte Dolomitic limestone set on Sackung No movement | = --—---- 0.2
Tisiddu altered and fractured phillites
Sackung
North Osini San Giorgio Dolomitic limestone set on Lateral spread No movement | = --—---- 0.03
(San Giorgio) Lateral altered and fractured phillites
spread
North Osini San Giorgio Megablock rock avalanche Sliding 6—>10 Linear =0.1
paleo-rock deposits set on paleo-rockfalls
avalanche
Osini Osini Cemented paleo-rockfalls Sliding 4-8 Seasona | =0.3
Landslide set on phillites |
Gairo Gairo DGSD Phillites on metavolcanites. Sackung 6-20 Linear 1.2
Slope involved in Hercinical
thrust
South Tertenia Dolomitic limestone set on Sackung No movement | = ------ 15
Tertenia DGSD altered and fractured phillites.
Slope involved in Hercinical
thrust
North Paleo- Dolomitic limestone set on Sackung No movement | = ------ 15
Tertenia DGSD altered and fractured phillites Fossilized by
Pleistocenic
alluvium

On the east side of Tacco di Ulassai and Tisiddu Mountain, three DGSDs were analyzed (Figure 27).
The main structures that indicated deep gravitational phenomena were large and deep extensional
trenches that were evident in the dolomitic lithotypes. The extensional trenches had lengths of several
hundreds of meters and a decametric opening and depth. This slope was characterized by the

Mesozoic marine deposits resting on the Paleozoic metamorphites.
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Figure 27 DGSD on the right slope of the Pardu River. (a) Orthophoto of the area of Ulassai, Osini, and Jerzu. The
Jurassic dolostone plateaus on the metamorphic basement are shown in blue. The yellow square represents the analyzed

62



DGSD. (b) UAV images of the DGSD showing the major geomorphological and structural features. The white dashed
lines represent the major extensional trenches. (b1) San Giorgio lateral spread, (b2) Bruncu Pranedda lateral spread,
(b3) Monte Tisiddu sackung. (c) Three-dimensional LiDAR model of the DGSDs with a colored elevation scale. The black
dashed lines represent the major extensional trenches. The white dashed lines represent the major stratigraphic
discontinuity between the marine Mesozoic sequence and the metamorphic basement. (c1) Bruncu Pranedda lateral
spread. (c2) San Giorgio lateral spread. (d) Interpretative geological cross-sections passing through the DGSD in the
study area. The hypothetical basal shear zone is highlighted with black dotted lines. (d1) San Giorgio lateral spread. (d2)
Monte Tisiddu sackung.

The Bruncu Pranedda DGSD (Figure 27b2,cl) is constituted by two regions with different settings
located on the top and middle slopes. On the top slope, toward the east of the largest extensional
trenches in the area called the Pranedda Canyon, the rock mass fracturing increased, and the attitude
of the Dorgali Formation was toward the east, with a dip of up to 40°. In this area, both facies of the
Dorgali Formation were visible, with the summit comprising dolomitic banks and the lower part being
characterized by an alternation of well-stratified dolomites and marls. This subdivision was not
observed in the middle slope, where basal marly levels did not appear on the surface. This indicates
that the basal facies (approximately 30 m) were partially covered by slope deposits; however, they
also sank a few meters inside the fractured and altered Paleozoic metamorphic basement. This could
be correlated with the field observations at the same altitude, as well as with the basement and the
massive facies of the Dorgali Formation (Demurtas et al. 2021).

The Scala San Giorgio DGSD (Figure 27b1,c2,d1) is located north of Osini Village and is
characterized by two major extensional trenches that are parallel to the slope affecting the Dorgali
Formation with a dip amount of up to 20°. All of the sequences of the Dorgali Formation are exposed;
however, the Genna Selole Formation is covered by rockfall deposits.

The Tisiddu Mountain DGSD (Figure 27b3,d2) to the south of Ulassai Village is characterized by a
highly fractured segment of the Dorgali Formation located tens of meters downstream. Only the tops
of the massive banks of dolostones are visible. The basal level partially sank into the metamorphic
basement.

In all cases, the shear zones are located in different geological units that represent structural
weaknesses (Figure 27d1,d2). (1) The top of the metamorphites was affected by sub-horizontal
foliation and advanced weathering, which was highlighted by the reddish or whitish color of the rocks.
This type of alteration could be linked to the pre-transgressive Mesozoic period (Marini C. 1984).
(1) The Genna Selole Formation was characterized by plastic clay layers; (111) basal levels of the
Dorgali Formation were characterized by the alternation of marl and dolomite.

A large landslide that affected the town of Osini and the northernmost slope downstream of the San
Giorgio DGSD was identified by using INSAR data. The inhabited center of Osini is built over an
extensive cemented paleo-rockfall deposit that rests on the Paleozoic basement. Geomorphological

evidence is difficult to observe due to the extensive vegetation around the village.
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The left side of the Rio Pardu is characterized by a different geological and structural context
compared to the opposite side (Figure 28a). There are metamorphic lithologies belonging to the
formation of Monte Santa Vittoria and the Filladi del Gennargentu. The slope is affected by a dip-
slope Hercynian thrust that brings the two formations belonging to two different tectonic units into
contact. This structure plays a fundamental role in the deep gravitational processes, as it is marked
by intense fracturing and alteration of the lithotypes. Based on the geomorphological evidence and
the analysis of the InNSAR data, a large landslide with a DGSD character was identified in the
northwest sector with respect to the town of Gairo (Figure 28b—f). The DGSD extends from the top
slope to the middle-lower part of the slope and is about 1 km wide. The crown is circular (Figure
28c,d) and joins laterally rectilinear structural flanks (Figure 28e). Analyzing the profile of the slope
along the DGSD, the concave upstream part and the convex downstream part are clearly evident. The
foot of the landslide is covered by landslide and slope deposits that reach the valley floor, where
lateral erosion by the Rio Pardu is affected.

On the right side of the Rio Quirra, in correspondence with the Tacco di Tertenia, complex
gravitational morphologies linked to paleo-DGSDs are evident (Figure 29). The morphology of
Mount Arbu is also affected by the complex tectonic structure, which is characterized by a sub-
horizontal thrust that brings the Pyllades del Gennargentu Formation into contact with the
Metavolcanites of the Monte Santa Vittoria Formation (Figure 29a). The morphological analysis of
the slope shows convexity and concavity linked to different DGSDs that are distributed at various
altitudes of the slope. The DGSDs consist of portions of the Dorgali Formation, which is tilted up to
30-40° and is translated along the slope. The most complex and evolved movement was identified in
the NE sector (Figure 29b,c1,c2). The area extends for a length of about 1800 m from the top of the
plateau to the valley floor. The fan-shaped landslide body has a foot with a length of 2 km. The crown
is located in the plateau edge, which is affected by faults and distension trenches. The latter delimit
mega-blocks of the Dorgali Formation With a prismatic shape and inclination of up to 40°. The foot
of the DGSD, which is represented by the Dorgali Formation, is marked by dolomitic outcrops with
vertical heights of up to 40 m with sometimes sub-horizontal attitudes of the strata. On these walls,
terraced alluvial deposits rest in onlap. Paleo-DGSDs are widespread in the upper part of the slope,
with greater diffusion in the southern part of Mount Arbu, but they do not evolve until reaching the

valley floor (Figure 29b,d).
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Figure 28 (a) Geological map of the Gairo slope with the DGSD localization. (b) Orthophoto with the main
geomorphological feature of the DGSD. (c) Photo of the DGSD head. (1) Crown; (2) right slope of the Pardu River; (d)
photo showing a 3D view with the DGSD border marked in red; (e) linear flank of the DGSD; (f) interpretative geological
cross-section of the DGSD showing it (in transparent orange) sliding on the highly fractured rock due the underlying dip-
slope Paleozoic thrust. Geolithological legend: MSV—Monte Santa Vittoria Formation; GEN—Filladi del Gennargentu
Formation; ald—current alluvial deposits; sld—slope deposits.
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Figure 29 - (a) Geological map of the eastern slope of Monte Arbu (Tertenia). Geolithological legend: MSV—Monte
Santa Vittoria Formation; GEN—Filladi Del Gennargentu Formation; GNS—Genna Selole Formation; DOR—Dorgali
Formation; al—terraced and current alluvial deposits; sl—slope deposits. (Pertusati et al 2002). (b) LiDAR hillshade
with the main geomorphological feature of the DGSD. (c1) Photographic 3D view with the DGSD border marked in red
and the terraced alluvial deposit in blue. (c2) Three-dimensional LiDAR of the Tertenia paleo-DGSD with the border
marked in red and the terraced alluvial deposit in blue. (d) Interpretative geological cross-section of the DGSD showing
it sliding on highly fractured rock due the underlying Paleozoic thrust.
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4.6.3 River Capture Analysis

The area has a deep cut made by the Rio Pardu Valley and Rio Quirra Valley, which extend in an
NNW-SSE direction, following a major Tertiary fault. For most of the Pardu River’s course, the
talweg is set on rock, indicating its predominantly erosive nature. Downstream, the river is captured,
turning in an eastward direction, and its name changes to Rio Pelau; then, it flows into the Tyrrhenian
Sea. South of the capture, the abandoned Rio Pardu Valley continues southward as Rio Quirra. This
valley is characterized by a bottom filled with Pleistocene and Holocene terraced alluvial deposits
and slope deposits, which are currently undergoing erosion. It is clear that in the past, Rio Pardu was
captured by Rio Pelau (Figure 30), causing a rapid incision upstream. Longitudinal profiles were
constructed for Rio Pardu, Rio Quirra, and Rio Pelau. Rio Pardu flows up to 750 m below the
dolostone near Ulassai, where the main active DGSDs are located. The evolutionary hypotheses are

related to the Pliocene and Quaternary uplift, which led to an important erosive phase.
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Figure 30 - Three-dimensional LiDAR model of the river capture sector. In the north, the Pardu River flows eastwards,
taking the name of Rio Pelau. The blue and light blue show the Holocene alluvial deposit of the Pardu River. South of
Genna and Crexia is the head of the Rio Quirra. In red is shown the paleo-slope and paleo-alluvial deposits of the
Quirra River.

The triggering process can be justified in the following ways:
e Anerosive increase caused by a generalized uplift that led to the retreat towards the inland by
the head of the Rio Pelau until it connected with the Rio Pardu.
e Another hypothesis foresees the presence of a direct fault with an east-west course along
which the Rio Pelau is set. In this case, the differential uplift of the block on which the Rio

Quirra is currently set could justify the capture process as tectonogenic.
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4.6.4 Fluvial Morphostratigraphic Analysis

A morphostratigraphic analysis was performed first on Rio Quirra and later on Rio Pardu, which

isolated it following the capture (Table 3).

Table 3 Morphostratigraphic synthesis.

Deposits Characteristic Elevation Distribution
from
Talweg
TO Pebbles and clastosustained gravels with a scarce sandy 0 Actual embrided
matrix riverbed
T1 Heterometric and polygenic pebbles with a scarce dark 0.20/0.30— Pardu-Quirra
matrix 15
T2 The matrix is decidedly prevalent in the coarse fraction 2-5/6 Quirra
T3 Non-constant matrix—skeleton relationship. Reddish 6/7-10 Quirra
matrix (Fe oxides)
Paleo-conoid C1 | Clastosustained pebbles up to 40-50 cm in size. Scarce 30 Pardu
matrix
Paleo-conoid C2 Reddish pebbles and gravels in sandy, silty, reddish 15 Quirra
matrix
Paleo-slope 20-40 Quirra
deposits

In the valley of the Rio Quirra, above the current riverbed, the following were identified (Figure 31):
TO—Actual flood surface consisting of pebbles and clastosustained gravels with a scarce sandy
matrix (Holocene).

T1—Sub-current Holocene terrace with a maximum height on the riverbed of about 20-30 cm up to
1.5-2 m. The dark brown matrix is subordinate to the coarse fraction, which is represented by
heterometric and polygenic pebbles. This terrace often forms alluvial islands in the upstream part of
the river; they reach a good stability due to the dense vegetation that has settled there (Upper
Pleistocene—Holocene).

T2—In this terrace, the matrix, which is decidedly prevalent in the coarse fraction, has a dark brown
color. There is no evidence of prolonged chemical alterations due to climatic conditions other than
the current ones. The pebbles are less varied: mainly quartz with, subordinately, granite and schistose.
On average, the height of T1 with respect to the riverbed is about 2 m, with a maximum of 5-6 m and
a minimum of 50 cm. The deposits that form this terrace show forms of erosion linked to secondary
climatic pulsations (Upper Pleistocene).

T3—This is the oldest terrace, with an average height of 6-7 m and a maximum of 10 m (Figure 31c).
The matrix—skeleton relationship is not constant. The depository is made up of alternations of fine

and large sediments that testify to the variations in the river’s energy.
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Figure 31 - (a) Morphostratigraphic profiles of the Quirra River. (b) UAV photo in the river alluvial plain. (c) Outcrop
of Terrace T3. Lithological legend: (1) Filladi Grigie del Gennargentu Formation; (2) Monte Santa Vittoria Formation;
(3) paleo-DGSD; (C1) paleo-conoid; (4) T3; (5) T2; (6) T1; (7) TO.

The matrix is red and sometimes whitish. In the first case, the color derives from Fe oxides, indicating
a warm, humid climate typical of tropical and sub-tropical regions; in the second case, the oxides
have been leached and for an eluviation horizon. The pebbly fraction does not have a varied
lithological composition. It is mainly schistose and, subordinately, quartz. The deposit is well
cemented. This terrace rests directly on the slope. The frame of erosion along the riverbed is clear,
and the lower terraces rest on it (Middle Pleistocene).

In Rio Pardu, the alluvial deposits cover a valley floor characterized by a well-defined flood bed,
which is limited by banks that are intensely affected by landslides. Two orders of alluvial terraces up
to 2 m above the current level were detected (Figure 32). The maturity of the flood clasts is very low

due to the continuous supply of material from the slopes, while the grain size distribution along the
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longitudinal profile reflects the trend characterized by the high slope. By analyzing the longitudinal
profile of the Rio Pardu, it can be observed that it is divided into two well-defined parts separated by
the knickpoint in Ponti Mannu. In the initial part, near the steeply sloping trunk, there is the head of
the valley, which continues until an area with a low slope where alluvial deposits appear. Downstream
of the Ponte Mannu, after a section of the river in which the waters flow on the rock, the river becomes

slightly sloped and establishes an alluvial plain with anastomotic channels and river islands.
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Figure 32 - (a) Morphostratigraphic profiles of the Pardu River. (b) UAV photo near the head of the Pardu River. (c)
The bottom of the Pardu Valley near the capture elbow. Lithological legend: (1) Filladi Grigie del Gennargentu
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Formation; (2) Monte Santa Vittoria Formation; (3) paleo-rockfall deposits; (C2) paleo-conoid; (4) Terrace T1; (5)
Terrace TO.

Active and quiescent dejection cones are distributed over the Quirra and Pardu Valleys. The active
conoids are well highlighted by the morphology, and they have a poorly elaborated clastic component
and an uncemented dark brown matrix. In the terminal part of the Quirra, a terraced dejection cone
(C1) assumes a certain importance due to its size and evolutionary stage (Inner—Middle Pleistocene).
The often large pebbles are very elaborate and have blackish patinas of Mn oxides on their surfaces.
Oxides also accumulate inside the matrix, which presents an intense redness. In the upper part of the
Rio Pardu, a paleo-conoid (C2) with large pebbles and a brown matrix is currently engraved by the
current course of the river (Upper Pleistocene and Holocene).

The paleo-slope deposits are characterized by coarse, elaborate, and sharp-edged components. The
matrix is very abundant, strongly cemented, and bright red in color due to the accumulation of pockets
of Mn oxides. These deposits are located at the same altitude as that of T3 or sometimes at higher

altitudes, and they are connected to the base of the slope (Inner-Middle Pleistocene).

4.7 Discussion

4.7.1 River Analysis
The hydrographic network engraved by torrential watercourses possesses a tectonic control linked to

the Cenozoic structural features. The main incisions that cross the basin of the Rio Pardu give rise to
deep valleys with a mainly erosive and only locally depositional character. The Pardu Valley has a
transverse “V” profile, which is more or less open depending on the evolutionary stage, the distance
from the point of origin, and the competence of the lithotypes in which the river incision takes place.
Sometimes, the profiles show marked asymmetries due to the different positions of the layers or the
different exposure, which influences the vegetation. A lower steepness can be observed on the left
side, which probably due to a lower vegetation cover, which favors erosion. The valley has developed
in the formation of the Filladi grigie del Gennargentu. Only in the southeast is the formation of Monte
Santa Vittoria affected.

As regards the evolutionary conditions of the Pardu Valley, considering the descriptive parameters,
the geometric conditions, and the hypsometric curve, it is noted that was not able to develop to the
point of acquiring characteristics that are attributable to a cycle of river erosion in an evolved phase,
which suggests a relatively young age for engraving (Maxia et al. 1973; Marini A. & Ulzega A., 1977,
Ulzega A. & Marini A., 1973).

The longitudinal profile of the Rio Quirra differs from the normal profile of a river; it has an initial
concave part with a strong steepness within the first kilometer from the head and a regular decrease

in the slope along the rest of the watercourse. The evolutionary stage of the Quirra appears to have
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advanced; however, it must be considered that it represents the middle and final parts of the original
Rio Pardu—Quirra, which are divided in two by the capture of the Rio Pelau. Currently, the Rio Quirra
does not have a catchment basin at the head, and its feeding is mainly given by certain tributaries.
The valley is oversized and over-flooded with respect to the current basin (Figure 33).

- RIVERBUTRRA

oD

Figure 33 Map of the distribution of alluvial deposits in Rio Pardu and Rio Quirra.
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4.7.2 DGSD Dynamics

The Rio Pardu and Quirra River represent two of the most susceptible areas to landslides in Sardinia,
as well as to rockfalls and rainstorm-induced superficial landslides (Maxia 1973; Ulzega & Marini
1973; Avi project). This sector is also interesting due to the fact that extreme rainfall over the last
centuries has led to the evacuation and reconstruction of the towns of Osini and Gairo (De Waele
2012, Ulzega 77). Recent studies have highlighted the presence of deep landslides with sackung-type
kinematics and lateral spreads on the right side of the Rio Pardu (Demurtas et al 2021).

In this paper, by analyzing integrated geomorphological, geo-structural, high-resolution topography
and INSAR displacement data, we identified diffuse DGSDs on both sides of the valleys of the Pardu
River and Quirra River, which are characterized by different kinematics.

DGSDs are commonly found in orogenetic environments with high tectonic and seismic activity and
in areas affected by slope decompression due to post-deglaciation. The present work aimed to
contribute to the knowledge on the influence of evolution of valleys—in particular, with high
incision—on the triggering of large landslides or DGSDs in relation the Quaternary uplift.

Lateral spreads were developed at the edge of the plateau in relation to the favorable stratigraphy
(dolostone on clays and altered metamorphites). The slope deformation generates vertical fractures
in the carbonate and a zone of ductile basal deformation that affects the Genna Selole Formation and
the summit, which thus altered the metamorphites (Bruncu Pranedda and San Giorgio DGSD).
DGSDs with a higher vertical shift represent a more advanced stage with sackung features (Tisiddu
Mountain and Tertenia DGSDs). The latter evolves in relation to the thrust that affects the median
part of the slope. A large part of the deformation affects the Paleozoic basement, which was evidenced
by the sinking of the carbonate sequence into the metamorphites.

On the left side of Rio Pardu, Gairo’s DGSD shows a different behavior in relation to the different
stratigraphic and structural setup. The DGSD has sackung-type kinematics with an important
translational component linked to the thrust.

From the structural viewpoint, the major faults in the NW-SE and NE-SW directions were in
concordance with the main trenches and back-scarps in all sectors, indicating an important structural
control. The secondary trenches and the joints did not exhibit a good correlation with the large-scale
structures because they were associated with the features inside the deformation rock mass.

The Rio Pardu shows a straight valley with steep slopes, a valley bottom with a mainly erosive
character, and two orders of terraces. This is linked to the intense erosive phase following the capture
by the Rio Pelau. The valley of Rio Quirra shows a flat-bottomed valley with an actual riverbed of
the braided channel type. The valley is over-sized and over-flooded with four orders of terraces, the

result of an evolution prior to the capture of the Rio Pardu. The T3 terrace shows sedimentological
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characteristics related to a sub-tropical climate, which is probably linked to the warm climatic phase
of MIS 5. The InNSAR and morphostratigraphic analyses made it possible to define the state of activity
of the DGSDs in the two hydrographic basins. In the valley of Rio Pardu, various areas of the slope
that are affected by movements that can be classified as active DGSDs were identified, with
movements of up to 2 cm/y on the left slope and up to 1 cm/y on the right slope. However, in the
Quirra River, paleo-DGSD bodies are fossilized by the alluvial deposits of the T3 terrace. This
indicates that the river capture led to an intense erosive phase in the Rio Pardu, leading to the recent
instability of the slopes, thus justifying the active DGSD (Figure 34).

Figure 34 - Relation between DGSD activity and river parameters.

These DGSDs were associated with numerous large collateral rockfalls and toppling landslides that
affected the slopes. Dolomitic blocks with sizes of up to 30 m on each side were identified; these
moved up to 900 m away from the detachment points, which were linked to mega-rockfall events
with rock avalanche features. We also identified paleo-DGSDs on the downslope that were associated
with the collapsed slope side. Currently, a reactivation of quiescent DGSDs or an acceleration of
movements can be triggered by extreme weather events or earthquakes.

Therefore, an acceleration of slope movements leading to a potential catastrophic failure poses a
threat to communities, and the monitoring of these slopes is important for early warning and risk
reduction. So, we studied the DGSDs and landslides in the inhabited areas of Pardu Valley in detail

by using integrated remote sensing techniques, field mapping, and INSAR in order to understand the
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temporal evolution. The historical INSAR deformation rate supports our model of rock slope
deformation. However, for risk reduction in a populated area, a 24/7 monitoring system could become
an essential component of an early-warning system that is aimed at preparing evacuation protocols
(Demurtas et al 2021b, Zhang et al 2011 ,Barla et al 2010 ,Intrieri et al 2012 , Naidu et al 2018 ,
Piciullo et al 2018 , Guzzetti et al 2020 , Xu et al 2020 ,Tzouvaras et al 2021).

4.8 Conclusions

The connection between Plio-Pleistocenic tectonic activity and geomorphological evolution in the
Pardu Valley and Quirra Valley (Ogliastra, East Sardinia) was studied. The evolutionary conditions
of the Pardu Valley are associated with a cycle of undeveloped fluvial erosion, which suggests a
relatively young age of the engraving in relation to the capture by the Rio Pelau and the isolation of
the Rio Quirra. The intense post-capture erosion has given the Rio Pardu Valley morphometric
features that are favorable for the evolution of DGSDs. However, the Rio Quirra Valley presents
paleo-DGSDs that have been fossilized by pre-capture terraced alluvial deposits.

The DGSDs’ movements are linked to the recent tectonic evolution (areal uplift). The two valleys
analyzed are controlled by transcurrent faults that have recently recorded low-magnitude seismic
events. Therefore, it is possible that the constant movement of the DGSDs (between about 1 and 2
cm/y) may be susceptible to accelerations due to seismic triggering, causing the partial collapse of
the slopes.

In particular, this research highlighted the following:

e The geomorphological and structural setting of Ogliastra is closely linked to the genesis of
the east Sardinian continental margin due the opening of the Tyrrhenian basin (Miocene—
Pliocene)

e Distensive Pliocene tectonics accompanied by widespread volcanism resulted in a general
uplift in Sardinia. The Quaternary uplift rebound manifested itself with an important erosive
phase and variations in the hydrographic network. We have evidence of this phase in the Rio
Quirra Valley, which is represented by paleo-DGSDs fossilized by pre-Tyrrhenian alluvial
deposits (Lower Pleistocene).

e The river capture of Rio Pardu is associated with this important erosive phase and caused an
erosive increase that led to a complete emptying of the valley (Upper-Middle Pleistocene).

e The post-capture decompression of the slopes of the Rio Pardu triggered DGSDs in both
flanks in the current state of activity.

e Using InSAR data, it was possible to identify and assign displacement rates to the Ulassali,
Osini, and Gairo DGSDs.
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5 CHAPTER I

Preliminary results from active lateral
spreads monitoring using Multi-source and
multi-scale monitoring system in East-
Central Sardinia

Abstract

In Italy, landslides are one of the main geological hazard. In particular, active landslides that are a
danger to the population affect many urban centers. Sometimes such urban contexts are affected by
Deep-seated gravitational slope deformations (DGSDs) can leading to a potential catastrophic failure
trigger secondary collateral landslide end monitoring is important for early warning and risk
reduction. In this study, we analysed DGSDs and landslides in the inhabited areas of Pardu Valley in
eastern-central Sardinia using integrated field mapping, remote-sensing, and monitoring systems.
Active Lateral spread processes and large toppling in an urban and tourist contest were highlighted.
Starting from high resolution geostructural and geomorphological surveys of DGSDs at local scale
and using high-resolution digital elevation models acquired by UAV (Uncrewed Aerial Vehicle), we
created a geological 3D models of the slope deformations.To better understand the kinematics and
temporal evolution of unstable slopes deformation, a conoscitive monitoring system, consisting of
Space-borne Interferometric Synthetic Aperture Radar (INSAR), GNSS antenna, tiltmeter, and
extensometer, has been installed along the DGSDs near urban areas.Sentinel-1 PS- INSAR analysis
confirmed by GNSS periodic measurement identified downslope movement of up to 10 mm per year
on the main DGSD. A continuous acquisition by extensometers and tiltmeters have been recording
displacement in large block inclinations and opening and closing of fractures since 2021. Integrated

data analysis will be essential to define threshold for a future 24/7 early-warning system.

Keywords: UAV-DF; Monitoring, INSAR; DGSDs, Early Warning System, Sardinia; Italy
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5.1 Introduction
Landslides are extremely widespread phenomena on the Italian national territory and each year cause

significant impacts on the population, on inhabited centers, on linear communication infrastructures
and on the economic sector. Italy, with over 620,000 landslides recorded in the Inventory of Landslide
Phenomena in Italy (IFFI, Trigila et al., 2007), is the country with the most landslides in Europe. In
particular, Sardinia, with 22.5% of landslide hazard areas, is one of the regions of Italy with the
greatest landslide risk (Trigila et al., 2007, 2018).

Every year much money are used for landslide risk mitigation using of direct structural interventions
by building geoengineering works to make landslides safe. Sometimes the volumes affected by the
landslide are too large to use this methods and monitoring is the only methodology for risk mitigation
(Wieczorek and Snyder 2009). In particular Deep-seated gravitational slope deformation (DGSD,
Dramis & sorriso Valvo 1994) is a complex type of rock slope failure characterized by large
dimensions generated in stone rocks (Dramis etal.,2002). In particular, lateral spreading DGSD type
(Mateos et al., 2018, Cruden &Varnes,1996; Jahn, 1964; Pasuto & Soldati, 1996; Soldati et al.,
2019; Devoto et al., 2021, Agnesi et al., 2015) consisting of rock spreads often evolving in
cathastrophic collapsed and trigger secondary landslide (Demurtas et al. 2021a). DGSDs are
characterized by slow movements that can suddenly accelerate and cause catastrophic collapse of
sections of the deformed slopes (Radbruch-Hall, D. et al 1976, Agliardi, F. et al 2020, Crosta, G.B.
et al. 2003, Nemcok, A, 1972 and Ostermann, M. & Sanders, D 2017). Therefore, this phenomenon
represents an important geo-hazard in relation to high magnitude secondary collateral landslides.
Monitoring is a fundamental tool for deepening the knowledge of landslides and evaluating
deformation trends (Palis E et al. 2017). lit also provides preliminary data for the design stabilization
works and verifying their effectiveness over time. Monitoring represents a “non-structural” risk
mitigation measure which is fundamental manage correctly the territory and activating procedures for
alerting the population to safeguard human lives.

Monitoring landslides, in fact, is a complex and dynamic process, which requires continuous
technological and managerial adjustments in order to obtain more and more detailed information on
the phenomena and their evolution. The design of an effective monitoring network is based on
technical, logistical and economic evaluations.

Landslide conoscitive monitoring purposes it is essential to install a definitive monitoring system for
early warning system (EWS) (Intrieri et al 2012).

Several definitions of EWS can be found in the literature. Medina-Cetina and Nadim (2008) define
them as “monitoring devices designed to avoid, or at least to minimize the impact imposed by a threat

on humans, damage to property, the environment, or/and to more basic elements like livelihoods.”
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According to United Nations International Strategy for Disaster Reduction (UNISDR, 2009) they are
“the set of capacities needed to generate and disseminate timely and meaningful warning information
to enable individuals, communities and organizations threatened by a hazard to prepare and to act
appropriately and in sufficient time to reduce the possibility of harm or loss.”

Even after an event, landslides are always characterized by significant residual instability related to

possible reactivation of the entire landslide or, more frequently, parts of it.
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Figure 35 - a) Geographical location and structural features of the study area. b) Digital terrain model of Sardinia bloc
comprising continental and marine area. ¢) Ulassai village under plateau edges.

Central East Sardinia is particulary susceptible to landslides because is characterized by steep slpes
(Maxia et al., 1973; Marini & Ulzega, 1977). In this area DGSDs, rockfalls, rock avalanches and
giant toppling represents high geological risk inserted in an urban context (Demurtas et al. 2021).

78



In fact, as is well known, different inhabited centers are continually threatened by disasters (Demurtas
et al 2021b). Different types of interventions were carried out to protect inhabited centers and
infrastructures, but they were carried out without a global study of the problem and, therefore, without
real knowledge of the evolutionary modalities of the slopes and the real gravitational dynamics. We
analyse in detail the area around the municipality of Ulassai (Figure 35). This village is located under
the carbonate plateau walls edges and is affected by different gravitational processes that need to be
mapped, characterized and monitor and design an early-warning system (Demurtas v. et al 2021 a,b,c)
. Uncrewed aerial vehicle digital photogrammetry (UAV-DP), geological, geomorphological and
structural field surveys, allowed an accurate mapping of the surface evidences and gravitational
processes. Using a temporal series of INSAR data , the DGSDs under study can be classified as
extremely slow and slow, in which movement is imperceptible without monitoring tools. The problem
in this context is linked to extremely rapid collateral landslides with possible catastrophic scenarios.
The type of monitoring is aimed at the acquisition of data to understand the kinematics of landslides
(deformation speed, Direction).

Monitoring networks for early warning or alert purposes are aimed at identifying the variation and
dynamics of landslides in real time and therefore require planning, construction and, in particular,
more expensive and complex management than conoscitive monitoring systems. These peculiarities
mean that, to date, in Italy monitoring networks for alerting purposes are less widespread.
Understanding the kinematics and temporal behavior of DGSDs and landslides is important for
designing monitoring systems based on strong process knowledge. In some cases, continuous
monitoring is the only way to reduce risk (Frigerio, S. et al 2014; Sestras et al. 2021; Zhang L. et al.
2021; Bianchini S et al 2021, Demurtas et al 2021c).

The main aims of this paper can be summarized as follows:

e evaluation of all the dimensional and evolutionary parameters that contribute to defining the
conceptual models of a specific type of landslide phenomenon;

e assessment of the evolution and state of activity of the landslide phenomenon, of the
predisposing and triggering causes in order to correctly manage the risk;

e support for territorial planning (urban planning tools) and for the preparation of civil
protection plans;

e support for the design of monitoring networks for alert purposes.
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5.2 Geological setting

In East-central Sardinia (Italy) are widespread Jurassic dolomitic plateaus (Tacchi) overlying a
metamorphic Palaeozoic basement, primarily comprising metasandstone, quartzites, and phyllites
(Demurtas et al 2021a; Carmignani et al., 2016; Pertusati et al., 2002) (Figure 36). The area is
characterised by the Pardu River Valley in the east and the Barigau River Valley in the south-west;
the central and north-western sectors include extensive dolomitic plateau called Tacco of Ulassai.
The geological basement comprises Palaeozoic metamorphites affected by complex plicative
structures and regional low-grade metamorphism (Carmignani et al., 2001, 1994; Elter et al., 2004,
2010). The major Palaeozoic units are the Filladi Grigie del Gennargentu Formation constitute by
metarenites, quartzites, shales (Middle Cambrian—Middle Ordovician) (Meloni et al., 2017; Pertusati
et al., 2002; Vai & Cocozza, 1974). The metamorphic basement summit has suffered chemical
alteration associated with a warm humid climate during the Permian and Triassic periods
(Costamagna & Barca, 2004; Marini, 1984).

An angular unconformity of Mesozoic sedimentary succession rests on the metamorphic basement.
Basal layers are primarily fluvial sediments of the Genna Selole Formation (Middle Jurassic), which
are overlain by dolomitic limestones of the Dorgali Formation (Middle-Upper Jurassic).
(Costamagna et al., 2018; Costamagna & Barca, 2004; Pertusati et al., 2002). These Mesozoic
deposits are extensive and decipherable from their plateau morphology. The Genna Selole Formation
(Costamagna, 2015; Dieni et al., 1983) represents a mixed succession of siliciclastic to siliciclastic—
carbonate deposits. The Dorgali Formation is represented by dolomitic sequences with thickness up
to tens of metres. The lower part, with a thickness of approximately 30 m, is affected by marl
intercalations, whereas the upper part is typically massive. Mesozoic units are sub-horizontal strata
with an attitude of approximately N90/0-5°, and the plateau edges can reach a dip amount of up to
40° and direction parallel to the slope owing to the DGSD (Demurtas et al 2021 a,b).

Quaternary covers are primarily represent by landslide deposits, including rockfalls, toppling, and
collapsed DGSDs at the foot-slope of the Tacchi.

The rockfalls and toppling landslides have been characterised by different sedimentological features
based on age. These deposits are associated with rockfalls affecting the plateau edge wall and the
collapse of some parts of the DGSDs. We have focussed on the DGSD of Bruncu Pranedda an the

“Torre dei venti (Sector 1), as they are important geological hazard in the urban area (Figure 37).
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Figure 36 . a) Geolithological sketch map of the study area based on geological data of Autonomous Region of Sardinia.

The Yellow box indicate the location the study area. b) detailed geological map modified from Demurtas et al. 2021. ¢)
Metamorphic basement, fractured metasand- stone and quartzites. Transitional and marine Mesozoic succession:(d) Genna
Selole Formation (siliciclastic—carbonate deposits and clays);(e)Dolostone of massive Dorgali Formation. Rock-fall deposits:
(f) Cemented; (g) Quiescent; (h) active.

5.3 Tectonic and geodynamic setting
The geodynamic setting is associated with the collisional dynamics between the African and

European plates. The structural setting is associated with the Alpine cycle, which first appeared with

a strike-slip fault in the Oligo—Miocene and in the Pliocene and Quaternary with an extensional
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component (Carmignani etal.,2001, 2016; Carminati & Doglioni, 2005; Cherchi &Montadert,1982;
Gattacceca etal., 2007; Gueguen etal.,1997; Oggiano etal.,2009; Ulzega etal.,2002). Based on
preliminary geodetic data from the Peri-Tyrrhenian Geodetic Array network, Ferranti etal. (2008)
revealed the presence of low internal deformation in Sardinia. In Sardinia, seismicity is typically
scattered and sporadic, except for the dozen tremors detected following the ML4.7 earthquake of 7
July 2011 in the Corsican Sea, which primarily characterises the edges of the continental lithosphere
block. Significant seismic events also occurred in the eastern sector, in particular, three events with a
magnitude >4 (26 April 2000, magnitude ML4.2 and 4.7, and 18 December 2004, magnitude ML
4.3) located in the central Tyrrhenian Sea approximately 60km east of Olbia in the Comino depression
(Cimini etal.,2016). The most recent low-magnitude earthquake events were ML1.8 (Escalaplano, 4
April 2019) and ML1.6 (Perdasdefogu, 14 October 2020) (INGV, 2021).

5.4 Methodology
The proposed methodology is based on a preliminary conoscitive phase about geological and

geomorphological context basic to project a DGSD monitoring system with early warning system
(Demurtas et al 2021 a & b).

High detail geo-structural and geomorphological analysis of the area around Ulassai was carried out
based on an integrated approach that incorporated a cartographic and morphometric analysis. In
particular, detailed reconstruction of surface systems was performed, in order to guide the landslide
Kinematic interpretations.

The geomorphological analysis made it possible to identify the main risk factors in the sector, in
particular the landslides at the Bruncu Pranedda DGSD and the possible collapse of large prismatic
bodies of dolomitic with toppling kinematics.

Three sectors with high hazard have been identified in fiction of the type of process and proximity to
populated areas. The sector north of Ulassai represented by the side of Bruncu Pranedda is affected
by an extended DGSD with different evolutionary stages.

The top slope has an active lateral spread that triggers collateral landslides of rockfalls and toppling.
The middle part of the slope consists of a paleo sackung with a residual hazard linked to possible
large Toppling. (Demurtas et al 2021.) The other sector is socialized in the south of the country and
has a dolomite premiere with evidence of an enormous overturning.

Bruncu Pranedda DGSD displacement and rate were evaluated using space-borne interferometric
synthetic aperture radar (INSAR). Over the last 30 years, INSAR techniques have been widely used to
investigate geological (e.g., volcano activity, earthquakes’ ground effects, etc.) and geomorphological

processes—in particular, DGSD. In different geological and climatic contexts, this technique allows

82



one to analyze extremely slow DGSDs and to identify displacements of about 1-2 mm in favorable
conditions (Devoto S. et al, 2020; Gaidi, S et al. 2021; Delgado, J. et al. 2011; Oliveira, S.C et al.
2015; Crosetto, M.;et al. 2016; Mantovani, M. et al 2016; Frattini, P. et al. 2018; Novellino, A. et al.

2021; Eker, R.; & Aydin, A 2021. Based on these preliminary data, a monitoring based on periodic

GNSS antenna mesures and real time monitoring system with geotechnical instrumentation was

started and they also sell preliminary indications for risk management in terms of civil protection.

In the Table 4 we summarize the main method used to preliminary geomorphological characterization

and monitoring.

Table 4 Methodology synthesis

Method Instrumentati | Data information acquired Spatial scale
on
Field survey Geological Geological and | Lithostratigraphic Local scale
mapping Geomorphologi | contacts, Structural 1:500
cal maps setting, Landslide
deposits,
morphostratigraphy
UAV DF Phantom 4 High resolution | High resolution DGSD Landslides
Matrix 200 3D models topography and DGSD
Methashape 5cmX5cm cell size scale
software
LIDAR Autonomous DEMs High resolution Slope scale
region of topography 1m X 1m
Sardinia cell size
LIDAR data
INSAR Sentinel 1 LOS Slope displacement Regional
radar data displacement scale
GNSS Trimble R8 Coordinates Large block displacing Rock mass
differences
Geothecnical Extensimeters | Misuses of Fracture opening and Fracture
Tiltmeters distances closing
Tilting degree Block tilting
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Figure 37 - Location of different monitoring stations and surveys. A) Hillshade 1x1 m cell size Lidar DTM of area
around Ulassai whit highlighted the sector of different methodology used. In the area geological and geomorphological
field surveys was performed. B) Monte tissiddu large toppling (Torre dei Venti). C)Middle slope sector of Pranedda
DGSD whit sackung feature. D) Top slope of Bruncu Pranedda DGSD whit lateral spread features.

5.4.1 Geomorphological, Lidar and UAV analysis

Multi-scale remote sensing and field surveys were carried out to analyze the geological, structural
and morphotectonic setting of the slopes in particular, the plateaus’ edges. (Guzzetti, F. et al, 1999;
Dragicevic, S et al. 2015; Shi, W et al. 2018, ISPRA & AIGEO 2018, Miccadei E. et al. 2018,
Miccadei E. et al. 2021; Vi, Y et al 2020; Deiana, G. et al 2019; Melis, M.T et al 2020; Demurtas
et al 2021 a). Geological and geomorphological field mapping in the walls around Ulassai were
performed on a scale of 1:500. Particular attention was paid to the study of morphologies related to
DGSDs and collateral landslides.
The detailed analysis was carried out with the aim of understanding the interconnection between the
surface systems and the tectonic fracturing network, stratigraphic discontinuity, families of junctions
from biogenic or thermoclastic processes and decompression junctions.
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Uncrewed aerial vehicle digital photogrammetry (UAV-DP) is a robust methodology for the
investigation of DGSDs and large landslides. In particular, it was used for the recognition of large
lateral spreads in Malta and Tunisia (Devoto, S et al 2020; Gaidi, S et al 2021). We used UAV-DF
and light detection and ranging (LiDAR) to extract high-resolution topographic 3D DGSD models
and perform detailed morphometric analyses. LIDAR and aerial photogrammetric data produced by
the Autonomous Region of Sardinia were used to perform visual and morphometric analysis of
DGSDs and plateau edges. A detailed orthophoto dating from 2016 was used together with LIiDAR
data with a cell size of 1 x 1 m and vertical resolution of 30 cm.

The aerial surveys were performed using UAVs (DJI Phantom 4 and DJI Matrix 200) flying at
altitudes of 50-60 m above ground level. The acquired images were analyzed and processed using
the photogrammetric Agisoft MetaShape software and constrained by 10-12 ground control points
using GEODETIC LEICA GNSS for each area. The resulting orthorectified mosaic and DEM (WGS
84 datum and UTM 32N projection) had a cell size of 5 cm/pixel and were considered sufficiently
precise to be used for the geomorphological analysis.

The 3D high-resolution UAV-DF models were used to develop interpretative superficial models by
using geomorphological evidence and stratigraphic and structural data of the DGSDs.

The DTMs were used to analyze the morphometric parameters and visually identify the areas with
the greatest risk of collateral landslides. Geological interpretative cross-sections of geologic features
crossing the major DGSDs were also generated to define the movement kinematics, deformative style,

and deep geometries of the DGSDs.

5.4.2 InSAR Analysis
Space-borne interferometric synthetic aperture radar (INSAR) data were used to analyze the slope

deformation (letto, F et al 2015; Mateos, R.M et al 2018; Moretto, S. et al 2021; Mondini, A.C et al
2021, Demurtas et al 2021). Permanent scatters Differential Interferometric Synthetic Aperture Radar
(PS-DINSAR) (Ferretti 2000, Crossetto M et al 2016) are used to investigate the temporal and spatial
superficial slope deformation. This technique together with a correct identification of the ground
reflectors is widely used to better comprehension of the geomorphological evolution of extremely
slow mass movements (Mantovani 2016).

The aim of PS-DInSAR techniques is the analysis of backscattering signals (in terms of phase and
amplitude) detected during multiple passages of a survey satellite over the same area (Rosen et al.,
2000). In particular, PS-DInSAR focuses on the evaluation of phase difference (A¢ for each pixel,
also said interferometric phase difference), from successive SAR images (Goldstein et al.,

1993, Massonnet et al., 1993) (Figure 38). Such A¢ are used to perform interferograms, which can
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be related to the change in radar signal path length and, finally, to the displacement (A¢displ).

Basically, A¢ is the sum of different factors which can be described as follows (Hanssen, 2001):

(1)  Ad=Adflat+APropo+Adatm+APnoise+Addispl

where Adflat is due to the different positions assumed by the satellite during the acquisition, Atopo is
the topographic contribution, A¢atm is due to the atmospheric variations during the acquisitions and
finally A¢noise is induced by temporal decorrelation (variation of the scatters), spatial decorrelation
(variation of the incidence angle) and volumetric scattering (different paths of the incident signal
inside the cell resolution).

The Persistent Scatterers are targets that keep the electromagnetic signature (ie their reflection
characteristics) unaltered in all the images, depending on the acquisition geometry and climatic

conditions; therefore they preserve the wave amplitude information over time.

Rocky
. permanent
/' scatters

pre - Ellipsoid  —— — =

Figure 38 Simplified sketch showing InSAR monitoring DGSD. TO0 time of first acquisition. T1-tn time of successive
acquisition. R distance ground surface and the satellite.
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Permanent diffusers are commonly parts of buildings, metal structures, exposed rocks, while the
vegetation that continuously changes its electromagnetic characteristics, does not constitute a strong
diffuser. The PS technique is very simple as it identifies these permanent speakers within the SAR
images.
As a final result of applying the PS technique, we obtain:

e amap of the DPs identified in the images and their spatial coordinates;

e the average speed of movement of each single PS along LOS (mm / year);

e the travel data of each PS in the analyzed time frame (time archive of the movements);

The advantages of the PS technique concern the estimation and removal of atmospheric disturbance,
the very high resolution of the results and the estimation of speeds with accuracies of mm / year over
long periods. The limits of its applicability are represented by the availability of at least 20 SAR
acquisitions, by the assumption of a linear trend of displacement and by the presence of vegetated
areas.

We used the Sentinel-1 data and took into account the line-of-sight (LOS) velocities. We used a
dataset from 2014 to 2020 in ascending geometry. The processed data were provided, by the
Geological Survey of Norway.

To detect ground displacement, we used only high-PS coherence (0.6-1) located on built dolomitic
blocks and the metamorphic rock outcrops. Low-coherence PSs, which are not useful, are located on

rockfall deposits and in vegetated areas.

5.4.3 GNSS monitoring

Global Navigation Satellite System is a system of global positioning based on the use of the satellite
system (Kruger, R. et al 1994) .Topographic monitoring systems such as GNSS surveys
measurements have been more commonly used in landslides monitoring (Gili J. A. et al., 2000, Malet,
J.-P., et al 2002, Coe, J.A., et al 2003; Peyret, M. et al 2008, Wang, G.Q., 2012, Agnesi et al. 2015).
The monitoring of a landslide area using the GNSS methodology in differential mode, consists in
measuring the position of one or more stations within the landslide area (monitoring stations) with
respect to one or more reference stations (Master or Base) positioned in stable areas and determining
the displacement vector (baseline) as an expression of the coordinate difference.

In the top slope of Bruncu Pranedda based on geomorphological and InNSAR data, a network of
topographic nails was built to measure the displacement by Static mode GNSS techniques).

The transmission of the satellite signal is independent of weather conditions and does not require
intervisibility between the individual GNSS stations, but it is however disturbed by the presence of
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obstacles (plants, foliage, anthropogenic structures, etc.). Therefore the measuring stations were
installed at the top of the rocky peaks of the DGSD.

The aim is to measure the movements of coherent blocks of rock mass separated from the trenches in
order to understand the differential movements. Topographic survey points with brass support have
been created to mount the GNSS antenna and reduce the positioning error to fractions of mm (Figure
39).

GNSS surveys points was installed in 2021, and measurements have been realised with intervals of 4
months. Three GNSS data acquisition surveys were carried out in 2021. During each campaign, two
measurements were made for each point on different close days in order to correctly estimate the
error associated with the measurement. These two acquisitions are called the first acquisition measure
and the second (performed the following day in the same time) calibration measure. The acquisitions
are performed with Trimble R8 GNSS in static mode with an acquisition of 1 hour and 30 min with
recording rate of 5s. The acquisition parameters (frequency and duration) were chosen in order to
make the best compromise between the quality of the acquired data and the times used. Five
acquisition points were installed, in each surveys the acquisition duration was 15h to be added to the
displacement within the landslide area. The travel and repositioning times are 1 hour for each point
due to the accidental terrain. In general, each acquisition campaign lasted 4 days.

E;’ “- ‘.._ _v — Al‘*l:’k T yE_ ,.‘r.'\'\ ’ 2 ] bt 2 Qm E‘b'"

Figure 39 a) network of GNSS survey points, Black-Yellow monitoring points in instable are. Black-Red references
stations. b) System for the vertical positioning of topographic nails. c) GNSS data acquisition phase in static mode.
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In the GNSS monitoring system, 4 phases can be identified:

e Pre-data acquisition phase (choice of equipment, choice of sites);
e Data acquisition phase;
e Data quality control (pre-processing);

e Processing and anterpretation;

To achieve the maximum precision possible, the data were processed in post-acquisition using the
RINEX files of the SARNET network recorded by the antenna (TERNENIA) at 14.6 km from the
acquisition points in the study area. The data was processed with the TRIMBLE BUSINESS
CENTER software.

5.4.4 Geotechnical monitoring
A geotechnical monitoring network, consisting by 6 extensimeters and 2 tiltmeters, in extension

fractures was designed in 3 sites to validate INSAR and GNSS displacement data. (Figure 40). The
sensors installed are Extensimeters GEFRAN GSF1800 and Tiltmeters MEMS Earth System.
Extensometers were used to quantitatively evaluate the opening/closing of cracks in rock/soil with
sub-millimeter precision. They consist of a measurement sensor (protected inside a stainless steel
box) and a wire, made of a material with a low coefficient of thermal expansion, held in tension by a
spring system. To obtain a maximum representativeness of the data, the extensometric lines were
installed parallel to the vector of maximum expected displacement of the DGSDs evaluated through
geomorphological evidence. Since the measurement can be conditioned by environmental variables
(eg snow on the wire, wind, the passage of animals, etc.) the wires have been protected with external
aluminum pipes.

Tiltmeters were installed to monitor changes of large block inclination, related to rotational
downslope movement of the rockmass that is evident in the strata attitude of the Dorgali formation.
The tiltmeters consists of a dual axis inclinometer sensor which measure in two directions orthogonal
to each other with an accuracy of 0.1° mounted in the rock sourface. The two tilt meters were
connected to a data logger recording tilt angles.

The monitoring system is powered by batteries recharged from a photovoltaic panel. The data with
continuous acquisition are managed by Campbell scientific CR1000X control unit with Sierra
Wireless RV50X remote data transmission system.

The data are managed through the HMS-WED online platform created by Hortus srl.
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Figure 40 a)Geothecnical station trumentations b) Extensimeter C)Tiltmeter T1; d) Extensimeter Ext 1; e) Extensimeter
Ext3; f) Sensor installed in the station 3.
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5.4.5 Weather station

In the monitoring station 1 a weather station was installed to measuring, humidity, precipitation and
temperature. The data were recorded and stored using the same data logger as for recording the
tiltmeter readings. A larger centriline was used to manage a greater amount of data. Precipitation is
measured using a rain gauge, a high-precision sensor designed to measure the cumulative and

intensity of precipitation.

5.5 Results

5.5.1 DGSD and large toppling analysis

The surveys made possible to map and characterize the gravitational processes affecting the inhabited
center of Ulassai (Figure 41). In particular were identified:

» Widespread processes of rock fall in the walls projecting the inhabited center;

 Marginal sectors of the plateau affected by the toppling of dolomitic giant prismatic block;

* The north side of Ulassai slope (Bruncu Pranedda) affected by DGSD.

The Bruncu Pranedda DGSD is represented by two sectors located in the top and middle slopes that
have different features.

In the top slope a large extensional trenches with NNW-SSE direction, called Pranedda Canyon, is
present. Eastward the rock mass show high fracturing and the strata attitude of the Dorgali Formation
is toward the east, with a dip up to 40°. The shear basal surface located in the marls and clay between
the dolomitic plateau and the metamorphic basement. This setting indicates a deformation kinematics
type lateral spread (Cruden & Varnes, 1996, Demurtas et al 2021).

This sector is located in the upper part of the country and constitutes a geomorphosite of great interest
for environmental tourism activities and for moving climbs. This anthropogenic presence increases
the risk associated with the presence of collateral rockfalls and toppling landslides of small and large
magnitude. The DGSD led to an important and widespread fracturing, therefore source areas for
surface landslides often triggered by the creep movement of the lateral spread. Widespread mega
block deposits sometimes with dimensions up to 30/40 m per side are present at the base of the lateral
spreads. These deposits are linked to the collapse phase of DGSD parts. In fact, rock avalanche
deposits have been found to exhibit sedimentological and geomorphological characteristics of a very
recent event. The evidence of current activity is demonstrated by the detachment of a rock avalanche

which occurred in November 2014, involving a total volume of rock more than 1500m3.
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Figure 41 a) main landslides distribution around Ulassai Village. B) UAV-DF acqusition and output. b1) Groung
control poins acquired by GNSS. b2)Phantom 4; b3) DJI Matrix 200; b4) textured 3D model of bruncu pranedda.b)5
particular of b5. C1)Bruncu Pranedda Lateral spread. C2) particular of c1. Large instable block inside an extensional
trenche. D) Monte Tisiddu large toppling on urban area. €) middle slope bruncu Pranedda sackung affected by large

toppling.
92



A more evolution stage with partial sinking of Dorgali Fm. in the altered and fractured metamorphites,
were identify in the middle slope. The basal shear surface involves the top of the metamorphites with
high fracturing and chemical alteration. The kinematic deformation of this area is Sackung type
(Zichinsky, 1966, Demurtas et al 2021). Here three large vertical prismatic blocks of dolostone show
evidence of toppling. Between these rocky pillars there are partially cemented paleo landslides with
evident fractures in the matrix. This indicates that the paleo deposit is in motion and undergoes
compressive stresses or deconfinement due to the movement of the parts of the paleio sackung.

In the Tisiddu sector, a rock pillar with a size of about 40,000 cubic meters is completely separated
from the plateau by an important fracture with an opening of up to 5 meters.

This coherent block with dimensions of about 25 x 20 per side and 80 m thick rests on the of Genna
Selole Fm. and on the altered metamorphites. This block slides over these last units in a similar way
to the lateral spread of Bruncu Pranedda. At the base of the slope, paleo-deposits of large collateral
landslides with large blocks privy of vegetation were identified, indicating a recent age of the event.

Most of the accumulation area of these past events is currently urbanized by the town of Ulassai.

5.5.2 InSar analisys

Space-borne Interferometric Synthetic Aperture Radar (INSAR) data have been used to analyse the
slope deformation in Bruncu Pranedda area. According with the geomorphological evidences PS-
INSAR analysis showed that most PSs were located inside the Bruncu Pranedda Lateral spread. The
data on the period 2014-2020 allowed the recognition of active lateral spread and the measurement
of their movement rates, which turned out to be extremely slow, ranging from 4 to 10 mm/year (Figure
42). We used only high PS (Permanent scatters) coherence (0.6 — 1) located in the rocky outcrops.
Low coherence points are located on rockfall deposits and in vegetate areas.

It was possible to observe seasonal deformation trends with an excellent correlation among all of the
PSs analyzed. Generally, no movement was observed during the winter and spring, but an acceleration
was observed during the summer and autumn.

No movement was individuated in urban area, in the middle slope of Bruncu Pranedda paleo DGSD

and in the Tisiddu large toppling.
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Figure 42 Analysis of the INSAR data. The points represent high-coherence permanent scatters located on rocky outcrops.
The stars in a represent the PSs used to analyze the time series shown in c. (a) Bruncu Pranedda lateral spread., b) UAV
photo with localization of the permanent scatters. C) Time series extracted with the representative permanent scatters.
The vertical axes represent the cumulative LOS displacement; the horizontal axes represent the time. (a) Bruncu
Pranedda lateral spread—seasonal displacement trend, maximum displacement of 5 cm from 2014 to 2020;
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5.5.3 GNSS movement vectors
The GNSS survey carried out in 3 acquisitions from January 2021 to November 2021 in the lateral

spread of Bruncu Pranedda showed data consistent with the geomorphological evidence and the InSar

data (Figure 43). There is a need to acquire the data for a longer period in order to have more
representative data of the kinematics in progress.

[<] GNSS survey station
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Figure 43 - GNSS Displacement of Bruncu Pranedda Lateral Spread. Black arrow represent the direction and the speed
of the measured points.
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The movement data are representative of the large Dolomite blocks with diferential displacements
that modulate a larger-scale shift of the entire portion of the slope. It is necessary to take into account
that the movements measured with GNSS are representative of the top of the rocky reliefs on which
the measurement was acquired and could be different in depth due to tilting movements that may
have affected the block. The processing showed error values of approximately +- 3mm per
acquisition. To validate the error, the acquisitions were performed with a distance of 24 h. The
analysis of the data of the acquisition measurement and of the calibration measurement showed a
correlation between the error identified by the software and the measured error. In accordance with
the geomorphological and insar data, the survey points G1 and G2 located on stable sector did not
show any movement. Difference between coordinates are always less than 3 mm within the
instrumental accuracy of +-3 mm. While the three points measured in the deformation sector showed
comparable values with the radar displacement rates between 7 and 12 mm during the acquisitions.
These data will be used for a future design and installation of a real time GNSS detection system for

alert purposes.

5.5.4 Geotecnical data
The data acquired in continuous by the data logger whit a sensor sampling interval of 30 s and an

automatic data transmission to HMS-WEB platfor of 5 min. The data has been continuously acquired
since installation, there were some interruptions of some nights caused by persistent conditions of
high cloudiness that did not allow to recharge the batteries. This problem will be compensated by
increasing the photovoltaic panel and modifying the setting of the acquisition parameters on the basis
of the warning thresholds that will be defined. Preliminary data analysis acquired since January 2021
to Decembre 2021 show very low velocity deformation (Table 2) (Figure 44)in the Extensimeters and
tiltmeters movements. In particular the extensimeters show a total closing movement between 0.6 and
1.2 mm. Only the E 4 Show a stable condition in during the entire year. The tiltmeter 1 show a Tilting
through SSW indicating a rotational movement of the Block of 1.2°. While the tiltmeter 2 show

toppling type movement through NE of 2.4°.

Table 5- Geotechnical monitoring data synthesis
MONITORING sensor Max openin  Max Max Total

STATION (mm) Closing (mm)  Excursion (mm) Movement (mm)

Extensimeters

1 Mt Tisiddu EXTE1 +1.2 -2.2 2.2 -0.6
EXT E2 +1.8 -2.2 2.2 -0.8

2 Bruncu Pranadda East ETX E3 +4.6 -5.6 5.6 -1
EXT E4 +0.4 -0.2 0.4 +0.2

3 Bruncu Pranadda west EXT E5 +1.1 -2.4 2.4 -0.7
EXT E6 +0.5 -1.1 11 -1.2

96



Tilitimeters

MONITORING sensor Max degree| Direction

STATION

1 Mt Tisiddu TLT 1x 0.1 WNW
TLT 1Y 1.2 SSW

3 Bruncu Pranadda west TLT 2X 0.4 SSW
TLT2Y 24 NE
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5.6 Discussion
5.6.1 Landslide hazard
Analysis of the geological and geomorphological setting of plateau edge in Ulassai using UAV

photogrammetry and high resolution field surveys allowed to identify different gravitational
geological hazard. Landslides with different kinematic and magnitude has been identified: DGSDs
with sackung and lateral spread kinematic, giant toppling and widespread rockfalls.

Using INSAR, GNSS, Geotechnical data allows us to understand the kinematic and rates of movement
of Ulassai DGSD and Large collateral landslides. These data allowed us to estimate the landslide’s
future behavior.

The DGSDs is associated with numerous large collateral rockfalls and toppling landslides that
affected in the past the area were is located the village. Dolomitic blocks with sizes of up to 30 m on
each side were identified widespread linked to mega-rockfall events with rock avalanche features.
Currently, a reactivation of quiescent parts of the DGSDs or an acceleration of movements can be
triggered by extreme weather events or earthquakes.

Therefore, an acceleration of slope movements leading to a potential catastrophic failure poses a
threat to communities, and the monitoring of these slopes is important for early warning and risk
reduction.

INSAR data indicate in the lateral spread of Bruncu Pranedda a large slope side affected by a
deformation about 1 cm/y downslope in the last 6 years.

The DGSD body of Bruncu Pranedda is composed of several kinematic domains with different
speeds. The total collapse of the landslide could partially destroy the northern part of the inhabited
center of Ulassai or compromise the provincial road below. The most probable hazard is the partial
collapse of the most marginal sectors or the triggering of secondary collateral landslides linked to the
deep movements. Evidence of collateral landslides is reported in historical memory with the most
recent event of 2014 which led to tremors in the center inhabited.

The InSAR historical series show a trend of seasonal accelerations linked to the may precipitation
which leads to an increase in the plasticity of Genna Selole Fm and altered metamorphites.

The availability of an integrated monitoring system made it possible to correlate the displacements
measured with the insar technique with data acquired on the ground. Since January 2021, the ground
monitoring network using geotechnical instrumentation and GNSS has provided important
information on surface displacements. Generally speaking, strain gage instruments recorded a non-
linear displacement velocity, with displacement rates that of fractions of mm per month. This depends
on the fact that the two ends of the fracture do not show diferenzile displacements but move in a

manner consistent with the slope.
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In this area we stared a geodetic monitoring system to validate and calibrate satellite data and to
understand the differential movement under deformation slope.

The initiation of rapid catastrophic processes such as rock avalanche is associated with the
accelerations of DGSDs. These accelerations are linked to seismic activities and extreme rainfall
events. The latter cause the hydration of the rocks in the shear zones, decreasing the geomechanical
characteristics. In this sector, the geotechnical instrumentation was installed in two orthogonal
fractures to each other and within the deformation mass. In this area, tiltmeter show a tendency to
close fractures up to 1.2mm. The major component of the closing movement is towards the East in
accordance with the direction of movement of the lateral spread.

The tiltimeter shows a tilting of the block up to 2.4 ° in accordance with the lay of the stratification.
This inclination value turns out to be quite high for such a short time span of acquisition. The future
acquisition will clarify whether the tilting movements are of a linear or oscillatory nature related to
the movements of the lateral spread.

In the paleo-DGSD with sackung characteristics there are no INSAR data due to a quiescent state of
the deformation. In this contest, the geological hazard is linked to the overturning of large dolomitic
pillars separated by paleotrenches and landslides. These are filled with collapse deposits and internal
movement can trigger secondary landslides. In this context, monitoring is necessary both in
anticipation of the toppling of the great Dolomite bodies and for secondary landslides. The
extensimeters sensors installed made it possible to measure internal movements of the paleo DGSD
in particular, the extensimeter E3 showed a closure trend of 5mm and reopening of 5mm during the
year, this linked to movement linked to basal variations in the stratigraphic contact between the
formation. of Dorgali and the formation of Genna Selole and the altered base. The E4 extensimeter
did not show any movement, identifying a momentary stability condition.

In the Monte Tisiddu sector, the rock pillar is monitored with two extensimeters and a tilt meter. The
fracture separates it from the planking up to 5 m indicates a prevalent kinematics of distension with
a slightly larger opening in the upper part. This indicates a slight tilting component downstream of
the block. The data from the geotechnical instrumentation indicate a cumulative deformation in
closure up to 0.8 mm and a tilting of the block up to 1.2 ° upstream, indicating a sliding movement
of the foot downstream.

It should be emphasized that these data are preliminary and fundamental as they are for cognitive
monitoring purposes. The monitoring system will be integrated and appropriately sized on the basis
of the information acquired, this does not affect the use of an early warning system in the cognitive

phase.
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In general, the main deformation context is linked to dynamics associated with the lateral spread at
various scales. The rigid formation of the Dorgali dolomites slides with a speed of up to 1 cm per
year on the formation of genna Selole and on the altered metamorphites. This process is observable
on a lower scale in the paleo-Sackung of bruncu Pranedda and in Mount Tisiddu. This process is
dominated by predisposing factors related to the tectonic and stratigraphic context well described in
previous works (Demurtas et al. 2021). Extreme meteorological events linked to precitypitation and
earthquakes can trigger an acceleration in the deformation process and cause collateral landslides or

the collapse of parts of the DGSD. The collateral landslides are of two types:

e large toppling related to the collapse of marginal parts of the slope or similar isolated cases
and large toppling of Mount Tisiddu

e collapse landslides (decompression landslides) with source area in extensional trenches and
open fractures. These are filled with deposits of collapse caused by the movement of the

walls causing the landslide.

5.6.2 Early warning system
In order to mitigate the geomorphological risk and guarantee safety conditions for the inhabitants of

the municipality of Ulassai and for the users of the tourist activities, it is necessary to set up a real-
time monitoring system with the aim of early warning (Figure 45)Errore. L'origine riferimento non
é stata trovata.Based on the typology and volumes involved by the DGSD and the large toppling, it
is not possible to build engineering works to counteract the state of activity of the processes in place.
The simplicity of the early warning system management system is a fundamental component for the
correct functioning of the system. It is therefore necessary to propose a management system that is
editable by the population. In emergency conditions, the action to be taken must be clear and rapid.
Predicting the imminent failure of a landslide and alerting people is a very complicated task and the
parameters to be taken into consideration are the following:

e Type and kinematics of the process.

e Evidence of historical landslides

e Evolutionary trend based on the PS-InSAR time series validated by ground data using GNSS

e Constant monitoring of geotechnical data and validation of alert thresholds.
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The early warning system will be based on the measurements of the geotechnical instrumentation, in
particular by continuously monitoring the opening or closing of fractures with extensimeters and the
inclination of large blocks with tiltmeters, and whit widespread GNSS antenna that acquired in
continuous to monitor the differential displacement of the blocks

The next step consists in the selection of appropriate thresholds. The choice of reliable values depends
on both scientific and social considerations. In fact lower and more conservative thresholds are more
likely to produce false alarms that may have strong impacts on the society.

Conversely, higher values result in a shorter time left for taking action or, in the worst case, in missing
events. In other words the thresholds can only vary within a range between two boundaries defined
by tolerability of false alarms and acceptable risk criteria. Based on INSAR displacement rates which
correspond to about 10 mm/y The alert thresholds provisional have been defined. The thresholds are
2.5 mm/h and 5 mm/day for extensimeters and 0.3 °/h and 0.5 °/day for tiltmeters. These thresholds
will be calibrated through the analysis of the movements recorded by the sensors over the course of
a years. The alert measures proposed are based on information actions such as visual and audible

alarms by siren and evacuation of the areas affected by mega-toppling processes.
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6 CHAPTERV

6.1 Correlation with different geodynamic and climatic context

In Sardinia, the DGSDs were analyzed for the first time in this thesis with particular reference to the
cases described above. Correlations with different scenarios present in the literature have been
performed. DGSDs and large landslides have been analyzed in the emerged and submerged area of
southern Sardinia. During the abroad research period, DGSD in artic environmental of the Svalbard
archipelagos ware carry out. Starting from bibliographic analysis, a different DGSD cases around the
world were studied. DGSDs are present in different geological, geodynamic and climatic context how
report in the the map produced by Pdanek & Klimes (2016) (Figure 46)
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Figure 46 Distribution of key DGSDs in the world, especially cases from studies published since 1990s (redrawn from
Pdnek & Klimes, 2016): a) worldwide context; b) detailed view of Europe. The numbered hatched regions contain
published databases of DGSDs from: 1) Scottish Highland (Jarman, 2006); 2) Eastern Pyrenees (Jarman et al., 2014);
3) European Alps (Crosta et al., 2013); 4) Western Carpathians (Nemcok, 1982; Alexandrowicz & Alexandrowicz, 1988)

The main bibliographic cases present in bibliography can by summarize into different context.

In mountain chains: Andes (Vilimek et al., 2007; Audemard et al., 2010; Garcia-Delgado, 2020),
Carpathians (Hradecky & Panek, 2008; Panek et al., 2011), Himalaya (Thuro et al., 2004), Japanese
Alps (Chigira, 2009; Chigira et al., 2013a) Rocky Mountains (Varnes et al., 1990; McCalpin &
Irvine 1995), In glacial and periglacial environment: Alaska (McCalpin et al., 2011; Newman, 2013),
Iceland (Coquin et al., 2015). The European Alps are certainly among the most studied places: many

cases have been studied in Italy (Discenza e Esposito 2021)
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6.2 DGSDs in south-west Sardinia

Extracted from: Deiana, G.; Lecca, L.; Melis, R.T.; Soldati, M.; Demurtas, V.; Orru, P.E.
Submarine Geomorphology of the Southwestern Sardinian Continental Shelf (Mediterranean Sea):
Insights into the Last Glacial Maximum Sea-Level Changes and Related

Environments. Water 2021, 13, 155. https://doi.org/10.3390/w13020155

The paper shows the results of a high-resolution survey on the continental shelf off San Pietro Island
(southwestern Sardinia) (Figure 47). Multisensor and multiscale data obtained by means of seismic
sparker, sub-bottom profiler chirp, multibeam, side scan sonar, diving, and uncrewed aerial vehicles
made it possible to reconstruct the morphological features shaped during the LGM at depths between
125 and 135 m. In particular, for the topic of this thesis, tectonic controlled palaeo-cliffs affected by

landslide were detected.
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Figure 47 Geographic location and structural setting of the study area: (a) Sardinia Island within the Mediterranean
Sea; (b) San Pietro Island on the SW side of Sardinia.

The submerged palaeo-cliff base is predominantly located at the shore platforms and is often affected
by iso-oriented shallow erosive channels in line with the main tectonic lineaments. The basal abrasion
platform has an irregular shape and is frequently covered by large sub-angular blocks of multi-
decametric dimensions or by rockfall deposits. Some large blocks were found hundreds of metres
from the detachment areas and recalled the evolutionary model of the block slides diagnosed in other
submerged areas, such as the continental sector of the Gulf of Cagliari (Deiana et al. 2016), the
southern Apulian margin off the coast of Santa Maria di Leuca (Savini & Corselli, 2010), and the
Malta continental shelf (Prampolini et al. 2017,2018, 2019 , Soldati et al. 2018).The palaeo-cliff
surfaces are often sub-vertical and are affected by sub-vertical fracture systems, which run parallel to

the main tectonic lineaments. In some areas, sub-orthogonal joints are present and probably represent
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columnar cooling fracturing, similar to that in the southern coastal sector of Sardinia. The cliff summit
edges are developed at depths of 80-90 m, exhibiting a palaeo-cliff system 30-50 m high, on average.
In some palaeo-cliff sectors, double ridges can be observed, pinpointing to the extensional trenches
with counter-slope flanks. They were interpreted as distensional landforms and correlated with mass

movement involving rotational kinematics (Figure 48b and Figure 49).
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Figure 48 DTM from MBES data showing the Last Glacial Maximum (LGM) palaeo-cliffs. (b) DTM 3D from MBES
data showing some landslides affecting the submerged palaeo-cliffs: 1-main scarp; 2-distensional trench; 3-landslide
bodies; LGM palaeo-sea-level (blue line). (c) detail of tectonic controlled palaeo-cliffs with localization of
morphometric profiles. (d) Morphometric sections and hypothesized sliding surfaces (red lines).

The interpretation of the kinematics of these drowned-landslides was based on the geomorphological
surveys of similar palaeo-landslides located along the coast between Capo Altano and Porto Paglia.
In this sector, large landslides with rotational kinematics were systematically observed (Castedo et al
2017). The first landslide is located 500 m north of Altano Cape, while the second landslide has been
recently found to the south of Porto Paglia (Figure 49A). Both palaeo-landslides have their foot
fossilised by regression eolianites (MIS 4, MIS 3). Therefore, their movement likely occurred at a
high sea-level stand during the last interglacial period (MIS 5) (Orru & Ulzega 1986) (Figure 49D).
From a morphological point of view, the first palaeo-landslide is distinguished by a complex
detachment niche and is organized in two scarps. A wide trench and a counter-slope terrace are
considerably lowered and are partially covered by colluvial deposits. This landslide shows the
evidence of recent reactivation. The second palaeo-landslide has a detachment niche with a single
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scarp, a counter-slope terrace at the base of the niche, and a trench partially buried by collapsed blocks
(Figure 49C,D).

In order to correlate the shapes of the submerged palaeo-cliffs with the modern (subaerial) cliffs and
relate them to the landforms associated with rock falling and toppling, we carried out proximity
remote sensing surveys by UAVs on some modern cliffs engraved in the same volcanic lithologies
on Sant’ Antioco Island and Altano Cape.

The ROV surveys allowed us to explore the palaeo-cliff morphology, particularly, the extensional

trenches.
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Figure 49 (A) Location of the studied coastal palaeo-landslides; (B) Excerpt of Geological Map of Italy—scale
1:50,000 Sheet 555 “Iglesias” (Pasci et al., 2015 [33]), with landslides location; (C) Aerial photo, photo 3D view and
Lidar DTM 3D of landslide 1 (C1) and landslide 2 (C2); (D) Palaeo-landslide 1 3D interpretive models (D1) and
Palaeo-landslide 2 (D2), showing rotational kinematics, probably due to the basal erosion during the high-stand MIS
5.5 and the subsequent foot fossilization by continental deposits of the Upper Pleistocene (MIS 4,3,2). Geolithological
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legend: (1) sandstones and conglomerates, Cixerri Formation—CIX (Eocene-Oligocene); (2) ignimbrites, tuffs—AQC
(Middle Miocene); (3) ignimbrites, lavas—SRC (Middle Miocene); (4) eolianites (Upper Pleistocene—MIS 4-3?); (5)
eolianites and colluvia—PVM (Upper Pleistocene—MIS2). Morphological legend: (a) detachment niche; (b) trench; (c)
counter-slope terrace; (d) rotational sliding surface; (f) cliff engraved in the Pleistocene aeolian deposits that fossilize
the landslide foot.

The comparison between the geomorphological features of the subaerial coastal palaeo-landslides
(Figure 49) and the identified submerged palaeo-landslides (Figure 48) has shown that both types of
landslides were affected by rotational kinematics. However, the submerged palaeo-landslides have
low-angle sliding surfaces, and their landslide bodies are stacked, dissimilar to the present-day
landslides. These differences can be linked to instability after drowning, in wave energy conditions
probably very different from the present ones (Sunamura 1977; Kageyama et al 1999). To better
understand the coastal landslides kinematics in this area, it is important underline that the waves
currently interacting on the coasts of western Sardinia are the most energetic in the entire
Mediterranean basin. In fact, the waves measured in Alghero (northwestern Sardinia) during extreme
meteorological events have a maximum height of over 10 m (Atzeni 2003; Sulis & Annis 2014).
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6.3 Evidence of Deep-seated Gravitational Slope Deformation on Nordenskiold
Land (Western Svalbard)

During the research period carried out in Trondheim in Norway, in collaboration with the Norwegian
Geological Survey (NGU) and the University Center in Svalbard, the DGSDs in the Svalbard Islands
were studied as part of the "Mapping of deep seated gravitational slope deformations (DGSDs) on
Svalbard (Svalbard-dgsds)" project. The first results are summarized in the paper “Evidence of Deep-
seated Gravitational Slope Deformation on Nordenskjold Land (Western Svalbard)” In prep. paper
The work is based on remote sensing mapping and database creation of the geomorphological
elements related to potential DGSDs in the Svalbard Islands. The survey and the geomorphological
description/mapping is carried out through DEM and aerial photographs together. The work allowed
the identification of large areas affected by DGSDs in the slopes of glacial valleys and in the coasts

of the fjords in a sector of the archipelago.

In Western Svalbard Islands morphotectonic evidences and deep-seated gravitational slope
deformations (DGSDs) are studied. They have so far not been extensively described or analysed in
relation to arctic environments. We analysed geomorphological setting and DGSDs located on the
coastal fiord and U-Shaped valleys slope on Nordenskiold land. On Svalbard Island the last Uplift
phase and active erosion of the last glacial stage leads high slope topography. Mesozoic and cenozoic,
by marine to continental facies sedimentary rocks affected by compressional to transpressional
tectonism are presented. This litho-structural structural setting is prone to the development of DGSDs.
In this context, we investigated a large-scale DGSDs distribution and the control factors linked to
litostructural and geomorphyc setting. The data show correlations between DGSDs dynamics and
the geomorphological evolution of the area closely linked with uplift rebound. A compound
landslides with lateral spreading and rock slide features which involves mainly clastic sediments
rocks and shales are analysed. Based on a detailed remote sensing surveys and bibliographic data, we
studied geological, structural, geomorphological setting, the kinematics and temporal behavior of the
main DGSDs. The use of high resolution aerial photogrammetry DTM allowed a depth morphometric
analysis and the creation of interpretative 3d models.

Different morphological feature are individuated linked to slopes instability such as trenches, scarps,
tilted blocks and abnormal slope profiles. This features show a different evolutionary stages of DSSD
that we related whit morphotectonic and glacio-fluvial deposits of the area. A multidisciplinary and
multiscale approach allowed the formulation of new hypotheses about geo-structural setting,

evolution and kinematics of deep landslides.
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6.3.1 Introduction

In west-central Svalbard Island different morphological features such as trenches, scarps, tilted blocks
and abnormal slope profiles linked to deep-slopes instabilities have been identified. DGSDs have so
far not been extensively described or analysed in arctic environments. We analyse the
geomorphological setting of identified DGSDs located in the coastal fjord- and U-shaped valleys in
Nordenskiold land. The last tectonic phase and the glacial erosion of the last glacial stage lead to a
steep slope topography. Mesozoic and Cenozoic marine to continental facies sedimentary rocks that
have been affected by compressional to transpressional tectonism are present in the peninsula. This
litho-structural structural setting is known to be prone to the development of DGSDs. Deep-seated
gravitational slope deformation (DGSD, Dramis & Sorriso-Valvo, 1994) is a complex type of rock
slope failure characterised by large dimensions generated in stone rocks (Dramis et al., 2002). DGSDs
are characterised by slow movements that can suddenly accelerate and cause catastrophic collapse of
sections of the deformed slopes (Agliardi et al., 2020; Crosta & Agliardi, 2003, Nemcok, 1972;
Ostermann et al., 2017; Radbruch-Hall, 1978). Therefore, this phenomenon represents an important
geo-hazard in relation to the deformation of large infrastructures and secondary landslides. Although
DGSDs represent an important geological hazard, information about them was scarce for a long time
(Soldati, 2013). Recent technologies for both remote sensing (satellite data, space-borne
interferometric synthetic aperture radar, etc.) (Mantovani et al., 2016; Frattini et al., 2018; Novellino
et al., 2021) and proximal sensing (unmanned aerial vehicle (UAV) (Devoto et al. 2020; Eker &
Aydin, 2021, Deiana et al.2021), light detection and ranging (LiDAR), etc.) have enabled a better
understanding of these processes. They are characterised by very slow deformation rates (Cruden &
Varnes, 1996), landform assemblages (as double-crested ridges, trenches, synthetic and antithetic
(uphill-facing) scarps, tension cracks, convex (bulged toes), and deep basal shear zones (Agliardi et
al., 2001, Chigira, 1992; Crosta et al., 2013; Mariani & Zerboni, 2020; Panek et al., 2016). Shear
zones present characteristics of cataclastic breccias with abundant fine matrix (Crosta & Zanchi,
2000) and thicknesses up to tens of metres (Ostermann et al., 2017).

In this study, we present for the first time a DGSD inventory in Svalbard archipelago. The study area
is located in Nordenskiold land (Figure 50). The area is characterised, in the Eastern sector, by
plateaus separated by deep glacial valley and in the western alpine type mountain in relation to the
different lithologies.

Main evidence of DGSD in U-shape valleys and Fjord coast vary along the slope. A set of ridge-top

trenches and back scarps with lengths of hundreds of metres are present in the top slope. Hummocky
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slopes, scarps and tilted bedrock blocks characterize the middle slopes. In the foot slope landsforms
are constituted by fluvio-glacial deposits

Nordenskiold Land in Central Spitsbergenof Svalbard is characterized as a high latitude, high relief
periglacial landscape with permafrost occurring both in mountains and lowlands

We have investigated the large-scale distribution of DGSDs and the potential control factors linked
to litostructural and geomorphic setting. Compound DGSDs with lateral spreading and rock-slide
features involving mainly clastic sedimentary rocks and shales are analysed. Based on detailed remote
sensing surveys and bibliographic data, we studied the kinematics and temporal behavior of the main
mapped DGSDs. The use of high-resolution aerial photogrammetry DTM enabled in-depth
morphometric analysis and the creation of interpretative 3D models. Various marine terraces of late
Pleistocene and Holocene ages are present in the coastal fjords and down slope of the glacial valleys.
These deposits are located at different elevations above sea level due to the post-glacial glacio-
eustatic uplift. Morphostratigraphic studies were made to attempt a correlation between Quaternary
paleo-coastlines and the DGSDs processes. The morphological features show the same evolutionary
stages of DGSD that we relate to morphotectonics and marine/glacio-fluvial deposits of the area. A
multidisciplinary and multiscale approach allowed the formulation of new hypotheses about geo-
structural setting, evolution, and kinematics of deep landslides in the arctic valley/fjord landscape.
The data indicates, through correlations between DGSDs dynamics and the geomorphological
evolution of the area, that DGSD activity is closely linked to uplift rebound.
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Figure 50 Geographical location and structural features of the study area: red line represent the continental crust; Violet line
are the oceanic rift; In yellow the study area.
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6.3.2 Geological and geomorphological setting
The study area encompasses the land area in central Spitsbergen called Nordenskidld Land. This

forms a kind of large-peninsula delineated by Isfjorden and Sassenfjorden to the north and by Van
Mijenfjorden in the south.

The landscape is dominated by mountain plateaus with a sub-horizontal stratification of sedimentary
bedrock (Dallmann et al., 2001; Major et al., 2000). Glacial and periglacial processes are the main
superficial agents that modified the landscape after the regional deglaciation (Gilbert et al., 2018;
Hartel and Christiansen, 2014; Sgrbel et al., 2001).

The geology of Svalbard is varied and complex and covers all the geological periods (Humlum et
al. 2003). The bedrock geology and fault system controls most of the landscape. The highest
mountains (> 1000 m a.s.l.) are located in the central part of Nordenskidld Land, with the highest
altitude being at Gustavfjellet mountain (1235 m a.s.l), located north of the mining settlement of Svea.
Bedrock is exposed mainly on rock noses in the upper steep part of the slopes composed of the
resistant Tertiary sediments (Dallmann et al., 2001; Major et al., 2001).

Nordenskidld Land geology is characterize by 3 main tectonic control contexts. In the western sector
there are the oldest geological units in a complex geostructural contest with ages from the
Precambrian to the Permian. The sector is made up of EW and SW-NE main folds and NS faults.
The oldest units are mainly made up of low and medium grade metamorphic lithologies.

The central and eastern part is made up of Jurassic and Cretaceous and Paleogenic and Neogenic units
and units. The latter settled in a grabben valley called the central tertiary basin. While the paleogenic
units consist of sandstone, siltstone and shale and the Mesozoic units from bituninus shales. The
plateaus are covered by extensive block fields. The lower and central parts of Adventdalen and the
neighboring valleys are characterized by fluvial, alluvial and eolian (loess) deposits with typical
permafrost-related landforms, such as ice-wedge polygons and pingos (Sgrbel et al., 2001).

The valley slopes are covered by allochthonous weathered material, colluvium and alluvial fans, that
have been further reworked by mass-wasting processes, such as by debris-flows (Andre, 1995),
solifluction (Harris et al., 2011), snow avalanche activity (Eckerstorfer et al., 2013), and talus-

derived rock glaciers (Humlum, 2000).
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6.3.3 Methods

The present paper aim to produce a DGSDs distribution map using of GIS and remote sensing tools
in artic enviroment. A geomorphological approach was applied to mapping surficial evidences of the
DGSD in the U-shaped valleys and coastal fjords at 1:10.000 scale and were then reduced to
1:250.000 for mapping purposes for about 3.500 km square area

The DGSD distribution map was created using the ESRI ArcGIS/ArcMap using the hillshade from
50x50m cell size from Norwegian polar institute. We analysed in detail two areas with specifically
interesting DGSD process: Arktowskifjellet and Hiortfjellet.

To analyse the DGSDs at the local scale, we used high-resolution digital elevation models (DEMs)
acquired via aerial digital photogrammetry and LiDAR at scale 2,5x2,5 m cell size and 1x1m cell
size. The main evidences linked to rock slope failures are back scarps, extensional trenches,
morphological depression, convex slopes (Agliardi et al 2001).

Geodatabase into a GIS using the WGS_1984 UTM_Zone_33N reference system was created. A
morphotectonic analysis of the peninsula was carried out based on an integrated approach that
incorporated a cartographic and morphometric analysis. The rock slope failures evidences was
related with geological and geomorphic parameters included geology, tectonic structures, slope,
aspect and relief.

3D high-resolution models were used to develop interpretative superficial models using

geomorphological evidence and stratigraphic and structural data of the DGSDs.

6.3.4 Results

6.3.4.1 DGSDs inventory and mapping
A detailed landslide inventory map in Nordenskidld Land first show the distribution and characteristic

of DGSD. Also the data allowed to identify the main control factors analysing the relation whit
bedrock geology, slope, aspect and geomorphological processes.

The main evidences linked to rockslope faillures are back scarps parallel to contourline with a length
of hundreds of meters up to kilometers. Second scarp along the slope evidences a fragmentescion of
rockmass due the landslide. Close depressions filled by slope deposits re widespread probably set on
extensional trenches. From DEM slope, aspect and elevation topographic attributes s have been
derived. These parameters are important to describe the landforms and slope processes. The slope
was divided in a scale from 0 to 60°. The aspect is divide in eight classes. The elevation is between 0
and 1217 m a.s.l.
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6.3.4.2 Arktowskifjellet
The arktowskifjelle DGSD is located in the right slope of Adventelva valley at elevations of between

100 and 700 m a.s.l.

The slope is characterized by erosional features of both glacial, fluvial and gravitational origin. In

particular, the south-west facing slope is represented by marked hummocky morgologies linked to

gravitational processes. The tops of the hummocky are represented by rocky outcrops while the
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concave parts are covered with glacial deposits and slope deposits. The slope joins the flat bottom
valley filled by glacio-fluvial sediments. Black shale and siltstones belonging (late Jurassic) are found
in the basal part of the slope on which the dark shale, siltstone and sanstone rest. The sequence ends
with a sequence of sandstone, shale, conglomerates affected by coal levels. The structural setting is
linked to a fault with immersion at West that plays an important role in the evolution of gravitational
processes by weakening the rock mass a few tens of meters from the surface. Helvetiafjellet formation
is commonly located at about 600 m of altitude but along the slope there are outcrops up to the valley
floor. The thickness of the shear zone ranges from a few meters to tens of meters and is located in the

top of Rurikfjellet formation (Figure 54).
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Figure 54 - Arctowskifjellet geological map. From Geoscience Atlas of Svalbard (Dallmann et al. 2014).
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6.3.4.3 Hortfjellet
The Hiortfjellet DGSD is located in the right slope of Adventalen valley at elevations of between 100

and 800 m a.s.l. The slope with evident morphologies linked to gravitational instability is located in
the opposite slope of the coast with respect to the city of Longyearbyen.

The slope is characterized by erosional features of both glacial, fluvial and gravitational origin.

In particular, the rectilinear slope with W-SW exposure is represented by escarpments and counter-
escarpments, giving the slope a stepped morphology. The slope is represented by elongated NW-SE
rocky outcrops alternating with slope deposits in the gravitational depressions. The stratigraphic
structure is made up of a sub-horizontal sequence of sandstone siltstones and shale, in the lower part
fine-grained lithologies are prevalent. There are no important tectonic structures, there are rectilinear
structural features that guided the setting of the valleys. One of these with NW-SE direction on which

the Adventalen valley is set.
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Figure 56 Hiortfjellet geological map. From Geoscience Atlas of Svalbard (Dallmann et al. 2014)
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Parallel to this structural line, the main gravitational structures were set up. In the lower part of the
slope there are marine terraces that rest in on-lap on the bedrock. Marine terraces, also known as
raised beaches, which reflect millennial-scale isotactic rebound after the end of the Last Glacial
Maximum. The slope in the lower middle part is affected by glacial erosive morphologies that have
affected the bedrock. These can be observed up to an altitude of 200-250m a.s.l. They can be used as

marks to analyze the slope deformation as they are sometimes deformed or transposed by the DGSD.
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Figure 57 Ortophoto and 3D model of Adventtoppen-Hiorthfjellet DGSD. a) Glacio-eustatic uplifted marine terraces.
b) Glacial erosive surfaces. ¢) DGSD scarps.
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6.3.5 Discussions and conclusions

Geomorphological data regarding the DGSD of Nordenski6ld Land were used to generate geological
sections for reconstructing a hypothetical surface of basal rupture and deep geometries.

Geological and geomorphological analyses using high-resolution topographic data enabled the
identification of different DGSD kinematic.

The Arktowskifjelle DGSD is characterised by lateral spread type kinematics (Delgado et
al., 2011; Dramis & Sorriso-Valvo, 1994; Fioraso, 2017; Gutiérrez-Santolalla et al., 2005; Panek &
Klimes, 2016; Taramelli & Melelli, 2008), with the sliding of rigid lithologies over the black shales

which, also due to the high fracture caused by thrust, behaves in a plastic way.

@~ Adventelva and Arctowskifjellet

B P L S 1 v i R e s i e
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Figure 58 Interpretative geological cross section of Arctowskigjellet DGSD. Red line is the basal shear surface set on the
thrust. Blu lines the extensional trenches.

The stratigraphic sequence is characterized by sub-horizontal layers and by analyzing the
stratigraphic relationships and the topography we can identify the sliding surface guided mainly by
the thrust. Superficially the trench slopes with a main relaxing character are evident. The distances
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between the rocky outcrops are of the order of tens of meters. This behavior can be associated with
an important translational component of the deformation kinematics.

The hiortfjellet DGSD is associated with the deformation pattern of the sackung type (Ambrosi &
Crosta, 2006, 2011; Audemard et al., 2010; Bovis & Evans, 1996; Coquin et al., 2015; McCalpin &
Irvine, 1995; Oppikofer et al., 2017; Soldati et al., 2004), with a sliding surface not guided by pre-

existing structures.

1% Adventfjorden and Adventtoppen

0,5km 10 1.5 20 2.5km

Figure 59 Interpretative geological cross section of Hiortfjellet DGSD. Blu lines main shear surfaces.

This type of DGSD is the most widespread among those analyzed and is distributed throughout the
sector of the central tertiary basin where Paleocene and Neogenic sedimentary lithologies prevail.
Gravitational shear structures with a high slope appear on the surface as back scarps, giving the slopes
a stepped morphology

While the Arktowskifjelle DGSD is driven by the presence of a thrust as a sliding surface, the
deformation of Hiortfjellet DGSD is caused by the post glacial deconfinement stresses In general the

two DGSD describer are characterised by the fragmentation of the sliding mass into separate blocks.
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7 CONCLUSIONS

Deep-Seated Gravitational Slope Deformations are phenomena of great importance from a scientific
point of view, both for the role they play in the evolution of relief and for the significant social impact
should they occur in proximity to peoples and infrastructures (Zaruba & Mencl, 1969; Dramis &
Sorriso-Valvo, 1994; Panek & Klimes, 2016, Martino et alii, 2020, Discenza & Esposito 2021). Large
landslides with rapid kinematics were recognized in many parts of the world in association with
DGSD phenomena (Hungr & Evans, 2004; Pdanek & Klimes, 2016), both in historical and recent
times.
A kinematic model and geomorphological evolution characteristics of DGSDs in Sardinia were
described for the first time in this study. This thesis proposes the study of these dynamics in central
Sardinia, framing them under different aspects:
e Correlating them into the complex geodynamic setting of the Western Mediterranean in
particular with the Uplift processes;
e Analyzing the relationships with the river slope evolutionary system complicated by a river
capture;
e Identification of the various DGSD evolutionary stages through the use of
morphostratigraphy;
e Use of technologies such as UAV-DF, INSAR, LIDAR, GNSS for detection and monitoring;
e A monitoring hypothesis is also proposed for the Early Warning System in the urban contest
of Ulassai.
e Correlations were made with different geological, geodynamic and climatic contexts, in
particular with Southern Sardinia and the Svalbard Islands;
e A geomorphological map was created, where a comprehensive mapping of structural, karst,

fluvial, and slope morphologies in Pardu and Ulassai valleys is presented.

Methology

Multi-scale geological and geomorphological analyzes using remote sensing and field surveys
tecniques was performed. The field surveys made it possible to map both the lithological units and
the geomorphological processes in the valley of the Rio Quirra and the Rio Pardu. A morphotectonic
approach was used to correlate the morphologies with the evolution of the study area and to correlate
it with the geodynamic evolution of the western Mediterranean. The morphostrattigraphy of
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gravitational deposits and alluvial deposits made it possible to correlate the evolution of the DGSD
with the fluvial evolution in particular with capture.

Using UAV-DF and Lidar data it was possible to perform detailed morphometric analyzes of the
DGSDs. Using InSAR data it was possible to understand the temporal evolution, the state of activity
and the rates of displacement of the DGSDs. GNSS monitoring and geo-technical monitoring made
it possible to calibrate and validate the displacement data of the DGSDs in the Ulassai sector. These

data will be used to design an Early warning system.

Morphotectonic Implications

The study highlighted an extremely young territory conformation of the Eastern Sardinia, associated
with the Neogene and Quaternary geodynamic events, implying a series of problems related to the
slope process.The connection between Plio-Pleistocenic tectonic activity and geomorphological
evolution in the Pardu Valley and Quirra Valley (Ogliastra, East Sardinia) was studied. The
evolutionary conditions of the Pardu Valley are associated with a cycle of undeveloped fluvial
erosion, which suggests a relatively young age of the engraving in relation to the capture by the Rio
Pelau and the isolation of the Rio Quirra.

e The geomorphological and structural setting of Ogliastra is closely linked to the genesis of
the east Sardinian continental margin due the opening of the Tyrrhenian basin (Miocene—
Pliocene)

e Distensive Pliocene tectonics accompanied by widespread volcanism resulted in a general
uplift in Sardinia. The Quaternary uplift rebound manifested itself with an important erosive
phase and variations in the hydrographic network. We have evidence of this phase in the Rio
Quirra Valley, which is represented by paleo-DGSDs fossilized by pre-Tyrrhenian alluvial
deposits (Lower Pleistocene).

e The river capture of Rio Pardu is associated with this important erosive phase and caused an
erosive increase that led to a complete emptying of the valley (Upper-Middle Pleistocene).

e The post-capture decompression of the slopes of the Rio Pardu triggered DGSDs in both
flanks in the current state of activity.

DGSD

The causes of the DGSDs are associated with the structural characteristics of the area and the Neogene
and Quaternary geomorphological evolution of the river valley associated with the recent uplift. The
intense post-capture erosion has given the Rio Pardu Valley morphometric features that are favorable
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for the evolution of DGSDs. However, the Rio Quirra Valley presents paleo-DGSDs that have been
fossilized by pre-capture terraced alluvial deposits.

The two valleys analyzed are controlled by transcurrent faults that have recently recorded low-
magnitude seismic events. Therefore, it is possible that the constant movement of the DGSDs
(between about 1 and 2 cm/y) may be susceptible to accelerations due to seismic triggering, causing
the partial collapse of the slopes.

Using INSAR data, it was possible to identify and assign displacement rates to the Ulassai, Osini, and
Gairo DGSDs.

The initiation of rapid catastrophic processes such as rock avalanche is associated with the
accelerations of DGSDs. These accelerations are linked to seismic activities and extreme rainfall
events. The latter cause the hydration of the rocks in the shear zones, thereby decreasing the

geomechanical characteristics.

The predisposing factors of DGSDs can be identified in the following points:

e The tectonic history of the slope with a passive influence has been caused by a major uplift
associated with the Neogene and Quaternary geodynamic events. The upliftment has
increased the erosion rates, thereby leading to the deepening of the valleys and detente of the
slopes. The energy of the relief of the slopes is the decisive morphological element which
initiates the DGSDs; in the cases studied, it is higher than 650 m.

e Cenozoic tectonics have also conferred the structural conditions that predisposed the
development of DGSD, particularly in the Dorgali Formation. In fact, the major DGSD
trenches are evidently parallel to the major faults and primarily parallel to that of Pardu Valley
in the NW-SE direction, on which the slope is also set

e The lithostratigraphic conditions are represented by the Mesozoic units on the foliated and

altered metamorphic basement.

Ulassai Landslide hazard

Particular interest was given to the gravitational processes in the municipality of Ulassai. Analysis of
the geological and geomorphological setting of plateau edge in Ulassai using UAV photogrammetry
and high resolution field surveys allowed to identify different gravitational geological hazard.
Landslides with different kinematic and magnitude has been identified: DGSDs with sackung and
lateral spread kinematic, giant toppling and widespread rockfalls. Different techniques aiming to
understand the temporal evolution of DGSD and giant toppling and future dynamics have been

applied in three areas in Ulassai. INSAR data indicate in the lateral spread of Bruncu Pranedda a large
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slope side affected by a deformation about 1 cm/y downslope in the last 6 years. In this area we stared
a geodetic monitoring system to validate and calibrate satellite data and to understand the differential
movement under deformation slope.

To analyse the deformation at fracture scale three geotechnical monitoring stations were installed
with continuous acquisition in order to project an early-warning system. In conclusion, based on high
resolution geomorphological model of the gravitational process affecting Ulassai, we build multi-

source and multi-scale monitoring system.
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