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Advances in science have been most often achieved by outstanding individual efforts and pioneering work
from the ancient times to the 19" century, with only few examples of team work. In the geosciences, such
collaborations often happened in frame of explorations and the physical need to make teams on a ship or
uncommon field conditions on land. Through the decades of the 20" century, works undertaken by two or more
researchers became more and more common, also independently of fieldwork. In the same time, primarily in
the digital era, the quantity and flux of information has started to increase rapidly. This has lead to numerous
large collaborative projects in geosciences. In this talk I present a few examples of various types, primarily
from the Alpine region and the solid Earth community, with the goal of demonstrating the added value of
these projects, and of crossing frontiers in terms of geoscience (sub-)disciplines, spatial and temporal scales,
and traditions of cooperation. While these examples show various ways of success, I also discuss some of
the potential pitfalls. Overall, I hope that the balance is convincing and triggers other collaborative research
projects without borders.
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Any planetary exploration goal can only be achieved through an intense collaborative effort among
geologists, geophysicists, astronomers, astrophysicists, optical and mechanical engineers. In the last years
we have indeed witnessed an exponential increase of space missions to diverse planetary bodies of the Solar
System, including in situ robotic and crewed explorations led by different National Space Agencies. This trend
is going to further increase in the years to come and is consequently leading to an urgency in a collaborative
action in which geological experience will be essential to select adequate payloads and robotic systems, define
successful observational strategies of orbital missions, assuring safe landing and fruitful traverses of robotic
and human missions, scientifically exploite the retrieved data, store and analyze the returned samples, find key
analogue sites and materials, train astronaut crews in field exploration, explore and evaluate in situ resources,
identify environments with the potential to preserve astrobiological signatures.

In this framework, planetary geologists should face major science questions and pivotal goals which
terrestrial geologists are normally not used to take into consideration. Just to cite some of them: How do
the solar nebular and protoplanetary disk evolved? How different bodies of the inner and outer solar system
differentiate and geodynamically evolve? What are the origin and role of water and other volatiles on different
planetary bodies? How climate variability evolved on different bodies with atmosphere and how does the
interaction between surface and exosphere work in atmosphere-less bodies? How can be refined the global
stratigraphy of different planetary bodies? How and at which extent gravitational forcing or major hypervelocity
impacts induce changes on the tectonic and volcanic evolution of any planetary body? What are the physical
ranges within which plate tectonism might have evolved or declined on different bodies? Which are the best
sites for stable settlements on Mars and the Moon? Why similar bodies such as Venus and Earth have had
so dramatically different evolution in term of greenhouse effect? Which kind of resources might we find on
planetary and small bodies, and how we can exploit them?

In this presentation I will illustrate the broad multidisciplinary context of planetary science and space
exploration in which geologists are called to give their contribution, focusing on specific examples I have
been directly involved in, such as Bepi-Colombo, Rosetta and Exo-Mars ESA missions, the ESA PANGAEA
astronaut training on field geology, and the recent European planetary geological map infrastructure GMAP.
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The world oceans share in the transformations of the Earth in its complex dynamics that connects the
solid Earth with life, climate and society. The subseafloor therefore preserves an archive that can reveal the
interactions that have shaped the Earth over the past two hundred million years, which can help us to decipher
the future of our planet. Scientific ocean drilling provides a direct access to this archive. By its own nature,
this requires not only a multidisciplinary approach, but often pushes the boundaries of individual Earth science
disciplines. The evolution of our knowledge of the Earth gained during the last five decades is closely linked
to progress in scientific ocean drilling, and this remains the only tool available to the international community
to keep exploring the subseafloor. Understanding the connections amongst the biosphere, high-CO, climate
systems, deep geologic time, and the currently active Earth processes within the solid Earth system is critical
to realize society’s sustainable development objectives. Key areas for evaluating the dynamics and feedbacks
between the interior and the exterior of our planet are subduction zones. There, environmentally-driven
changes, modifications of surficial and sedimentary process dynamics, and deep subduction processes can
all shape forearc tectonics and influence plate boundary megathrust coupling. Understanding the mechanics
of megathrust slip at subduction zones that leads to great earthquakes and tsunamis will allow us to better
evaluate and mitigate the future risks of these natural hazards to society. Here I will present some examples of
how the study of subduction zone megathrusts requires a comprehensive approach, whereby the mechanics of
the megathrust and the geological and surface processes at work can be linked, modelled and quantified.
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Several studies have described the geological setting of the Kvarner area (Northern Adriatic Sea) based
on the outcropping sedimentary sequences. They are mainly represented by the Adriatic carbonate platform
(AdCP) affected by the compressional/ transpressional deformation of the External Dinaric orogen, which
produced both thin- and thick-skinned tectonics.

In this study, we used an extensive 2D seismic, and well dataset initially acquired for hydrocarbon exploration
of the Kvarner area. The 2D seismic lines were calibrated by the wells, which allowed us to reconstruct the
connection between the tectonic structures of the offshore and onshore areas. In particular, the continuity of
the main SE-Istrian anticlines and the northern Dalmatian Islands has been recognized and depicted by a time
structural map of'the base of the Plio-Quaternary sequence. These anticlines, originating from the pre-Messinian
Dinaric thrust system, were reactivated by the post-Messinian transpressional tectonics, which produced
positive flower structures. Between the anticlines, sharp valleys, canyons, and channels crossing the Kvarner
offshore area outline two main low structural lineaments. They are partially incised during the Messinian
and can be followed in Istria onshore for several kilometers. Messinian and post-Messinian erosional effects
were influenced by the morphology of older tectonic structures produced by the Dinaric compressional phase
and the more recent transpression. Fluvial-deltaic depositional systems fill the valleys with mainly clinoform
geometry. Wells never calibrated this sedimentary sequence. Thus, we hypothesize a Plio-Quaternary or a Late
Messinian age, related to the Lago-Mare Formation.

The back-trusts seem to have been recently reactivated as strike-slip structure in the Rijeka city area and
the Krk island (eastern Kvarner). The AdCP shows a gentle tilting toward the Apennine Chain in the western
explored area, whose outermost front is situated more than 80 km to the west. This tilting re-activated older
normal faults and is probably enhanced by an uplift of the Istria peninsula.

Acknowledgments: The research was carried out as a part of the GEOSEKVA project (IP06-2016-1854), founded by the
Croatian Science Foundation. The academic license of Petrel Schlumberger is also acknowledged.

35



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

The role of structural inheritance in the structuration of the External Rif fold and thrust belt
(Rif belt; Northern Morocco) insights from tectono-thermal modeling

Atouabat A.*!, Corrado S.!, Schito A.2, Mohn G.3, Haissen F.4, Leprétre R.> & Frizon de Lamotte D.}
! Dipartimento di Scienze, Sezione di Scienze Geologiche, Universita degli Studi Roma Tre. 2 School of Geosciences,
University of Aberdeen, UK. 3 Laboratoire Géosciences et Environnement, CY Cergy Paris Université, Cergy Pontoise,

France.  Faculté des Sciences Ben M’sik, Département de Géologie, Université Hassan II de Casablanca, Morocco.

Corresponding author e-mail: achraf.atouabat@uniroma3.it

Keywords: Rif belt, thermal modeling, north African paleomargin, Alpine orogenesis.

The Rif belt (Northern Morocco) represents a key area located at the junction between the Mediterranean
domain and the Central Atlantic and forms the western edge of the Alpine orogenic system developed during
the convergence between the Africa and Eurasia plates. The Rif belt was built mainly during the Miocene
when the regional geodynamics is dominated by the westward translation of the Alboran Domain, leading to
the closure of the Maghrebian flysch basin that over-thrust the External domain (i.e. from north to south we
recognize, Intrarif, Mesorif and Prerif for different external Rif paleogeographic sub-domains).

The Rif fold and thrust belt shows a lack of cylindricity along strike expressed by the variations of amount
and rates of shortening and tectonic transport as well as structural styles. These features are well expressed in
the Mesorif (External domain) where the levels of preservation of the original geometry of the north African
paleo-passive margin differ from east to west. In the eastern Rif the Jurassic rifting geometry is still preserved
(e.g. Senhadja unit, see Gimeno-Vives et al., 2019), while it is completely overprinted by the compressive
Alpine deformation, and overlain by syn-orogenic basins (e.g. Zoumi basin). At depth this variation is expressed
by varying crust thickness, with a higher value of 46 km in the central Mesorif (Izzarene Upper Jurassic-
Cretaceous units) and a shallower one in the eastern Mesorif according to Petit et al. (2015). The Izzarene
structure is bordered at surface by two major thrusts marked by Triassic evaporites injected from depth along
them. Thus, they probably merge at depth with high-angle deep-rooted faults inverted and inherited by the
former architecture of the north African paleo-passive margin.

In order to decipher the role of this complex crustal structure and link it to the shallow structural style and
kinematics of Rif External domain derived from the deformation of the rifted north African paleo-margin, we
adopted a multidisciplinary approach merging data from commercial seismic lines and wells, with field survey,
structural mapping, thermal maturity analysis (vitrinite reflectance, micro-Raman spectroscopy on dispersed
organic matter and %I in I/S mixed-layers) and thermo-structural modelling.
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More than 100 years after the devasting Messina-Reggio Calabria earthquake (M=7.1), the largest seismic
event ever recorded in southern Europe in the instrumental epoch, its causative seismic source is still unknown,
and the several rupture models proposed in the last decades are far from any shared solution. Data interpretation
on a new dataset of sub-seafloor geophysical soundings with unprecedented resolution, relocated seismicity,
and Vp model, together with morphotectonic investigations and inverse modelling of available levelling data,
provide additional constraints on the deformation mechanisms and seismotectonics of the Strait of Messina
area. High-resolution seismic lines in the offshore, along with displaced Quaternary marine terraces on land,
point to active deformation along a previously unmapped ~ 34.5 km-long extensional fault. The spatial
distribution of relocated earthquakes highlighted that a cut-off of the seismicity occurs within the crustal
depth. The seismic discontinuity roughly delineates a foreland-dipping and low-angle discontinuity apparently
confirming previous studies predicting low-angle seismogenic sources for the 1908 seismic event. However,
according to the overburden stress and the attitude of the discontinuity, stress analysis suggests that a seismic
slip is unlikely along it. This, therefore, weakens the hypothesis that a large earthquake may have nucleated
along a low-angle discontinuity. Rather, aseismic creeping is instead expected since movement is allowed only
by assuming a mechanical weakness of the plane. This mechanical behavior is currently also supported by the
large interseismic strain-rate recorded in the area. Both seismic tomography and crustal-to-subcrustal scale
3D-modelling strongly suggest a cause-and-eftect relationship between slab retreat, mantle wedging, uplift in
the upper plate block, and active extension in the Strait of Messina area. Lithospheric doming of the upper plate
is here interpreted to be the main process controlling uplift in the Peloritani Mts. of Sicily and subsidence in
the Strait of Messina region where deformation is mainly accommodated by the weak low-angle discontinuity.
In this frame, an almost aseismical slip toward the foreland of the low-angle discontinuity is here accounted to
produce stress perturbation in the area. Coulomb stress change modelling revealed that simulated normal slip
on the foreland-dipping discontinuity can induce additional stress and promote failure in the overlying brittle
faults. An excellent fit between calculated and observed subsidence is achieved by geodetic data inversion that
resolved a normal slip on the low-angle discontinuity and a transtensional (slightly left-lateral) motion on the
34.5 km-long and previously unknown extensional fault. The fault-length along with the observed seafloor
displacement make this tectonic structure as the most likely to have produced large earthquakes in the Strait
of Messina area.
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The Eastern Mediterranean Sea results from an alternation between extensional and contractional phases.
Although several geodynamic reconstructions have been proposed, its tectonostratigraphic evolution is still
a matter of debate. The main tectonic phases that affected the area were the Mesozoic rifting, followed by
a Cenozoic contractional phase, due to the inception of the convergence between Africa and Eurasia and
the subduction of the oceanic lithosphere. From the Miocene, the opening of the Red Sea induced a rotation
and northward migration of the Arabian Plate. At the same time, the rollback of the subducting oceanic
lithosphere in the Central Mediterranean area favoured a westward escape of the Anatolian plate squeezed out
by the northward migration of the Arabian Plate. Our study area is located in the easternmost portion of the
Mediterranean Sea, offshore Turkey, Cyprus and Syria, on the ancient passive margin of the Tethys between
the Arabian continental lithosphere and the African oceanic lithosphere. Along the Cyprus Arc, the Neo-Tethys
oceanic crust is subducting toward NE. Most of the authors (Symeou et al. 2018 and references therein)
suggested that this system is continuous from Cyprus to Syria.

In this work, multi-channel seismic reflection profiles have been used to analyze the basement nature
(oceanic vs continental), to recognize potential subduction zones and their lateral continuity, and to reconstruct
the contractional events. Our data suggest a continental nature of the basement, excluding a continuous
ophiolite complex and subduction in eastern Cyprus offshore. Most of the recent structures evidenced in the
area derive from transpressional reactivation of inherited extensional fault systems.

Symeou V., Homberg C., Nader F.H., Darnault R., Lecomte J.C. & Papadimitriou N. (2018) - Longitudinal and

temporal evolution of the tectonic style along the Cyprus Arc system, assessed through 2-D reflection seismic
interpretation. Tectonics, 37(1), 30-47.
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In the Northern Ionian Sea, the Calabrian Accretionary Wedge (CAW) is facing directly the subducting
Apula plate, mainly made of Mesozoic to Tertiary Carbonate Platform (Del Ben et al., 2010; Volpi et al.,
2017). This contribution illuminates the structures and stratigraphic relationships between the frontal part
of the orogenic belt, the foredeep and adjacent Apulian foreland. A detailed seismic facies analysis of four
multichannel seismic profiles has been carried out to define the tectonic-sedimentary evolution of the study
area but without exploration wells not available for these deep offshore area. Seismic interpretation allows
to identify four main structural domains: the highly tectonized CAW; the narrow foredeep basin filled by
a Pliocene-Holocene subhorizontal succession laying above buried normal faults; the massive carbonate
succession of the Apulian Platform showing reef and carbonate platform margin facies; the layered succession
of the Apulian Platform characterized by ““intra-platform” facies in the easternmost portion of the area. Three
main regional unconformities with characteristic relationships with structural trends were recognized: i) the
Messinian unconformity, related to a regional and significant erosion associated to paleokarst processes on the
exposed Mesozoic Apulian Platform, is cut by an array of normal faults in the Apulian foreland and by thrust
in the accretionary wedge; ii) the angular and erosive middle Pliocene Unconformity truncates the Lower
Pliocene reflectors and is affected by normal faults in the foreland and by compressive tectonics in the CAW;
iii) a Jurassic/Cretaceous unconformity in the Apulian foreland is marked by Cretaceous reflectors onlapping
the Jurassic carbonate platform. The CAW is characterized by compressive tectonics with several fore-thrusts
forming a leading imbricate fan system nearby the orogenic front. The Mesozoic Apulian platform is affected
by active extensional tectonics driven by flexural bending since Lower Pliocene (Volpi et al., 2017; Maesano
et al., 2020), that probably reactivated old normal faults related to the Permian-Triassic rifting stage. The
structural map shows that transpressive and positive inversion tectonics is a common deformational style in
the central sector of the foreland, suggesting that the Apulia plate is already part of the Calabrian/Hellenic belt.
According to these observations, the compressive tectonics affecting the Apula plate is interpreted as related
to shortening processes of both the CAW and Hellenic wedge whose interference plays an important role in
defining the tectonic-stratigraphic evolution of the Apula Plate in the Northern lonian Sea.

Del Ben A., Geletti R. & Mocnik A. (2010) - Relation between recent tectonics and inherited Mesozoic structures of the
central-southern Adria plate. Bollettino di Geofisica Teorica ed Applicata, 51, n. 2-3, 99-115.

Maesano F.E., Volpi V., Civile D., Basili R., Conti A., Tiberti M.M., Accettella D., Conte R., Zgur F. & Rossi G. (2020)
- Active extension in a foreland trapped between two contractionalchains: The South Apulia Fault System(SAFS).
Tectonics, 39, 2020TC006116.

Volpi V., Del Ben A., Civile D. & Zgur F. (2017) - Neogene tectono-sedimentary interaction between the
Calabrian Accretionary Wedge and the Apulian Foreland in the northern Ionian. Marine and Petroleum Geology, 83,
246-260.
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Evidence for the Early Jurassic Western Tethys rifting is in the Alps and the Apennines. This normal faulting
phase dismembered a vast carbonate platform (Calcari Grigi and Calcare Massiccio platform) and produced
a complex paleogeographic setting made of intrabasinal morphostructural highs and deeper-water basins (i.e.
pelagic carbonate platform or PCP/basin system). Basin-fill pelagites and their geometrical and facies variations
highlight this complex architecture. There are growing clues for Early Cretaceous, post-rift, synsedimentary
normal faults affecting and displacing the margins of PCP, as in the Umbria-Marche-Sabina Domain and the
Trento Plateau-Lombardy Basin. Typical stratigraphic and sedimentological features of this syndepositional
tectonic phase include: i) the back-stepping of PCP margins, ii) the deposition of calciclastic bodies, iii) the
occurrence of neptunian dykes, and iv) the development of angular unconformities. Geological mapping in
the Narni-Amelia Ridge allowed to identify field-evidence for this Cretaceous normal faulting. A polygenic
breccia (“Mt. Cosce Breccia”) made of clasts of lithologies not younger than the Early Cretaceous, dispersed
in a matrix of Maiolica-type facies, rests through an erosional surface on a Jurassic horst-block of Calcare
Massiccio. Comparable clastic deposits are embedded in the uppermost part of the Maiolica in hangingwall-
basin successions, associated with soft-sediment deformation. Lower Cretaceous pelagites (Maiolicat+tMarne
a Fucoidi) are locally seen onlapping the unroofed Calcare Massiccio, as well as infilling neptunian dykes.
Impressive similarities were recognized along the Jurassic western margin (Ballino escarpment) of the Trento
Plateau, albeit at a larger scale. Here, a Lower Cretaceous polygenic breccia (Ballino, Pregasio and Prabione
breccias) bearing heterometric (up to >20 m across) blocks of Jurassic-Lower Cretaceous deposits referable
to the Calcari Grigi Group, the basinal Lombardy Succession and the horst block-top Venetian Succession,
occurs. The clasts are dispersed in a Maiolica-type matrix. The breccia rests unconformably on the Calcari
Grigi Group and on several Jurassic units of the Lombardy basin-margin succession, and is accompanied by
neptunian dykes made of Maiolica facies. Where preserved by Neogene Alpine deformations, Cretaceous
normal faults were locally observed, sealed by the calciclastics and the uppermost part of Maiolica. Field-
evidence suggests a phase of tectonic instability during the late Early Cretaceous, coeval with the deposition
of the uppermost part of Maiolica, affecting PCP-basin systems in both Central Apennines and Southern
Alps. Cretaceous faults locally re-activated Jurassic ancestors, locally had a higher angle than Jurassic faults,
locally developed as new faults. The result was the displacement and rejuvenation of inherited Early Jurassic
escarpments, or the backstepping of PCP-margins producing exhumation of Jurassic structural highs.
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Photogrammetry is becoming the most employed means to generate 3D surface reconstructions of outcrops
aka virtual outcrop models (VOMs). So far, VOMs have demonstrated great feasibility for visualization and
analysis of outcrops, also constituting essential vials to solve perspective bias and granting access to the
study of dangerous or inaccessible rock exposures, and facilitating sharing of results (e.g. Tavani et al. 2014,
Hodgetts et al., 2015). Additionally, the ease with which 3D models can be generated, starting from any set
of overlapping photographs, and especially employing unmanned aerial vehicles (UAVs, or drones) able to
bypass scene occlusion effects common to 3D terrestrial remote sensing techniques, has de facto marked the
advent of a digital geology era and the routine use of photogrammetry in support of field geology (Pavlis and
Mason, 2017). Here we present the structural study of a large-size outcrop located in the frontal sector of the
Carso anticline (External Dinarides). The outcrop exposes Eocene platform carbonates in an abandoned quarry.
The quarry, which is 80 m high and 100 wide, represents one of the few large exposures in an area where
outcrops are generally scarce and vegetation cover dense. The limited accessibility to the cliff of the quarry
prevents extensive direct measurements. By using a DJI Phantom 4 Pro V.2 drone, we acquired geotagged
photographs and produced a high-resolution and georeferenced VOM of the outcrop. The VOM permitted
detailed structural analysis, and the creation of an orthorectified image of the outcrop along the direction of the
fold axis, providing insights on the interpretation of this external sector of the Carso anticline.

Hodgetts D., Seers T., Head W. & Burnham B.S. (2015) - High Performance Visualisation of Multiscale Geological
Outcrop Data in Single Software Environment, in 77th EAGE Conference and Exhibition 2015. European Association
of Geoscientists & Engineers, 1-5, https://doi.org/10.3997/2214-4609.201412862.

Pavlis T.L. & Mason K.A. (2017) - The new world of 3D geologic mapping: GSA Today, 27, 4-10, https://doi.org/10.1130/
GSATG313A.1.

Tavani S., Granado P., Corradetti A., Girundo M., lannace A., Arbués P., Mufioz J.A. & Mazzoli S. (2014) - Building
a virtual outcrop, extracting geological information from it, and sharing the results in Google Earth via OpenPlot
and Photoscan: An example from the Khaviz Anticline (Iran): Computers & Geosciences, 63, 44-53, https://doi.
org/10.1016/j.cageo.2013.10.013.
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Diagnostic morphological features (e.g. rectilinear seafloor scarps) and lateral offsets of the Upper
Quaternary deposits are typically used to infer offshore active faults. These structures are not necessarily
capable of producing large earthquakes as they could be shallow and formed in response to local stresses. We
present a multiscale approach to reconstruct the structural pattern in offshore areas and distinguish between
shallow, non-seismogenic, active faults, and deep blind faults, potentially associated with large seismic release.
The approach is based on the interpretation of seismic reflection profiles with different resolution/penetration
and the quantitative morphometric analysis of multibeam bathymetry. The site chosen for testing the method
is the Sant’Eufemia Gulf (south-eastern Tyrrhenian Sea) because it is a natural laboratory to investigate the
relationships between regional and local processes associated with a slab tear fault (e.g. Rosenbaum et al.,
2008) and crustal structures controlling the Plio-Quaternary tectonic evolution (e.g. Brutto et al., 2016). Data
highlights the occurrence of three major tectonic events since the Late Miocene. The first extensional or
transtensional phase occurred during the Late Miocene. Since the Early Pliocene, a right-lateral transpressional
event caused the positive inversion of deep (> 3 km) tectonic features, and the formation of NE-SW faults in
the central part of the gulf. Also, NNE-SSW to NE-SW trending anticlines (e.g. Maida Ridge) developed in
the eastern sector. Since the Early Pleistocene (Calabrian), shallow (< 1.5 km) NNE-SSW oriented structures
formed in a left-lateral transtensional regime. The results of this work integrated with literature data indicate
that the transpressional/transtensional structures developed in an ~E-W oriented principal displacement zone
extending from the Sant’Eufemia Gulf to the Ionian offshore. The strike-slip zone likely represents the upper
plate response to the development of a slab tear fault. The quantitative morphometric and bathymetric analyses
indicate that NNE-SSW to NE-SW trending anticlines were negatively reactivated during the last tectonic
phase. We suggest that the deep structure below the Maida Ridge may correspond to the seismogenic source of
the large magnitude earthquake that struck the Calabrian region in 1905. The multiscale approach contributes
to understanding the tectonic imprint of active faults with different hierarchical order developed in a strike-slip
zone orthogonal to the Calabrian Arc.

Brutto F., Muto F., Loreto M. F., Paola N. De, Tripodi V., Critelli S. & Facchin L. (2016) - The Neogene-Quaternary
geodynamic evolution of the central Calabrian Arc: A case study from the western Catanzaro Trough basin. J. Geodyn.,
102, 95-114.

Rosenbaum G., Gasparon M., Lucente F.P., Peccerillo A. & Miller M.S. (2008). Kinematics of slab tear faults during
subduction segmentation and implications for Italian magmatism. Tectonics, 27, 1-16.
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Sardinia played a key role during the opening of the Western Tethys in late Early-early Middle Triassic
times, being located at the intersection of several main paleogeographic plates, and its Buntsandstein
successions represent a revealing paleogeographic and sedimentary touchstone. Historical and unedited
sedimentological data, detailed petrographic studies, and a review of the palynological assemblages evidence
that the various formations of the Sardinian Buntsandstein Group differ noticeably from each other and were
deposited in different alluvial to transitional environments related to “Alpine” rifting basins. Moreover, strong
compositional differences from NS to EW in the island are also observed. They support a morphotectonic rise
separating the diverse depositional basins, possibly related to main European ridges in progressive dismantling.
The dominating environmental and/or (micro)climate conditions were different in the various areas, and the
sedimentary basins evolved independently and diachronous through time. Moreover, the source areas for the
sediments varied from articulated to gentle in morphology and substrate composition. The various stratigraphic
units of the Sardinian Buntsandstein cover in the center of the island a progressively more altered, smoothed
Variscan basement, locally perhaps mobilized by the incoming extensional early Alpine tectonics.

The paleoenvironmental reconstructions evidence an articulated, rough landscape, close to active structural
lines, behind the depositional area of the SW Riu Is Corras Formation. A more elaborated depositional
environment gave origin to the SW Punta S’ Arridelli and NW Verrucano Sardo formations, whereas a flat, gentle
landscape crossed by alluvial channels was located behind the mudflat of the Central Sardinia Escalaplano
Formation. These diverse environments could be related to a gradual transgression over the hardrock and a
progressive smoothing in time of the Sardinian Variscan basement. The petrographic study reveals the presence
of sandstone and carbonate grains of unknown affinity in every Buntsandstein formational unit, possibly
related to a dismantled sedimentary cycle. The palynoassemblages support a late Anisian or Pelsonian-Illyrian
for the transgression of the Muschelkalk Sea on the Buntsandstein facies, whereas the bottom of the various
formations cannot be dated due to a substantial unconformity. The oldest Triassic palynological assemblages
identified in the succession are dated to the Aegean. They do, however, not correspond to the base of the
Buntsandstein succession. In general, the palynological assemblages support a rather arid climate during the
early Middle Triassic, although locally some more humid conditions are observed.

A comparison with nearby coeval plates of the western, subequatorial area of the Tethys (Western Alps,
Corse, Provence) evidences the area’s key role during the opening of the “Alpine” rifting basins.
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Fossil remnants of rifted margins sampled in orogens enable to unravel the nature of rocks, structures and
conditions controlling the formation of rifted margins and lithosphere breakup. However, a major problem in
orogens is that disconnected remnants of only one margin are preserved, while the conjugate has often been
subducted and/or obliterated during convergence. Our understanding of rift processes leading to lithosphere
breakup is hampered by the impossibility to direct access to well-preserved examples of conjugate rifted margins
fossilized onshore. Here we focus our attention on the Mesozoic Alpine Tethys, bounded by the European and
African plates and interleaving crustal blocks such Iberia and Adria. A key point has to be resolved in order to
reconstruct conjugate distal margins in the Alpine Tethys paleogeographic setting. Iberia has to be positioned
during the Mesozoic taking into account the evolution and opening of the southern North Atlantic and the
Bay of Biscay. Here we propose a new Mesozoic kinematic model for Iberia, which is compatible at a first
order and large scale with recently published data and interpretations from the North Iberian margin and the
Pyrenean domain. We discuss the impact of these results for the kinematic reconstruction of the Alpine Tethys.
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The NNW-SSE trending Malta Escarpment (MESC) offshore eastern Sicily is accounted to have a significant
role in the recent seismotectonic picture of the Western lonian Basin and the Hyblean foreland domain, where
some of the largest and most destructive Mediterranean earthquakes occurred (Boschi et al., 1995; Piatanesi
and Tinti, 1998; Bianca et al., 1999; Azzaro and Barbano, 2000; Tinti et al., 2001, 2004; Rovida et al., 2016).
Seismic data and bathymetric grids allow to better constrain the recent/active deformation pattern affecting the
northern sector of the MESC. Accurate seafloor mapping and seismic profiling point to a 60 km-long, roughly
N-S trending and E-dipping extensional faults belt slicing across the Ionian offshore between Catania and
Siracusa. The fault belt deformed the seafloor producing up to 60 m-high fault scarps. Near fault sediment
pattern and displacement analysis provide constraints on the through-time faults activity and deformation
rate. Fault parameters were achieved by 3D modeling and then used to derive expected magnitudes and their
reactivation propensity. Moreover, empirical scaling relationships (Wells & Coppersmith, 1994; Leonard, 2010)
point to a high seismic potential for the detected fault. This combined analysis pointed out how the longest
(~60 km) and most continuous fault could be capable of generating M > 7 seismic events, putting forward
strong seismotectonic implications for the adjacent and densely populated Hyblean Plateau. The expected
magnitude and the estimated recurrence time interval (470-537yrs) are compatible with those inferred for large
historical earthquakes that occurred in the area. However, by comparing the depicted tectonic pattern with
other structural settings concerning passive margin worldwide (e.g., along the Pard-Maranhio Basin in the
Brazilian equatorial margin, see Matos, 2000) and considering the occurrence of ductile layers in the sediment
section (e.g. evaporites), part of the observed deformations (i.e. the seafloor scarps) should be also charged to
large-scale slope instability or generated by accommodation space following salt migration in

response to the overlying sediment load. Accordingly, seafloor deformation could be (partially) the result of
this kind of process and this issue should be seriously considered in the seismotectonic analysis. Although our
study highlights that classical tools used by marine geologists(i.e. high-resolution seismic data and bathymetric
grids) work well in detecting offshore faulting, some other significant faults parameters, which are essential in
the seismotectonic analysis (e.g. size parameters and slip rate,), need additional approaches to be achieved. In
this view, computer-based 3Dmodelling can represent a starting point for further elaborations such as stress/
strain analysis, back/forward and dislocation modeling, sediment decompaction, etc.

Azzaro R. & Barbano M.S. (2000) - Analysis of the seismicity of southeastern Sicily: a proposed tectonic interpretation.
Ann. Geofisc., 43(1), 171-188. https://doi.org/10.4401/ag-3628.
Bianca M., Monaco C., Tortorici L. & Cernobori L. (1999) - Quaternary normal faulting in southeastern Sicily (Italy): a seismic
source for the 1693 large earthquake. Geophys. J. Int., 139, 370-394. https://doi.org/10.1046/].1365-246x.1999.00942 x.
Boschi E., Ferrari G., Gasperini P., Guidoboni E., Smriglio G. & Valensise G. (1995) - Catalogo dei Forti Terremoti in
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The Tertiary Piedmont Basin (TPB) is an episutural basin located on top of the junction between the Western
Alps and the Northern Apennines. This work combines geological mapping and interpretation of a seismic line
provided by Eni S.p.A. aiming at investigating the sedimentary succession of the Arquata Scrivia-Carrosio
area, a key sector separating the Alto Monferrato sector to the west from the Borbera-Curone sub-basin to the
east.

The seismo-stratigraphic analysis of a 33 km-long SE-NE striking seismic line extending from Carrosio
to Alessandria and tied to a well, allowed recognizing seven key stratigraphic surfaces, which define six
unconformity-bounded stratigraphic units. These could be tied to the outcrop by identifying component
lithostratigraphic units at surface. This works contributes to better understanding of the tectono-sedimentary
evolution of this sector of TPB, which can be summarized as follows: during the early Oligocene (Unit 1),
coarse-grained deltas (Conglomerati di Savignone and Molare Fms.) established, which passed distally (i.e. to
the NE) into turbidites and hyperpycnites (Monastero Fm). Following the swift late Oligocene transgression,
these marginal fan deltas were onlapped SE-wards by hemipelagic marlstone, containing isolated channelized
turbidites (Unit 2; Gremiasco Fm.). Coarse clastic supply was re-established during the Aquitanian-early
Burdigalian, with deposition of confined turbidites, mass transport deposits, and channelized turbidites (Unit
3; Castagnola and Costa Montada Fms). In Unit 4 (Costa Areasa Fm., upper Burdigalian-lower Langhian) a
basin plain environment established all over TPB, reflecting an increase of the accommodation space driven by
southward tectonic tilting of the basin. A further event of basin inversion is that of the intra-Langhian sea level
fall, driven by tectonic uplift to the south and recorded by Unit 5 (upper Langhian-lower Messinian), which
comprises a range of shelfal systems (Marne di Cessole, Arenarie di Serravalle and Marne di S.Agata Fossili
Fms.) making northward transition into turbidites (Cassinasco Fm.). Lastly, Unit 6 (upper Messinian-Pliocene)
encompasses a basal package of conglomerates (Conglomerati di Cassano Spinola Fm.), followed upward by
early Pliocene clays (Argille di Lugagnano Fm.), over which the shelf margin prograded depositing the Sabbie
d’Asti Fm.

In addition, the analysis of velocity data from four additional wells from other sectors of the TPB allowed
defining a P-wave velocity and seismic wave propagation model. Besides the increase of velocity with depth,
conglomeratic facies were found to show higher velocities (in the range 3500-4200 m/s at depths between 350
and 2800 m) than arenaceous and pelitic facies (in the range 2000-3370 m/s at depths between 350 and 3500
m below surface). Results will help time-depth conversion of seismic lines detailing the subsurface of TPB,
contributing to accurate reconstruction of basin fill architecture.
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The interaction between sedimentation/erosion and faulting represents one of the most intriguing topics
in landscape and tectonics evolution. Only few studies have been able to document the feedback between
faulting and sedimentary loading from field observations. Here, we focus on how sediment loading/unloading
influences the dynamics of fault systems in the Fucino Basin in the Central Apennines (Italy). The Fucino Basin
represents a remarkable case study with respect to the other main extensional basins in the Apennines, because
of its large dimension, square shape, significant sediment thickness and, its endorheic nature throughout its
evolution.

We present a detailed structural and geomorphologic analysis of the Fucino Basin and its surroundings,
investigating the kinematic and geometry of each main fault strand. The slickenlines analysis reveals multiple
families of slip-vectors and timing of activity, suggesting a change in extension slip-direction from N240° to
N200° during middle Pleistocene. Using a local isostatic model, we estimate that up to the 30% of the vertical
geological displacement of the faults, which overall ranges from 0.5 to 2.5 km, is related to the sediment
loading/unloading. We demonstrate a positive feedback between sedimentation and faulting which may also
lead to a re-organization in fault kinematics related to a significant increase in vertical stress. We propose a
conceptual model for the permanent endorheic configuration of the Fucino Basin, which includes the effect of
sediment loading.
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Proofs of synsedimentary tectonics during the Early Permian in the central Southern Alps (cSA, N Italy)
are recorded in the volcanic and terrigenous successions of the Laghi Gemelli Group, which are characterized
by the occurrence of abrupt facies variations often associated with coarse-grained deposits. These features are
generally attributed to syn-sedimentary tectonic activity demonstrated by the local occurrence of sediments
deformation (Berra et al., 2011) such as liquefaction or slumping due to seismic shaking. Detailed fieldwork
allowed us to recognize dewatering structures and sedimentary dikes, ball and pillars and small slumps,
occurring along hundreds of mesoscopic faults showing meter-scale displacement in correspondence of
high-angle conjugate systems as well as domino-style faults, often accompanied by growth structures. These
structures are mainly concentrated in the fine-grained sediments of the Pizzo del Diavolo Formation, which
were deposited on top of the volcaniclastic succession of the Ca’ Bianca Volcanite and crossed by seismogenic
synsedimentary faults.

The Permian synsedimentary structures of cSA are mostly associated with high-angle Andersonian normal
faults which are combined with low-angle normal faults (LANFs) that developed along the interface between
the Permian sedimentary cover and the Variscan basement (Zanchi et al., 2019). This LANFs system is
relevant for the Permian hydrothermal circulation, resulting in widespread tourmalinites deposition along fault
zones, and locally in U mineralization. According to our structural analysis the Permian tectonic setting is
characterized by pure extension, dominated by ENE-WSW striking normal faults inverted during the Alpine
shortening as high-angle reverse faults (Zanchetta et al., 2015).

Berra F. & Felletti F. (2011) - Syndepositional tectonics recorded by soft-sediment deformation and liquefaction structures
(continental Lower Permian sediments, Southern Alps, Northern Italy). Stratigraphic significance Sedimentary
Geology, 235, 249-263

Zanchetta S., Malusa M. G. & Zanchi A. (2015) - Precollisional development and Cenozoic evolution of the Southalpine
retrobelt (European Alps). Lithosphere, 7(6), 662-681.

Zanchi A., Zanchetta S., Berio L., Berra F. & Felletti F. 2019. Low-angle normal faults record Early Permian extensional
tectonics in the Orobic Basin (Southern Alps, N Italy). Italian Journal of Geosciences, 138, 184-201.
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The Quaternary marks a time of important change in the tectonic regime that affected the central Apennine
chain. The shift from the late Miocene-early Pliocene compressional regime to the late Pliocene-early
Pleistocene extensional regime produced surface uplift of the chain, tectonic activity expressed along normal
faults, and rapid evolution of the intra-montane basins. The development of several paleosurface levels in the
central Apennines suggests the uplift was not constant through time; dating those paleosurfaces is critical for
determining how uplift rates and landscapes changed through time. The Aterno and Tirino basins preserve a
record of subplanar highlands that can be related to paleosurfaces. Recent studies on the Quaternary deposits
in the L’Aquila Basin allowed the identification of the Valle Daria abandonment surface, which marks an
important phase of base-level fall of the drainage system that occurred during the early Pleistocene (Gelasian).
Although morphostratigraphic analysis well describes the evolution of these two basins during the Quaternary,
the knowledge related to the higher paleosurfaces and their meaning in the landscape evolution is still poorly
constrained. In this study, we applied advanced morphometric and morphostructural analysis to the Aterno and
Tirino basins, with a focus on the identification of the main paleosurfaces, their dating, and reconstructions
of the baselevel-fall variations of the drainage system through time. We used a 10-m resolution DEM to map
the position and elevation ranges of the flat surfaces, extract the drainage system, and identify knickpoints and
low-gradient levels. We then combined the morphometric results with the morphostratigraphy and tectonics of
the area to define the paleosurfaces, correlate the levels, and assign them ages. We identified 4 main levels of
paleosurfaces, the lowermost (P3 and P4) respectively related to Valle Daria (early Pleistocene, top Gelasian)
and the top of Fosso Genzano Synthem (middle Pleistocene), the higher ones (P1 and P2) that have been
related to the thrust-top basins of Monte Coppe (latest Messinian) and Rigopiano (late Zanclean). We finally
applied linear inversion of the Aterno and Tirino drainage systems to infer the evolution of base-level and find
a possible correlation with central Apennine uplift phases. Our results show three main events in the drainage
baselevel-fall rate. The first two events occurred at ca. 3 Ma and 2 Ma, in accordance with the uplift and
abandonment of P2 and P3, and the middle to late Pleistocene peak in base-level fall that could be related to
changes in the Sulmona Basin and Pescara River systems.
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Little is still known about the structural fabric of an offshore continuation of the East African Rift System
(EARS) in the West Somali Basin, offshore Tanzania. During Upper Cretaceous, the seafloor/oceanic spreading
of the Western Somali Basin ceased, and the Tanzania margin evolved into a passive margin until the Lower
Oligocene when the EARS initiated. The offshore continuation of the EARS has been established mostly
through sparse GPS measurements, earthquake slip vector data, the spatial distribution of earthquake focal
mechanisms, and seismic reflection data. In detail, regional seismic reflection data highlight the presence
of the continental-ocean crust transition west of Davie Ridge and across its northward prolongation, which
is characterized by early Cretaceous reverse faults. In this contribution, we investigate a 3D seismic dataset
located southern of Mafia Island and calibrated using few explorations well. The surface maps and structural
mapping suggest a major structural style change during the Neogene. They are still active nowadays. Two
recent and main interacting fault trends were distinguished: NS boundary fault corridors and an NW-SE
internal arcuate segmented fault, both characterized by a widely and diffused distribution of normal fault with
an overall cumulative amount of horizontal extension ranging between 5 to 10 km. Some of these faults appear
to reactivate older extensional structures. However, the general absence of growth faults cutting across the
Paleo-Neogene depositional units suggests a very recent rift re-activation. The recent rift system appears to
show a component of obliquity concerning the orientation of the Davie Ridge, and the onshore structure related
to the EARS tectonics.
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The Apennines form an active fold and thrust belt that develops as part of the W-Mediterranean subduction
zone. The evolution of the collisional system is driven by the retreating subduction of the Alpine Tethys, which
has caused the migration of compressive fronts and the opening of the Liguro-Provengal and Tyrrhenian back-
arc basins, along with the rotation and translation of the Sardinia-Corsica and Calabria blocks. The Apennines
form the northern limb of the Apennines-Calabria-Sicily orocline, developed due to the differential SE-ward
retreat of the subduction system. In such a context, the central-southern Apennine system develops a foreland
basin floored by a subaerial forebulge unconformity developed due to forebulge uplift and erosion. This
unconformity is overlain by a diachronous sequence of three lithostratigraphic units made of: (i) shallow-water
carbonates, (ii) hemipelagic marls and shales, and (iii) siliciclastic turbidites. Typically, the latter have been
interpreted regionally as the onset of syn-orogenic deposition in the foredeep depozone, while little attention
has been given to the underlying units. Accordingly, the rate of migration of the central-southern Apennine
foreland basin-belt system has been constrained, so far, exclusively considering the age of the turbidites, which
largely postdate the onset of sedimentation in the foredeep depozone.

In this work, we provide a new regional dataset of high-resolution ages obtained by strontium isotope
stratigraphy applied to calcitic bivalve shells sampled at the base of the first syn-orogenic deposits overlying
the forebulge unconformity. In this regard, we have investigated a transect of the Apennine belt, extending
from inner to outer sectors, i.e. from Northern Calabria to South Majella massif, in order to constrain the
timing and style of migration of the orogenic belt and foreland basin system. This dataset indicates progressive
rejuvenation of the strata sealing the forebulge unconformity toward the outer portions of the belt. Also,
integration with previously published data on syn-orogenic sediments of the area demonstrates that, among
the different lithostratigraphic units of the foreland basin megasequence, dating the base of the post-forebulge
carbonates is the best tool to constrain the style and rate of the foreland flexuring.

51



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Unveiling the structural architecture of the wedge-top Epiligurian Units in the Northern
Apennines

Stendardi F.*, Vignaroli G. & Viola G.
Dipartimento di Scienze Biologiche, Geologiche e Ambientali, Alma Mater Studiorum - Universita di Bologna.

Corresponding author e-mail: francesca.stendardi2(@unibo.it

Keywords: Northern Apennines, Epiligurian Units, wedge-top basins.

The Northern Apennines are a seismically active accretionary wedge formed in response to the Late
Cretaceous-Eocene closure of the Ligurian-Piedmont Ocean and the Oligocene-Miocene collision between
Adria and Europe. The wedge is shaped by WNW-ESE-striking, SW-dipping thrusts accommodating bulk
top-to-the NE tectonic transport. Since the Late Miocene, thrusting in the belt external domains acted coevally
with extension in the western hinterland domain, where crustal thinning is still being accommodated by NW-
SE-striking normal faults. The focal mechanism solutions of earthquakes between 8 and 35 km constrain NE-
SW shortening in the frontal part of the wedge, whereas extensional tectonics controls the seismicity along the
belt’s axial portion and in the hinterland. Atop the deformed accretionary wedge occur the Epiligurian Units,
which consist of middle Eocene-upper Miocene bathyal to shallow-water siliciclastic deposits infilling wedge-
top basins. A regional unconformity separates pre- and post-Burdigalian sequences within the Epiligurian
succession, with sedimentary facies changing from deep marine-to platform environment. Our mesoscale
structural analysis shows compressional, extensional, and strike-slip fault arrays affecting extensively all
the Epiligurian Units, with distinct structural features. Top-to-the NE, WNW-ESE-striking reverse faults are
defined by commonly slickensided planar surfaces decorated by thin damage zones. Top-to-the SE, WSW-
ENE-striking reverse faults are, instead, generally devoid of well-developed damage zones. NW-SE and
NE-SW-striking normal and oblique faults systematically cut across the reverse faults and accommodate
centimetric to metric throws. Common cataclastic and disaggregation deformation bands are associated
with NE-SW striking normal faults cutting through Upper Eocene-Lower Oligocene siliciclastic units. On
the other hand, calcite veins and fibres locally decorate NW-SE and NE-SW-striking normal and oblique
faults in marly post-Burdigalian sequences, attesting to fluid-rock interaction within dilatant rock volumes
during faulting. A remote sensing analysis has been performed on tectonic structures mapped at the regional
scale and confirms a variable trend distribution and density for both normal and reverse faults within both
the pre- and post-Burdigalian sequences. Our results suggest that these wedge-top basins probably evolved
independently, influenced by lateral thickness variations of the stratigraphic sequences, erosion, subsidence
rates and tectonics in response to regional and local variations of the stress regime within the underlying
orogenic prism. We propose that the present-day framework of the Epiligurian Units can be used as a powerful
structural-stratigraphic gauge to track down the variation, through time and space, of the tectonic regime and
state of stress of the Apennines wedge, with noteworthy implications on its current seismotectonic setting.
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Seismic images are fundamental to interpret subsurface setting on both continental and marine environments.
However, in carbonate systems, seismic response can be very difficult to be analyzed due to the petrophysical
heterogeneities, being the interpretation particularly complicated when faults are present. In fact, faults rocks
are generally characterized by different petrophysical properties with respect to the host rocks. Synthetic
seismic forward modeling is a powerful tool to quantifying the seismic response associated with fault-related
petrophysical changes, since input parameters can be modified.

In this study, field and laboratory measurements are used to analyze the spectrum of the carbonate-bearing
fault seismic response. Here, we focused on the carbonate ramp setting outcropping in the Majella Massif since
it represents an excellent surface analogue of buried porous and faulted carbonate reservoirs worldwide.

Density and porosity were measured through a helium pycnometer on representative fault (damage zone)
rocks sampled at increasing distances from fault planes. Investigated damage zone samples, show both
increased and decreased porosity with respect to the host rock, depending on the single fault characteristics.

A 2D (12 km long) synthetic profile from the platform top to the basin, oriented SSE-NNW, was then
carried out in Matlab simulating the outcropping architecture and spatial distribution of the sedimentary facies
and of the faults. Together with a proper porosity variation related to facies distribution, the porosity along
the damage zones (DZ) of the simulated faults was set according to the laboratory measurements. The low-
frequency (40Hz) synthetic seismic profile shows marked diffraction hyperbolas in the modeled fault zones
for faults characterized by higher porosity DZ where lower seismic velocity is expected. On the contrary, fault
zone characterized by lower porosity DZ with respect to the host rock resulted to give a less clear seismic
image. Going into the details, faults with decreased porosity and consequent increased seismic velocity of
1000 m/s in the damage zone respect to the host rock, do not show a visible difference in the seismic response
if compared with the seismic image without modified petrophysical characteristics within the faults. On the
other hand, faults with increased porosity and decreased seismic velocity of just 500 m/s respect to the host
rock, show clear diffraction hyperbolas where their apexes correspond to the fault planes. Ongoing laboratory
measurements and simulations changing geometries, thicknesses and orientations of the damage zones, are
expected to help in improving the knowledge of fault seismic response. This work helps in bridging the gap
between forward modeling and actual seismic imaging with large implications for hydrocarbon-reservoir
characterization and the identification of potential CO, or hydrogen storage sites.
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During the construction of the “Monte Olimpino 2” railway tunnel between Grandate and Ponte Chiasso
(Italy), the presence of a North verging reverse fault called Pedalpine Backthrust (Bernoulli et al., 1989) was
detected. In the following years, the fault was mapped from the city of Como (Italy) to the city of Varese (Italy)
(Bernoulli et al., 2018). The purpose of this study is to verify the extension of the backthrust along the southern
margin of the western sector of the Southern Alps and to analyze its relationships with the structures of the
neighboring Po Plain. The assessment of the Pedalpine Backthrust was performed through the interpretation
of 2D seismic reflection profiles calibrated by wells data. The seismic interpretation highlighted the westward
extension of the Pedalpine Backthrust, outlining a complex structural setting of “en echelon” reverse faults
for a total length of more than 70 Km in the Lake Maggiore area. Furthermore, the study highlighted that the
Pedalpine Backthrust is part of a deep triangle zone involving the Mesozoic carbonate units at the Southalpine
margin. In addition, the backthrust is strictly associated, along a detachment plane at the base of the Cenozoic
terrigenous units, to the Romentino south verging thrust in the central Po Plain area (Fantoni & Franciosi,
2010). The compressional architecture of this sector of the Southern margin of the Alps seems therefore to be
different from the central sector of the Po Plain (Fantoni et al., 2004), probably due to the effects of different
Mesozoic extensional structures. The genetic connection between the Pedelapine Backthrust to the Romentino
south verging thrust allows the dating of the structural system. The two thrusts seem to have settled on the inner
and outer edges of the neoalpine foredeep with the main phases of growth referred to the Upper Oligocene
and the Middle-Upper Miocene. In conclusion, is possible to assert that the deactivation of the system is
substantially pre-Pliocene in age.

Bernoulli D., Bertotti G. & Zingg A. (1989) - Northward thrusting of the Gonfolite Lombarda (“South-Alpine Molasse™)
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Published heterogeneous fault-slip data inverted by Federico et al. (2014) with the best-fit stress inversion
methods provided by FSA (Célérier, 1999) and Win-Tensor (Delvaux, 2011) software are re-examined and
analyzed with the TR method (TRM) (Tranos, 2015) for defining crucial differences in unraveling the paleostress
history of a polyphase deformed region of the Voltri Unit of the Ligurian Alps. The TRM application using
additional compatibility criteria on fault activations calculates site and bulk Andersonian stress tensors, which
are compatible with each other and with the previously documented deformation in the area, in the absence of
any tectonostratigraphic and overprinting criteria. In contrast, best-fit stress inversion methods based solely on
the misfit angle (MA) minimization criterion, even with additional sophisticated techniques, like the Monte
Carlo search method and R-optimization, calculate best-fit stress tensors that might have their principal stress
axes deviating from the vertical direction (i.e., non-Andersonian) and might show substantial diversity among
the different stations. These variations seem to be not due to real changes in the stress state but ‘apparent’
fault-slip data combinations, which are ‘incompatible’ with one another in terms of fault activation, especially
in cases few fault-slip data are recorded at stations of limited spatial scale. More importantly, our analysis
determines five distinct paleostress tensors that provide different paleostress history for the Voltri Unit and the
Ligurian Alps. In particular, we define a transpression stress regime with NW-SE contraction in Late Eocene
and an Oligocene E-W extensional regime, which fits with the E-W extension mentioned for the wider area
north of Corsica, i.e., between Pyrenean and western Alpine domains, due to a major change in subduction
dynamics (Lacombe & Jolivet, 2005). An N-S transtension, under which mutual permutations between 1 and
62 axes occur, gives rise to E-W contraction through strike-slip faults. This regime was considered a local
or transition stress regime between the Oligocene E-W extension and the Miocene transpression. The latter
defines the stress reorganization in the Ligurian Alps due to the decrease in the retreating rate of the Apennines
slab, and it changed progressively from ENE-WNW to NNE-SSW contraction.

Célérier B. (1999) - Fault Slip and Stress Analysis (FSA).

Delvaux D. (2011) - Version 3.0 and above of the Win-Tensor Program.

Federico L., Crispini L., Vigo A. & Capponi G. (2014) - Unraveling polyphase brittle tectonics through multi-software
fault-slip analysis: The case of the Voltri Unit, Western Alps (Italy). Journal of Structural Geology, 68, 175-193.

Lacombe O. & Jolivet L. (2005) - Structural and kinematic relationships between Corsica and the Pyrenees—Provence
domain at the time of the Pyrenean orogeny. Tectonics 24, TC1003.

Tranos M.D. (2015) - TR method (TRM): A separation and stress inversion method for heterogeneous fault-slip data
driven by Andersonian extensional and compressional stress regimes. Journal of Structural Geology, 79, 57-74.

55



S2.
Evolution of sedimentary basins: an integrated approach

CONVENERS AND CHAIRPERSONS

Valentina Rossi (CNR — IGG)
Gianluca Frijia (University of Ferrara)
Marcello Tropeano (University of Bari)

Salvatore Critelli (University of Calabria)



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

The Numidian sandstones of the Molise area (Southern Apennines) in a source-to-sink
perspective

Abbassi A.*!, Cipollari P.!, Fellin M.G.? , Zaghloul M.N.3, Guillong M.2, El Mourabet M.* & Cosentino D.!

! Dipartimento di Scienze, Universita degli Studi Roma Tre, Rome. 2 Department of Earth Sciences, ETH Ziirich,
Switzerland. 3 Département des Sciences de la Terre, Université Abdelmalek Essaadi, Tanger, Morocco

Corresponding author e-mail: anas.abbassi(@uniroma3.it

Keywords: Southern Apennines Chain, Numidian Sandstones, calcareous nannofossils biostratigraphy, detrital zircon
U-Pb geochronology, sandstone petrology.

The Numidian Sandstones are a peculiar deposit made of ultra-mature quartzarenites, widespread throughout
the western Mediterranean, from southern Spain and North Africa to southern Italy. In the southern Apennines,
the Numidian Sandstones were deposited in the Lagonegro—Molise Basin.

Previous studies on the Numidian Sandstones in the southern Apennines have provided contrasting
depositional ages encompassing the late Burdigalian and the Langhian and have debated different source
areas. Most studies suggest that the onset of deposition is Langhian and a direct provenance from exclusively
ancient African orogenies has been recently inferred based on detrital zircon ages and compositional features.

In this work, we report new biostratigraphic, geochronologic and compositional data from the northernmost
deposits of the Numidian Sandstones in the southern Apennines. The analyzed stratigraphic section is located
south of the Guardiabruna village (Molise Region). The study section belongs to the Tufillo-Serra Palazzo
Unit. Here, the Numidian Sandstones are interbedded within medium to fine-grained bioclastic calcarenites
and calcareous marls bearing planktonic foraminifera (Tufillo Fm.), which, in turn, conformably overlie the
Varicoloured Clays.

Quantitative biostratigraphic analysis was performed on the calcareous nannofossils assemblages in twenty
samples from the Numidian succession. The results allow us to refer the Numidian Sandstones deposited in the
Tufillo-Serra Palazzo Unit to the upper Burdigalian-Langhian.

Preliminary detrital zircon U-Pb geochronological data of the Numidian quartzarenites reveal age spectra
dominated by early Palacozoic and older zircon populations similar to the Numidian sandstones exposed in
northern Africa, but a few younger zircons, possibly Alpine and Hercynian in age, are also present. This
suggests a mixture of sources from the African Craton and the western peri-Mediterranean Alpine chain. A
mixed provenance is supported also by our heavy mineral and the petrographic data.

Concluding, the deposition of the Numidian Sandstones in the Molise area occurred in an open-marine
foreland basin, interfering with the sedimentation of the Tufillo Fm. Their age is younger than the Numidian
Sandstones from the Maghrebian Chain (lower Burdigalian). According to these data, we consider the
quartzarenites sedimented within the Tufillo Fm. as recycled from the Numidian Sandstones of the Maghrebian
Chain, as a consequence of the growing and unroofing North African Maghrebian belt.
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Badenian (lower part of Middle Miocene) sediments are of paramount importance of defining the Central
Paratethys in Serbia. The marine deposition in the Neogene of Serbia is limited to the Badenian age. The
locality is situated on the easternmost slopes of Fruska Gora Mt., occupying the Kosevac ridge. Badenian
sediments are confirmed to date in this area at an outcrop along the road leading from Krcedin village to the
Krcedin quarry. Coordinates of the outcrop are 45°10°5”N 20°8’15”E. The whole outcrop is not higher than
2m and contains four lithofacies, which is an excellent object for high resolution sequence stratigraphy. These
sediements are part of a syn-rift climax system tract, according to the sequence stratigraphic scheme devised
by Prosser (1993) and improved by Holz et al. (2017) to fit the rift tectonostratigraphic model. The basin
basement is represented by Lower Cretaceous turbidites exposed at the Kréedin quarry, and the rift strata are
overlain by Quaternary sediments (Andelkovi¢, 2020).

Prosser (1993) defined the syn-rift sediments as belonging to the rift initiation or rift climax system tracts.
So can we describe the found Badenian sediments. The lowest part of the series is represented by coarse-
grained conglomerates belonging to the lithofacies A. It can be defined as rift initiation system tract because it
represents the transgressive surface, probably bounded by the syn-rift unconformity (sensu Holz et al., 2017)
at its base. Lithofacies B is represented by microconglomerates, which indicates less water energy and slightly
more depth, so it would be convenient to assign it to the early rift climax system tract. Finally, lithofacies C
(sandy marl) and lithofacies D (pure marl) can be found. They containt numerous planktonic foraminifera
(Orbulina suturalis, Praeorbulina sp., Globigerina sp.), a much lesser amount of benthic foraminifera (Borelis
melo, Elphidium sp.) and some ostracoda and gastropod fragments (Andelkovi¢ & Batocanin, 2020). These
marls are remnants of a rapidly deepening basin and they can be described as middle rift climax system tract.
After the Badenian age, the basin was rapidly inverted.

Andelkovi¢ F. (2020) - Pleistocene proluvial sediments in the vincity of Fruska Gora: an example from the Kréedin
quarry. Reports of the Serbian Geological Society for the year 2019, 53-59.
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In this study 80 detrital quartz grains coming from 4 sedimentary rocks samples of the Julian Basin
(JB) have been analysed. Quartz can incorporate chemical impurities as defects in the crystal lattice, with
substitution of Si*" with H" and Al™ or B**, by 4H", and with LiOH. These substitutions form specific infrared
absorption bands that can be investigated and analysed (Stalder & Konzett, 2012). Fourier Transform Infrared
spectroscopy of quartz was used to investigate the sample set with interest to its OH defect speciation and
content. OH defects are correlated to petrogenetic conditions, and they may be used as a provenance tool
(Stalder, 2014). Polarized IR spectra can identify these different substitutions and allow to separate them
from molecular water contained in fluid inclusions. Defect water contents were calculated for every different
substitution (if present) by integration of the absorption area in the peaks’ regions.

Julian Basin is a syn-orogenic basin in South-eastern Alps across Italian-Slovenian border, developed in the
Late Cretaceous-Early Eocene. Quartz from the oldest sample (JB1; Maastrichtian) show a pattern suggesting
a mixed source between igneous and non-igneous rocks, with a slight predominance of metamorphic material
supply. Grains from sample JB17 (Thanetian) show the greatest variability in both defects and water content
amount that suggests a different and more complex source. Quartz crystals from samples JB23 and JB26
(Ypresian) show a pattern of water-poor grains suggesting a mainly metamorphic rock type source. The
peculiarity of JB17 is confirmed by several different previous studies based on both heavy minerals and
geochemistry which demonstrated a strong difference in the supplies in the corresponding time interval (Lenaz
et al., 2000; Lenaz & Princivalle, 2002; De Min et al., 2014; Velicogna, 2020).

De Min A., Princivalle F. & Lenaz D. (2014) - Geochemistry of the Late Mesozoic-Early Cenozoic turbidites from the NE
part of Adria microplate. Periodico di Mineralogia, 83, 141-158.

Lenaz D. & Princivalle F. (2002) - Detrital high pressure — low temperature minerals in Lower Eocene deep-sea turbidites
of the Julian Alps (NE Italy). Periodico di Mineralogia, 71, 127-135.

Lenaz D., Kamenetsky V. S., Crawford A. J. & Princivalle F. (2000) - Melt inclusions in detrital spinel from SE Alps
(Italy-Slovenia): a new approach to provenance studies of sedimentary basins. Contr. Min. Petr., 139, 748-758.

Stalder R. (2014) - OH-defects content in detrital quartz grains as an archive for crystallisation conditions. Sedimentary
Geol., 307, 1-6.

Stalder R. & Konzett J. (2012) - OH defects in quartz in the system quartz-albite-water and granite-water between 5 and
25 kbar. Physics and Chemistry of Minerals, 39, 817-827.

Velicogna M. (2020) - Zircon dating and trace element content of transparent heavy minerals in sandstones from the NE
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Basin evolution results from geodynamic and depositional events, but also from the burial history, that
may be reflected in the diagenetic history recorded in the sedimentary rocks: the multidisciplinary study of
diagenetic phases coupled with basin analyses may provide constraints on the timing of these events.

The petrographic, cathodoluminescence (CL), stable isotope, and microthermometry investigation of inner
platform facies of the pervasively dolomitized carbonate platform of the Norian (Upper Triassic) Dolomia
Principale (Southern Alps, N Italy) identified two major dolomite phases. An early replacement fabric-retentive
dolomite (D1 and D2, respectively replacing the sedimentary facies - from fenestral mudstone/wackestone to
bioclastic packstone and mudstone and stromatolites- and early marine cements) is followed by a later, vug-
and fracture-filling dolomite cement phase (D3, planar-s texture).

The fabric-retentive dolomitized carbonates (<4 pm—30 um, D1) and marine fibrous cements (30 pm—250
um, D2) exhibit dull luminescence under CL whereas the burial dolomite cement (200 pm—500 um, D3)
exhibits zoned luminescence.

The 813C values of the investigated dolomites (D1, D2, and D3) show a narrow range of variation (2.0 to
3.1 %o VPDB), pointing toward a fluid-buffered system. Differently, the 5180 values largely varies, ranging
from —12.8 to +1.9 %0 VPDB. In this range, D3 values cluster distinctively between —6.0 to —12.8 %0 VPDB
with respect to D1 and D2, which cluster from about —4 to +1.9 %o VPDB. The estimated oxygen isotope
composition of the parent fluid of D1 and D2 (~0 to —5 % VSMOW) suggests possible contributions from
marine to slightly evaporated seawater, which is consistent with the arid climate and some basin restrictions
suggested by earlier studies, whereas that of D3 (+1 to +5 %0 VSMOW) is consistent with burial fluids.

Microthermometric measurements of the primary two-phase fluid inclusions in D3 yielded a mean
homogenization temperature of 112.4 &+ 8.20C.

These results can be famed in the burial history of the studied basin, providing constraints on the timing
of the diagenetic events. Supposing a surface seawater temperature of at least 20-25°C and a geothermal
gradient of about 40°C/km (during the Early Jurassic rifting that led to the opening of the Alpine Tethys) such
temperature might be reached at reasonable burial depth ranging from 2.0 km to about 2.5 km. According to
the subsidence curve this depth, compatible with the temperature recorded by the fluid inclusions, was reached
during the Early Jurassic, with D3 cement precipitation causing a significant reduction of the porosity.

The followed integrated approach highlights the possibility to better characterize the occurrence of multiple
diagenetic events in time and space, as well as their feedback effects on the porosity evolution of dolomitized
carbonate reservoirs, framing the diagenetic events at basin scale.
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An integrated analysis of subsurface dataset and outcropping successions permitted to define a stratigraphic
and paleogeographic evolutionary model of the wedge-top Rossano and Crotone Basins during the Messinian
Salinity Crisis (MSC). The presence of complete sea-level controlled successions, indicate the dominance
of the eustatic signal in the basin evolution, in comparison with the synsedimentary tectonic input, which
played only a secondary role consisting in the strong basinward shift of facies caused by fast decreasing in the
accommodation space.

In particular, during the late Tortonian - early Messinian the studied basins were characterized by open
normal marine conditions, as suggested by the widespread deposition of deep-water claystones followed
by diatomites (Tripoli Fm). The first basin restriction occurred during the early Messinian at ca. 5.96 Ma,
as a consequence of the sea-level relative still stand, that triggered the deposition of a carbonate platform
system (Calcare di Base Fm - CdB). The latter was characterized by sabkha to shallow-water environments,
dominated by microbial carbonate and evaporite deposition, passing into a gentle slope to basin setting in
which resedimented and pelagic deposits occurred.

A successive regional sea-level drop, dated at ca. 5.60 Ma, induced a general exposure of the CdB platform
system and the creation of a marked erosional surface generally known as the Messinian Erosional Surface
(MES). Consequently, during the early LST, a thick prograding wedge deposited and, due to the reduction of
the connections with the open sea, new more severe restricted conditions of the basins took place.

Later, during the late LST, the massive deposition of salt dominated bodies reshaped the basin paleotopography
and the depocentres were filled, thus sealing the previous irregularities of the paleo-seascape and creating
roughly flat plains without deep depozones.

Afterwards, arenewed transgression phase (T'ST) inundated again the basins, causing firstly the sedimentation
of clay dominated deposits, and later, during a further HST, the reestablishment of evaporitic conditions and
the deposition of widespread shallow-water sulphate deposits.

Lastly, a new severe relative sea-level drop (LST) exposed again all the previous deposits, as testified by
the superimposition of alluvial conglomerates along paleovalleys incised into the underlying HST sulphates.
This event marks the transition to the so-called Lago-Mare event that typifies the last stage of the MSC, which
definitely terminates with the reflooding of the Mediterranean at the Pliocene transition (ca. 5.33 Ma).
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The different environmental conditions produced by the progressive restriction at the Mediterranean-
Atlantic gateways during the early Messinian are abundantly investigated in the deeper water succession,
while the shallow-water record is less explored. Throughout the Mediterranean, the pre-evaporite deposits
in the deep-water record display changing lithologies, from hemipelagic marls and limestone alternation to
sapropelitic marly limestone and euxinic clays. The shallow water successions are generally characterised by
luxurious coral reefs developed in the Mediterranean area, with some, locally restricted, exceptions. During the
early Messinian a first record of the progressive decay of trophic conditions in shallow water environment has
been reported in the Majella structure (Central Apennines, Italy). Here the lower Messinian is represented by
the Lithothamnion Limestone carbonate ramp that constitutes the uppermost carbonate unit of the Bolognano
Formation. This ramp developed in the paleo Adriatic sea and it was characterised by a wide middle ramp
environment in which coralline algae dominated carbonate production. This facies was associated with seagrass
meadows colonizing the inner ramp. The outer ramp was characterized by bioturbated hemipelagic marl with
planktonic foraminifera, pectinids and brachiopods in the aphotic zone.

In this work we present facies and geochemical data providing evidence for an early, and repeated, onset
of a restrictive environmental development, characterising and the Lithothamnion Limestone carbonate ramp.
A stratigraphic section of ramp succession was measured in the eastern sector of Majella structure (Taranta
Peligna), fourty bulk-rock samples were analysed for carbon isotopes then correlated with Mediterranean stable
isotope record. Redox-sensitive elements (ICP-MS) was performed on twenty-five bulk rock samples. On these
samples the Total Organic Carbon (TOC) was also measured using the Loss-On-Ignition (LOI) techniques. The
foraminiferal content was analysed under a binocular microscope and classified for bio/chronostratigraphic
attribution.

The general negative carbon isotope trend recorded of the investigated section is interpreted as the record
of the final stage of the Late Miocene Carbon Shift. Trends in the redox-sensitive elements are indicative
of an evident decrease in bottom-water oxygen content and coinciding with the drowning of Lithothamnion
Limestone carbonate ramp. The drowning coincides with the occurrence of Globorotalia nicolae (MMi 13b
zone), when a conspicuous terrigenous input marked by a spike of Al and TOC content was recorded in the
investigated succession.
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The mutual relations between the trunk river and its tributaries may influence grainsize and composition
of sediments stored in the subsurface of alluvial plains. Although tributary rivers can supply large volumes
of clastic material to alluvial basins, the preservation potential of tributary-river deposits is highly debated.
The Po Plain is fed by the Po River and by a dense network of transverse tributaries draining the nearby
Alpine and Apennine chains. Stratigraphic, sedimentological, petrographic and geochemical analyses on core
sediments permitted to: (i) characterize the three-dimensional geometry and composition of Po and Apennine
sedimentary units; (ii) examine the patterns of sediment dispersal and depict the major shifts in sediment
provenance between the Po—Alpine and Apennine river systems; (iii) estimate the extent to which tributary
rivers contributed to sediment accumulation in the Po alluvial basin; (iv) discuss the main factors that influenced
sediment deposition and preservation by the Po River and tributary systems since the Middle Pleistocene. Po
River deposits are aggradationally stacked channel-belt sand bodies with high contents of quartz—feldspar and
metamorphic rock fragments, combined with high chromium levels. These sand bodies, 20 to 30 km wide, are
replaced southward by finer-grained deposits supplied by the distal Apennine tributary-rivers system. Apennine
sands, confined in narrow ribbons, show lower quartz-feldspar contents, abundant sedimentary lithics and
lower chromium levels. In the last 870 kyr, the boundary between the Po and the Apennine sediment delivery
systems shifted along a north—south axis in response to distinct controlling factors. From ca 870 to 450 kyr BP,
the Po River flowed close to the Apennine chain and Apennine-rivers deposition was restricted to a relatively
narrow area of the plain. Soon after 450 kyr BP, the Po channel belt shifted northward by more than 20 km,
probably in response to a prominent tectonic event. Since then, Apennine rivers deposited large volumes of
fine-grained material over a considerably larger area than before. This area periodically narrowed and enlarged
in response to glacial-interglacial oscillations. In particular, Po channel-belt widening during glacial periods
reduced the area for Apennine rivers sedimentation. A 25-30 km wide channel-belt sand body was deposited
by the Po River between ca 52 and 14 kyr BP. The Po channel-belt progressively narrowed after the glacial
culmination. During the Holocene, Po channel patterns became avulsive and distributive. Narrow channel
belts (<3 km) formed along the Po River branches and abundant swamp and poorly drained-floodplain muds
accumulated in interfluvial areas. The temporary deactivation of the southernmost Po river branches resulted
in the sharp widening of the area available for Apennine river sedimentation and permitted the intrusion of
Apennine sediments in the former Po River domain.
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In the western Ionian Basin, a wedge-shaped seismically transparent to chaotic unit has been mapped
at the foot of the Malta Escarpment extending and thinning towards the east on the outer reaches of the
Calabrian accretionary wedge. Its thickness, assuming realistic values of seismic velocity, exceed 800 m in the
depocenter, and the volume is ~ 1600 km3. Its stratigraphic position has been assigned variably between the
upper Messinian (deformed evaporites, mainly gypsum; Butler et al., 2015) and lower Pliocene (olistostrome;
Polonia et al., 2011). A number of recent publications (Micallef et al., 2018, 2019; Garcia Castellanos et al.,
2020; Spatola et al., 2020; Camerlenghi et al., 2020; Rebesco et al., in review) have proposed the hypothesis
that this unit is the sedimentary expression of the Zanclean megaflood of the Mediterranean that ended
the Messinian Salinity Crisis (e.g. Garcia-Castellanos et al., 2007). A number of observational, theoretical
(numerical modelling) and conceptual arguments support his hypothesis, contributing to the discussion on the
role of megafloods in the evolution of Earth terrestrial and marine sedimentary basins, and for comparison, on
planets. We review the arguments in favor of the megaflood hypothesis and illustrate how we plan to verify
it through scientific ocean drilling, proposing that a cross-disciplinary effort should be made to shed light on
what could be the largest megafiood deposit so far identified on Earth and on the role of rapid sealevel changes
in marine sedimentary basin evolution.
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Incised valley-fill (IVF) systems play a key role in source-to-sink (S2S) sediment transport towards
sedimentary basins (Blum et al., 2013).

A buried paleovalley system, about 3.5 km wide and 50 m deep, was reconstructed below the Pescara
River coastal plain (central Adriatic). The study area represents an onshore sector of the larger-scale S2S
Po-Adriatic system and is located in front of the Mid-Adriatic Depression basin. The paleovalley profile,
incised into the marine Upper Pliocene-Lower Pleistocene bedrock, and the 3D IVF facies architecture were
reconstructed through a multi-proxy approach based on stratigraphic, sedimentological and palaeontological
data. To refine stratigraphic and paleoenvironmental reconstructions, a new continuous core was recovered
from the paleovalley depocenter and samples were collected for radiocarbon dating and facies analysis.

At different depths below the surface, paleovalley flanks are characterized by fluvial terraces made of gravel
bodies with upper flat surfaces. These terraces, most likely incised by the Pescara river during the stepwise
sea-level fall that followed the last Interglacial (MIS 5Se, about 125 ky BP), are interpreted as falling stage
systems tract (FSST) deposits. The valley floor is composed of a laterally extensive gravel body, > 10 m thick,
that accumulated during the Last Glacial Maximum (28-20 ky BP, MIS 2). This fluvial deposit represents the
lowstand systems tract (LST). Above LST deposits, the transgressive systems tract (TST) shows a deepening-
upward trend, from poorly-drained (alluvial) to estuarine facies associations (early to late TST). The estuarine
succession is characterized by very soft (< 1 kg/cm?) and organic-rich silty clays, linked to the post-glacial sea-
level rise, when the Pescara paleovalley was progressively drowned and an estuary formed in the study area.
The uppermost part of the IVF and Pescara coastal plain Holocene succession is composed of coarse-grained
(sands and gravels) fluvio-deltaic deposits. The base of this stratigraphic interval coincides with the beginning
of deltaic progradation at the onset of the Holocene (MIS 1), and can be interpreted as the Maximum flooding
surface (MFS). Thus, prograding fluvio-deltaic sediments are the highstand systems tract (HST).

Glacio-eustatic fluctuations (over the last 125 ky) are considered the main driving factor that induced river
down cutting during sea-level fall and subsequent valley filling during sea-level rise.

This study represents the starting point of a more complex basin-scale study, where onshore data will be
correlated to their offshore equivalents to better understand sediment dynamics within the Po-Adriatic S2S
system.

Blum M., Martin J., Milliken K. & Garvin M. (2013) - Paleovalley systems: insights from Quaternary analogs and
experiments. Earth-Science Reviews, 116, 128-169.
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A 2D and 3D re-interpretation of vintage seismic profiles acquired during the 1970s in the area of the Northern
Tyrrhenian Sea between the Elba Island and the Argentario promontory was performend to build a 3D models of the
main structures characterizing the Tuscan shelf. Stratigraphic information were extracted by the Pianosa island surface
geology along with the Martina-1 and Mimosa-1 exploration wells. We identified eight seismostratigraphic units
separated by eight unconformities. Among these seismostratigraphic units, two represent the pre-Neogenic foundation
while six post-orogenic units represent the Neogenic succession covering the Tuscan shelf. The main shallow structures
of the area are the narrow, mostly N-S and NE-SW trending Neogenic basins of Montecristo, Punta Ala and Uccellina,
where the post-orogenic seismostratigraphic units deposited. Effort has been done to unravel the relationship between
the position and evolution of the basins with previous compressive structures, mostly consisting in deep East-verging
thrusts belonging to a previous compressional phase. Intringuingly, and partially in contrast with the literature works
in the area, no evidence of listric and low angle fault systems were observed. A new evolutionary model of the
Tuscany shelf was then proposed. In this view the formation of the Neogenic basins began in the upper Burdigalian
initially as intermontane basins developed along the flanks of the antiforms formed during the compressive tectonics.
The position of the basins, usually recovered at the forelimb vs. the backlimb of the thrust antiforms, influenced the
asymmetrical or symmetrical shape during their evolution. Starting from the Messinian, we observe a general collapse
of the platform, which leads to the deepening of the basins driven by the normal high-angle bordering faults. This
process continues up to the lower Pliocene, when the deactivation of all normal faults is recorded, and conditions of
widespread subsidence are clear throughout the platform, together with the deposition of the two more post-orogenic
units. In this contribution we reviewed the tectonic evolution of the northern Tyrrhenian Sea posing new questions
both on the mechanisms responsible for the extensional processes and on the structures which impacted on such
arrangement, also establishing a new starting point for a full unravelling of the Tuscan Shelf evolution.A 2D and 3D
re-interpretation of vintage seismic profiles acquired during the 1970s in the area of the Northern Tyrrhenian Sea
between the Elba Island and the Argentario promontory was performend to build a 3D models of the main structures
characterizing the Tuscan shelf. Stratigraphic information were extracted by the Pianosa island surface geology along
with the Martina-1 and Mimosa-1 exploration wells. We identified eight seismostratigraphic units separated by eight
unconformities. Among these seismostratigraphic units, two represent the pre-Neogenic foundation while six post-
orogenic units represent the Neogenic succession covering the Tuscan shelf. The main shallow structures of the area
are the narrow, mostly N-S and NE-SW trending Neogenic basins of Montecristo, Punta Ala and Uccellina, where
the post-orogenic seismostratigraphic units deposited. Effort has been done to unravel the relationship between the
position and evolution of the basins with previous compressive structures, mostly consisting in deep East-verging
thrusts belonging to a previous compressional phase. Intringuingly, and partially in contrast with the literature works
in the area, no evidence of listric and low angle fault systems were observed. A new evolutionary model of the
Tuscany shelf was then proposed. In this view the formation of the Neogenic basins began in the upper Burdigalian
initially as intermontane basins developed along the flanks of the antiforms formed during the compressive tectonics.
The position of the basins, usually recovered at the forelimb vs. the backlimb of the thrust antiforms, influenced the
asymmetrical or symmetrical shape during their evolution. Starting from the Messinian, we observe a general collapse
of the platform, which leads to the deepening of the basins driven by the normal high-angle bordering faults. This
process continues up to the lower Pliocene, when the deactivation of all normal faults is recorded, and conditions of
widespread subsidence are clear throughout the platform, together with the deposition of the two more post-orogenic
units. In this contribution we reviewed the tectonic evolution of the northern Tyrrhenian Sea posing new questions
both on the mechanisms responsible for the extensional processes and on the structures which impacted on such
arrangement, also establishing a new starting point for a full unravelling of the Tuscan Shelf evolution.
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Fault-controlled deposits are important in basin analysis because they are prone to record tectonic events
and changes in sea-level that operated during basin evolution. They also represent reservoir targets for CO,
storage and exploration of energy resources.

Fault-controlled systems develop in tectonically active basins forming tens to hundreds of meters thick
coarse-grained wedge-shaped successions. Usually, the higher the syn-depositional cumulative displacement
created by the fault, the thicker the deposit stacks. Fault-controlled deposits are typically physically disconnected
from their more proximal counterpart located on the footwall, although genetically linked to it.

Fault-controlled Gilbert- and shelf-type deltas and base-of-slope deposits have been recognised and
documented in both modern and ancient systems but little emphasis has been dedicated to the embryonic
phase reflective of an unsteady state. Neither is a model available for the prediction of the evolution of these
depositional systems through time and space. Using a triangular diagram having discrete categories representing
end-members (i.e. Gilbert- and shelf-type delta and base-of-scarp systems) infinite numbers of mixed systems
can be produced depending on the interaction among sedimentary supply, relative sea-level changes, and
extensional rate (Chiarella et al., 2021).

Using subsurface and outcrop examples, the vertical and lateral evolution along the controlling fault, as
well as the internal architecture and typical facies tract related to the different depositional stages and the final
end-member of the fault-controlled systems are presented. Analysis at seismic, outcrop and facies scale show
that understanding the interaction between fault-activity and sedimentation is fundamental for the correct
reconstruction of the basin evolution and prediction of reservoir scale properties (e.g., Thomson et al., 2020)
of fault-controlled systems.

The project is part of the ‘Fault-controlled deposits’ Joint-Industry project supported by Aker-BP, DNO,
Neptune Energy, and Spirit Energy.

Chiarella D., Capella W., Longhitano S.G. & Muto F. (2021) - Fault-controlled base-of-scarp deposits. Basin Research,
32, 1056-1075, https://doi.org/10.1111/bre.12505.

Thomson P.-R., Jefferd M., Clark B.L., Chiarella D., Mitchell T.M. & Hier-Majumder S. (2020) - Pore network analysis
of Brae Formation sandstones, North Sea. Marine and Petroleum Geology, 122, 104614, https://doi.org/10.1016/].
marpetgeo.2020.104614.
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The role of sea-bottom topography in the dispersal of shallow water-derived calciturbidites across a
submarine rift, as determined by the local extensional architecture, is under-investigated, namely with
pelagic settings along ancient passive continental margins. A comparison with modern carbonate platform/
basin analogues, or with siliciclastic systems, is not always feasible, as ancient carbonate systems were
commonly home to anachronistic environments (e.g. the Western Tethyan Mesozoic). Geological mapping
of the Jurassic rift basin exposed in the Apennines of Central Italy revealed a complex pattern of intrabasinal
highs (pelagic carbonate platforms) and intervening basins, controlled by the high density, and oddly variable
trends, of faults rooted in a shallow detachment layer corresponding to thick Triassic salt. A map pairing the
occurrences of resedimented beds in pelagic successions with an updated palacogeography becomes therefore
the natural descriptor of the itineraries followed by sediment gravity flows. This qualitative method represents
a companion, or even alternative, approach to the one strictly based on physical stratigraphy, and it greatly
improves our knowledge of regional geology and rift-basin analysis. Our study focuses on: i) a reconstruction
of the palaeotectonic architecture of the Umbria-Marche Basin in the Jurassic, and on ii) how this architecture
produced a submarine topography which governed the dispersal of sediment, shed by the neighbouring Lazio-
Abruzzo Carbonate Platform, for >40 million years. Geological mapping, coupled with the measurement and
correlation of stratigraphic sections, shows that the marginal palaeoescarpments of pelagic carbonate platforms
formed obstacles to the gravity flows as sediment load was discharged in confined basins at their toes and/or
flows were deflected and forced along alternative itineraries. While turbidity currents were locally vigorous
enough to climb the escarpments, leaving graded and laminated overbank deposits on the pelagic carbonate
platform-tops, a “shelter” effect is evidenced by the resediment-free nature of those basins lying downflow,
which were shielded by the highs. Our case study potentially represents the analogue of hydrocarbon fields
both inland and in the offshore.
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The Cilento Group (Langhian-to-Tortonian) is a thick turbiditic succession (1200-2500 m) of the Southern
Apennines foreland region that unconformably overlain the Lucanian oceanic terranes. It has been divided
into four formations from NW to SE: the Pollica, San Mauro, Torrente Bruca and Albidona formations. Here,
the post-depositional history of the upper portions of the Cilento Group, the San Mauro Formation (SMF), is
discussed.

The SMF consists of 1400-1600 m thick succession characterized by three main turbidite facies associations:
outer-fan, middle-fan, and inner-fan. The outer-fan facies association characterizes the lower part SMF and is
made by 300-500 m of thin-bedded sandstones and thick mudstones and marlstones. Numerous intrabasinal
carbonate turbidite beds paired with a coarse-grained volcaniclastic layer are interbedded with the outer-fan
deposits. The middle-fan facies association define the middle part of the SMF and is represented by a section
of about 700 m thick sandstone-lobe turbidite beds and thin fan-fringe deposits. Two impressive intrabasinal
carbonate megaturbidite beds, 65 m and 35 m in thickness, respectively, are interbedded with sandstone-lobe
strata. The inner-fan facies association typify the upper part of the SMF and is characterized by 400-500 m
thick succession of channelized coarse-grained sandstone and conglomerate turbidite beds.

Sandstones are generally characterized by quartzolithic, volcanolithic and quartzofeldspathic composition,
whereas hybrid arenites and calcarenites characterize the carbonate megabeds.

Several diagenetic processes reducing porosity and permeability, such as compaction and cementation,
occurred within the SMF. In particular, framework grains result deeply compacted, as testified by the common
deformation of ductile grains (mainly micas) and detrital matrix. Cementation occurred through the precipitation
of different minerals. The main cements are: 1) carbonate, such as calcite and less dolomite, playing an
important occluding role along intergranular space, even running a quite replacement in quartz and feldspar
grains ; 2) authigenic quartz occurring as little overgrowths or as minor mosaic quartz; 3) phyllosilicates,
mainly developing in the upper part of SMF as pore filling chlorite cement or as small and incomplete illite
coatings on skeletal grains; 4) Fe-oxides occuring as pathchy or pore-filling cements.

The pore system consists of inter-intra-granular pores with a small pore radius and fractures. The relationship
between the compactional porosity loss (COPL) and the cementational porosity loss (CEPL) testifies that
compaction is the main reduction porosity process for SMF sandstones. Burial analysis suggests two phases of
intense subsidence, interpreted as the result of syn-orogenic extension at shallow crustal levels intermitted by
periods of low sedimentation rates, linked to gravitational instability of a vertically growing orogen.
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We present PALEOSTRIPv1.0, a MATLAB open-source software designed to perform 1D, 2D and 3D
backtracking of paleo-bathymetries. PALEOSTRIP comes with a Graphical User Interface (GUI) to facilitate
computation of sensitivity tests and to allow the users to switch on and off all the different processes and thus
separate the various aspects of backtracking. As such, all physical parameters can be modified from the GUL
It includes 3D flexural isostasy, 1D thermal subsidence and possibilities to correct for prescribed sea level
and dynamical topography changes. In the following we detail the physics embedded within PALEOSTRIP
and we show a few applications on a drilling site (1D), a transect (2D) and a map (3D), taking the Ross Sea
(Antarctica) as a case study. PALEOSTRIP has been designed to be modular and to allow users to insert their
own implementations.
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Stratigraphical-sedimentological investgations of new and old outcrops allowed to better reconstruct the
post-Variscan Upper Pennsylvanian to Middle Triassic succession in SW Sardinia. It starts with the Upper
Pennsylvanian limnic San Giorgio Fm (Lower Rotliegend), formed by alternations of coarse- to medium-
grained siliciclastics. Intercalations of carbonates and volcanic rocks are present. The unit deposed in a narrow
warm-wet alluvial-to-lacustrine collapse basin. The Early — Middle (?) Permian red bed Guardia Pisano Fm
(Upper Rotliegend) follows: pelites, sandstones, and rare conglomerates are represented. Volcanic rocks are
rare. The unit was deposed in a warm-arid alluvial environment of mid-to low-energy. The Guardia Pisano Fm
is followed by the red bed Upper Permian — Lower Triassic red bed Rio Is Corras Fm (Sardinian Buntsandstein
Group?). It is formed by conglomerates and calcretes with rare sandstones, pelites, and evaporites. This unit
deposed in a warm(hot?)-arid fan-delta to lake environment of variable energy. Stratigraphic type-sections have
been described for all the mentioned units. Scattered red beds of the Guardia Pisano Fm or the Rio Is Corras
Fm are often unconformably posed over the Variscan Cambrian carbonates reliefs. Examples are known in all
the SW Sardinia. At Guardia Pisano the limnic fine deposits of the upper San Giorgio Fm are covered through
a weak unconformity by the Guardia Pisano Fm red beds pointing to a smooth climatic and environmental
transition. The new outcrops found in the S.Giorgio basin area (Iglesias) represent the missing link between the
formerly described stratigraphic units. Here the Rio Is Corras Fm conglomerates are conformably posed over
red bed alternations of pelites, sandstones, conglomerates, carbonates, and evaporites representing the upper
prosecution of the Guardia Pisano Fm: they mark a gradual passage from a low-energy playa to a fan delta -
lake environment. Preliminary petrographic analysis of the S. Giorgio sandstones classify them as litharenites
and sublitharenites. Calclithites have been found. The Guardia Pisano sandstones are litharenites and minor
subarkoses. The Rio Is Corras Fm rare sandstones are all calclithites. Compositional and textural maturity
trends in times suggest repeated cycles of reworking of the landscape under a (warm-hot?) wet to dry climate.
The almost undisturbed superposition of the various units on each other, the growing areal extent in times of
the outcropping units area from the Rio S. Giorgio Fm to the Rio Is Corras Fm, the unconformable setting of
the younger units also on the basement with the growing distance to the hypothesized main depocenter (S.
Giorgio area?), suggest a progressive widening of this depositional continental basin in times, starting as a
narrow basin in Late Pennsylvanian times and merging in the end with the wider extensional basins related to
the W-Tethys rifting. Subsurface data by drills suggest at least 350 m of thickness.
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The Crotone Province (Calabria - South Italy) extends for a total surface of circa 1.736 km? in which a
wide spectrum of geological, geomorphological and tectonic configurations alternate from the mountainous
hinterland portions towards the coastal plain settings. Through the integrated collection of data coming from
separated databases such as Geoportale della Calabria, Geoportale Nazionale, Videpi Project, ARPACAL
Multirisk Functional Center, CARG project, CASMEZ, a complete geodatabase which make available a
wealth of different spatial and cartographic data useful for the study and monitoring of Province of Crotone
was implemented through open source technologies such as Qgis and PostgreSQL.

The processed data consist in:

1) A new unified Geological map obtained through the comparison of the CASMEZ 1: 25000 and CARG the
1: 50000 maps and the reinterpretation of the stratigraphies with the adaptation of the old nomenclature
with the new standards defined by the CARG project;

2) Geomorphological map obtained through the integration of the available bibliography with new data
coming from geoportale della Calabria;

3) Topographic and land cover maps obtained through the processing of both national and regional data;

4) Aspect, Slope and Curvature maps of the studied territory obtained using the Digital Elevation Models
(DEM);

5) Rainfall and drainage density maps obtained through the re-elaboration of the ARPACAL databases;

6) Subsidence and land movements maps obtained though the processing of the ascending and descending orbit
of RADARSAT 1 and 2 (Band C) satellites (2013-2018) using PSP-DIFSAR technique, and the ascending
orbit of the TerraSarX satellite (X Band) and the descending orbit of the CosmoSkyMED satellite (X Band)
(2013-2018) using SBAS technique. Lastly, using the qgis2web plugin an interactive WebMap was created
with the final aim to disclose, query and interactively view as much information as possible from a single
database which also allows periodic updating without major investments and with very low maintenance
costs.
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Eocene flysch deposits are widespread in north-eastern Italy, Slovenia and Croatia and represent the
sedimentation in the foreland basin of the Dinaric chain. Flysch extensively outcrops in the surroundings
of Trieste at the front of the Carso Anticline. The Carso Anticline is a large NW/SE trending structure in the
thick carbonate succession of the Friuli Carbonate Platform, a shallow water carbonate domain representing
the northeastern termination of the large Adriatic Carbonate Platform that stretched from northeastern Italy to
Montenegro and hosted shallow water sedimentation for large part of the Mesozoic and the Cenozoic.

A rather unknown peculiarity of the Trieste flysch succession is that at Castle of Miramare, in the vicinity of
Trieste, it is found in association with a series of large calcareous blocks that make up the promontory on which
the castle is built. Approximately, a hundred calcareous blocks having volumes ranging from about 500,000 m?
to 1,300,000 m?, were identified in previous mapping campaigns. Tonelli (2001) highlighted that the blocks are
made of Eocene platform limestone belonging to the Miliolid, Alveolinids and Nummulites Limestone. The
Miliolids, Alveolinids and Nummulites Limestone represents a phase of carbonate deposition that took place
when the Friuli Platform in this sector was influenced by fore-bulging of the Dinaric chain that was advancing
from the northeast. The blocks overlie and are overlain by flysch, thus testifying that their deposition was,
at least in part, contemporaneous to that of the flysch itself. The presence of marly conglomerate lithofacies,
in places associated to the blocks, has been interpreted as the matrix of a cohesive debris flow of which the
calcareous blocks are olistoliths. Whereas the blocks have been mapped and some of their features identified,
the mechanisms of their deposition are not yet completely understood. In this contribution, we present new
data concerning the characteristics of the calcareous blocks, their spatial relationships with the flysch and the
associated deformations that help shedding light on the processes that operated during the emplacement of the
Miramare olistoliths.

Tonelli N. (2001) - L’origine dei blocchi calcarei del parco di Miramare (Trieste). Tesi di laurea inedita. Universita degli
Studi di Trieste.
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We present a brand new multi-proxy dataset of thermal maturity indicators, which derive from the application
of several analytical techniques on surface and subsurface sedimentary successions. The study area spans from
the Greater Caucasus to the Adjara-Trialeti fold-and-thrust belt (FTB), comprising the intervening western
Kura Basin, in Georgia, and represents a region of continental deformation in the hinterland of the Arabia-
Eurasia collision zone. Original and published clay mineralogy, Raman spectroscopy and petrography on
dispersed organic matter, and pyrolysis data are integrated for the first time in a coherent tectono-sedimentary
scenario. Thermal maturity spans from the low diagenetic realm (60-80°C) in the Upper Miocene section of
the Kura sedimentary fill, to the oil window in the Cretaceous to Lower Miocene successions of Adjara-Trialeti
FTB, Kakheti ridge and Kura Basin (70-120°C), up to about 400°C in the Greater Caucasus core. Integration of
different indicators, besides allowing the estimation of maximum burial temperatures acquired through time,
enabled to draw the tectonic evolution of the area. Different maturity trends and thermal histories, coupled
with structural and stratigraphic data, highlight that the study area comprises two domains derived from
positive tectonic inversion: the E-W Adjara-Trialeti doubly-verging FTB from an Eocene back-arc rift basin
and the SSW-verging Georgian Greater Caucasus from a Mesozoic rift basin. Between the two, thin-skinned
south-verging thrusts deform the Kura Basin and the Kakheti ridge successions, originally deposited on an
extensional structural high which was later flexured during compression. The similar thermal maturity degree
in the Adjara-Trialeti FTB and the Kakheti ridge/Kura Basin areas has been acquired in different time spans:
during Paleogene extension and during Miocene thin-skinned shortening, respectively. The results indicate
that thermal maturation of the sedimentary successions in the Adjara-Trialeti FTB can be ascribed to burial
during rift evolution. The same conclusion can be drawn for the axial zone of the Greater Caucasus, whereas
tectonic overburden may have contributed to the thermal maturity of the rocks in the southern foothills of the
Greater Caucasus: this area needs further work to assess its tectonic evolution.
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Geological mapping of the Longobucco Basin (NE Calabria) revealed the multifaceted nature of the
Paludi Formation, an unconformity-bounded, syn-orogenic, turbiditic/megaclastic unit. Sedimentology and
lithostratigraphy were merged with nannoplancton and macroforams analysis. The Longobucco Basin belongs
to the Calabria Peloritani Arc, an exotic crustal fragment, scraped off from its original paleogeographic
position along with other continental ribbons (Kabilie, Alboran, Rif) and accreted to the Apennines during the
southeastwards retreat of the Adria-lonian slab. The Longobucco Basin hosts a Meso-Cenozoic succession
overlying the Hercynian basement, and it records polyphase deformation: i) two extensional phases in the
Early Jurassic, related to opening of the W Tethys, ii) a compressive phase in the ?late Oligocene/early
Miocene followed by a poorly constrained extensional event. The Mesozoic succession ends with Hauterivian
Maiolica-like deposits and is unconformably overlain by the Paludi Fm, which exhibits three lithofacies:
a) reddish marls and shales (“Scaglia” facies), b) turbiditic sandstones and hybrid arenites, and c) clast- to
matrix-supported breccias. The reddish marls are locally cannibalized by megaclastic and turbiditic deposits.
Lithofacies (c) includes two mass transport deposits (MTD), >100m thick in the depocentres and with a lateral
continuity of 6km. The basal megaclastic interval rests on the basement through a basin-wide SW-dipping
onlap surface. Lithofacies (b) bears chaotic intervals, slumped megabeds to debrites, and calcarenites/hybrid
arenites bearing macroforams in the form of resedimented loose grains forming biostratigraphically coherent
assemblages, suggesting they are penecontemporaneous with the turbidites and thus provide reliable ages.
Nannoplancton from the hemipelagites served for cross-checking the ages derived from benthic forams. Both
methods produced an early Eocene age (Ypresian) for the basal Paludi and a late Oligocene/?Aquitanian age
for the top.

The style of basal interaction of the MTD with the substrate varies, with two main modes: i) deep plastic
deformation of the substrate paired with sand injections, and ii) erosion, with scours and grooves. Clasts
pertain to the Mesozoic succession or to the basement (phyllites, granitoids), ranging in size from pebbles to
megablocks (longer axis up to 220m). Semi-consolidated clasts and bedstacks display common ductile/brittle
features (asymmetric rootless folds, pseudo sigma structures, boudinage, shear zones). As sedimentation of the
Paludi Fm is mainly the product of mass wasting processes, the unit as a whole can be referred to as a Mass
Transport Complex.

Clast composition, paired with biostratigraphic ages, suggests the Paludi Fm was sedimented in a foredeep
setting, receiving the products of the dismantling of an Alpine orogen. This was followed by shortening during
a proto-Apenninic phase, and eventually by accretion to the Apenninic orogen.
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Over the last decade, there has been a resurgence of interest in the climatic and tectonic mechanisms that
drove the Messinian salinity crisis (MSC) and the associated deposition of thick evaporites. The MSC represents
an unprecedented palaeoceanographic change that led to a very short (c. 630 kyr) ecological and environmental
crisis (Andreetto et al., 2021). However, across the Levantine offshore basin, the sedimentological nature of
the top evaporitic units and the mechanisms that controlled the transition from a hypersaline evaporitic unit
to brackish deposits (final MSC stage 3) are still disputed. Here, we re-evaluate the deposits associated with
the terminal phase of the MSC (ca. later stage of 3.2 by Meilijson et al.,2019) , named in offshore Lebanon
as the Nahr Menashe deposits (NM, Madof et al.,2019). We describe the NM seismic facies, characterize
and map its internal seismic stratigraphy, and provide a new interpretation of its depositional environment,
which persisted during the late Messinian and then evolved through a regional reflooding event. The base of
the NM and some of its internal units overlies semi-circular depressions, randomly distributed linear marks
and surface collapse features, which are indicative of a period of intense evaporite dissolution. The NMU
seismic facies observed from the slope to the deep part of the basin support the interpretation of a layered salt-
evaporite-sand depositional system subject to complex reworking, dissolution, deposition, and final erosion. A
drainage network of valleys and complex tributary channels incising into the top NM shows marked erosional
characteristics, which indicate a dominant southwards sediment transfer following deposition of the NM. This
erosional drainage network formed due to the base-level fall associated with the last phase of the MSC. The
base of the channel/valley network does not cut below the bottom of the Narh Menashe dissolution surfaces.
The channel and valley network was subsequently infilled by layered sediments interpreted here to represent
the post-MSC marine sediments deposited during reflooding. Our analysis point out that the NM may represent
a mixed evaporite-siliciclastic affected by karstic processes, deposited or re deposited in a shallow marine or
lacustrine during the tilting of the offshore Lebanese basin . Only subsequently did the NM experience a rapid
erosional event followed by swift burial of transgressive/high-stand sediments.

Andreetto F. Aloisi G., Raad F. Heida H., Flecker R., Agiadi K., Lofi J., Blondel. S, Bulian.F., Camerlenghi A., Caruso
A., Ebner R., Garcia -Cstellanos. D., Gullier V., Guibourdenche L., Gvirtzman Z., Houyle T.T., Meijer., PT., Moneron
J., Sierro F.J., Travan G., Tzevahirtzian A., Vasiliev 1., Krijgsman. W. (2021) Freshening of the Mediterranean Salt
Giant: controversies and certainties around the terminal (Upper Gypsum and Lago-Mare) phases of the Messinian
Salinity Crisis. Earth-Science Reviews, 103577.

Madof A.S., Bertoni C. & Lofi J. (2019) - Discovery of vast fluvial deposits provides evidence for drawdown during the
late Miocene Messinian salinity crisis. Geology, 47(2), 171-174. https://doi.org/10.1130/G45873.

Meilijson A., Hilgen F., Sepulveda J., Steinberg J., Fairbank V., Flecker R., Waldmann N.D., Spaulding S.A., Bialik O.M.,
Boudinot F.G., Illner P. & Makovsky Y. (2019) - Chronology with a pinch of salt: Integrated stratigraphy of Messinian
evaporites in the deep Eastern Mediterranean reveals long-lasting halite deposition during Atlantic connectivity.Earth-
Science Reviews, 194, 374-398. https://doi.org/10.1016/j.earscirev.2019.05.011.
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The terrigenous sediments of the Bengal deep-sea fan (Indian Ocean) represent an archive of Himalayan
source-to-sink processes. Mineralogical and geochemical data on silt- and sand-sized sediments of the
Bengal Fan turbiditic depositional system allow us to unravel their provenance, to discriminate between pre-
depositional and post-depositional processes controlling sediment mineralogy, and to link their depositional
history to uplift and erosion of different tectono-stratigraphic Himalayan domains.

The IODP Expedition 354 to ~8°N in the Bay of Bengal drilled seven sites along a 320 km transect across
the Fan thus providing a spatial overview of the turbiditic depositional system. A complete section of the
fan and pre-fan deposits was recovered at the deep-penetration U1451 drill site. Eighteen samples from the
shallow drill site U1454 and two deep-penetration drill sites U1450 and U1451 collected down to a depth of
1200 m were analysed, together with four additional samples from drill site U1444 collected during IODP
Expedition 353.

The mineralogical and geochemical variability among different samples, both collected at different depths
within the same core (intra-core) and among cores (inter-core) was investigated. Intra-core mineralogical
variability provides information about provenance changes and/or diagenetic effects, wheras inter-core
variability helps us to check for potential differences associated with lateral shifts of dispersal patterns through
time. The intensity of mineral dissolution in silt versus sand samples will also be analysed to verify whether
least stable minerals are prone to be preserved better in less permeable mud-rich layers.

In Pleistocene sediments down to 400 m below sea floor, rich heavy-mineral suites include hornblende,
epidote and garnet, with subordinate apatite, clinopyroxene, tourmaline, sillimanite, kyanite, zircon, titanite,
and rare staurolite and rutile. In Pliocene-Miocene sediments, the heavy mineral concentration decreases, and
assemblages are relatively enriched in garnet and epidote at the expense of amphibole. The relative abundance
of zircon, tourmaline, and apatite increase progressively in older strata.

Mineralogical and geochemical compositions testify to long-distance provenance from the Himalayan
Range via the Ganga-Brahmaputra fluvio-deltaic-turbiditic system and confirm that the Bengal Fan was a
major sink for Himalaya-derived material since the Miocene. Petrographic and mineralogical data, combined
with biostratigraphic, paleomagnetic, and geochemical evidence, allow us to unravel the sedimentary history
of the Bengal Fan as related to Himalayan uplift, erosion, and monsoon development during the last 10 Ma.
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The tide-dominated Messina Strait (southern Italy) is a 3 km wide marine passageway, whose block-faulted
borders form steep subaqueous zones incised by canyons and gullies. These erosional features retreat towards
the shorelines and are often in direct connection with subaerial valley-bounded river deltas. High-energy
density-flows generated by river floods periodically enter the canyon heads, attaining supercritical-flow regime
and accreting large, upslope-migrating bedforms. Although these bedforms have been documented in recent
studies, little attention has been paid to the definition of the type of delta entering canyon heads, the internal
features of river-influenced deposits accumulated in the nearshore zone, and their interplay with tidal currents
flowing axially to the strait. This study focuses on a Lower Pleistocene coarse-grained succession exposed
along the north-eastern margin of the modern Messina Strait, investigated using conventional facies analysis
and sedimentological logging, integrated with photogrammetric techniques and interpretation of drone-
acquired imagery. Facies confinement between basement blocks suggests a subaqueous delta complex shed
from the tectonically controlled margin of the ancient strait and entering shallowly submerged canyon heads.
Basal breccias, conglomerates and pebbly sandstones exhibiting channel-form discontinuities and upslope
dipping backsets are interpreted as cyclic-step and antidune deposits. Units composed of these facies are
comprised between master erosional surfaces and tidal ravinement surfaces. The tidal ravinements suggest that
canyon infill occurred during a major phase of sea-level rise, punctuated by minor falls and stillstands. These
surfaces are overlain by mixed bioclastic—siliciclastic, arenitic, trough and planar cross-strata, representing
dunes migrating roughly parallel to the palaeo-coastline and originated by tidal currents amplified by the
narrowing of the ancient Messina Strait. Tidal-influenced sedimentation dominated over the fluvial-influenced
processes during the late transgression, overfilling the canyon relief. The exceptionally good exposure of
depositional architectures and facies characteristics is key to outline the general features of a specific type
of delta system, fed by valley-bounded rivers and entering canyon heads in the nearshore of tectonically-
controlled, tide-influenced steep strait margins. The pre-existing subaqueous incised topography forced the
delta front to be split into lobe branches during the canyon infilling, hampering clinoform architectures and
preserving large supercritical-flow sedimentary structures. This study suggests these as possible criteria for the
recognition of similar systems in outcrop or subsurface.
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The Great Oxidation Event (GOE, 2.45 and 2.2 Ga) is a period during which oxygen raised permanently
at appreciable concentration into Earths’ atmosphere. One driving mechanism for the rise of atmospheric O2
could be the emergence of continental landmasses and the increase of subaerial igneous province weathering.
We tested this hypothesis in the Hamersley Basin of Western Australia because here the Turee Creek Group
and the underlying Hamersley and Fortescue groups hosting the Woongarra, Weeli Wolli and Fortescue LIPs,
form a continuous sedimentary sequence deposited between ~2.76 and 2.45 Ga. Here, we report Nd isotope
composition of the different sedimentary rocks (shales, carbonates and glacial diamictites of the Meteorite
Bore Member) forming the 2.45 to 2.1 Ga Turee Creek Group and underlying 2.45 Ga old Boolgeeda Iron
Formation and associated glacial diamictites of the Hamersley Group.

In a mafic-felsic-weathering (MFW) diagram, BIFs, shales, glacial diamictites and carbonates overlap
the Fortescue mafic/ultramafic and Woongarra felsic LIPs. In a eNd(t) vs. 147Sm/144Nd diagram, these
sediments define two trends originating from a similar hydrothermal component but diverging towards two
different subaerial continental reservoirs. One reservoir is radiogenic and is represented by the Fortescue LIP
komatiites while the other one, similar to the present-day upper continental crust, is characterized by the
crustally-contaminated basalts of the Fortescue LIPs and rhyolites of the Woongarra LIP. Additionally, Al-
poor (< 1 wt.%) BIFs with seawater-like REY patterns and eNd(t) values overlapping the LIPs reservoirs
indicate that chemical weathering was also active during sediment deposition. Overall, we see a major shift
in the Nd-isotopic composition in the Hamersley basin at ~ 2.45 Ga. This could reflect either a change in the
sedimentary source because of the emplacement of the Woongarra Rhyolite and Weeli Wolly LIPs, or the
change in the nature of fluid-rock interactions due to the drastic emergence of continental landmasses that
would have exposed larger surfaces and different rocks types to weathering, which collectively approximate
the present-day continental crust. These results are further discussed in light of trace element and Nd isotope
data available from other Archean-Paleoproterozoic basins worldwide.
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A better understanding of the evolution of bottom current circulation and associated deposits is significant
for many applications including paleoclimatology and geological hazard. Besides the large contourite drifts,
bottom currents may generate fields of large sediment waves that, depending on their height and velocity of
migration, may pose severe risk for infrastructures. Conversely, the time span of their paleoceanographic
record is generally relatively short. We use bathymetry data, sub-bottom and seismic reflection profiles and
legacy oceanographic data to analyse the sediment waves occurring in a deep environment (from 2400 to 3800
m water depth at the foot of the Malta Escarpment in the Mediterranean Sea) to understand their evolution in
time, their significance for paleoceanography, and their relation to present day hydrographic conditions. In the
absence of direct stratigraphic information, we use the information from nearby studies and from ODP Site
964 and DSDP Site 374 to constrain the age of the sedimentary successions. We discover that these waves
(about 2.5 km in wavelength, 50 m in eight, with crest sub-perpendicular to the continental slope trend) have
been steadily growing and migrating northward since about 500 ka, although an irregular growth and unsteady
migration is distinguishable since about 1,800 ka. The waves are generated by predominantly alongslope
southward flowing bottom currents compatible with modern hydraulic conditions (mean flow speed of ~5 cm
s, peaks of 15 cm s!). The rate of crest migration (~ 2.0-3.2 mm a™') and the average sedimentation rate (0.64
- 0.69 mm a') are unusually high for deep sea environments away from turbidity currents paths. We infer that
the steady development of sediment waves is produced by a drastic increase in sediment input to the Ionian
Basin resulting from the tectonic uplift in NE Sicily and Calabria and the onset of a relatively steady, low
energy bottom current regime following the Mid-Pleistocene Transition. We attempt to extract information on
orbital cyclicity preserved in the seismic record from the power spectra of virtual seismic traces from the well
preserved succession of 5 visually discernible, regularly spaced sub-units consisting of alternation of high-
amplitude and low-reflectivity packages within the last 500 ka. Peaks in the power spectra can be identified
around orbital obliquity and precession periodicities, while eccentricity appears not to be recorded. We discuss
the results of seismic cyclicity analysis relative to uncertainties of stratigraphic and petrophysical constraints.
The sediment waves along the foot of the Malta escarpment are an excellent candidate for the extraction of a
long, continuous and high resolution sedimentary record of the paleo circulation changes and climate cycles in
the Mediterranean Sea since about 500 ka.
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Palaeovalley systems developed during the last glacial-interglacial cycle and now buried beneath modern
delta-coastal plains occupy a central place in the debate about incised valley systems (IVSs) and sequence
stratigraphy. However, the stratigraphy of Last Glacial Maximum (LGM) interfluvial areas has attracted little
attention compared to the internal fills, because deprived of expanded fine-grained successions and affected by
hiatal surfaces, physically represented by palaeosols. Despite remarkable stratigraphic condensation, interfluves
are prone to preserve the depositional record of successive transgressive-regressive cycles, as they are not
affected by deep river incisions, unless shifts in the valley axis through time. In this study, we analysed the
late Quaternary stratigraphic architecture of the southern interfluve of the LGM Arno palaeovalley (Northern
Tuscany, Italy) by means of facies-based stratigraphic correlations involving a wealth of sedimentary cores.
Facies characterization benefitted from the analysis of the meiofauna (benthic foraminifers and ostracods) found
within reference cores. Palynological data from one core supplied important information about vegetation-
derived palacoclimate conditions, supporting the '*C-based chronological framework.

Above the laterally extensive LGM palaeosol, ~15 m below sea level (b.s.l.), a progradational stacking
pattern of facies testifies the outbuilding of the delta system after the Holocene maximum marine ingression.
Below, down to ~40-50 m b.s.1., the interfluve architecture is typified by a few m-thick floodplain clays with
closely-spaced palaeosols overlying a weakly pedogenised paludal-lagoon succession, superimposed via a
further palaeosol on a tens m-thick alluvial succession, including thick, amalgamated fluvial-channel sands.
Pollen (Mediterranean forest with increasing optimum-like conditions) points to a MIS 5e age for the lagoon
deposits. On the other hand, alluvial intervals contain pollen assemblages indicative of an open/sparse pine
forest typical of glacial periods, specifically the last glacial and the penultimate glacial.

Data integration along stratigraphic profiles allowed to: i) relate the MIS 5e lagoon to the inundation of
an older interfluve associated laterally to a km-wide channel belt likely formed during the penultimate glacial
period (MIS 6) and ii) furnish insights on the evolution of a coastal plain at the onset of glacial conditions,
through its emersion and transformation in an interfluvial area subject to pedogenesis.

Our data suggest a very slowly subsiding setting for the southern portion of the Arno delta plain and,
accordingly, highlight a complex stratigraphic architecture characterised by recurring channel incisions and
interfluve development mainly controlled by glacio-eustatic oscillations.
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The Tertiary Piedmont Basin of NE Italy is an episutural basin which lies at the junction between the
Alpine and Apennine chains. Its late Eocene to Pliocene sedimentary fill is thus important because it may
provide a record of a source to sink system modulated by tectonics. This study focuses on sedimentology and
petrography of the sedimentary succession cropping out in the Arquata Scrivia-Carrosio area, a key sector
separating the Alto Monferrato area to the west from the Borbera-Curone sub-basin to the east.

The litostratigraphic succession indicates initial establishment of a conglomeratic fan-delta (Conglomerati
di Savignone and Molare Fms., Rupelian), which is drowned and onlapped by slope hemipelagic marlstone
and channelized turbidites (Gremiasco Fm., Chattian). These are followed up section by a suite of confined
turbidites, mass transport deposits, and channelized turbidites (Castagnola and Costa Montada Fms.,
Aquitanian-Early Burdigalian pro-parte), which record a further deepening culminating in the establishment
of a basin plain environment (Costa Areasa Fm., Early Burdigalian-Langhian). Lastly, from the late Langhian
onward, tectonic uplift resulted in a regional unconformity capped by shelfal marly deposits with storm layers
and hyperpycnites (Marne di Cessole Fm., Langhian).

Quantitative petrographic analysis of the above succession allowed us to recognise 11 petrofacies, which
were compared and contrasted in a stratigraphic perspective. In agreement with previous studies, we identified
lithic fragments from the Voltri Group, the Sestri-Voltaggio Zone, the Ligurian Appenine Units and the Mortara
Volcanic complex, which can be therefore regarded as the main sediment sources. Results show that quartz and
feldspars fractions increase up-section, whereas that of lithics decreases. In the lithic fraction, a decrease in the
content of metamorphic lithics is observed in favour of volcanic and sedimentary lithotypes.

The increase in quartz and feldspars content requires further investigation to be linked to candidate source
terrains (Dora Maira? Cristallino di Valosio?). On the other hand, the increase of the volcanic fraction is
partly coeval to the Mortara Volcanic complex (Upper Oligocene-Lower Miocene), now buried about 50 km
to the north of the study area, and may thus correlate to an acme of volcanic activity and/or dismantling of
its products. Lastly, the increase of the carbonate fraction can be interpreted to reflect the establishment of
carbonate platforms of similar age documented at outcrop both to the N and S of the study area (P. da Cantoni
Fm. of the Basso Monferrato and Visone Fm. of the Alto Monferrato, respectively) and in the subsurface
(Quargnento High) to the N.
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Early Palaeozoic represents a crucial period in Earth history, marked by intervals of life spread alternated
with short-lasting crisis in biological activity. The Zagros Basin (SW Iran) could be a key area for the study
of this time interval, due to the widespread and well-exposed Cambrian-Ordovician successions; nevertheless,
these are still poorly constrained from a sedimentological and stratigraphic point of view. This study, carried out
through a high-resolution facies and microfacies analysis of the Zard Kuh section, aims to give a contribution
to the palaeogeographic evolution of this area. The studied section (296 m thick) includes the upper Mila C
Member and Ilebeyk Formation, referred to the late Cambrian (Furongian) based on acritarch assemblages. The
upper Mila C Member (23 m thick) is mainly characterized by medium to thin-bedded bioclastic packstones to
mudstones grading upward into a nodular limestone unit. A sharp horizon marks the contact with the overlying
Ilebeyk Formation, represented by a shale-dominated interval in the lower part. These mudrocks grade upward
into heterolithic lithofacies, generating a coarsening upward sequence with an increase of siltstone and
sandstone intercalations in the lower-middle part. The coarser-grained layers display scoured basal surfaces,
with common gutter casts, capped by plane parallel lamination and hummocky cross-stratification (HCS).
In the middle part of Ilebeyk Formation, siliciclastic deposits are alternated with relatively thick carbonatic
intervals, showing similar features with Mila C Member. The upper part of the Ilebeyk Formation is dominated
by shales, overlain at the topmost by a 28 m thick unit of micaceous sandstone and siltstone. The sandstone
layers include plane-parallel bedding, trough cross-stratification and long-wavelength HCS. Based on the facies
and microfacies analysis, the depositional system of the studied section is interpreted as a mixed carbonate-
siliciclastic ramp. In the Mila C Member and carbonatic unit of [lebeyk Formation, small cycles characterized
by erosive surfaces and fining upward fossiliferous biomicrites suggest deposition in middle ramp setting,
affected by storm events. On the other hand, the nodular limestone intervals at the top of the carbonatic units
point to deposition below the SWB under a transgressional regime. The shale to heterolithic parasequences
from the Ilbeyk Formation are interpreted as autocyclic fluctuations of the depositional system from lower to
upper offshore environment. In the uppermost part, the sandstone-dominated interval is attributed to shoreface
setting, marking an abrupt change in the bathymetric conditions after a forced regression. The sedimentological
features of the studied area can be correlated with other coeval depositional events at both regional (Arabian
plate) and global (Laurentia and Baltica) scales, providing new constraints for the lower Palaeozoic evolution
of the northeastern Gondwanan margin.
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Modern sand composition of three rivers, reflects the nature of the source region, which lies in the central
part of the Alisitos arc (Peninsular Ranges, Baja California, Mexico). The sand detrital modes correspond
well with the main structural units drained by El Rosario, San Fernando, and San Vicente rivers: (1) the Early
Cretaceous oceanic arc of the Alisitos Group, (2) the Paleozoic to Mesozoic continental margin metasedimentary
rocks, (3) the Cretaceous plutons, (4) the Late Cretaceous to Tertiary sedimentary rocks, and (5) the Tertiary
volcanics. San Vicente, San Fernando, and El Rosario are chiefly fed from erosion of a magmatic arc in various
stages of dissection and mostly consist of minor feldspatho-lithic (FI) to quartzo-litho-feldspathic (qFL) sand
and dominant quartzo-feldspatho-lithic (qLF) and litho-feldspatho-quartzose (IQF) sand. Increasing degree
of dissection is indicated by progressive increase in quartz, K-feldspar, sedimentary and metamorphic, and
decreasing of volcanic lithic fragments. Sand, within the Lv field, microlitic (Lvmi), contains felsitic (Lvf),
and lathwork (Lvl) types, and trace amounts of vitric grains (Lvv), such as pumice particles. Andesitic volcanic
province of the Alisitos arc shed quartz-poor sand containing mainly microlitic lithic fragments and plagioclase,
sand derived from more felsic rhyolites and rhyodacitic and trachyandesitic products contains largely felsitic
volcanic lithics whereas minor lathwork lithics are mainly derived from subordinate basalts. The abundance
of igneous rock fragments and volcanic and sedimentary lithics of the three studied rivers sand faithfully
represents the relative abundance of a heterogeneous [volcanic+plutonict+sedimentary] bedrock exposure in
each drainage basin. In the medium to fine sand of the drainage systems, the transparent heavy minerals suite
includes mainly hornblende, pyroxene, epidote, titanite and zircon, and minor quantities of staurolite, rutile and
garnet. Other heavy detrital species identified in the San Fernando and San Vincente river sand are tourmaline,
sillimanite, kyanite and andalusite. Unstable heavy minerals (Amphibole, Pyroxene and Apatite) predominate
in El Rosario River compared to San Fernando and San Vicente rivers sand that are enriched in the moderately
stable species such as epidote, kyanite and sillimanite. Hornblende and pyroxene grains show mainly corroded
to etched morphologies due to dissolution processes whereas epidote remains unaltered. Pyroxene grains are
more corroded than amphiboles. Sedimentary recycling produced subrounded to rounded in zircon grains in
the San Fernando river sand. Also, sand composition typified by the heavy minerals reflect provenance from
multiple and differently weathered sources. Specifically, San Fernando and San Vincente river abundance
and weathering textures of the heavy minerals match predominant sedimentary and metasedimentary bedrock
lithologies and El Rosario volcanic source rocks.
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This work illustrates a combined modelling approach using digital photogrammetry and geological
modelling to create a high detailed 3D facies model of the inner environment of the Monte Carrubba carbonate
ramp outcropping in the South Sicily. The Monte Carrubba Formation is the youngest marine Miocene
carbonate deposit of the Hyblean region, prior to the Messinian crisis of the Mediterranean. In particular, Faro
Santa Croce outcrop shows the most proximal sector of this ramp.The Faro Santa Croce outcrop offers the
opportunity to investigate and reproduce a highly-detailed facies heterogeneity 3D model for a very narrow
and limited area of few squared kilometers, developed in a tectonically stable area. Within this small areal,
five facies have been recognized and modelled revealing a high level of facies heterogeneity. In this area
marine ooidal shoals (ooidal grainstone to packstone) interfingered with shallow water seagrass environment
(green-algal-floatstone facies and bioclastic grainstone-to-packstone) with abundant mollusc fauna. The distal
part of this vegetated environment (fine mollusc-packstone facies) pass basinward into coral mounds (coral
boundstone).

The combination of digital photogrammetry and 3D geological modelling software has allowed to obtain
a very high-resolution model of facies heterogeneity, evidencing the complexity of facies associations and, in
particular, the development of a facies mosaic that can be underestimated by a classical 1D or 2D field analysis,
especially in limitedly-exposed outcrops.
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The International Ocean Discovery Program (IODP) Expedition 374 aims to investigate the interactions
between water masses and ice sheets in the Ross Sea (Antarctica) to resolve Neogene and Quaternary
relationships between climatic forcing, oceanic changes and West Antarctic Ice Sheet (WAIS) evolution during
the past. Five sites in the continental shelf to rise of the central Ross Sea region were drilled during the 2018
austral summer. Site U1522 is located in the Glomar Challenger Basin and was cores to 701.8 meters below
seafloor (mbsf), recovering ca. 280 m of upper Miocene to Pleistocene glacimarine sediments.

We analyzed in continuum the Miocene-Pliocene section of the cores, logging and describing every gravel
size clast (> 2mm), which we categorized by lithology into 9 groups (intrusive rocks, quartz fragments, basaltic
rocks, dolerite, metamorphic rocks, sedimentary rocks, felsic porphyries, and mud intraclasts). Moreover, 40
pebbles and cobbles were sampled for the petrographic characterization in thin section from the upper Miocene
interval of the site (between ca. 700 and 490 mbsf). The most common logged lithologies are low- to medium-
grade metamorphic rocks, which are mainly biotite + white mica meta-sandstones, schists, and gneisses; felsic,
and minor mafic, intrusive rocks and porphyries are present in lower numbers. Basaltic rocks are widespread
along the cores, whereas dolerite clasts are rare in the depositional record. A major change of clast lithology
assemblage occurs below the Miocene-Pliocene boundary, where a percentage decrease of intrusive and
basaltic rocks, associated with an increase of metamorphic ones and minor of dolerite, is recorded. Above
the regional scale Ross Sea Unconformity 3 (RSU3) a percentage increase of intrusive clasts is also recorded.
These changes could reflect shifting sediment supply in response to a new WAIS configuration.
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The Norian (Late Triassic) extensional regime that preceded the Jurassic rifting led to the identification of
numerous fault-controlled intraplatform basins, segmenting and dismembering the carbonate inner platform
of the Dolomia Principale, which during the Norian age extended from Hungary to Central Italy, including the
Southern Alps.

In the Central Southern Alps (Lombard Basin), the Norian rifting is documented by numerous faults with
normal throw, dislocated sometimes by transfer faults.

The Norian tectonic regime led to the definition of a set of roughly aligned intraplatform basins, varying in
size from a few km? up to about 100 km?. The paleogeographic picture of the Norian allows us to observe how
these intraplatform basins are located both in the central sector of the Lombard Basin (eg., Aralalta Basin),
and in the easternmost one, between Iseo and Garda Lake (e.g. Magasa —Capovalle Basin). The intraplatform
basins are interpreted as asymmetrical semi-graben delimited by fault escarpments (master-fault) on one side.

The Lombardy basin is bordered to the west by the high of the Canavese area and to the east by the Trento
High. It can be divided in two areas separated by the Val Sabbia Fault: the eastern one between Garda Lake
(Ballino Garda Line) and Idro Lake and the western one between Val Sabbia and Brembana Valley.

In the eastern area, basins (eg. Magasa-Capovalle Basin) were characterized by extensional faults with NE-
SW direction displaced by strike-slip faults (possible transfer-fault) with E-W orientation.

In the western area the basins (eg. Lumezzane, Alone and Nave basins) are delimited by transtensive faults
in an E-W direction (only the Nave basin is delimited by approximately N-S faults). The extensional master
faults are generally developed on the western side of the asymmetrical basins.

The distribution of the Norian intraplatform basins in the Southern Alps defines a rift cluster, with faults
belonging to two systems with different present-day orientation. The existence of these two sets that seem to
control the development of basins with different structural directions (roughly E-W and NE-SW in the western
and eastern sectors, respectively) can be explained with three causes: i) Norian transtensional tectonics, with
two conjugated fault systems; ii) post-genetic anticlockwise rotation of fault-bordered blocks during the Alpine
orogenesis that affected the structural corridor between Idro and Garda lakes; iii) existence of two different
Norian events, with different stress fields.

No undisputable evidence supporting one of these three possible causes is clearly available: at the moment
the three hypotheses are all acceptable. Anyway, the presence of basins with differently oriented faulted may
suggest a possible origin related to conjugated transtensional fault systems that acted during the Norian, in the
initial phases of the Mesozoic rifting.
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During Permian, the Pangea supercontinent experienced the most critical and dramatic restocking of its
configuration. Meanwhile, in the Mediterranean region, the occurrence of late Paleozoic siliciclastic strata
experienced peculiar tectonic and climatic environment. Here, we detail the Permian sedimentary succession
types displayed in some portions of the circum-Mediterranean region, providing new insights about the
composition of Permian siliciclastic strata of the basal Apulian Unit, in Puglia 1 well log, and the Sosio
Valley succession in Sicily. Permian sandstones, and related mudrocks, record a synchronously phase of post-
Variscan collision and subsequent final closure of Paleotethyan ocean. Sedimentological and stratigraphic
framework, also associated to the distribution of mineralogical composition of sandstones and mudrocks, are
pivotal factors to reconstruct the sedimentary evolution of the Permian paleogeography.

The Apulia Unit played a critical role because it stood relatively still in the Mediterranean paleogeographical
contest and received a great Permian sedimentary load. Nowadays these strata were intersected in Puglia 1 well
between 7070 m to 6110 m in depth, for 960 m in thickness, with sandstone, mudstone and breccia mostly.
Meanwhile a Sicily Permian succession (the San Calogero Formation) is well preserved, outcropping around
the Sosio Valley (northwestern Sicily), by few tens of meters of marine sandstones and clays strata.

Sandstones of the Puglia 1 Well are quartzolithic, with abundance of quartz and metasedimentary lithic
fragments (mainly phyllite and schist). Feldspars are minor. Sandstones of the San Calogero Fm. in Sicily,
are more variable in composition, from quartz-rich sandstone, to hybrid arenites and calclithite, and include
abundant extrabasinal carbonate fragments and metasedimentary lithic fragments, as such as important
contributions of intrabasinal carbonate grains. Interbedded volcanic and volcaniclastic layers are also present.

These siliciclastic strata experienced a diverse burial history. The Puglia 1 succession presents moderate
carbonate cements, that are dominant, and consist of crystals of dolomite, ankerite and calcite (related to
dedolomitization/calcitization processes of the first carbonates. Mudrocks display K-enrichments, intense
paleoweathering under a hot, episodically humid, climate with a prolonged dry season, and sediment recycling
processes. Meanwhile Sicily succession is pervaded by carbonatic poikilotopic cements mostly, siliciclastic
matrix and less iron cements. Quartz overgrowths are locally present.

In terms of provenance, sandstone detrital modes are typical of quartzolithic sandstones, hybrid arenite and
calclithite: that should be related to the erosion of upper crustal levels of the Variscan orogenic terranes , with
most of metasedimentary and sedimentary rocks occurring in Calabria-Peloritani, southern Alps and in internal
domains of the Circum-Mediterranean orogens.
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The Turkana depression (Ethiopia-Kenya) is a tectonic basin related to the Cretaceous-Early Cenozoic
development of the South Sudan and the Anza grabens filled with a thick sequence of Cretaceous-Paleogene
sediments reaching up to a thickness of 6—8 km. These two NW-SE trending depressions, which likely resulted
from NE-SW extension, were later affected by W-E extension related to the Cenozoic East African Rift
System. The influence of crustal thinning related to these NW-SE grabens on later W-E-related extension is
testified by the marked change in style of deformation from the narrow rift valleys in Kenya and Ethiopia, to a
distributed, basin-and-range-style faulting in the Turkana depression. Despite some local scale reactivation is
visible, large scale reactivation of pre-existing NW-SE structures in the Turkana depression is not obvious, as
it is extensively masked by the sedimentary and volcanic cover; consequently, contrasting hypothesis on the
possible role exerted by discrete pre-existing fabrics have been proposed in the literature.

To address this controversy, we performed analogue models to investigate whether inherited structures,
largely obscured by sediments in the Turkana depression, might have been reactivated during subsequent
tectonic phases. We run 2-layer, brittle-ductile models deformed in two successive phases: a first phase of
NE-SW extension, followed by W-E extension. Different models were subjected to different amount of bulk
extension during the first phase to investigate the influence of this parameter (and the importance of first-phase
structures) on later reactivation. Our models indicate that the amount of deformation in the initial tectonic phase
is key for structure reactivation in subsequent tectonic phases: the larger the deformation in the first phase, the
higher the probability of reactivation. Comparison of the experimental results with nature suggest that, despite
some local fault reactivation, large-scale structures were likely not reactivated in the Turkana depression.
These outcomes represent a useful tool to decipher fault reactivation, not only in the Turkana depression but
also in tectonic basins worldwide, especially where thick sedimentary covers may mask tectonic structures.
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International Ocean Drilling Projects provide a unique occasion to sample the materials transported into the
subduction zone which control the subduction zone mechanics. In subduction zones a variety of slip styles may
occur, depending on tectonic loading, on sediments permeability and frictional stability. Slip events can range
from stable sliding aseismic creep, to unstable sliding in the form of either slow slip events or fast dynamic
ruptures during earthquakes.

Friction experiments with rotary shear machines can provide insight in the mechanical behavior of sediments
at the fast dynamic conditions expected during earthquakes. SHIVA, a state-of-the-art rotary machine (INGV,
Rome), can apply the boundary conditions expected during earthquakes in the subduction zone at shallow
depth in terms of: normal stress (<25 MPa), fault slip (several meters), slip rate (1-10 m/s) and acceleration
(< 20 m/s?). Moreover, recent technological developments allowed for the first time the effective confinement
of saturated and pressurized non cohesive sediments while at the same time imposing earthquake deformation
conditions. Sediments undergo dynamic weakening, induced by temperature and/or pore pressure increase,
which results in the decrease of strength and therefore a decrease in the level of sustainable shear stress the
material can sustain.

In the recent years, natural materials sampled by IODP expeditions from Costa Rica, Sumatra Andaman,
Hikurangi subduction zones were experimentally tested. Under variable degrees of hydration, these experiments
provide a means of comparing materials between (or within) the different subduction zones in terms of: i)
how fast weakening occurs, or ii) how much energy is being dissipated with respect to the possible energy
stored in the fault rocks, or iii) if and how stress build-up can affect the subsequent earthquake slip. This
allow us to hypothesize how earthquake propagation could be easier in a lithology under a specific hydration
state (Vannucchi et al., 2017). Moreover, the experiments constrain the physical processes controlling fault
weakening thanks to direct measurements of temperature, pressure and shear stress (Aretusini et al., 2021).
Finally, these experiments provide a parametric basis for modelling the earthquake propagation during
megathrust earthquakes (Murphy et al., 2018).

Aretusini S., Meneghini F., Spagnuolo E., Harbord C.W. & Di Toro G. (2021) - Fluid pressurisation and earthquake
propagation in the Hikurangi subduction zone. Nature Communications, 12(1), 1-8.

Murphy S., Di Toro G., Romano F., Scala A., Lorito S., Spagnuolo E., Aretusini S., Festa G., Piatanesi A. & Nielsen
S. (2018) - Tsunamigenic earthquake simulations using experimentally derived friction laws. Earth and Planetary
Science Letters, 486, 155-165.

Vannucchi P., Spagnuolo E., Aretusini S., Di Toro G., Ujiie K., Tsutsumi A. & Nielsen S. (2017) - Past seismic slip-to-the-
trench recorded in Central America megathrust. Nature Geoscience, 10(12), 935-940.
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The subduction complexes develop at convergent plate boundaries and their architecture and the prevalent
operating tectonic processes (e.g., accretion vs. erosion) are dependent on several factors. Among others,
the occurrence of topographic reliefs along the subducting plates, such as oceanic seamounts, is believed to
play a significant role in controlling the dynamic and the architecture of the frontal wedge. Studies of fossil
accretionary complexes showing accreted seamounts can thus provide significant constraints to understand
how the physiography of the subducting plate controls the tectonic evolution of the subduction complexes.

The Durkan Complex is a key tectonic element of the Makran Accretionary Prism (southeast of Iran) and
it was interpreted as representing a continental margin succession (Hunziker et al., 2015). We present here
a multidisciplinary study of the western Durkan Complex, which is based on new geological, stratigraphic,
biostratigraphic data, as well as geochemical data of the volcanic rocks forming this complex. The new data
show that this complex consists of distinct tectonic slices showing deformed successions recording volcanic
activity and sedimentation in a seamount setting. Stratigraphic and biostratigraphic data allow us to recognize
three types of successions. Type-I is composed of a Coniacian — early Campanian pelagic succession with
intercalation of pillow lavas and minor volcaniclastic rocks recording the deep-water stages of growth of a
seamount. Type-II succession includes a volcanic sequence passing to a volcano-sedimentary sequence with
Cenomanian pelagic limestones, followed by a hemipelagic sequence. This succession is characterized by
abundant mass-transport deposits. Type-III succession includes volcanic and volcano-sedimentary sequences,
which are stratigraphically covered by a Cenomanian platform succession. Type-II and Type-III successions
record volcanism and deposition along the flank and the summit of an emerged seamount. Differently from
the interpretations so far proposed for the Durkan Complex, these results indicate that the western Durkan
Complex represents fragments of oceanic seamounts tectonically incorporated in the Makran Accretionary
Prism during the latest Late Cretaceous — Paleocene. The incorporation of Durkan seamounts in the frontal
prism likely caused a shortening of the whole convergent margin and possibly controlled the deformation style
in the Makran Accretionary Prism during Late Cretaceous—Paleocene times. These results further confirm that
the physiography of the subducting plates plays a significant role for the tectonic evolution of the subduction
complexes.

Hunziker D., Burg J.-P., Bouilhol P. & von Quadt A. (2015) - Jurassic rifting at the Eurasian Tethys margin: Geochemical
and geochronological constraints from granitoids of North Makran, southeastern Iran. Tectonics 34, 571-593. https://
doi.org/10.1002/2014TC003768.
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In the geological setting of the Italian Western Alps, the Rocca Canavese Thrust Sheet Unit (RCT) is
a small unit (only a few km?) marking the innermost sector of the Sesia-Lanzo Zone of the Austroalpine
Domain, between the Eclogitic Micaschists Complex to the west and the Canavese Zone of the Southern
Alpine Domain to the east. This unit has been described for the first time by Pognante (1989) as a series of
thin thrust sheets made by pre-Alpine continental crust and upper mantle, separated by blueschists facies
mylonites. Recently, the RCT has been referred to as a subducted-related mélange (Roda et al., 2018, 2019).
This contribution presents new data on the structural and metamorphic evolution of the RCT. This unit is
mainly made of ultramafic, mafic and metasedimentary rocks. Serpentinite crops out in the easternmost part of
the unit in contact with orthoglaucophanite and metasediment, and embeds plurimetric bodies of metagabbro.
Orthoglaucophanite consists of massive to gneissic rocks in contact with metasediment and serpentinite.
Metasediments have significant compositional variations from pelitic/felsic (micaschist and gneiss) to mafic
(Wm-rich glaucophanite). Moving to the boundary with the Canavese Zone, laterally discontinuous masses
of mylonitic orthogneiss occur within serpentinite. Five tectono-metamorphic events have been recognized.
The first event is recorded by a relict foliation preserved in microlithons or as introfolial folds, and whose
mineralogical association (Wm+Lws+GIn in metasediment and orthoglaucophanite) is typical of Lws-
blueschists facies conditions. The second event marks the eclogitic peak of the RCT because it is defined by the
assemblage Jd/Omp+Grt (metasediment, orthoglaucophanite and metagabbro) and by millimetric Omp-veins
(orthoglaucophanite). The third event is responsible for the development of a very pervasive transpositive
foliation defined by Wm+GIn+Ep s.s. assemblages (metasediment and orthoglaucophanite), recording Ep-
blueschists facies conditions. This event led to the formation of millimetric Omp+Chl+Ep s.s. veins in
metagabbro. A general late retrogression under greenschists-facies conditions is recorded by the last two stages
defined in this study: the former develops crenulation cleavage in serpentinite and open to close folds in the
other lithologies; the latter is characterized by PI+Chl millimetric to pluricentimetric veins in metasediment
and orthoglaucophanite.

Pognante U. (1989) - Lawsonite, blueschist and eclogite formation in the southern Sesia Zone (Western Alps, Italy). Eur.
J. Mineral., 1, 89-104.

Roda M., De Salvo F., Zucali M. & Spalla M.I. (2018) - Structural and metamorphic evolution of a tectonic mixing: is
Rocca Canavese Thrust Sheet (Italian Western Alps) a subduction-related mélange? Ital. J. Geosci., 137, 311-329.
Roda M., Zucali M., Regorda A. & Spalla M.I. (2019) - Formation and evolution of a subduction-related mélange: The

example of the Rocca Canavese Thrust Sheets (Western Alps). GSA Bulletin (2020), 132, (3-4), 884-896.
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The subduction of ophicarbonates (i.e., carbonated serpentinites) allows the transfer of volatiles (i.e., water
and CO,) acquired at surficial levels into the deep mantle, thus playing a pivotal role in their recycling in
subduction zone settings at geological timescales. To date, the geochemistry of ophicarbonates has been often
limited to the C-O isotopic signatures of carbonates and poorly is known about the elements hosted in the
serpentine minerals that might provide further information concerning the oceanic genesis and the subduction
evolution of ophicarbonates. Among trace elements that still deserve to be investigated in ophicarbonates, boron
(B) is undoubtfully the most promising isotopic systematic. In fact, serpentine minerals are strongly enriched
in B and their B isotopic signature is a powerful tracer of fluid-rock interactions. Currently, serpentinites from
oceanic derivation are characterized by positive B isotope composition (expressed as 8''B), from +5%o and
approaching seawater value (+39.6%o). In contrast, serpentinites from wedge-derived setting commonly show
negative 8''B signatures, reflecting interaction with slab-derived and ''B-depleted fluids. Data on the B isotopic
signature of ophicarbonates are still lacking.

In this contribution, we present for the first time in sifu B isotope measurements in serpentines from
ophicarbonates with the aim to better unravel ophicarbonates evolution form oceanic to subduction settings.
Samples are from the Alpine-Apennine ophiolite sequence representing a wide range of P-7 conditions. The
petrographic features of these rocks are extensively reported in previous works (Cannag et al., 2020) together
with their whole-rock and in situ geochemistry coupled with C-O and Sr isotopic signatures of carbonates.
Boron isotopes were determined using the recent installed LA-MC-ICP-MS instrument at the Earth Science
Department (University of Milano). Our data highlight how hydrothermal processes may have a strong impact
in the evolution of the B isotope systematic in ophicarbonates, thus influencing the B budget of these rocks
entering and evolving in convergent margins. As serpentinites highly govern the H,O budgets of subducting
materials, the fluids released during the antigorite breakdown at high-P in ophicarbonates will also control
dissolution of carbonates allowing C mobilization that may significantly impacts on the global C cycle.

Canna¢ E., Scambelluri M., Bebout G.E., Agostini S., Pettke T., Godard M. & Crispini L. (2020) - Ophicarbonate evolution
from seafloor to subduction and implications for deep-Earth C cycling. Chemical Geology, 546, 119626.

94



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Oblique exhumation of HP rocks at the southern tip of the Western Alps: a review

Federico L.* & Crispini L.
DI.S.T.A.V. - Dipartimento di Scienze della Terra, dell’ Ambiente e della Vita Universita degli Studi di Genova.

Corresponding author e-mail: Laura.federico@unige.it

Keywords: Ligurian Alps, Voltri Massif, exhumation, transpression, non-coaxial.

The exhumation of high-pressure terrains is a fundamental process that allows us to directly investigate the
output materials of the subduction factory and therefore to study the transformations that the input materials
undergo during their long path down to the mantle and back to the surface.

However, the exhumation process may obliterate peak-related structures and metamorphic associations
at different degrees. In the Western Alps, one of the most studied orogen of the world, some HP terrains
still preserve an almost complete stratigraphy of the oceanic lithosphere (e.g., the Monviso and Zermatt-Saas
Massifs).

On the contrary, the HP rocks of the Voltri Massif and adjoining oceanic units, which crops out at the
southern termination of the Alpine orogen, are at places characterized by a high degree of disruption of the
original stratigraphy.

The Voltri Massif can be divided into two sectors: in the eastern one, the high-pressure eclogitic-blueschist
rocks are frequently embedded as bodies and lenses within serpentinite or metasediments, which act as a low
strength “matrix” that accommodates most of the strain. This has led to the interpretation of the Voltri Massif
as a tectonic mélange, formed inside the subduction channel (Federico et al., 2007).

The western sector, on the contrary, contains relics of disrupted mélange associated to more coherent slices
of metamorphic oceanic lithosphere.

From the structural point of view, the eastern sector is characterized by a steeply dipping foliation, steeply
dipping blueschist to greenschist stretching lineation, high shear strain and prevalent structures typical of non-
coaxial flow (Capponi and Crispini 2002). These structures are formed during a progressive evolution from
blueschist to greenschist facies and are therefore related to the exhumation stage.

On the contrary, the western side of the Massif is characterized by shallow-dipping fabrics and prevalent
structures dominated by flattening. Here HP -structures are better preserved and the greenschist-facies overprint
is less pervasive and static at places.

Combination of new and reviewed structural data collected during several decades of fieldwork, geological
mapping, PT-paths and geochronological data points to a model of exhumation in which a non-coaxial
transpressional zone acted a fundamental role. Important rotation probably occurred at this stage, since the
eastern high-strain zone is now perpendicular to the main orogen strike. This is likely due to the peculiar
geodynamic position of the Voltri Massif, at the tip of the alpine subduction zone and to the interference with
the embryonic Apennine-related deformation events.

Capponi G. & Crispini L. (2002) - Structural and metamorphic signature of alpine tectonics in the Voltri massif (Ligurian
Alps, North-Western Italy). Eclogae Geologicae Helvetiae, 95(1), 31-42.

Federico L., Crispini L., Scambelluri M., Capponi G. (2007) - Ophiolite mélange zone records exhumation in a fossil
subduction channel Geology, 35(6), 499-502; https://doi.org/10.1130/G23190A.1.

95


https://doi.org/10.1130/G23190A.1

© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

The Bogota pyroxenites (New Caledonia): new insights on mantle heterogeneity in young
subduction systems

Ferrari E.*!, Secchiari A.', Montanini A.' & Cluzel D.?

! Dipartimento di Scienze Chimiche, della Vita e della Sostenibilita Ambientale, Universita di Parma. 2 Institut des
Sciences Exactes et Appliquées - Université de la Nouvelle Calédonie, New Caledonia.

Corresponding author e-mail: elisa.ferrari@unipr.it

Keywords: pyroxenites, fore-arc mantle.

This contribution deals with a comprehensive petrological and geochemical investigation of a new set of
subduction-related mantle pyroxenites from the New Caledonia ophiolite. We have investigated pyroxenite
layers enclosed in refractory mylonitic harzburgites from the Bogota peninsula shear zone, which records HT
deformation along a paleotransform fault (Chatzaras et al., 2020 and references therein).

The pyroxenites (~ 5-15 cm-thick) generally cut the peridotite foliation at variable angles, but concordant,
locally boudinaged, layers also occur. The samples of this study display textures ranging from cumulitic to
porphyroclastic or granoblastic-polygonal. They mostly consist of amphibole-bearing websterites (Amp=5-35
vol%; Opx=40-70 vol%; Cpx ~30 vol%), but minor olivine orthopyroxenites (Opx ~95 vol%; + 5 vol% Ol and/
or Cpx) are also present. Accessory phases include high-Ca (An plagioclase, Cr-rich spinel (Cr#=52-73),
sulfides and, occasionally, apatite.

Pyroxenes show high Mg# (Mg# Opx=79-85 and ~92; Mg# Cpx=84-88 and ~94 for the websterites and
orthopyroxenites, respectively), coupled to low Al O, contents. Amphibole is a high Mg# (78-85) edenite.
Application of conventional pyroxene thermometry yield equilibration T=930-995 °C, comparable to the
enclosing harzburgite (~950 °C). By contrast, T calculated with Ol-Sp geothermometer for the mylonitic
harzburgite provide notably lower values (710-740 °C), suggesting slow thermal equilibration for the whole
sequence.

Bulk rocks exhibit variable Mg# (82-91) coupled to REE concentrations ranging between 0.1-10 times
chondritic values, with the orthopyroxenites showing the lowest absolute contents. The pyroxenites display
flat to LREE-depleted (La,/Sm,=0.28-0.92) patterns, together with weak MREE-HREE fractionation (Gd,/
Yb,=1.73-1.92) and Eu negative anomalies. As a whole, clinopyroxene REE patterns mirror bulk rocks at
higher absolute values.

Putative melts in equilibrium with clinopyroxene of the orthopyroxenites yield high Mg# (~80) and strong
boninitic affinity. By contrast, the parental melts in equilibrium with the websterites are characterised by
remarkably enriched compositions (REE abundances up to 100 x ch.), variable LREE-HREE fractionation
(La,/Lu,=3-19) and flat to fractionated HREE (Gd,/Lu =1-2).

Our new results highlight a remarkable heterogeneity of the forearc mantle due to the emplacement of
different subduction-related melts during and after the HT shearing deformation of the host peridotite. We
propose that the geodynamic setting of the Bogota mantle shear zone needs to be revised in the light of
these new results and preliminary “°’Ar/*’Ar dating of amphibole (~56 Ma) from two websterites of this study
(Teyssier, personal communication).

82—86)

Chatzaras V., Tikoff B., Kruckenderg S.C., Titus S.J., Teyssier C. & Drury M.R. (2020) - Stress variations in space and
time within the mantle section of an oceanic transform zone: Evidence for the seismic cycle. Geology, 48, 569-573.
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We present a detailed geochemical and petrographic study on samples from the Lar alkaline igneous
complex, which is located in the Sistan belt (SE, Iran), a poorly studied area of the Alpine-Himalayan orogenic
belt. The complex is composed of intrusive and hypabyssal rocks with shoshonitic to ultrapotassic affinity with
variable silica saturation degree. The most alkaline rocks include lamprophyres, nepheline-syenites and felsic
dykes of phonolitic composition, whereas silica-saturated and over-saturated rocks are represented by syenites/
trachytic dykes and monzonites, respectively. Lamprophyres and nepheline-syenites show petrographic
textures suggesting subsolidus unmixing processes between nepheline and K-feldspar recalling the occurrence
of pseudoleucite and represent the most alkaline potassic rocks of the Oligocene magmatism in the Sistan-Lut
collisional belt.

Incompatible trace element patterns show geochemical features compatible with a subduction-related
setting (i.e., LILE enrichments and HFSE depletions), with the alkaline potassic and silica-undersaturated
rocks characterized by higher LREE/HREE fractionation (La,/Yb, from 12 to 22) with respect to the silica-
saturated and -oversaturated rocks (La/Yb, from 10 to 12).

Preliminary investigation on the mineral chemistry highlights that lamprophyres (mg# 0.70-0.79) are in
fact cumulates of olivine (Fo up to 75) and clinopyroxene (mg# up to 0.83), thus attesting the absence of near
primary melts in the complex. Ne-syenites (mg# 0.50-0.60) show comparable clinopyroxene compositions
(mg# up to 0.82) and equilibrium temperature around 950°C, in agreement with the results of phlogopite-melt
geothermometer. The nepheline compositions in the pseudoleucite textures indicate stabilization temperatures
under 700°C.

The Sr-Nd-Pb isotopic compositions are rather homogeneous and suggest a possible common mantle
source for the Lar igneous rocks and that the crustal contamination/assimilation processes affect only the most
differentiated products. A geochemical and isotopic-based modelling suggests that the metasomatic agents,
which modified the mantle beneath the study area, are mainly constituted by melts derived from carbonate-
rich sediments, whereas melts from carbonate-poor sediments are subordinate. In the general framework of
the Alpine-Himalayan orogen, magmas of the Lar igneous complex show interesting geochemical similarities
with those of the post-leucititic phase of the Neapolitan district in the Roman Magmatic Province, suggesting
analogies in the magma genesis among different sectors of the Tethyan realm.
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The geological record of deep seismic activity in subduction zones is generally limited due to common rock
overprinting during exhumation and only a few regions allow studying well-preserved exhumed deep structures.
The Northern Apennines (Italy) are one such area, granting access to continental units (Tuscan Metamorphic
Units) that were subducted to high-pressure conditions, were affected by brittle-ductile deformation while
accommodating deep tremor and slip and then exhumed back to surface, with only minor retrogression.

Our approach is based on detailed fieldwork, microstructural and petrological investigations. Field
observations reveal a metamorphosed broken formation composed of boudinaged metaconglomerate levels
enveloped by metapelite displaying a pervasive mylonitic foliation. Dilational shear veins occur in both
lithologies, but are more common and laterally continuous in the metapelite. They are mostly parallel to the
foliation and composed of iso-oriented stretched quartz and Mg-carpholite (XMg>0.5) fibres, which are single-
grains up to several centimetres long. These fibres define a stretching direction coherent with that observed
in the metaconglomerate and metapelite, which is marked by K-white mica and quartz. Thermodynamic
modeling constrains the formation of the high-pressure veins and the mylonitic foliation to ~ 1 GPa and 350°C,
corresponding to c. 30-40 km depth in the subduction channel.

Dilational shear veins developed in subducted (meta)sediments are a key indicator of episodic tremors
and slip events (e.g. '). We propose that these structures reflect the repeated alternation of localised brittle
failure, with dilational shear veins development, and more diffuse viscous deformation. These cycles were
probably related to the fluctuation of pore pressure that repeatedly reached lithostatic values. Concluding, these
structures can be considered the geological record of episodic tremors and slip events occurring at >30 km of
depth in the Apenninic subduction channel.

This project has received funding from the European Unions Horizon 2020 research and innovation
programme under the Marie Sktodowska-Curie grant agreement No 839779.

Fagereng A., Remitti F. & Sibson R.H. (2011) - Incrementally developed slickenfibers - Geological record of repeating
low stress-drop seismic events? Tectonophysics 510, 381-386.
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International Ocean Discovery Program (IODP) Expedition 360 drilled 809 m-deep Hole U1473A into
Atlantis Bank Oceanic Core Complex (57°E, Southwest Indian Ridge). A section of lower oceanic crust was
recovered, and nine diabase dikes were sampled at different depths.

Two diabase dikes in [ODP Hole U1473A display magmatic mineral assemblage (clinopyroxene [Cpx]
and plagioclase [P1]) and textures suggesting late dikes emplacement in a relatively cool host rock. The other
seven dikes, sampled between 292 and 469 mbsf, overall display granoblastic textures (named “granoblastic
dikes” by the IODP Exp. 360 Scientific Party) and mostly consist of Pl and brown amphibole [Amph]. They
also include minor Fe-Ti oxide phases and sulfides; minor proportions of Cpx and Opx locally occur in small
discrete pockets. In this study, we investigate textures and mineral chemistry of the granoblastic dikes to
comprehend their formation and to unravel the origin of their relatively high water contents, as documented by
the amphibole modal amounts (~50 vol%).

Cores of the granoblastic dikes typically display either intergranular textures with preserved prismatic
PI crystals, or fluidal textures defining a magmatic foliation. The dike rims are mainly characterized by
granoblastic textures that often grade to foliated textures approaching the dike/host gabbro contact. Felsic
material of dioritic to gabbronoritic composition occurs along most dike/gabbro boundaries. The felsic material
generally shows sharp contacts with the host gabbro, whereas the dike/felsic material contact is irregular and
characterized by a gradual decrease in crystals grain size and Pl/Amph modal ratio from the felsic material to
the dike. The close association between felsic material and dikes suggests that the felsic material genesis is
closely related to the granoblastic dikes.

Brown Amph displays low Cl contents (<0.03 wt%) and lack of substantial chemical variability within
single dikes. Overall, brown Amph has 57-67 Mg#, 7.4-11.4 wt% ALO, 1.9-3.1 wt% TiO, and 1.6-2.8 wt%
Na,O. Anorthite contents (An) in Pl are higher and K, O lower in the deepest dike 42-2b. Also, P1 chemistry vary
between dike cores with higher An to dike rims showing relatively lower An (e.g., dike 42-2b: from An,, and
0.05 wt% K,O to An,, and 0.09 wt% K O). PI-Amph equilibrium temperatures range between 850 and 880 °C
for the deepest analyzed dike and in the interval 750-810 °C for the shallower dikes. The temperature estimates,
together with the observed granoblastic textures and mineral assemblage suggest that the granoblastic dikes
equilibrated under granulite to upper amphibolite facies conditions. Compared to granoblastic dikes from fast-
spreading environments, the U1473A granoblastic dikes contain remarkably higher modes of brown Amph
documenting the involvement of water-rich fluids in their formation. The low Cl contents indicate that such
fluids were not solely of seawater origin but included a magmatic component.

99



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Impact of compositional variability of pelagic clay-rich sediments on the mechanical behavior
of accretionary prism

Remitti F.*!, Mittempergher S. !, Arletti R.!, Polisi M. !, Festa A. 2, Tesei T. * & Aretusini S. *
! Dipartimento di Scienze Chimiche e Geologiche, Universita di Modena e Reggio Emilia. > Dipartimento di Scienze
della Terra, Universita di Torino. * Dipartimento di Geoscienze, Universita di Padova. * INGV- Istituto Nazionale di

Geofisica e Vulcanologia.

Corresponding author e-mail: francesca.remitti@unimore.it

Keywords: pelagic clay, megathrust, accretionary prism.

Geodetic and seismologic data suggest that strain release at subduction plate boundaries can span a wide
range of slip rates, from creeping to ‘normal’ earthquakes, passing through intermediate slip rate as for slow
slip, episodic tremors and low frequency earthquakes. These slip behaviors can coexist or alternate in time,
especially updip and downdip of the so called ‘seismogenetic zone’. In this scenario, although the mechanisms
controlling the nature of slip as well as the relationships between rock physical properties, fault zone
composition and fault slip behavior remain undiscovered, several Authors (e.g. Aretusini et al., 2021) suggest
that in the shallow part of the subduction zone a key role can be played by the frictional properties of the
clay and therefore by the clay content.

We propose the study of pelagic clay-rich sediments of Cretaceous age exposed in the Northern Apennines
of Italy (i.e., the Argille Varicolori del Cassio -AV V-), which represent the frontal part of the External Ligurian
accretionary prism (Vannucchi & Bettelli, 2002). The AVV reached a maximum temperature of 70°-80°C
(Thomson et al., 2010) likely during the collisional stage and after the deposition of the Epiligurian succession,
up to 2 km thick. They consist of broken formations, displaying a complex deformation pattern, which is
characterized by two generations of superimposed mesoscopic folds, faulted layers, boudinage, and pinch-and-
swell structures. Mud injections, swirls, limb thinning, and hinge thickening are commonly associated with
folding. Pervasive scaly fabric is widely observed (Vannucchi & Bettelli, 2002).

Throughout systematic chemical, mineralogical and micro- to meso-structural analyses we relate the primary
sediments composition with the different styles of deformation, from diffuse to localized, which accompanied
the evolution of the exhumed External Ligurian accretionary prism. Our results suggest that: (i) the style and
partitioning of deformation and the shear localization were strongly influenced by even small compositional
changes, (ii) the partition of deformation and shear localization along lithological boundaries were relevant.

Aretusini S., Meneghini F., Spagnuolo E., Harbord C.W. & Di Toro G. (2021) - Fluid pressurisation and earthquake
propagation in the Hikurangi subduction zone. Nature Communications, 12(1). https://doi.org/10.1038/s41467-021-
22805-w.

Thomson S.N., Brandon M. T., Reiners P. W., Zattin M., Isaacson P.J. & Balestrieri M.L. (2010) - Thermochronologic
evidence for orogen-parallel variability in wedge kinematics during extending convergent orogenesis of the northern
Apennines, Italy. Bulletin of the Geological Society of America, 122(7-8), 1160-1179. https://doi.org/10.1130/
B26573.1.

Vannucchi P. & Bettelli G. (2002) - Mechanisms of subduction accretion as implied from the broken formations in the
Apennines, Italy. Geology, 30(9), 835. https://doi.org/10.1130/0091-7613(2002)030<0835:MOSAAI>2.0.CO:2.
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This contribution presents the preliminary results derived from the mineralogical and petrographic study
of hydrothermal alteration of deep seated mantle xenoliths. In ultramafic xenoliths, phyllosilicates are
major products of hydrothermal alteration of the main mineral phases such as olivine, orthopyroxenes and
clinopyroxenes.

Xenolith rich outcrops were found within the Miocene tuff breccias from Valle Guffari. This locality
is situated in the Hyblean Plateau (south-eastern corner of Sicily, Italy), which consists of a thick meso-
cenozoic carbonate sequence and of Neogene-Quaternary open shelf clastics with interbedded volcanic
basic rocks. On the basis of petrographic and compositional features, collected xenolith population may be
divided into: a) ultramafic, which consist of spinel facies peridotites and pyroxenites; b): feldspar bearing
suite, mostly represented by metabasite rocks and anorthosites (Atzori et alii, 1999; Punturo et alii, 2000;
Punturo, 2010). Moreover, Manuella (2011) reports mineralogical investigations on some Hyblean harzburgite
xenoliths, which show serpentinization and related secondary minerals (i.e. sulphides, aragonite, saponite).
In this contest, the purpose of the present work is to describe the formation of phyllosilicates [Catalano et
alii, 2014] obtained from mantle xenoliths from Miocene tuff breccias exposed, in the laboratory, to various
hydrothermal conditions: temperature, 200—-800 °C; pressure, 0.1-1.4 kbar; duration of treatment, 6-21 days.
Xenoliths were characterized in detail before being used as starting material in hydrothermal synthesis. The
starting material and run products were characterized by X-ray powder diffraction (XRPD), scanning electron
microscopy with an energy-dispersive spectrometer (SEM/EDS) and differential scanning calorimetry (DSC)
and thermogravimetry (TG).

Atzori P., Mazzoleni P., Punturo R. & Scribano V. (1999) - Garnet-bearing pyroxenite xenoliths from Hyblean Plateau
(South-Eastern Sicily, Italy). Mineralogy and Petrology, 27, 1-17.

Catalano M., Belluso E., Miriello D., Barrese E. & Bloise A. (2014) - Synthesis of Zn-doped talc in hydrothermal
atmosphere. Cryst. Reseach and Tech., 49, 5, 283-289.

Manuella F.C. (2011) - Vein mineral assemblage in partially serpentinized peridotite xenoliths from Hyblean Plateau
(south-eastern Sicily, Italy). Per. Min., 80, 2, 247-266.

Punturo R., Kern H., Scribano V. & Atzori P. (2000) - Petrophysical and petrological characteristics of deep-seated
xenoliths from Hyblean Plateau, south-eastern Sicily, Italy: suggestions for a lithospheric model. Mineral Petrogr
Acta, 43, 1-20.

Punturo R. (2010) - Contribution to the knowlegde of the Hyblean lithosphere (south-eastern Sicily, Italy): the petrophysical
approach. Rend. Online Soc. Geol. It., 11, 105-106.
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In the ophiolitic sequences, are widespread low potassium albite-rich granite, trondhjemite, tonalite and
granodiorite (e.g. Koepke et al., 2007). Concerning the Tethyan realm, plagiogranites have been recognized as
dikes and beds in the ophiolithic rocks of the western Alps, in Corsica, and in the northern Apennines (Castelli
et al., 2002; Montanini et al., 2006). Also if the oceanic plagiogranites are volumetrically minor in the ophiolitic
sequences, their origin has been largely debated due to importance of these rocks to understand the Earth’s
continental lithosphere evolution of (Marien et al., 2019). Several authors (Berndt et al., 2005) proposed that the
plagiogranites are the products of fractional crystallization of mid-ocean ridge basalt (MORB) magma at low
pressures conditions including, for instance, those exposed in the Oman, Cyprus, Serbia and Turkey ophiolitic
sequences (Milovanovic et al., 2012; Kocsal et al., 2017; Marien et al., 2019). Others Authors (Koepke et al.,
2007) have suggested an origin by partial melting (i.e. anatexis) of cumulate gabbro (Brophy, 2009; Brophy &
Pu, 2012). A further model suggests that plagiogranites formed through the interaction of immiscible liquids with
mafic solutions (Kilig, 2009). Geochemical studies (Koepke et al., 2007; Brophy 2009) stated that the distribution
of some elements, including SiO2, TiO2, and REE, can be used in order to distinguish among these different
processes. The aim of this research is to characterize for the first time, with a petrological and geochemical study,
the plagiogranites from the ophiolitic rocks of the North Calabria Unit of Pollino Massif and to discuss their
origin and geodynamic significance. We also compare the geochemical data of these plagiogranites with those of
Western Alps (Castelli and Lombardo, 2007) and Northern Apennines (Borsi et al., 1996; Montanini et al., 2006)
and with further Mediterranean plagiogranites such as Turkey (Koksal et al., 2017), Cyprus (Marien et al., 2019),
Serbia (Milovanovic et al., 2012) and Oman (Dylek & Furnes, 2009). The results of this work will provide new
contributions and constaints about the geodynamic evolution of the Tethyan realm.

Berndt J., Koepke J. & Holtz F. (2005) - An experimental investigation of the influence of water and oxygen fugacity on
differentiation of MORB at 200 MPa. Journal of Petrology, 46, 135-167.

Brophy J.G. (2009) - La—SiO2 and Yb-SiO2 systematics in mid-ocean ridge magmas: implications for the origin of
oceanic plagiogranite. Contributions to Mineralogy and Petrology, 158, 99-111.

Brophy J.G. & Pu X. (2012) - Rare earth element—SiO2 systematics of mid-ocean ridge plagiogranites and host gabbros
from the Fournier oceanic fragment, New Brunswick, Canada: a field evaluation of some model predictions.
Contributions to Mineralogy and Petrology, 164, 191-204.

Castelli D.C.C., Rostagno C. & Lombardo B. (2002) - Jd-Qtz-bearing meta-plagiogranite from the Monviso meta-
ophiolite (Western Alps).

Castelli D. & Lombardo B. (2007) - The plagiogranite - feti-oxide gabbro association of Verne (Monviso metamorphic
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from southern Tuscany (Italy): Evidence for magmatic differentation in an ophiolitic sequence. Ofioliti, 31(2), 55-69.
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The Acatlan Complex (Puebla state) is the largest outcrop of metamorphic Paleozoic rocks in Mexico.
This Complex is built by metaigneous and metasedimentary units, including polydeformed metagabbros,
metabasites, metapelites, serpentinites and granitoids, which have registered, at least, three independent
orogenic events that occurred between the Ordovician-Silurian and the early Permian. The most pervasive
of these events is the Acatecan Orogen of Early Mississippian age that is characterized for having reached
metamorphic peak conditions in the eclogite facies, at up to 22 kbar and 760 °C (Hernandez-Uribe et al., 2018).
The resulting lithologic and structural diversity has been interpreted as evidence for tectonic processes that
involved a complete Wilson cycle, as well as accretionary processes and the subduction of Paleozoic global
oceans (e.g. Nance et al. 2006; Ortega-Gutiérrez et al., 2018). For this reason, the Acatlan Complex represents
a superb natural laboratory for the complete study of deep-seated inhumation processes and those involved in
the eventual exhumation of the rocks that occur in orogenic convergent margins.

In this work, we present a preliminary study based on the metamorphic retrogression of eclogitic rocks from
the Acatlan Complex. Field and detailed petrographic observations of these eclogites and associated rocks
reveal that their retrogression is preserved in different kinds of microstructures, from plagioclase-epidote and
amphibole-plagioclase symplectites, to chlorite-epidote coronae on garnet and titanite rims around rutile. These
rocks also record retrograde compositional zoning in garnet, tourmaline, epidote, amphibole and phengite, and
different generations of clinopyroxene, garnet, epidote, zoisite, amphibole, plagioclase, biotite, chlorite and
calcite. Our observations suggest that the retrogression and subsequent exhumation of this eclogitic rocks took
place in at least three stages; thus, our data represents the basis for the reconstruction of critical retrograde
segments for the P-T trajectories followed by the Acatldn Complex high pressure lithologies.

This approach provides new elements that eventually could help to solve how HP-rocks generated under
more than 75 km deep where exhumed and brought back to the surface.

Hernandez-Uribe D., Gutiérrez-Aguilar F., Mattinson C.G., Palin, R M. & Neill O.K. (2019) - A new record of deeper
and colder subduction in the Acatlan complex, Mexico: Evidence from phase equilibrium modelling and Zr-in-rutile
thermometry. Lithos, 324-325, 551-568.

Nance R.D., Miller B.V., Keppie J.D., Murphy J.B. & Dostal J. (2006) - Acatlan Complex, southern Mexico: Record
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The Ivrea-Verbano Zone (IVZ) is a well-exposed middle-lower continental crustal section located in the
southern Alps of northwest Italy. This crustal section consists mainly of middle-high grade metapelites and
metabasites (Kinzigite Formation) with numerous marble lenses. In particular, the Kinzigite Formation is
best exposed in the Valle Strona di Omegna, showing progressively higher T conditions, from amphibolite to
granulite facies, with increasing crustal depth. Several previous studies focused on the P-T conditions of the
metapelites and metabasites (e.g., Kunz and White 2019 and references therein).

We present new petrological and geochronological data for metacarbonate rocks occurring at the different
crustal levels. We focus on titanite (CaTiSiO5), which is a common and almost unique accessory mineral in
the metacarbonates for the lack of other petro-chronological tools (e.g. zircon, monazite and rutile). Titanite
may contain numerous important geochemical elements, such as REE, Pb, U, Zr and Nb that are useful for
petrological and geochronological reconstruction (Kohn, 2017). Major and trace elements were determined
for titanite from metacarbonates with different mineral assemblages along the crustal profile. The chemistry
of titanite shows interesting correlations with lithologies, mineral assemblages and titanite modal abundance.
Zr-in titanite thermometer (Hayden et al 2008) provided temperature estimates ranging from 700 to 900
°C, coherently with the high temperature conditions recorded by surrounding metapelites/metabasites at
Carboniferous-Permian interval (Kunz and White, 2019; Redler et al., 2012). The titanite U concentration
ranges from about 20 to 300 ppm; U-Pb dating was only performed for titanite grains from granulite facies
metacarbonate, containing more than 100 ppm of U. Preliminary U-Pb dates range from Middle Triassic to
Lower Jurassic, suggesting a decoupling between Zr-in titanite geothermometer and U-Pb isotopic results.

Hayden L.A., Watson E.B. & Wark D.A. (2008) - A thermobarometer for sphene (titanite). Contrib. Mineral. Petrol.,
155(4), 529-540.

Kohn M.J. (2017) - Titanite petrochronology. Rev. Mineral. Geochem., 83, 419-441.

Kunz B.E. & White R.W. (2019) - Phase equilibrium modelling of the amphibolite to granulite facies transition in
metabasic rocks (Ivrea Zone, NW Italy). J] Metamorph Geol., 37, 935-950.

Redler C., Johnson T.E., White R.W. & Kunz B.E. (2012) - Phase equilibrium constraints on a deep crustal metamorphic
field gradient: metapelitic rocks from the Ivrea Zone (NW Italy). J. Metamorph. Geol., 30, 235-254.
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Shear zones localise most of deformation in narrow areas and provide efficient ways to mobilize significant
volumes of fluids and melts up and down the crust. Deformation may localise if a specific domain focuses
higher differential stress or strain rate with respect the host rocks. This concentration is commonly associated
with variations in rock composition/texture, temperature/pressure conditions or presence of fluid/melts, which
are even likely the dominant factor for weakening.

In this contribution, we investigate exhumed shear zone developed in the middle crust with the aim to
decipher which heterogeneities promoted the strain localisation in a fully ductile regime. We present
microstructural and petrological data to characterise the Pressure-Temperature- Deformation (P-T-D) path
across a major extensional shear zone of the [vrea-Verbano Zone (IVZ, Western Alps) exposed along the Ossola
Valley, the Anzola shear zone (ASZ). The ASZ developed at the transition between amphibolite and granulite
facies conditions and consists of metabasites rock showing mylonitic fabric alternating layers made mainly
of clinopyroxene, amphibole and plagioclase porphyroclasts and in recrystallized grains. The SZ boundaries
consist in undeformed gabbroic rocks to one side and felsic and mafic granulite to the other side. A calcsilicate
layer occurs at the contact among the gabbroic rocks and SZ.

Our preliminary results suggest that deformation in the ASZ took place under granulite/amphibolite facies
conditions at approximately between 650-800°C and confining pressures of around 8 kbar. Microstructural and
textural data indicate that dissolution-precipitation creep is the dominant deformation mechanism. Evidence of
synchronous deformation and mineral reactions of clinopyroxene suggests that metabasite become mechanically
weak during the general transformation weakening process. This process was driven by melt flux deformation
demonstrated by the occurrence of large amphibole porphyroclasts and interstitial ilmenite. Petrographic and
textural observations suggest that the SZ was characterized by melt-rock interaction with the adjacent gabbroic
and metamorphic wall rocks. In fact, our results show that the ASZ is extremely heterogeneous consisting by
alternation of amphibolitic and calcsilicate layers, supported by the geochemical observations (e.g., occurrence
of two different composition cpx: diopside and hedenbergite). The possible pre-existing heterogeneity (i.e.,
layering and grain-size variations) was probably the loci of concentrated shear deformation (Altenberger,
1997) and the magmatic fluids could be the source of clinopyroxene weakness and of the abundant amphibole.
In this last case, geological interpretations already given (Brodie, 1981; Stiinitz, 1998) require reappraisal.

Altenberger U. (1997) - Strain localization mechanisms in deep-seated layered rocks. Geol. Rundsch., 86(1), 56-68.

Brodie K.H. (1981) - Variation in amphibole and plagioclase composition with deformation. Tectonophysics 78, 385-402.

Stiinitz H. (1998) - Syndeformational recrystallization - dynamic or compositionally induced? Contrib. Mineral. Petrol.,
131, 219-236.
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The record of metamorphic conditions may be highly heterogeneous in spatially close rocks with different
rheology and composition. The Cima di Gagnone area in the Central Alps represents such an example, where
1- to 100 s-meter scale ultrahigh—pressure and high—temperature ultramafic lenses are enveloped within
amphibolite—facies metasediments. Structural investigation demonstrate that ultramafics and metapelites
experienced a common Alpine deformation history, excluding their coupling within a tectonic mélange (Maino
et al., 2021). In this contribution, we present new field observations, microstructural and petrological analyses,
and thermodynamic modelling results focused on the metasediments, confirming that these rocks generally
experienced medium pressure and medium temperature conditions of 1.0-1.2 GPa and 640-700 °C, followed
by a retrograde stage around 0.6—0.8 GPa and 600-675 °C. However, a few samples from the immediate
proximity of the ultramafic lenses record significantly higher P-T conditions of 1.3—1.7 GPa and 750-850
°C, approaching the high pressure and high temperature conditions of the ultramafic bodies (1.5-3.1 GPa,
650-850 °C). Mineral/bulk chemistry changes during growth of new mineral phases indicate to local melt/
fluid interaction (i.e., metasomatism) between metasediments and ultramafics during the high temperature
deformation. Preliminary U-Pb LA-ICP-MS dating suggests that zircon grains from the metasomatic reaction
zone have been fully re—equilibrated during the early stage of Alpine exhumation (~36 Ma), while the large part
of the metasediments records only pre—Alpine ages. Our results documented that, even though metasediments
share the same structural evolution with UM, large differences in the local metamorphic conditions (A P up to 2
GPa; AT up to 160 °C) are recorded and are not randomly distributed but they are in relation to: 1) deformation
(micro)structures, and 2) distance from the UM lenses. Moreover, fluid—assisted metasomatism is furthermore
documented as being strongly localized at the interface between ultramafic lenses and the metapelitic host
throughout all part of the metamorphic evolution, including the HP-HT stage. Therefore, in the Cima di Gagnone
type—locality, the interplay between metapelites and ultramafic exerts a crucial first—order control to allow
assemblage equilibrium during HT metamorphism and amphibolite—facies retrogression. Furthermore, the
new findings exclude that the different metamorphic record may be attributed only to differential preservation
during the retrograde path. We finally discuss these new data into the regional P—7—¢—D paths and discuss the
possible processes that controlled the exhumation of HP rocks.

Maino M., Adamuszek M., Schenker F.L., Seno S. & Dabrowski M. (2021) - Sheath fold development around deformable

inclusions: Integration of field-analysis (Cima Lunga unit, Central Alps) and 3D numerical models. J. Struct. Geol.,
144, 104255.
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Multi-scale structural analysis and petrologic investigations are carried out to explore the sequence of
pre-Alpine chloritoid-, staurolite-, and andalusite-bearing metamorphic assemblages in the poly-deformed
crystalline basement of the upper Val Camonica (central Southalpine domain).

The oldest fabric in the Variscan basement of the Upper Val Camonica is the composite S1 foliation. S1 is
supported by contrasting mineral assemblages including garnet, chloritoid, and staurolite that developed under
intermediate pressure amphibolite facies conditions during the Variscan convergence. S1 is intersected by the
dominant late-Variscan greenschist facies foliation S2, which is supported by white mica and chlorite and
truncated, in turn, by the base of Permian siliciclastic sequences. The relationship with the sedimentary covers
defines a minimum age for the tectono-metamorphic evolution of the pre-Alpine basement.

The special feature of the upper Val Camonica basement in the Southalpine framework is andalusite, which
formed in late D1 to early D2 deformation stages. Field relationships and P-T estimates suggest that the Val
Camonica andalusite is pre-mid-upper Permian in age and developed during exhumation immediately after
the Variscan collision. It follows that the upper Val Camonica andalusite has a different age and tectonic
significance with respect to that of other occurrences of pre-Alpine andalusite in the Alps, where andalusite
developed during exhumation of Permian — Triassic high-temperature basement rocks.
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The Soana valley is located on the border between Piedmont and Aosta Valley regions; it offers countless
opportunities for studying the lithological and structural features of the Alpine collisional chain. In particular,
the Upper Soana valley displays, from west to east and from lower to higher structural levels, a natural,
sectional profile across the Gran Paradiso Massif, the ophiolitic Piedmont Zone, the Santanel nappe and the
Sesia-Lanzo Zone. These units represent transposed fragments of the paleo-European continental crust, the
Ligurian-Piedmont ocean basin, and the paleo-African continental crust, respectively.

The study area is located at Colle della Borra (2.578 m), within the Piedmont Zone, where new detailed
observations on the geological context and on lithologies associated to massive sulphide mineralization, were
made. This area pertains to the Colle della Rosa-Dondena Unit (CRD), which has previously been described
as a greenschist-facies tectonic unit interposed between two eclogitic-facies ophiolitic units. The ophiolitic
sequence exposed at Colle della Borra, consisting of dominant calcschists with subordinate metabasites layers,
quartzites and marbles, has therefore been considered to be of Combin type.

In this work, garnet-chloritoid-bearing leaden micaschists, equivalent to those described in previous works
(Battiston, 1984) in the adjacent Rosa dei Banchi klippe (Monte Nero eclogitic unit) were found, suggesting
the presence of a possible eclogitic-facies metamorphic imprint inside the CRD. The long lasting high-
pressure metamorphic history of these micaschists is evidenced by the presence of chloritoid associated either
with a main schistosity together with garnet, or with a primary schistosity marked by relict isoclinal folds.
The lithological contact between the micaschists and the overlying calcschists is gradational, suggesting its
stratigraphic nature.

Furthermore, the finding in calcschists of numerous lawsonite relics completely replaced by epidote, white
mica and quartz is clear evidence of the high-pressure metamorphic signature of the Colle della Borra sequence.
This suggests that the entire CRD, in which the calcschist is the dominant lithotype, may have experienced, a
metamorphic peak at a pressure at least exceeding the greenschist-facies.

The certain presence of previously unreported high-pressure mineral assemblages in the metasediments
of the Colle della Borra ophiolitic sequence calls for reconsidering the tectono-metamorphic evolution of the
entire CRD and marks the starting point for further studies in this area.

Battiston P. (1984) - Geologia di una traversa dal Gran Paradiso alla zona Sesia-Lanzo in alta Val Soana, Piemonte. Mem.
Soc. Geol. It., 29, 209-232.
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Together with the South Tibetan Detachment System in the Himalaya and the Brenner Fault in the Eastern
Alps, the Simplon Fault Zone (SFZ) in the Western Alps is one of the most studied extensional detachment
developed in syn- and post-collisional orogenic settings (Mancktelow, 1985, Cawood & Platt, 2020). The
SFZ promoted the exhumation of the western portion of the Lepontine Metamorphic Dome in the Central
Alps and it shows an asymmetric structure: the hanging wall shows evidences of brittle deformation, whereas
the footwall exhibits ductile deformation resulting in several-hundred meters of mylonites characterized by
amphibolite to greenschist facies conditions, from lower to upper structural level (Campani et al., 2010). The
hanging wall is divided from the footwall by the Simplon Line (SL), a narrow zone corresponding to a brittle
normal fault. The footwall of the SFZ consists of a wide zone (ca. 1-2 km thick) of mylonites referred to as
Simplon Shear Zone (SSZ). A lot of shear sense indicators (SCC’ fabric, K-feldspar porphyroclasts, quartz
grain shape preferred orientation) both at the meso and microscale, point to a top-to-the-SW sense of shear.

In this contribution we present a multidisciplinary study of the SSZ based on kinematic and geochronological
data, in order to characterize the whole evolution of the SSZ.

Kinematic analysis through different methods (SC’, RGN and oblique grain shape foliation) revealed a clear
decrease of the simple shear component in a general shear flow from the lower to the upper structural level,
reflecting an increase of pure shear dominated deformation approaching the SL. Syn-kinematic paragenesis,
microstructures and quartz c-axis fabrics revealed that shear deformation occurred under decreasing temperature
starting from amphibolite-facies up to greenschist-facies. A petrochronological study based on 40Ar/39Ar
stepwise heating analyses on micas from the studied structural transect of the SSZ allowed to constrain the
timing of deformation within the SSZ. Our multidisciplinary approach contributes to better constrain the
kinematic and timing of the SSZ.

Campani M., Herman F. & Mancktelow N. (2010) - Two- and three-dimensional thermal modeling of a low-angle
detachment: Exhumation history of the Simplon Fault Zone, central Alps. Journal of Geophysical Research, 115, 1-25.

Cawood T.K. & Platt J.P. (2020) - Variations in the P-T-t of deformation in a crustal-scale Shear Zone in metagranite.
Geochemistry, Geophysics, Geosystems, 21, €2020GC009384.

Mancktelow N. (1985) - The Simplon Line: A major displacement zone in the western Lepontine Alps. Eclogae Geologicae
Helvetiae, 78, 73-96.
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In continental collisions, first-order thrusts accommodate crustal shortening during the nappe stacking and
the exhumation of the middle crust (Wex et al., 2017). Although several quantitative methods for structural
analysis have been developed over the last 20 years (Xypolias, 2010), few studies in the Sardinian Nappe Zone
have dealt with the identification of vorticity gradient in zones of ductile deformation related thrusting. In this
sector of the Variscan Belt, a km-scale tectonic contact, the Barbagia Thrust (BT; Montomoli et al., 2018),
marks the boundary between the Internal and the External nappes. Meso- and microstructural analysis allow
to define four deformation phases. After a D1 contractional deformation, the D2 related to the BT activity
was associated with the development of a nearly plurimetric thick high-strain zone and a strain partitioning.
The BT displays a top-to-the S-SW sense of shear. All structural elements were refolded by two subsequent
deformation phases (D3 and D4). Kinematic vorticity analysis, on BT mylonite, was performed applying the
C’ shear band (Kurz & Northrup, 2008), the Porphyroclast Aspect Ratio (PAR; Passchier, 1987), and the Rigid
Grain Network (RGN; Jessup et al., 2007). The finite strain analysis was carried out by the centre-to-centre
method (Fry, 1979). Kinematic and finite strain analyses joined with Raman Spectroscopy on Carbonaceous
Material (RSCM; Beyssac et al., 2002) allowed to recognize an increase of the deformation temperature
associated with the BT activity. We detected an increase of the component of simple shear towards the high-
strain zone from both the hangingwall and footwall rocks , i.e the Internal and External nappes. Our work
highlights the importance to unravel first-order thrusts with the same detail as generally used for ductile shear
zone in the hinterland of the belt. Further studies are needed in order to better understand the BT activity during
the exhumation of the internal nappes on the external one.

Beyssac O., Goffé B., Chopin C. & Rouzaud J.N. (2002) - Raman spectra of carbonaceous material in metasediments: a
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Pressure and temperature (P-T) conditions developed in different regions of subduction complexes have
been analysed by means of the 2D numerical code SubMar (Marotta et al., 2006) that models the evolution
of an oceanic subduction until continental collision. Models characterised by different subduction velocities
have been tested to verify: (i) if the velocity of subduction could have an influence on the distribution of
P-T conditions characteristic of different metamorphic facies; and (ii) how the distribution of P-T conditions
predicted by the models can vary throughout the numerical simulation. Distribution patterns of strain rates and
development of different deformation fabrics have also been investigated to analyse under which metamorphic
facies conditions they can be developed easier.

P-T conditions predicted by our numerical simulations show that domains characterised by contrasting
metamorphic conditions, such as granulite and blueschist metamorphic facies, can be simultaneously recorded
in different regions of the subduction complex, in contrast with the widespread idea that different metamorphic
series are representative of peculiar geodynamic scenarios. However, the existence of contrasted metamorphic
domains widens the interpretation of the paired metamorphic belts proposed by Miyashiro (1973) and could
solve the problematic occurrences of contrasting metamorphic imprints that characterise adjacent portions
of collisional belts, as the Variscan metamorphic evolutions observed in different areas of the French Massif
Central (e.g., Jouffray et al., 2020). In addition, the coexistence of different metamorphic series and thermal
gradients in the same geodynamic setting indicates that same tectonic units could have recorded contrasted
P-T conditions during their burial and exhumation path, as suggested for rocks belonging to the subduction
complex of the Alpine belt (e.g., Roda et al., 2020). Ultimately, we verified that mylonitic fabrics can develop
more frequently in metamorphic facies characterised by high P/T ratios, while coronitic fabric can be better
preserved in metamorphic facies with low-to-medium P/T ratios.

Jouffray F., Spalla M.I., Lardeaux J.-M., Filippi M., Rebay G., Corsini M., Zanoni D., Zucali M. & Gosso G. (2020)
- Variscan eclogites from the Argentera-Mercantour Massif (External Crystalline Massifs, SW Alps): a dismembered
cryptic suture zone. International Journal of Earth Sciences, 109(4), 1273-1294.
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Microstructural investigations of late-Variscan trondhjemites (c. 310 Ma) and granites (c. 300 Ma)
from the upper-amphibolite facies Aspromonte Unit of the Peloritani Mountains (NE Sicily; Fiannacca et
al., 2019, 2020) revealed for the first time shear-zone deformation affecting both granitoids during their
cooling, from submagmatic (T > 650 °C) to low temperature solid state conditions (T <450 °C) (Fazio et
al., 2020). The magmatic texture of the granitoids is usually largely preserved, but evidence for non-coaxial
shearing is provided by sigmoidal porphyroclasts, mica fish and rare domino-torn boudins in tiny andalusite
crystals. The occurrence of widespread chessboard quartz, together with rare submagmatic fractures, points
to deformation in the presence of late-Variscan melt, thus constraining the activity of the shear zone during
the post-collisional stages of the Variscan orogenic cycle. Submagmatic deformation microstructures were
largely overprinted by progressive lower temperature microstructures during cooling of the granitoid bodies.
Solid state-high temperature deformation (T > 450 °C) is documented by feldspar bulging, quartz grain
boundary migration recrystallization, ribbon quartz and core-and-mantle structures. Finally, low-T subsolidus
deformation microstructures consist of quartz bulging, subgrain rotation recrystallization, mica kinks and
feldspar deformation twins. No systematic relationship between age or emplacement depth, and deformation
mechanisms has been observed by comparing the microstructures developed in the older trondhjemites,
emplaced at higher depth (c. 0.5 GPa), and in the younger granites, intruding the trondhjemites after their
exhumation at relatively shallow crustal levels (c. 0.3 GPa). The two continuous sequences of submagmatic to
low-temperature subsolidus deformation, recorded in both the older and younger granitoids, suggest a duration
of c. 20 Ma for shear-zone activity associated to middle crust exhumation in the South-European Variscan Belt.

Fiannacca P., Williams L. S., Cirrincione R. & Pezzino A. (2019) - Poly-orogenic melting of metasedimentary crust from
a granite geochemistry and inherited zircon perspective (southern Calabria-Peloritani orogen, Italy). Front. Earth Sci.,
7, 119.

Fiannacca P., Basei M. A., Cirrincione R., Pezzino A. & Russo D. (2020) - Water-assisted production of late-orogenic
trondhjemites at magmatic and subsolidus conditions. Geol. Soc. London Special Publications, 491(1), 147-178.
Fazio E., Fiannacca P., Russo D. & Cirrincione R. (2020) - Submagmatic to Solid-State Deformation Microstructures
Recorded in Cooling Granitoids during Exhumation of Late-Variscan Crust in North-Eastern Sicily. Geosciences,

10(8), 311.
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The direct observation and investigation of rift-related structures at the mesoscale is not so common.
Detailed constraints on the evolution of the main faults and shear zones developed during crustal extension
are not always available. The Ivrea-Verbano Zone in the Italian Southern Alps, sample remnants of the former
Alpine Tethys rifted margin and provide the opportunity to directly investigate rift-related tectonics. We present
the results of a detailed structural and microstructural analysis of the Forno-Rosarolo shear zone (FRSZ, Strona
di Omegna Valley; Rutter et al., 2007; Siegesmund et al., 2008), combined with kinematic vorticity analysis,
P-T estimates and preliminary data for monazite U-Th-Pb geochronological. The FRSZ is a subvertical high-
strain zone oriented NE-SW, it is located in correspondence to the transition zone between the amphibolite and
granulite-facies and developed mainly at the expense of paragneiss, felsic granulites, mafic rocks and minor
calc-silicates. All kinematic indicators are indicative of a sinistral top-to-the-SW sense of shear.

Vorticity analysis (stable porphyroclasts method and C’ shear band method) revealed a non-coaxial flow
with a major component of pure shear (between 60% and 65%) acting together with simple shear.

Amphibolite facies condition of deformation (630 °C by garnet-biotite geothermometer and GASP
geobarometer. The age of the shear zone is still poorly constrained, its activity is indirectly inferred to be
Triassic and rif-related. In order to address this open question, six samples were selected for in-situ monazite
U-Th-Pb geochronology. Selected grains have different microstructural position (included in porphyroclasts,
along the mylonitic foliation or in matrix) and commonly present complex chemical zoning that can be linked
to the tectono-metamorphic history. This new multidisciplinary study allows to better understand the role of
the FRSZ in the rifting process also providing useful informations to better describe the opening of the Alpine
Tethys.

Rutter E., Brodie K., James T. & Burlini L. (2007) - Large-scale folding in the upper part of the Ivrea-Verbano zone, NW
Italy. J. Struct. Geol., 29, 1-17.

Pyle, .M. & Spear F.S. (1999). Yttrium zoning in garnet: Coupling of major and accessory phases during metamorphic
reactions. Geological Materials Research, 1, 1-49.

Siegesmund S., Layer P., Dunkl 1., Vollbrecht A., Steenken A., Wemmer K. & Ahrendt H. (2008) - Exhumation and
deformation history of the lower crustal section of the Valstrona di Omegna in the Ivrea Zone, southern Alps. Geol.
Soc. Spec. Publ., 298, 45-68.
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Metamorphic rocks often show evidence of reacting phases, whose chemical reactions have been “frozen”
due to rapid rock exhumation rates. Symplectitic textures are an example of such microstructures that
depict ongoing reactions events of thermodynamic instability. They generally occur as vermicular intimate
intergrowths of two or more reacting minerals. When preserved in exhumed rocks, they can be analysed to
extract considerable amounts of petrological information, since they make possible to identify both products
and reactants of the metamorphic reaction in progress. In the present work we applied image analysis techniques
to unravel the P-T conditions associated with the development of symplectitic microstructures, occurring as
PI-Hbl-Cpx coronitic intergrowths around relict eo-Variscan garnets in a late Variscan amphibolite sample
from the Aspromonte Unit (NE Sicily). With the software Perple X (Connoly, 1990), we calculated PT-
pseudosections for the Eo-Variscan prograde evolution and for the subsequent retrograde stage in amphibolite
facies conditions. This was opportunely performed using the XRF bulk rock chemistry and the progression of
the Effective Bulk Chemistry (EBC — Zuluaga et al., 2005; Ortolano et al., 2014), respectively. In particular
the EBC was calculated by means of the software Quantitative X-Ray Maps Analyser (Q-XRMA — Ortolano
et al., 2014, 2018), analysing the calibrated X-ray maps of three different micro-domains from the same thin
section sample. Such a procedure was functional to isolate the chemical contribution of the reactant phase
volumes, that effectively took part in the symplectite-forming reaction. We managed to constrain a) an Eo-
Variscan metamorphic peak condition of 12.0-12.6 Kbar and 745-780 °C and b) a retrograde P-T range of 4.8-
5.4 Kbar and 540-560 °C, the latter associated with the development of the symplectitic coronae. These results
quantitatively constrain for the first time previous petrographic evidences of relatively HP relics preserved
within the Aspromonte Unit, depicting also the late-Variscan exhumation stage trajectory.

Connolly J.A.D. (1990) - Multivariable phase diagrams; an algorithm based on generalized thermodynamics. American
Journal of Science, 290(6), 666-718.

Ortolano G., Visalli R., Cirrincione R. & Rebay G. (2014) - PT-path reconstruction via unraveling of peculiar zoning
pattern in atoll shaped garnets via image assisted analysis: an example from the Santa Lucia del Mela garnet micaschists
(northeastern Sicily-Italy). Periodico di Mineralogia, 83(2), 257-297.

Ortolano G., Visalli R., Godard G. & Cirrincione R. (2018) - Quantitative X-ray Map Analyser (Q-XRMA): A new GIS-
based statistical approach to Mineral Image Analysis. Computers & Geosciences, 115, 56-65.

Zuluaga C.A., Stowell H.H. & Tinkham D.K. (2005) - The effect of zoned garnet on metapelite pseudosection topology
and calculated metamorphic PT paths. American Mineralogist, 90(10), 1619-1628.
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The position time-series of a GNSS dataset, including 22 continuous stations located on offshore platforms
of the Italian ENI company in the northern Adriatic sea, have been analyzed. We use the GAMIT/GLOBK
software to process the offshore data together with those from several hundred onshore continuous GNSS
stations in the peri-Adriatic region. The obtained displacement time-series of the offshore stations show
sometimes clear deviations from linearity, other than peculiar seasonal displacements, conceivably due to the
anthropogenic activity. From the displacement time-series analysis, we obtain the ground displacement rates
referred to a local tectonically-stable reference frame (Adria-fixed), obtained by minimizing the horizontal
velocities of 75 stations in northern Italy, to better characterize the linear trend of the time series and their
deviations. A trend-filtering approach has been adopted to analyze each position components independently,
for each station, in order to distinguish the seasonal terms from piecewise linear trends. The latter, and the
estimated trend change points, have been compared with data from monthly hydrocarbon production. We
find for some stations that deviations from linearity in the horizontal components are temporally correlated
with changes in the rates of gas volume extractions. Moreover, the linear long-term trends, even without any
deviation, can be influenced by the local deformation due to the constant reservoir depletion. To discriminate
whether the horizontal linear rates of the offshore GNSS stations are representative of the occurring tectonic
deformation or not, we define a criterion based on an interpolation of the tectonic velocity field for the study
area. Horizontal velocities of onshore and selected offshore stations allow to provide some new constraints on
the kinematics of the active, mainly offshore, outer thrust front of the Northern Apennine chain in the central
and northern Adriatic region. We use a kinematic elastic block model defined on the basis of geological and
seismological information available for the area, to provide new insights into the fault slip-rates and the spatial
heterogeneity of the interseismic coupling of the offshore thrust front. The obtained results provide new hints
on the use of offshore, industrial, GNSS stations on resolving interseismic fault coupling, revealing to be
fundamental data in order to perform seismic hazard assessments in the central and northern Adriatic region.
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On March 26th, 1511 a large historical earthquake occurred in the region of North-Eastern Italy and Western
Slovenia. This major event caused heavy damage and reached a maximum macroseismic intensity of IX. Its
location, size and causative fault are still under debate. To re-evaluate the 1511 earthquake, we first perform a
high-resolution earthquake detection and relocation of instrumental seismicity that allowed us to constrain the
geometry of five nearly parallel faults in the region: Ravne, Idrija, Predjama, Selce and Rasa faults. All these
faults do have an expression in the geomorphology and reach depths of up to 20 km.

Then, we construct InSAR rate maps (over two decades) to measure interseismic strain accumulation with
a clear gradient around the Idrija fault but flat elsewhere, implying it as a leading structure in the region with
a 2 mm/yr slip rate also constrained by GPS. InSAR also reveals aquifer-derived uplift and subsidence which
are bounded by two splays of the Rasa fault, indicating a fully locked segment.

We then focus on the RaSa fault with an extensive 3D trenching and also combining all the remotely
sensed data and field observations where the exposed stratigraphic records uncover the evidence of at least
two individual earthquakes. Radiocarbon dating were used to constrain the ages indicating that the most recent
earthquake occurred after 1485 A.D.

Finally, we propose to simulate the ground motions expected in Trieste from hypothetical scenarios of
Mw 6.0 to 6.9 earthquakes rupturing the Rasa and Idrija faults. To simulate the seismic rupture process, we use
a method based on a kinematic source model which has the advantage of taking into account the complexity
of spatio-temporal rupture history of an extended source. To generate realistic synthetic seismograms, this
source model has to be combined with the seismic wave-field propagated in the geological medium. To do so,
two different approaches are used: (1) A semi-empirical simulation method based upon the Empirical Green’s
Function approach. The idea is to simulate the ground motions produced by a large earthquake by summing the
recordings of recent small earthquakes that occurred in the region of interest; (2) A purely numerical approach
based upon the Spectral Element Method. To properly simulate seismic wave propagation into the geological
medium, we design a high-resolution 3D velocity model for the city of Trieste including also effects due to
topography. As a validation, the Peak Ground Velocity (PGV) values obtained from simulations are compared
with levels predicted by Italian empirical equations. The PGV values are also transcribed into intensity values
and compared with the macroseismic intensities of the 1511 historical event.
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Northeastern Italy is an area characterized by an active tectonic regime with a convergence rate of about
2 mm/yr due to the NNW motion of the Adria plate and its counterclockwise rotation with respect to Eurasia.
The N-S shortening is accommodated by the Southeastern Alps and the External Dinarides, mainly dominated
by active thrust-and-fold systems and strike-slip faults (D’ Agostino et al., 2005; Serpelloni et al., 2016).

In the present study, we exploited the potential of geodetic data to extract information about the surface
deformation in response to active tectonics.

We used a Multi-Temporal InSAR approach called Stanford Method for Persistent Scatterers (StaMPS).
The technique, based on the detection of coherent and temporally stable pixels in a stack of single-master
differential interferograms, allows obtaining mean ground velocity maps.

We used Sentinel-1 SAR images acquired in ascending and descending orbits, spanning 2015-2019 temporal
interval, as inputs for SNAP2StaMPS and StaMPS software (Foumelis et al., 2018; Hooper et al., 2012). After
the PSI processing, we applied spatial-temporal filters and we performed some post-processing operations
to obtain reliable PS candidates. We also performed a calibration by using Adria-fixed GNSS velocities to
remove orbital ramps and residual atmospheric contributions. Finally, we obtained Line-Of-Sight calibrated
mean ground velocity maps for ascending and descending tracks and, after the decomposition, East-West and
vertical velocity maps.

According to the results, we identify some deformation patterns, potentially related to active tectonics.
Towards the Alps, we notice a positive vertical signal reaching about 2 mm/yr. In contrast, the East-West map
shows deformation patterns with 1-2 mm/yr rate on the northeastern sector and on the Friulian pedemountain
and plain areas. The analysis and the modeling of these signals will clarify the relationship with active tectonics
in the study area.

D’Agostino N., Cheloni D., Mantenuto S., Selvaggi G., Michelini A., & Zuliani D. (2005) - Strain accumulation in the
Southern Alps (NE Italy) and deformation at the northeastern boundary of Adria observed by CGPS measurements.
Geophysical Research Letters, 32(19).

Foumelis M., Blasco J. M. D., Desnos Y. L., Engdahl M., Fernandez D., Veci L., Lu J. & Wong C. 2018. ESA SNAP-
StaMPS integrated processing for Sentinel-1 persistent scatterer interferometry. In IGARSS 2018-2018 IEEE
International Geoscience and Remote Sensing Symposium (pp. 1364-1367). IEEE

Hooper A., Bekaert D., Spaans K. & Arikan M. (2012) - Recent advances in SAR interferometry time series analysis for
measuring crustal deformation. Tectonophysics, 514, 1-13.

Serpelloni E., Vannucci G., Anderlini L. & Bennett R.A. (2016) - Kinematics, seismotectonics and seismic potential of the
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Slovenia and Italy share a number of cross-border active faults. Cross-border faults include the continuation
of the Dinaric fault system into Friuli and the continuation of the Adriatic foreland thrust system into the
SE Friuli plain and south Alpine thrusts (e.g., Moulin et al., 2016; Atanackov et al., 2021). Seismotectonic
characterization, past earthquake activity, and seismic hazard assessment require a holistic approach,
encompassing entire faults and fault systems. Constraining past seismicity and linking historic events with
causative faults has proven exceedingly difficult (e.g., Bavec et al., 2013; Patricelli & Poli, 2020; Griitzner
et al., 2021). This is a challenge across various fields of geology, as faults produce a variety of geological
expressions, crossing different settings: marine — Gulf of Trieste, alluvial plain in Friuli, Karst and Slovenian
Istria. The need for significantly improved cross-border harmonization has been obvious in most recent efforts,
including HIKE, ESHM20, and the new seismic hazard map of Slovenia. We will discuss open questions and
challenges in joint characterization of cross-border faults and open an invitation for collaboration in future
work.

Atanackov J., JamSek Rupnik P., Jez J., Celarc B., Novak M., Milani¢ B., Markelj A., Bavec M. & Kastelic V. (2021)
- Database of Active Faults in Slovenia: Compiling a New Active Fault Database at the Junction Between the Alps,
the Dinarides and the Pannonian Basin Tectonic Domains. Frontiers in Earth Science. https://doi.org/10.3389/
feart.2021.604388.
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slow active faults: proceedings of the 4th international INQUA meeting on paleoseismology, active tectonics and
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Speleothems may be used not only as an archive of past climate changes but also as an archive for seismic
events if a damage, caused by coseismic deformation is disclosed. While coseismic damage of speleothems has
been studied in many places around the world, the method is relatively new in the region of NW Dinarides at the
junction with the Southern Alps where caves are ubiquitous. In the present study, damaged speleothems from
several caves in the study area are sampled and dated using the U/Th method. We sampled 9 caves distributed
along the strike-slip fault system from Rasa to Idrija, where the 1511 Mw7 earthquake took place. In the selected
caves, damaged speleothems for which we could rule out collapses due to landslide, flood, ice flow and human
activity were sampled and taken for further analysis. The samples were taken from damaged speleothems
which in some specific cases show displacement and/or be distinguished by a change in their growth direction.
The sample is taken from the post-event part of the speleothem at the contact-surface between the pre and
post-event speleothem and therefore provides a good indication of the age of the catastrophic event. As an
initial result we retrieve two distinct clusters of dates present in almost all the caves. One of them at 10,000
yr BP and the other one around 3,000 yr BP. The two distinct clusters could be indicative of large earthquakes
in the study area. Our results are correlated with newly reported paleoseismic events retrieved from trenching
and highlight the importance of spleoseismology in complementing classical paleoseismology. Specifically
spleoeseismology is important in an area like Northwestern Dinarides characterized by a large number of caves
and where trenching is challenging because of the absence of fresh and recent sediments across active fault
scarps.
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The Apennines and Dinarides-Hellenides orogens share the same foreland in Apulia (Southern Italy), and in
its submerged southeastern continuation in correspondence of the Salento offshore. In this last setting, the two
thrust belt fronts of the opposite and converging orogens become very close (up to 150 km) giving rise, in this
area, to one of the largest lithospheric anticlines in the world. Through the interpretation of seismic reflection
profiles from CROP and ViDEPI projects, the interference between the Hellenides foreland basin and the
southern Apennines one on the Apulian swell have been investigated. The results allow to unravel the tectono-
sedimentary evolution of the southern segment of the Adria Plate, subducting both toward W-SW and E-NE
and producing the two foredeeps that interfere during Quaternary. The deposits of the Hellenides foreland
basin migrated towards W-SW at least from the Oligocene due to the E-NEward flexure of the Adria Plate in
the northeastern part of the lonian sea (i.e., on the area of the future Apulian swell). The same area, arching,
was involved in the eastward roll-back of Adria Plate at least from the early Pleistocene, and the sedimentary
wedge of the south Apennines foreland basin migrated towards E-NE beginning to occupy by the outermost
part of the Hellenides foreland basin. From late Early and Middle Pleistocene the area coinciding with the
culmination of the arc, where the two opposite foreland basin were interfering, began to uplift during arching,
forming the Apulian swell. Starting from this moment, the Apulian swell became a threshold for sediments
coming from the two opposite orogens, and two different narrow depocenters, well separated from each other,
represent today the Apennines and Hellenides foredeeps, respectively.
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The NE edge of the Adria plate, over the N Adriatic Sea and the Venetian-Friulian plain, lies at the junction
of the Meso-Cenozoic SW-verging External Dinarides and S-verging Southeastern Alps, originated by Adria-
Eurasia collision. In the Gulf of Trieste (GT, NE Adriatic), double-polarity foredeep and distal foreland for both
the chains, a multichannel seismic reflection dataset acquired by OGS revealed the present-day structural style
due to the rheological contrast between the ductile Eocene turbiditic flysch deposits and their rigid NE-ward
flexured Mesozoic-Paleogene Friuli-Dinaric Carbonate Platform (FDCP) bedrock. The FDCP aggraded thanks
to Mesozoic NE-SW extensional regime, E-ward deflected by the Late Cretaceous-Paleogene External Dinaric
orogeny, then filled by the flysch and dissected by the SW-ward verging Karst Thrust, outermost Dinaric ramp
that separates the gulf from the Karst Plateau. The Oligo-Miocene Alpine orogeny produced N-ward tilting of
the FDCP. The Messinian unconformity, covered by Quaternary sediments, is cut by transpression faults due
to the ongoing NNW-ward Adria motion (Busetti et al., 2010; 2013).

We adopted two advanced tomographic techniques, to construct the first well-constrained 3D P-wave
velocity-depth model and imaging of flysch and carbonates units and their top surfaces in the eastern GT: 1-
traveltime reflection tomography (Bohm et al., 1999), that allowed resolution of vertical and lateral velocity
gradients by a procedure based on ray tracing and simultaneous iterative reconstruction technique (Carrion et
al., 1993) and 2- depth seismic imaging, that refined the velocity field through an iterative imaging procedure
including pre-stack depth migration, residual move-out analysis and grid tomography (Picotti et al., 2018). The
results provide 1450 m as maximum flysch thickness. The top FDCP lies at about 1600 m, 2 km offshore the
city of Trieste. This indicates that Karst Thrust is responsible for a vertical displacement of at least 1600-1800
m. This throw is comparable to those of the SW-verging thrusts of the eastern Friulian plain, where geological
setting is analogous.

Bohm G., Rossi G. & Vesnaver A. (1999) - Minimum-time ray-tracing for 3-D irregular grids. J. Seismic Expl., 8, 117-131

Busetti M., Volpi V., Nicolich R., Barison E., Romeo R., Baradello L. & Ramella R. (2010) - Dinaric tectonic features in
the Gulf of Trieste (N Adriatic). Boll. Geof. Teor. Appl., 51, 117-128

Busetti M., Zgur F., Vrabec M., Facchin L., Pelos C., Romeo R. & Zerial A. (2013) - Neotectonic reactivation of Meso-
Cenozoic structures in the Gulf of Trieste and its relationship with fluid seepings. Proc. 32nd GNGTS, 3, 29-34.

Carrion P., Bohm G., Marchetti A., Pettenati F. & Vesnaver A. (1993) - Reconstruction of lateral gradients from reflection
tomography. J. Seismic Expl., 2, 55-67

Picotti S., Dal Cin M., Béhm G. & Busetti M. (2018) - Evidences of Seismic Flysch Anisotropy in the Gulf of Trieste.
24th EAGE, 2018, 1-5
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The present-day Po Plain-Adriatic Sea region constitutes parts of the the Adria foreland surrounded by the
converging thrust belts of the Southern Alps, the Dinarides, the Albanides and the Apennines. Its complex
geological setting is the result of the overlay of two distinct tectono-sedimentary events: a Mesozoic extension
with the deposition of carbonate units, and a following Cenozoic compression characterized by the deposition
of terrigenous sediments. Thanks to an uncommon amount of drillings and 2D/3D seismic data collected
during 60 years of hydrocarbon exploration it is finally possible to reveal a detailed reconstruction of the
Mesozoic extension and the Cenozooc compression occurred in the Adria plate.

The maximum basin widening was achieved during the Late Triassic-Early Jurassic syn-rift phases which
progressively led to the formation of hundred km-wide basins: the Lombardian, Belluno and Adriatic. In the
Po Plain (the westernmost portion of Adria plate), the pre-rift architecture was completely disrupted by a NNE
striking half-graben system, developed by the particularly intense syn-rift activity of the Lombardian rift. Syn-
rift dissection started during Late Norian and reactivated in the Early Jurassic after a brief late Rhaetian pause.
In the Early-Middle Jurassic, the continental lithosphere thinning shifted westward towards the Ligurian-
Piedmontese area and continued until the oceanic spreading during Bajocian. Then, the whole region underwent
thermal subsidence related to a strong post-rift heat flow decrease. During these stages, more than 5000 m of
sediments were accumulated in two main depocenters (Lombardian and Belluno basins) whereas less than
2000 m were deposited in the associated ridges and plateau. Long-lasting carbonate platforms (the Istrian and
the isolated Bagnolo platforms, to the east and south of the Trento Plateau, respectively) remained confined
in marginal areas. In the North Adriatic Sea area, the tectonic activity results milder with respect to the Po
Plain and the onset of a single and wide basin deepening occurred during the Early Jurassic. In the Central
and Southern Adriatic Sea, after a very confined Late Triassic phase, the Early Jurassic extensional activity
produced a series of basins articulated in several intrabasinal reliefs and bounded by long-ranging carbonate
platforms, the Apulian to the west and the Dalmatian to the east.

The foreland flexuring started with a Palacocene-Eocene inflection of the whole area towards the Dinaric/
Albanian chain system. From Oligocene to Late Miocene the Po Plain and the north Adriatic areas recorded
the inflection towards the Southalpine chain.During late Messianian and Pliocene the Adriatic foreland was
involved in the Apenninic and Dinarico-Albanian compression and the evolution of the area was marked by the
deactivation of the western Southalpine sector and the inflection peak towards the Apennine chain.
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The European Marine Observation and Data Network (EMODnet) is a Project aimed at the collection and
harmonization in European Seas of existing data, to be represented on digital maps freely available through
a dedicated portal (www.emodnet.eu), in order to facilitate their exchange and re-use. It is subdivided into
thematic Lots concerning Bathymetry, Geology, Biology, Chemistry, Physics, Seabed Habitats and Human
activities. Each Lot is carried out by a consortium of Institutions collating data for its thematic portal also by
means of machine to machine communication.

The Geology Lot (www.emodnet-geology.eu) is realized by a Consortium of European Geological Surveys.
Information includes data at multiple scale on seafloor sediments grainsize, sedimentation rates, Quaternary
geology, pre-Quaternary geology and stratigraphy, coastal behaviour, geological events, mineral resources,
submerged landscapes. Metadata and available information collected during the Project are displayed on the
Portal. The spatial data, organized in layers, are represented by the geometric primitives lines, points and
polygons and the alphanumeric data are stored in harmonized and comprehensive databases, which can be
consulted online through Attribute tables.

Within the Project a subgroup of Geological Surveys of circum-Adriatic countries (Slovenia, Croatia,
Montenegro, Albania and Italy) has been established in order to work together and provide already harmonized
products to the Project. Elaboration has been carried out concerning pre-Quaternary units, as required by the
Project, as well as pre-Pliocene units, considered by common agreement more meaningful in the Adriatic
setting. In addition, other features to be represented were taken into account within the task “Geological
events and probabilities”, coordinated by the Geological Survey of Italy — ISPRA. They include submarine
landslides, earthquakes, volcanic centres, tsunamis, fluid emissions and Quaternary tectonics. However, the
best achievement of the Adriatic group was the realization of a map of sediment grainsize at 1:250,000 scale,
obtained thanks to the collaboration of CNR-ISMAR as well.

Products elaborated for the entire Adriatic Sea highlight the continuity of geological units, as shown by the
map of pre-Quaternary deposits, contribute to understand the geological evolution, as is the case of the map of
pre-Pliocene deposits, and to outline sedimentary dynamics, as evidenced by the map of seafloor sediments.
Moreover, collation of data across national boundaries allows to analyse in their entirety specific features, such
as submarine landslides.
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During the Messinian Salinity Crisis (MSC), the Adriatic Sea was composed of several depositional
domains. At that time, the area represented the foreland of the southern Alps, active since the Cretaceous, of
the Dinarides, active since the Eocene, and of the Apennines, active since the Paleogene. The Apennines, in
particular, played a primary role during the Messinian Salinity Crisis, probably conditioning the connections
between the Adriatic, lonian, and Proto-Tyrrhenian basins.

In the Adriatic area, large amount of geological and geophysical data were acquired in the frame both
of hydrocarbon exploration and research projects. Most of them are available through the ViDEPI project
(https://www.videpi.com/videpi) and the SNAP portal (https://www.snap.ogs.trieste.it). As part of this work,
we analyzed the seismic profiles from the Gulf of Trieste to the Strait of Otranto. In a first instance, we mapped
the base of the Plio-Quaternary sequence (PQb), represented by a high-amplitude reflector. It constitutes the
Messinian erosional surface (MES), especially in the Northern Adriatic Sea (NAS), and/or the top of the
Messinian evaporites deposits (MEd). In the NAS, the evaporites layer is absent. Nevertheless, the MES
affects the Adriatic Carbonate platform, generating incised paleo-valleys, clearly recognizable in the Gulf of
Venice and the Kvarner area. Few patches of evaporites would also occur above the Adriatic foreland.

Toward the Central Adriatic Sea (CAS), MEd thickness progressively thickens from a few tens to a
maximum of 200 meters. The occurrence of several channel systems is a peculiar characteristic of the CAS;
they cut the MEd and the Mid Adriatic Ridge. MES is present in the central portion of the CAS, while in the
Pescara foredeep the Messinian layer becomes more continuous without erosion evidence at the top.

The boundary between the CAS and Southern Adriatic Sea is represented by the Gargano/Tremiti/
Palagruza structural highs. Similar to the Apulian carbonate platform, which is highly eroded by the MES, and
subsequently covered by a thin Post-Messinian sequence. In the deeper basinal domain, a few meters of MEd
are present. Thus, is partially eroded, even in the deeper portion of the South Adriatic basin.

We suggest that the high variability of the relatively thin evaporites layer, may be influenced by different
factors, including i) non-deposition, ii) subaerial erosion (discontinuous surfaces), iii) subsea erosion (channels).
In this work, the different roles of these factors are analyzed, considering the Messinian connection between
the Adriatic Sea and the Mediterranean Sea.
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The northernmost edge of the convergent margin between Eurasia and the Adria microplate is in the area
of transition between Eastern Alps and External Dinarides. This area is the most seismically active area of
the Alps, and several destructive earthquakes hit this region in historical times. The stress and strain tensor
inversions from the focal mechanisms show a complex stress field with a resulting heterogeneous deformation
pattern.

Here, we present NAC (Northern Adria Crust): a 3D model of the geophysical crustal properties in this area
(Magrin, Rossi, 2020). NAC has been built by critically choosing and integrating all available information
about the depth of the main interfaces and the physical properties of the crust. We started from a VP dataset,
and we converted it in VS and density by using empirical relations, tuned through the comparison with the
available data from local tomographic inversion, and considering the lithologies of the area. Uncertainties and
reliability of the model are quantified, taking into account the data quality and the interpolation procedure. NAC
has two versions, with a different structure of the Moho: the first version considers one continuous surface for
the whole area, while the second one implies three separate surfaces for the Adria microplate, Eurasia, and the
Pannonian fragment. The differences between the two models are minimal, but the available data better sustain
the solution of the fragmented crust. For its characteristics of multiparametric information and resolution,
NAC can be precious for any purpose and use, where a detailed knowledge of the crustal structure of this area
is required. Moreover, it is easy to improve NAC, including new data on structures or crustal properties.

In the last years, new information on the crustal structures became available (e.g., Stipevi¢ et al., 2020;
Sadeghi-Bagherabadi et al., 2021). We compare NAC to some of them, in order to discuss its strengths,
limitations, and possible developments.

Magrin A. & Rossi G. (2020) - Deriving a new crustal model of Northern Adria: the Northern Adria Crust (NAC) model.
Frontiers in Earth Science, 8, 89.

Sadeghi-Bagherabadi A., Vuan A., Aoudia A., Parolai S. & the AlpArray and AlpArray-Swath-D Working Group (2021) -
High-resolution crustal S-wave velocity model and Moho geometry beneath the Southeastern Alps: new insights from
the SWATH-D experiment. Frontiers in Earth Science, 9, 188.

Stipcevi¢ J., Herak M., Molinari 1., Dasovi¢ 1., Tkalc¢i¢ H. & Gosar A. (2020) - Crustal thickness beneath the Dinarides
and surrounding areas from receiver functions. Tectonics, 37. https://doi.org/10.1029/2019TC005872.
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The north-eastern portion of the Adriatic Sea is characterized by a wide magnetic anomaly extending up
to the coast of Croatia, which also represents the main contribution to the magnetic field in Southern Europe
up to satellite altitudes. Despite many geological and geophysical studies, the origin and characteristics of this
magnetic anomaly are still poorly known.

In this study, we adopted multiscale and spectral methods to investigate the main magnetic properties of the
Adriatic crust using a high-resolution aeromagnetic dataset.

Multiscale methods, such as the Multiridge (Fedi et al., 2009) and CDEXP (Baniamerian, 2016) methods
are used to detect the depth to shallow intra-crustal magnetic sources, whereas spectral analysis is used to
estimate the depth to the crystalline basement and the bottom of magnetic sources, which is often interpreted
as the Curie isothermal surface.

The depth to the top of the crystalline basement shows a variable morphology that ranges from 6 to 8 km
northward. The depth increases to about 14 km on the western coast of the central Adriatic Sea and about 12
km beneath its southern region. The depth to the magnetic bottom varies from about 26 km northward to 30
km in the central Adriatic region and to about 27 km southward. It also shows a significant depression of the
Curie isotherm beneath the Dinarides, where it reaches a maximum depth of around 34 km.

In order to assess the quality of the results, our inferred models are compared to available seismic-interpreted
cross-sections and to the map of the crustal heat flow.

Finally, we used the Curie isotherm model as a Dirichlet boundary condition to build a thermal model of
the region.

The depth estimates in combination with previous geological and geophysical data may provide additional
constraints to better characterize the crustal geometry of the region.

Baniamerian J., Fedi M. & Oskooi B. (2016) - Research Note: Compact Depth from Extreme Points: a tool for fast
potential field imaging. Geophysical Prospecting, 64(5), 1386-1398.

Fedi M., Florio G. & Quarta T. (2009) - Multiridge analysis of potential fields: Geometric method and reduced Euler
deconvolution. Geophysics, 74(4), L53-L65.

128



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Understanding the European and the Adriatic plates from the top down

Molinari [.*! & Handy M.R.*?

! Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Bologna. 2 Institut fiir Geologische Wissenschaften, Freie
Universitét Berlin, Germany. * Institut fiir Geologie, ETH-Ziirich.

Corresponding author e-mail: irene.molinari@ingyv.it
Keywords: Adria plate, European plate, AlpArray, lithospheric structure, slab, orogeny.

Mountain building is a paradigm still under debate in the greater Alpine area. Open questions remain
regarding subduction polarity (was there a switch in the Alps?), slab attachment and detachment, the nature
of low velocity domains and differences in the composition of the European and Adriatic Plates. Recent
geophysical imaging and (seismo)tectonics studies are of great help in providing vastly improved resolution
images of the subsurface structures in the crust and mantle. In particular, the European AlpArray project with
its dense seismological network has provided 4-years of data from the entire greater Alpine area, leading us to
examine the subsurface with renewed vigour.

In the first part of our talk, we explore the pros and cons of the different geophysical methods that allow us
to discern the lithospheric structure, with particular attention to the greater Alpine region and the Adriatic plate.
In a second part, we focus on differences and similarities between models that have been proposed to explain
the tectonic and geodynamic framework of the circum-Adriatic area, including the Alps, northern Apennines
and Dinarides. We highlight first-order differences in the seismological characteristics of the European and
Adriatic plates that govern along-strike variation of the orogenic structure of these mountain belts. Finally,
we revisit models that have been proposed in the past and show how the new results change our view of how
inherited structures have affected crustal and mantle evolution during mountain building.
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The recent tectonic activity of the Susans Tricesimo Thrust System (STTS) was investigated through a
multidisciplinary approach. The study area is located in the northernmost portion of the Friuli eastern prealpine
border where the SSE verging front of the Southalpine Chain meets the NW-SE trending strike slip structures
of the eastern Friuli-western Slovenia domain (Vrabec & Fodor, 2006; Poli & Zanferrari, 2018). At present, the
2-3 mm/yr accumulating deformation (Serpelloni et al., 2016) is released through the interaction among reverse,
transpressive and strike-slip faults. The study area corresponds to the epicentral zone of two of the strongest
earthquakes of NE Friuli: the 1511 Mw 6.3 and the 1976-77 (Mw < 6.4) sequence (Rovida et al., 2021). In
more recent times, two seismic sequences were registered in western Slovenia in 1998 (Mw 5.6) and 2004
(Mw 5.2). In order to further explore the involvement of the STTS during the strongest seismic events occurred
in the area, this work is focused on the recent tectonic activity of the structure. Based on a multidisciplinary
approach, the deep 3D-geometry of the STTS was reconstructed by combining ENI seismic lines interpretation
and hypocentral distribution analysis. The morphotectonic survey conducted in the study area allowed to detect
many surficial anomalies at the hanging-wall of the ST thrust. The collected morphotectonic hints clearly depict
a NW-SE elongated zone of surficial deformation, highlighting the recent activity of the Colle Villano-W inner
thrust. Lastly, the realization of a paleoseismological trench across the Colle Villano-W thrust revealed that
the excavated glacial units of the Canodusso Subsynthem (18.000 - 19.000 yr 14C BP) experienced at last two
deformative episodes. Particularly, the occurrence of the latest event in historical times seems likely, and the
possible correlation with the 1511 or 1976 events must be considered.

Poli ML.E. & Zanferrari A. (2018) - The seismogenic sources of the 1976 Friuli earthquakes: a new seismotectonic model
for the Friuli area. Boll. Geof. Teor. Appl., 59, 463-480, https://doi.org/10.4430/bgta0209.

Rovida A., Locati M., Camassi R., Lolli B., Gasperini P. & Antonucci A. (2021) - Catalogo Parametrico dei Terremoti
Italiani (CPTI15), versione 3.0. Istituto Nazionale di Geofisica e Vulcanologia (INGV). https://doi.org/10.13127/
CPTI/CPTI15.3.

Serpelloni E., Vannucci G., Anderlini L. & Bennet R.A. (2016) - Kinematics, seismotectonics and seismic potential of the
eastern sector of the European Alps from GPS and seismic deformation data. Tectonophysics, 688, 157-181. https://
doi.org/10.1016/j.tect0.2016.09.026.

Vrabec M. & Fodor L. (2006) - Late Cenozoic tectonics of Slovenia: structural styles at the northeastern corner of the
Adriatic microplate. In: N. Pinter et al (eds.): The Adria microplate: GPS, Geodesy, Tectonics and Hazards. NATO Sci.
Series, ser. IV, 61, 151-168, Springer.

130


https://doi.org/10.4430/bgta0209
https://doi.org/10.13127/CPTI/CPTI15.3
https://doi.org/10.13127/CPTI/CPTI15.3
https://doi.org/10.1016/j.tecto.2016.09.026
https://doi.org/10.1016/j.tecto.2016.09.026

© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Evidence of fault-valve behaviors at the northern edge of the Adria microplate

Rossi G.*!, Pastorutti A.%, Nagy 1.2, Braitenberg C.2 & Parolai S.!

! Istituto Nazionale di Oceanografia e di Geofisica Sperimentale - OGS Trieste. 2 Dipartimento di Matematica e
Geoscienze, Universita di Trieste.

Corresponding author e-mail: grossi@inogs.it
Keywords: fault-valve behavior, Adria, fluid diffusion, earthquake.

We evidenced a coherent transient signal at the Adria-Eurasia plate boundary by applying the data-driven
empirical mode decomposition (EMD) technique (Huang et al., 1998) to the recordings of four tiltmeter
sites of the NE-Italy subsurface tilt and strainmeter network. The transient produced a tilt propagating along
the main fractures in the 1984—-1990 period. Borrowing from classical seismology techniques, we used the
uprise times to locate the transient signal source. The propagation velocity is compatible with a fluid diffusion
process that starts from a source located close to the hypocenter of the February 10, 1983, Uccea earthquake,
MD = 4.2 at the Italy-Slovenia border. Previous analyses on the seismic velocities time variations and tidal
admittance evidenced vp/vs and elastic parameters changes compatible with pore-pressure time changes (Mao
et al., 1989). These results add to the previous observations from navigation satellite system (GNSS) stations
in 2006-2009, ascribed to a transient fluid diffusion from below the Bovec basin (Slovenia) close to July 12,
2004, Bovec—Krn earthquake, Mw = 5.1 (Rossi et al., 2018). These data strongly suggest that the area is subject
through time to fault valve behavior episodes that release fluids trapped at depth to the surrounding region as
pore-pressure variations (Sibson, 1992). The convergence between Alpine and External Dinarides structures
puts highly permeable dolomitic limestones in contact with low-permeable fine-grained limestones and flysch
formations. Therefore, the conditions for overpressure generation can be created in the interseismic period,
whereas fault movements can enable fluid diffusion in the surroundings in close relation with seismic events.
We also estimate the possible fluid influx needed to maintain overpressure and possible discharge across the
faults involved in both episodes (David et al., 1994).

David C., Wong T.-F., Zhu W. & Zhang J. (1994) - Laboratory measurement of compaction-induced permeability change
in porous rocks: Implications for the generation and maintenance of pore pressure excess in the crust. PAGEOPH, 143,
425456. https://doi.org/10.1007/BF00874337.

Huang N.E., Shen Z., Long S.R., Wu M.C., Shih H.H., Zheng, Q., Yen N.-C., Tung C.C., Liu H.H. (1998) - The empirical
mode decomposition and the Hilbert spectrum for nonlinear and non-stationary time series analysis. Proc. R. Soc.
Lond. A 454, 903-995. https://doi.org/0.1098/rspa.1998.0193.

Mao W.J., Ebblin C. & Zadro M. (1989) - Evidence for variations of mechanical properties in the Friuli seismic area.
Tecton., 170, 231-242. https://doi.org/10.1016/0040-1951(89)90273-4.

Rossi G., Fabris P. & Zuliani D. (2018) - Overpressure and Fluid Diffusion Causing Non-hydrological Transient GNSS
Displacements. PAGEOPH, 175, 1869-1888. https://doi.org/10.1007/s00024-017-1712-x.

Sibson R.H. (1992) - Implications of fault-valve behaviour for rupture nucleation and recurrence. Tecton., 211, 283-293.
https://doi.org/10.1016/0040-1951(92)90065-E.
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We present a review of geological and seismological data on the long-lived Schio-Vicenza Fault System
(SVES) at the northern Adria plate margin and provide its geodynamic and seismotectonic interpretation.

The SVFES is a NW-SE trending, high angle complex structure transverse to the Southern Alps fold-and-
thrust belt, and has been the object of geological and structural studies for more than a century and a half. The
main segment of the SVFS is the Schio-Vicenza Fault (SVF), which has a significant imprint in the landscape
across the Eastern Southern Alps and the Veneto-Friuli foreland. The SVFS is divided into a northern segment,
extending across the chain between the town of Schio and the Adige Valley, and a southern one, coinciding
with the SVF proper. The SVF borders to the east a foreland structural and morphological high formed by the
Lessini and Berici Mts., where the Mesozoic bedrock is exposed, and by the volcanic Euganei Hills, separating
it from the Veneto-Friuli foreland, and continuing southeastward up to the Adriatic coastline along the blind
Conselve-Pomposa Fault. The segments of the SVFS have been active during several tectonic phases with
different styles of faulting at least since the Mesozoic, with a well defined long-term dip-slip component of
faulting and, conversely, a horizontal one not well constrained.

The SVFS interrupts the continuity of the Southern Alps thrust fronts in the Veneto sector, suggesting
that at least it played a passive role in controlling the geometry of the active thrust belt, and possibly also the
current distribution of seismic release. In this context, the SVFS, and specifically its SVF segment, has been
interpreted as the sinistral strike-slip boundary of the northeastern Adriatic indenter.

The recent activity of the SVFS is highlighted by the moderate seismicity along the northern segment and
few geological observations along the southern one. The review of the historical and instrumental seismicity
along with active deformation data, shows that the SVFS does not appear to have generated large earthquakes
during the last few hundred years, while the focal mechanisms of moderate seismicity points to a dextral strike-
slip activity, driven by a N-S oriented compressional regime. These observations are corroborated by the field
analysis of antithetic Riedel structures of the fault cropping out along the northern segment. Conversely, the
southern segment shows geological evidence of recent sinistral strike-slip activity.

The geological and seismological apparently conflicting data can be reconciled considering the sinistral
strike-slip faulting style of the southern segment as driven by the indentation of the Adriatic plate, while the
dextral strike-slip style along the northern segment can be explained as a sinistral opening “zipper” type shear
zone junction, where intersecting pairs of simultaneously active faults with different sense of shear merge into
a single fault system through a zippered section.
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Orogenic plateaus are extensive, elevated, arid, generally internally drained, morphotectonic provinces
of low internal topographic relief. They are located along convergent plate boundaries and have a profound
impact on regional and global climate, erosional processes, local- to far-field deformation mechanisms and the
long-term distribution of biomes and biodiversity. Although the paramount role of large orogenic plateaus in
shaping our planet is widely appreciated, the question of why, where, and how some orogenic systems develop
large plateaus remains a first-order problem in our understanding of lithospheric evolution and orogenic
processes. Here, we present a clumped isotope paleoaltimetry study to document the elevation history of the
Iranian Plateau, with the goal of understanding the rates and mechanisms of plateau rise. This plateau is in the
Arabia-Eurasia collision zone, has a mean elevation of ~ 1.8 km, steep margins with mountain peaks higher
than 4 km, and experienced surface uplift sometime after the middle Miocene as documented by the occurrence
of ca. 17-My-old marine deposits in the plateau interior. Preliminary results from early Miocene to Quaternary
pedogenic carbonates on the plateau interior and the adjacent, less elevated, intermontane Tarom basin suggest
that surface uplift must have occurred between 12-11 and 8 Ma. The lack of significant crustal shortening and
thickening during this time interval and the occurrence of a renewed phase of volcanism by ca. 11 Ma suggests
that surface uplift may have been driven by deep-seated processes associated with asthenospheric flow.
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Understanding the evolution and dynamics of the circum-Mediterranean orogens pass through the definition
of the deep structure of the crust and upper mantle. Seismological data are the most often used to define the
thermal and compositional heterogeneities of the earth. For the broad Alpine belt, there are still many open
questions on active processes and on the interaction between adjacent segments of orogens that necessitate high
resolution images. In this study, we emphasize some controversial aspects and unknown points from existing
tomographic and receiver function models that revealed peculiar processes of delamination/subduction in the
Alps and Apennines.

We will also focus on data coming from the AlpArray initiative, a huge temporary seismological experiment
done in past years, which results are decisive for the definition of the Alps deep structure. In our approach, we
investigate Vp and Vp/Vs 3D models that more directly yield to discriminate the origin of mantle anomalies.
A very comprehensive dataset of earthquakes recorded by more than 1300 stations during the experiment have
been analyzed furnishing precious information. We derive some new aspects of the mantle structure in the
central Mediterranean area and discuss some new idea base on the reconnaissance of low velocity and high
attenuation portion of the upper mantle.
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Topography and drainage systems are powerful recorders of tectonic activity especially in regions with
limited geological data. The Atlas-Meseta system of Morocco experienced a late Cenozoic topographic
rejuvenation related to mantle dynamics. This recent, large-scale, mantle-driven uplift is documented by a
few geological evidence such as uplifted, late Miocene, shallow-water marine deposits in the Middle Atlas
Mountains. Conversely, the Anti-Atlas doesn’t have any stratigraphic records that may allow deciphering this
uplift history. The presence of a high standing, relict landscape and the transient state of river networks,
however, can be used to reconstruct the recent surface evolution of this less understood orogen. Furthermore,
the Anti-Atlas belt experienced limited Cenozoic crustal shortening and this offers the possibility to investigate
the magnitude, timing and rates of the dynamic contribution. In this study, we combine geomorphic analysis
of topography, stream profiles, celerity of knickpoints and linear inverse landscape modelling with available
geological evidence, to decipher the spatio-temporal pattern of surface uplift in the Anti-Atlas. Our results
highlight the presence of a landscape and a river network in a transient state of adjustment, and document ~
1000 m and ~ 900 m of surface uplift and topographic paleo-relief since at least the Miocene. Furthermore, our
analysis indicates that this late Cenozoic, regional topographic resurgence occurred during the late Miocene and
is also influenced by climate oscillation, which play a key role in shaping the new topography. This approach
allows to quantitatively constrain the transient state of landscape and hence to unravel the contribution of
regional, mantle-driven, surface uplift on mountain building processes.
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The morphology of back-arc basins is tightly linked to the dynamics of their associated subduction zone.
Back-arc basins often present multiple spreading centres that form one after the other (e.g. Mariana subduction
zone), propagate and rotate (e.g., Lau Basin) following trench retreat. In some cases, rift jumps can create
continental fragments or microcontinents (e.g., Coral Sea, Central Mediterranean, Scotia Sea). The Tyrrhenian
back-arc basin, in particular, is characterized by the presence of multiple sub-basins and a discontinuous
production of new oceanic crust. Moreover, geophysical data show that the basin seafloor is partly made of
exhumed serpentinized mantle and local intrusion of magma bodies. All these features reveal a picture of a
back-arc basin that is much more complex than that of seafloor spreading at mid-ocean ridges. Importantly,
the processes controlling rift jumps and mantle exhumation are still not fully understood, but they are certainly
related to the dynamics of subduction and mantle flow.

In this work, we show how episodic trench retreat shapes the morphology of back-arc basins and can
produce rift jumps. We use the finite element code ASPECT to model the rifting of continental lithosphere
in 2D with boundary conditions that simulate the asymmetric type of extension caused by the trench retreat.
We perform a parametric study in which we systematically vary the duration of different extensional phases,
simulating episodes of trench retreat. Our results show that when extension is continuous, continental break-up
occurs and a spreading centre similar to a mid-ocean ridge develops. On the other hand, in models with multiple
extensional phases, ridge jumps consistently occur and are often associated with mantle exhumation between
the old and the new spreading ridge. This is in good agreement with what observed in Tyrrhenian basin. Timing
and length of ridge jumps may depend on rheological properties of the lithosphere, but, importantly, we show
that the resulting back-arc basin morphology is controlled by the duration of the different stages of extension.
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Orogens of continental collisional zone may include high-standing plateaus, both internally and externally
drained. These morphotectonic features contain deposits and landforms essential to reconstruct their
topographic evolution. In particular, when endorheic basins are integrated into external drainage networks, the
rivers could retain first order information on the modes of capture as well as on the interplay between climate
and tectonic processes. The Eastern Anatolian Plateau (EAP) of the Arabia-Eurasia collision zone, is one of
the most representative examples of collisional plateau. It has a mean elevation of ~2000 m, presents three
main endorheic basins (Van, Sevan and Urmia lakes), and is mostly drained by two river networks: the Kura-
Arax drainage system to the NE and the Euphrates-Tigris to the SW. Seismic data indicate the presence of a
thinned or totally removed lithospheric mantle beneath the plateau explaining the high heat flow and the late
Cenozoic volcanic activity in the area. Despite the great number of studies on the EAP, its uplift history is still
debated. In this study we quantitatively investigated the drainage systems (river longitudinal profiles and chi-
plots) and the general topographic features (swath profiles, slope, local relief, filtered topography) of the EAP.
The results speak to a topographic configuration characterized by a high-standing, low-relief plateau centered
in the area of Lake Van, but strongly disrupted by tectonic structures with the formation of local topographic
highs and lows that include endorheic basins. The hydrographic pattern is strongly disorganized and controlled
by active tectonic structures. The irregular river longitudinal profiles indicate that they are in a transient state
of disequilibrium as a consequence of regional uplift, capture events, or more localized tectonic activity. The
presence of an uppermost segment characterized by low channel steepness suggests that the plateau interior
has not been reached by the erosive wave produced by the uplift. In the chi-plots of the rivers draining the
northern portion of the plateau two distinct segments record an increase in uplift rate. Conversely, the chi-
plots of the rivers draining the southern sector and the Van and Urmia lakes show a single pattern that could
be associated with a constant uplift. This difference in uplift pattern is partially confirmed by the stratigraphic
record documenting the passage from a marine to a continental depositional environment. Indeed, according
to the age of the most recent marine sediments exposed on the plateau, the northern portion emerged from the
sea level around 40 Ma while the central and southern ones around 18 Ma. Among these latter, their elevation
decreases to the south. In conclusion, the EAP is a high-standing plateau where the integration of hydrography
is ruled by regional differential uplift and active tectonic structures.
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Lamprophyres and lamproites carry important pieces of information regarding the evolution of the Earths’
mantle. It is widely accepted that these magmas derive from a depleted peridotitic source recharged in
incompatible elements by metasomatic processes that can modify the source to a MARID-like (Mica-Amphibole-
Rutile-Ilmenite-Diopside) composition. These volcanics are widespread in the circum-Mediterranean terrains,
with the Italian peninsula characterized by both lamprophyric (from ~ 235 to ~ 34 Ma) and lamproitic (from
~ 34 to ~ 1 Ma) magmatism. In order to step forward in our understanding of the evolution of the lithosphere-
asthenosphere transition underneath the Italian peninsula, we report the new occurrence of few lamprophyric
dykes cropping out in Rio Colan Valley of the Julian Alps, NE Italy.

Rio Colan dykes are darkish and crosscut with an overall NS orientation an Upper Ladinian to Upper
Norian carbonatic sequence. Abundant phenocrysts of biotite-phlogopite and clinopyroxenes showing chemical
affinities with minettes, and serpentinized olivine are hosted in a holocrystalline matrix. Microphenocrysts
of orthoclase, chromites and apatites, mostly included in biotites and clinopyroxenes, are also recognized.
Collectively, these observations lead to classify the Rio Colan dykes as minettes. The investigated dykes are
high in Mg# (0.73 to 0.79), K,O (~ 4 wt%) and Cr+Ni (1060 to 1780 pg/g), but low in SiO,, and TiO, (~ 46
and 1 wt%, respectively). These data, together with Light Rare Earth Elements (LREE) enrichments (La/Sm ~
14) and flat chondrite-normalized Heavy REE (Dy/Yb_,, ~ 1) profiles indicate that the source was a depleted
peridotite modified by metasomatism. Ba, Th, Ce, La and P enrichments, high Ce/Pb and low Nb/U coupled
with a positive Nb anomaly (i.e. La/Nb ~ 1.4) further indicate that this source, prior to melting, evolved
into a MARID-like composition. Two dikes were selected for High-spatial resolution LA-MC-ICP-MS U-Pb
apatite dating. All grains gave an age of 70+1 Ma, interpreted as the emplacement age of these minettes.
This age and the anorogenic affinity of these minettes are consistent with the regional extensional tectonics.
At this time, the Julian Alps were the Dinaric flexural foreland basin which was undergoing NS and NW-SE
extensional tectonics caused by the advance of the external Dinaric front due to the subduction towards E of the
Adria plate. These results are further compared with coeval and similar Italian and Mediterranean volcanics as
these magmas could indicate two distinct macro-domains among the mantle (i.e. sub-continental lithospheric
mantle) sources. This will eventually add new insights into the geodynamic setting of the Adria plate at the
Cretaceous-Paleogene boundary.
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The knowledge on complex structural settings, such as the one of a convergent margin, benefits from the
identification of variations in flexural rigidity of the lithosphere that determines its response to the tectonic
processes. The study area covers the Zagros Orogen and its associated magmatic belt, representing the most
active collisional zone in the Iranian plateau. The Zagros mountains started to raise during the Cenozoic,
consequently to the NE-ward subduction of the Neo-Tethyan Ocean.

Regional isostasy, provides a first-order explanation for the observed relationship between topography and
gravity, the former exerting a load on the lithosphere, the latter including the signal from the crustal roots
compensating that load. Plate flexure generalizes the end-member case of local Airy isostasy to a lithosphere
with a finite rigidity, providing the fundamental mechanical model - it results in a low-pass transfer function
between topography and roots, the shorter wavelengths being supported by internal stresses. Various cross-
spectral analysis methods have been devised to assess this relationship and perform inference of elastic
properties.

Our analysis relies on a global model of surface topography (Earth2014, Hirt & Rexer, 2015), a global
gravity model, combining satellite and terrestrial data (XGM2019, Zingerle et al., 2019), and a recent Moho
depth map (Gvirtzman et al., 2016). First, using the Moho model, we performed a residualization of the gravity
field. This field is inverted to determine the intra-crustal loads tied to areas affected by magmatism. We then
carried out a load-gravity analysis in the spherical harmonics domain, computing the topo-gravity localized
cross-covariance (Wieczorek & Simons, 2005) and the resulting admittance and correlation spectra. Under the
assumption that all the topo-gravity interplay can be explained by lateral variations of the integrated rigidity,
we obtained the spatial distribution of the best-fitting rigidity through a parameter optimization procedure.

The knowledge of flexural rigidity and magmatic intruded mass allows us to estimate the vertical movement
of crust before and after the intrusion, induced by the emplaced load. If the timing of magmatism is known, this
approach would allow to predict the temporal evolution of topography.

Hirt C. & Rexer M. (2015) - Earth2014: 1 arc-min shape, topography, bedrock and ice-sheet models. Int. J. Appl. Earth
Obs., 39, 103-112.

Zingerle P., Pail R., Gruber T. & Oikonomidou X. (2019) - The experimental gravity field model XGM2019e. GFZ Data
Services.

Gvirtzman Z., Faccenna C. & Becker T.W. (2016) - Isostasy, flexure, and dynamic topography. Tectonophysics, 683,
255-271.
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The subduction of Neotethys oceanic crust beneath Iranian plate along the southern margin of Eurasia
during Mesozoic to Cenozoic resulted in the formation of diffused and prolonged arc magmatism, associated
with numerous porphyry/epithermal system (PES) deposits. The PES deposits began during Eocene and show
a climax during Miocene times, diachronoulsy distributed from northwest to southwest along the convergent
margin during progress of the collisional tectonics. Their space distribution is heterogeneous and show
concentrations in zones characterized by occurrence of long-lived and stationary magmatic activity, which
are located along major, inherited structural weak zones. There, amphibole-dominated fractionation within
the lower crustal magma chambers provided metal- and water-enriched residues, which are the source of the
productive magmas. Productive magmas correlates with young TDM, ages (younger than 0.7 Ga) and *’St/*Sr
isotopic ratios ranging from 0.704 to 0.706. We propose that the formation of PES deposits is essentially
related to a sequence of several processes, among which the most important are: 1) crustal thickening, due
both to magma underplating and collisional shortening; 2) continental lithosphere delamination; 3) partial
melting of the enriched arc root; 4) magma upwelling facilitated by the presence of crustal weak zones and 4)
emplacement of long-lived magma chambers.
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Orogenic plateaus represent the most spectacular consequence of continental collisions in orogenic belts.
The mechanisms related to the growth of an orogenic plateau are still debated and can be the result of multiple
tectonic phases and changes in collisional dynamics between the involved plates. In the last decades, the study
of landscapes and landforms experienced a significative growth providing new advanced numerical models to
relate surface deformation, topographic evolution and plate dynamics. In the Mediterranean area, the Central
Anatolian Plateau represents a good example of how different mantle and crustal processes can be involved
in building a plateau. The study of the topographic features alongside the plateau margins, such as drainage
systems and marine terraces, revealed significantly different uplift histories and mechanisms characterizing
the northern and the southern margins. While the northern margin of the plateau experienced vertical uplift
from 11Ma ca to the present that can be associated with the transpression along the Northern Anatolian Fault,
the southern margin records a fast uplift phase during Pleistocene, causing 1500 km of vertical uplift in about
600.000 years, which has been related to the break-off of the subducting African plate. In our work, we present
a summary of how the numerical modeling of the evolution of drainage systems and marine terraces provided
significant insights on the uplift history and the topographic evolution of the Central Anatolian Plateau margins,
and how these results are linked to the geodynamical processes involving the Anatolian plate boundaries.
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The Adamello batholith is the largest Tertiary magmatic complex of the Alps, and it is mainly composed of
tonalites, trondhjemites and granodiorites with minor mafic bodies. Adamello was emplaced at the end of the
subduction of the Tethys ocean below the Adria continental margin, when the high pressure metamorphism
was at the peak in the Lepontine Alps (Brouwer et al., 2005). The Adamello earlier felsic and mafic plutons are
the Corno Alto (including Malga Campo and Monte Ospedale diorites) and the southern Re di Castello (with
M. Mattoni, M. Frerone and Blumone mafic apophyses; Bianchi et al., 1970; Tiepolo et al., 2011; Schaltegger
et al., 2019). All these magmatic bodies were emplaced along a NE-SW paleo-lineament characterized by
extensional/transtensional conditions (Laubscher, 1985). This is supported, in proximity ofthe present Giudicarie
lineament, by an extensional paleo - lineament bordering tectonic depressions holding late Cretaceous to
Eocene flysch deposits between Upper Val di Non and Bergamo area (Bernoulli & Winkler, 1990). Extensional
to transtensional conditions were typical of the upper Alpine crust including the Austroalpine and Southalpine
domains between Late Cretaceous and Early Eocene (Schmid et al., 2004). In this extensional scenario the
first magmatic unfoliated bodies of Adamello were passively intruded in the Southalpine sector. Contrariwise,
tonalite plutons, characterized by a pervasive magmatic foliation, were emplaced since the Late Eocene —
Early Oligocene when the alpine compressive — to — transpressive deformation was active in the Adria middle
crust. This new tectonic phase is responsible for the onset of the Insubric/periadriatic dextral lineament, due to
the westward-directed push of the Adria plate and the dominant southward/southeastward directed movement
of the Alpine thrust pile including the Southalpine and Austroalpine units

Bernoulli D. & Winkler W. (1990) - Heavy mineral assemblages from Upper Cretaceous South-and Austroalpine flysch
sequences: source terranes and paleotectonics implications. . Eclogae geol. Helv. 83(2), 287-310
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We present a high-resolution investigation of the Ivrea Geophysical Body (IGB) at intra-crustal scales in
the Western Alps. The IGB is a sliver of Adriatic lower lithosphere, located at anomalously shallow depths,
and presenting positive gravity and fast seismic anomalies. Despite comprehensive information from previous
studies, structural questions persist on the IGB and on its structural relation with the Ivrea-Verbano zone (IVZ),
which exposes lower-to-middle crustal composition outcrops at the surface. Therefore, we measured 207 new
gravity data points, obtaining a coverage of ca.l point every 4-to-9 km? across the IVZ, and we installed
10 broadband seismic stations (IvreaArray) along the linear West-East profile of Val Sesia, operated for 27
months. We compiled a surface rock-density map and used it to define the density-dependent terrain-corrected
“Niggli” gravity anomaly to properly model the IGB density structure at depth. We modelled the IGB as a 3D,
single density-contrast interface, obtaining 400 kg-m™ as optimal density contrast and a 20-km wide protruding
structure, as shallow as 1 £1 km below sea level. The seismic data was then used to constrain the IGB shape
along the 2D Val Sesia cross-section by means of a joint inversion of seismic receiver functions and gravity
anomaly data. This has confirmed the marked density contrast and shallow segments reaching 1 to 3 km depth
below sea level, and provide agreement with the rock’s physical properties (p, v,) and the geological structures
observed at the surface. These results are now published (Scarponi et al., 2020, 2021).

Scarponi M., Hetényi G., Berthet T., Baron L., Manzotti P., Petri B., Pistone M. & Miintener O. (2020) - New gravity
data and 3-D density model constraints on the Ivrea Geophysical Body (Western Alps). Geophysical Journal
International, 222(3), 1977-1991. https://doi.org/10.1093/gji/ggaa263.

Scarponi M., Hetényi G., Plomerova J., Solarino S., Baron L. & Petri B. (2021) - Joint seismic and gravity data inversion
to image intra-crustal structures: the Ivrea Geophysical Body along the Val Sesia profile (Piedmont, Italy). Frontiers
in Earth Science, 9. https://doi.org/doi:10.3389/feart.2021.671412.
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Gavorrano Intrusive-Hydrothermal Complex (GIHC, Tuscany) is an excellent case study to investigate,
through 3D reconstruction of the Complex, the origin and emplacement mechanisms for magmas and
hydrothermal fluids in the upper crust.

The evolution of the GIHC starts in the early Pliocene with the sequential emplacement of a cordierite-
biotite monzogranite and a tourmaline microgranite at the contact between the Paleozoic basement metapelites
and the overlying Mesozoic limestone-dolostone evaporitic formations. The monzogranite is highly porphyritic
with megacrysts of K-feldspar (up to 8 cm) and phenocrysts of quartz, plagioclase, biotite, and cordierite.
The microgranite is characterised by abundant euhedral microliths (10-500 um) of black tourmaline set in
a fine-grained quartz-feldspar matrix. The small size of the Gavorrano intrusion (ca. 3 x 1 x 0.5 km) and its
shallow emplacement level (ca. 5 km) resulted in a thin contact aureole (< 100 m) made of phlogopite-olivine
marble and biotite-andalusite pelitic hornfels. A thin and discontinuous layer of vesuvianite-garnet exoskarn is
observed replacing the marble at the intrusive contact. The shift to actual hydrothermal conditions is testified
by a later episode of hydraulic brecciation affecting host rocks and the skarn. The final stage of GIHC evolution
is characterized by chloritization-silicification of the wall rocks and formation of ~30 Mt pyrite ore exploited
during the XX century. The pyrite shows variable textures, from microcrystalline to coarse decimetric crystals
in veins and it is associated with variable amounts of quartz, chlorite, adularia, fluorite, and sulfide/oxide
minerals such as pyrrhotite, magnetite, chalcopyrite, marcasite, sphalerite, and galena.

Surface and underground mapping, integrated by mining reports and drill logs, allowed us to reconstruct the
attitude and shape of magmatic and hydrothermal bodies. The GIHC has an overall asymmetric geometry. The
western side hosts the main ore bodies in correspondence of the maximum thickness of the magmatic bodies
(0.8 km), with an overall sub-vertical, west-dipping attitude. The ore bodies mantle the top and the western
flank of the igneous intrusion displaying, in vertical section, a sigmoidal shape with a steep west-dipping thick
portion connecting upper and lower tails gently dipping to the west. The eastern side hosts sub-horizontal
microgranite bodies with multiple steep west-dipping offshoots.

The collected data led to infer the GIHC western side as the feeder zone for both magmas and hydrothermal
fluids. Their ascent was stopped at the contact between the Paleozoic basement and the carbonatic covers.
The overall geometries of the intrusive units and pyrite bodies suggest that their emplacement occurred while
the country rocks were subjected to deformation with a sense of movement top-down-to-the-west. This close
spatial and shape relationship between intrusive rocks and hydrothermal bodies suggests a common extensional
tectono-magmatic regime capable to produce crustal traps (dilational structures) for magmas and ore fluids.
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The Cenozoic deformation of SE Asia has been commonly related to the India-Eurasia collision and to
the Tibetan Plateau growth. The huge amount of geological data acquired in Tibet highlighted that the central
Plateau is undergoing a NW-SE extension, accommodated by a quasi-continuous SE-ward crust drifting
toward Indochina, between the Sichuan and the EHS rigid buttresses (Clark & Royden, 2000). Conversely,
some authors described the collision as accommodated by the extrusion of several hundreds of km rigid
mega-blocks, bounded by strike-slip faults with hundreds of km of lateral offsets (Tapponnier et al., 1982).
Paleomagnetism has proven to be a reliable method to evaluate the displacement of the major strike-slip
faults and to describe the crust behaviour. Several authors proposed that the Oligo-Miocene E-SE-ward crust
extrusion has been accommodated by the rotation of few major semi-rigid crustal blocks (Li et al., 2017),
otherwise, others related the scattered paleomagnetic rotation pattern to the presence of 2-5 km wide blocks,
which underwent to independent rotation (e.g., Todrani et al., 2020). We synthesized and re-evaluated all
paleomagnetic data collected in Tibet-Indochina assessing with modern and homogenous criteria, estimating
the magnitude of the vertical-axis rotation with the coeval Eurasia paleopoles. We focused mainly on SE
Tibet and northern Indochina, comparing the paleomagnetic rotation pattern with the present-day geodetic
observations. The GPS velocity field shows a large-scale CW rotation of ~4°/Ma around the EHS, whereas the
scattered paleomagnetic rotations display a non-consistent pattern. The Jurassic-to-Oligocene paleomagnetic
sites W of the EHS display a prevailing of CCW rotations, while on SE the scattered CW rotations agree with
the current kinematics. Moreover, it was suggested that the widespread CW paleomagnetic rotations from
northern Indochina have been acquired since Oligocene, while the Pliocene-to-Holocene sites display slight-
to-null rotations. Accordingly, we concluded that the revised paleomagnetic rotation pattern agrees with a
diffused deformation, mainly active between ~25-13 Ma, is at odds with the present-day geodetic large-scale
CW rotation and drifting of the Tibetan crust around the EHS.

Clark M.K. & Royden L. H. (2000) - Topographic ooze: building the eastern margin of Tibet by lower crustal flow.
Geology, 28(8), 703-706.

Li S., Advokaat E.L., van Hinsbergen D.J.J. Koymans, M. Deng C. & Zhu R. (2017) - Paleomagnetic constraints on
the Mesozoic-Cenozoic paleolatitudinal and rotational history of Indochina and South China: Review and updated
kinematic reconstruction. Earth-Science Review, 171, 58-77.

Tapponnier P., Peltzer P., Le Dain A.Y. Armijo R. & Cobbold P. (1982) - Propagating extrusion tectonics in Asia: New
insights from simple experiments with plasticine. Geology, 10(12), 611-616.

Todrani A., Zhang B., Speranza F. & Chen S. (2020) - Paleomagnetism of the middle Cenozoic Mula Basin (East Tibet):
evidence for km-scale crustal blocks rotated by midlower crust drag. Geochem. Geophys. Geosys., 21, €2020GC009225.
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Back-arc regions are usually punctuated by pulses of tectonic deformation, lasting for few tens of millions
of years. Yet, the origin of those short-lived deformation episodes is disputed. Based on an extensive dataset
which compiling structural, stratigraphic, geochemical, and geochronological data from Iran, we propose a
kinematic reconstruction of the Central Neotethys since 100Ma. We show that the back-arc region of the
central Neotethys subduction zone was affected by alternating pulses of extension and compression, which are
linked to episodes of trench retreat and advance, respectively. To back up these observations and investigate
the causes of such a trench behavior, we run 2D numerical models exploring (i) the dynamics of subduction
into a viscously stratified mantle, and (ii) the deep slab deformation induced by mineral phase changes at
the mantle transition zone. Our results indicate that episodes of trench retreat and trench advance emerge
spontaneously by slab folding and penetration into the mantle transition zone. Eventually, the results of our
physical model guide our interpretation of the Central Neotethys subduction history. We propose a coupled
mantle—surface tectonic evolution model of the Central Neotethys slab that reconciles back-arc deformation
and short-lived pulses of upper-plate vertical motion in a unique, dynamically self-consistent model of deep
mantle subduction.
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The application of remote sensing has significant time- and cost-saving benefits as a technological tool
for the delineation of iron prospects. Afghanistan is a prime target for these methods owing to the presence
of several metallic and nonmetallic mineral deposits, most of which remain undiscovered. This study aims to
target iron prospective areas within the Kabul Block (SE Afghanistan) by detecting hydrothermal alteration
zones and iron-bearing minerals, using Landsat 8 OLI/TIRS. With this objective, we applied four different
techniques, including false-color composite (FCC), band ratioing (BR), principle component analysis (PCA)
via the Crosta technique, and the spectral angle mapper (SAM).

The results of each algorithm are in high correlation with the conventional data. FCC was successful in
highlighting the hydrothermal alteration zones, while the BR and PCA techniques were able to detect iron
oxide, ferrous and ferric minerals. The SAM algorithm, as expected, detected iron-bearing minerals. The
obtained results were validated by previously limited iron occurrences, and favorable/permissible areas are
marked by USSR and USGS, presenting high accuracy. Under the findings of this study, 18 iron prospective
areas in total were detected throughout the northern, eastern, southern, and central regions of the Kabul Block,
including 6 previously verified areas and 12 newly proposed favorable regions.
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Subduction is responsible of surface displacements and deep mass redistribution. This rearrangement
generates density anomalies in a wide spectrum of wavelengths which, in turn, causes important anomalies in
the Earth’s gravity field that are visible as lineaments parallel to the arc-trench systems. In these areas, when
the traditional analysis of the deformation and stress fields is combined with the analysis of the perturbation of
the gravity field and its slow time variation, new information on the background environment controlling the
tectonic loading phase can be disclosed.

Here we present the results of a comparative analysis between the geodetically retrieved gravitational
anomalies, based on the EIGEN-6C4 model, and those predicted by a 2D thermo-chemical mechanical
modeling of the Sumatra and Mariana complexes, representative of the of two types of subduction: ocean—
continent and ocean—ocean.

The 2D model accounts for a wide range of parameters, such as the convergence velocity, the shallow dip
angle, the different degrees of coupling between the facing plates. The marker in cell technique is used to
compositionally differentiate the system. Phase changes in the crust and in the mantle and mantle hydration
are also allowed. To be compliant with the geodetic EIGEN-6C4 gravity data and to compare our predictions
with the gravity at Sumatra and Mariana, we define a model normal Earth considering the vertical density
distribution at the margins of the model domain, where the masses are not perturbed by the subduction process.

Model predictions are in good agreement with data, both in terms of wavelengths and magnitude of
the gravity anomalies measured in the surroundings of the Sumatra and Marina subductions. Furthermore,
our modeling supports that the differences in the style of the gravity anomaly observed in the two areas
are attributable to the different environments — ocean-ocean or ocean-continental subduction — that drive a
significantly different dynamic in the wedge area.
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Over the few recent years artificial intelligence has been widely used to help humans in solving complex
tasks. Machine learning algorithms have been implemented in many industrial and scientific fields, mainly
due to the increasing amount of available data and better computers performances. EDS and WDS X-ray
maps allows geodata scientists and petrologists to extract great amounts of semi-quantitative chemical data
from rocks’ thin sections. X-ray maps, indeed, can be processed by machine learning supervised algorithms
as training data to collect valuable pieces of information regarding mineral chemistry. This information can be
further handled by artificial intelligence to generate models able to automatically achieve mineral classification
from new X-ray maps in few minutes. In this view, we present h ere some preliminary results obtained through
a new experimental pixel-based mineral classification tool (i.e., X-Min Learn) developed in Python. Since a
classification task needs to be solved, we implemented a Multi-class Logistic regression algorithm (Alpaydin,
2020) to build models able to recognize several mineral classes from thin sections of rocks. The output of such
classifier is based on the maximum probability of each pixel to belong to a certain mineral class. X-Min Learn
features a friendly graphical interface that allows users to easily visualize X-ray maps and apply machine
learning models to output a classified mineral map. To assess the results of the models, a probability map
is also generated to monitor the algorithm classification behaviour. The tool also includes the possibility to
build new custom models in a simplified way, also generating various graphics (i.e., loss curves and confusion
matrices) useful to evaluate the model learning behaviour. As an example, we applied both an EDS- and a
WDS-based model to classify in turn two metamorphic samples from Peloritani Mountains (NE Sicily) and
then we compared the results with those obtained through the software “Quantitative X-Ray Maps Analyzer”
(Q-XRMA — Ortolano et al., 2018).

Alpaydin E. (2020) - Introduction to machine learning. MIT press.
Ortolano G., Visalli R., Godard G. & Cirrincione R. (2018) - Quantitative X-ray Map Analyser (Q-XRMA): A new GIS-
based statistical approach to Mineral Image Analysis. Computers & Geosciences, 115, 56-65.
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Subducting oceanic plates experience intense normal faulting during bending thataccommodates the transition
from horizontal to downward motion at the outer rise at subduction trenches. We investigated the consequences
of the plate bending on the mechanical properties of subducting slabs using 2D subduction models in which
both brittle and ductile deformation, as well as grain size evolution, are tracked and coupled self-consistently.
Numerical results suggest that pervasive brittle-ductile slab damage and segmentation can occur at the outer
rise region that strongly affects subsequent evolution of subducting slabs in the mantle. This slab-damage
phenomenon explains the subduction dichotomy of strong plates and weak slabs, the development of large-
offset normal faults near trenches and the occurrence of segmented seismic velocity anomalies and interfaces
imaged within subducted slabs. Furthermore, brittle-viscously damaged slabs show a strong tendency for slab
breakoff at elevated mantle temperatures that may have destabilized continued oceanic subduction and plate
tectonics in the Precambrian.
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A major shortcoming of current thermodynamic databases for phase equilibrium calculations at deep
mantle conditions is the lack of reliable, comprehensive and physically-consistent thermodynamic data of the
constituent mineral phases. Some of the most popular thermodynamic databases (e.g. Holland & Powell, 2011)
are calibrated overthe results of selected HT-HP experiments, which may suffer from uncertainties related
to technical problems, pressure scale calibration, metastability issues or the unquenchable nature of some
mantle minerals. This may lead in turn to assessed thermodynamic properties for mantle phases which may
be internally-consistent but clearly suffer from physical unsoundness, thus hindering a close link between
thermodynamic modelling, seismological observations and mantle geodynamics. In that sense, ab initio
calculations based on quantum-mechanical theory are one of the most reliable methods available to obtain
information on thermodynamics, phase relations and seismic properties of mineral phases at deep mantle
conditions. The striking feature of the so-called density functional theory (DFT) is that it can accurately predict
physico-chemical and thermodynamic properties of crystalline solids in a wide range of P-T conditions,
without the need of any experimental data.

We performed ab initio B3LYP calculations to determine thermodynamic and seismic properties of
ringwoodite (ideal formula Mg SiO,), which represents the stable polymorph of olivine in the lower part
of the Earth’s mantle transition zone. Thermodynamic properties of ringwoodite that depend on vibrational
frequencies (i.e., heat capacities, thermal expansion, isothermal bulk modulus, entropy, enthalpy, Gibbs free
energy) have been computed in the framework of quasi-harmonic approximation by a full phonon dispersion
calculation or, alternatively, by a modified Kieffer’s model splitting acoustic and optic contributions. Both
methods reproduce well the vibrational density of states, allowing an accurate determination of the equation of
state parameters and thermodynamic properties as well. The calculated heat capacity in the low- to medium-T
range is in excellent agreement with the few calorimetric investigations made so far on this phase (Akaogi et
al., 2007). The obtained results are then used to predict relevant phase equilibria of ringwoodite in the Earth’s
deep mantle and to discuss some implications for mantle seismic discontinuities.

Akaogi M., Takayama H., Kojitani H., Kawaji H. & Atake T. (2007) - Low-temperature heat capacities, entropies and
enthalpies of Mg,SiO, polymorphs, and a-B-y and post-spinel phase relations at high pressure. Phys. Chem. Minerals,
34, 169-183.

Holland T.J.B. & Powell R. (2011) - An improved and extended internally consistent thermodynamic dataset for phases of
petrological interest, involving a new equation of state for solids. J. Metamorphic Geol., 29, 333-383.
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The Central Mediterranean region in the Tertiary was characterized by intermittent phases of subduction
and collision, the opening of back-arc extensional basins (i.e., Liguro-Provencal, Alboran, and Tyrrhenian
basins) and episodes of slab lateral tearing, segmentation and break-off that led to the currently complex
geological setting. Although the shallow tectonic evolution of the region has been relatively well constrained
by abundant geological data, several uncertainties persist about the mechanisms that generated the present-day
surface morphology and deep slab geometry.

In this study, we reproduce the recent large-scale evolution of the Central Mediterranean and the associated
strain-induced upper mantle fabrics and seismic anisotropy combining geodynamic and seismological numerical
modelling techniques. 3D petrological-thermo-mechanical numerical models have been carried out using the
viscoplastic code I3MG (Gerya, 2019), to compute the LPO and the synthetic SKS splitting we use a modified
version of D-REX (Kaminski et al., 2004) and the softwares package FSTRACK (Becker, 2006), respectively.
The subduction models were designed and calibrated according to paleogeographic-tectonic reconstructions
of 30 Ma and seismological observations from the Mediterranean region available in the literature. We test
different initial configurations in order to optimize the fit between predicted and observed slabs position and
obtain a final model configuration resembling the present-day surface and deeper structures. It is found that
the opening of back-arc extensional basins in response to the south-eastward retreat of the Ionian slab is a
common feature in all models and slab lateral tearing or break-off occurs when Adria continental margin
enters the trench. More importantly, we show that structural heterogeneities within the Adria plate and/or the
geometry of its Tyrrhenian passive margin have a profound impact on (i) the development of a slab window
below the Central Apennines, (ii) the retreat of the Northern Apenninic trench till the Adriatic Sea, and (iii)
the retreat of the Ionian slab till the present-day position. In general, this study highlights the importance of
coupling macro-scale geodynamic modelling with micro-scale simulations of strain-induced upper mantle
fabrics and seismological synthetics in order to better constrain the tectonic evolution of complex convergent
margins such as the Central Mediterranean.

Becker T.W. (2006) - On the effect of temperature and strain-rate dependent vis- cosity on global mantle flow, net rotation,
and plate-driving forces. Geophysical Journal International, 167(2), 943-957.

Gerya T. (2019) - Introduction to numerical geodynamic modelling. Cambridge University Press.

Kaminski E., Ribe N.M. & Browaeys J.T. (2004) - D-rex, a program for calculation of seismic anisotropy due to crystal
lattice preferred orientation in the convective upper mantle. Geophysical Journal International, 158(2), 744-752.
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The Tyrrhenian basin serves as a natural laboratory for back-arc basin studies in the Mediterranean
region. Yet, little is known about the crust-uppermost mantle structure beneath the basin and surrounding
margins. The knowledge of the crust-uppermost mantle is of paramount importance in the interpretation of
the existing shallow crustal data. Here, we present a high-resolution 3D shear-wave velocity model and Moho
topography map for the Tyrrhenian basin and its margins using ambient noise cross-correlations. We apply a
self-parameterized Bayesian inversion of Rayleigh-wave group and phase velocity dispersions to estimate the
lateral variation of shear velocity and its uncertainty as a function of depth down to 100 km. At crustal depths,
our results support an exhumed mantle basement rather than an oceanic basement below the Vavilov basin. We
observe a strong contrast between the shear velocity structure beneath the northern Tyrrhenian and that of the
southern Tyrrhenianin. This change in velocity coincides approximately with the location of the 41° Parallel
Line providing the first comprehensive seismological evidence for the presence of this lithospheric feature. Our
velocity model also reveals the presence of a broad low-velocity zone between 40 and 80 km depth affecting
much of the Tyrrhenian basin’s uppermost mantle structure and its extension mimics the paleogeographic
reconstruction of the Calabrian arc in time. We interpret the low-velocity structure as the possible source of
Mid-Ocean Ridge Basalts-and Ocean Island Basalts-type magmatic rocks found in the southern Tyrrhenian
basin. Further, we investigate the contribution of buoyancy forces to the regional dynamics by modelling
the lithospheric flow field below the Tyrrhenian basin and margins using as input a derived 3D lithospheric
density structure for the study area. Lithospheric deformation, mantle flow, and tectonic stress state in the
Tyrrhenian region are influenced by the structure, density, and effective viscosity of the crust and uppermost
mantle beneath the basin. In general, the geometry of the crust-uppermost mantle suggests that the present day
deformation is controlled by the African-Eurasian convergence therefore undermining the extension and slab
retreat as the leading processes. Our models also can explain the heat flux, regional geology and magmatism
in the Tyrrhenian basin and surrounding margins.
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Numerical simulations of geodynamic problems rely mainly on the used of classical methods like Finite
Elements, Finite Differences, Finite Volumes, etc...

These methods applied to real-world problems characterized by high (physical and geometrical) complexity
require very powerful computational resources. Moreover geodynamic problems are by nature characterized
by high uncertainty in the values of many physical parameters so many-query (or scenario) analysis is of
paramount importance in this field. Therefore developing a cost-effective surrogate model is of great practical
significance. In this sense a new promising trend is the use of Deep-Learning (DL) for developing such models:
DL s able to cope with nonlinearity and high dimensional data. In practical applications the quantity of available
data is, very often, insufficient to properly train a Neural-Network (NN). In order to overcome this problem
in the last few years the Physics-Informed-Neural-Networks (PINNs) have been introduced (see Raissi et al.,
2019): PINNS are neural networks that are trained to solve supervised learning tasks while respecting given
law of physics described by PDEs. In this presentation some preliminary results about the use of PINNs in the
geodynamic context will be presented.

Raissi M., Perdikaris P. & Karniadakis G. (2019) - Physics-informed neural networks: A deep learning framework for
solving forward and inverse problems involving nonlinear partial differential equations. Journal of Computational
Physics, 378, 686-707.
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The three-dimensional approach in the analysis of extensional basins is fundamental to investigate their
evolution. The analysis of the interplay between fault activity and sedimentary infill permits to reconstruct age
and style of deformation for every sedimentary basin. In this way the complete process of continental break-up
can be understood. The Tyrrhenian Sea is classically interpreted as a backarc basin formed since Serravallian
times at the rear of the Apennine-Maghrebian thrust belt during the collision between Africa and Eurasia plates.
However, the Tyrrhenian Sea Present configuration is mainly due to the Pliocene-Quaternary tectonic evolution
of several sedimentary sub-basins. The tectono-stratigraphic analysis of these basins documents variable ages
and a complex structural style that leads to the opening of several triangular basins. The interpretation of
seismic reflection profiles calibrated by well data and outcrops permitted us to define a detailed evolution of
the Tyrrhenian Sea during Pliocene-Quaternary times. Along the Southern Tyrrhenian Margin, based on fault
pattern and different onset of the basin fill, we recognized three main extensional areas: North of Egadi Islands,
Castellammare, and Cefalu-Marsili Basin. An eastward progression of extension, from lower Pliocene to lower
Pleistocene, has been documented. During the Pliocene the Central Tyrrhenian Sea was characterized by the
opening of the Vavilov basin featuring an eastwards migration in three steps. Lastly in the lower Plieistocene
the extension migrated along the Eastern Tyrrhenian Margin along the Gaeta Bay-Campania Margin. The
reconstruction of the two main triangular basins (Vavilov and Marsili basins) reveals an apex, or proximal
zone, and a distal or bathyal zone. The apex zones in the Latium-Campania margin and Sicilian Margin are
characterized by overfilled sedimentary basins which architecture displays rift and supradetachment basins.
We document that the rifting of the Vavilov and Marsili triangular basin was synchronous from the apex
to distal regions around a couple of Euler poles located, respectively, in Latium and Sicily margins. The
comparison between the northern and southern margins of the Tyrrhenian Sea permitted us to reconstruct the
mode of extension that characterized the Central Mediterranean region during Pliocene-Pleistocene times.
The reconstructed evolution provides an explanation for the different kinematic evolution of the Southern
Apennine and Sicilian chain and new constraints on the timing and kinematics of the lower plate.
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The Earth is an extremely peculiar planet. Its surface is deeply interconnected with the deep interior through
many processes, which contribute to maintaining favorable conditions for life. Additionally, the dynamic
nature of the core contributes to the generation of a magnetic field, protecting the atmosphere from the intense
solar winds.

Now, the discovery of more than 4300 exoplanets places at the forefront the question about their nature
in terms of composition and structure of the interior, their habitability, and their potential analogies with the
Earth.

A way to answer these questions is to interpret the mass and radius of the observed exoplanets, also
considering the composition of the host star as a proxy for the planet’s composition. This implies creating
models of planetary interiors, using the physical properties for candidate materials as a reference, and calculate
mass and radius in order to compare them with observations. The existence of planets orbiting stars with a
different composition from the Sun, thus requires determining the physical properties of exotic candidate
materials before modelling the interior composition and structure.

With this contribution we aim to show how an experimental approach combining mineral physics and
petrology not only can contribute to a better understanding of our planet, but also to the understanding of the
nature and properties of distant objects.

We will present a systematic study at extreme pressure and temperature conditions (i.e. 20-200 GPa and
1500-4000 K) on the Fe-Si-C and Si-C systems using samples with different stoichiometries. Data from X-ray
diffraction and chemical analyses on the recovered samples were used to investigate the evolution of the phase
diagram with pressure and temperature, determine the physical properties of the stable phases and define the
melting relations and properties in the two systems.

The results obtained for the ternary system are significative for the Earth’s core and to define potential core
crystallization paths in presence of a high light elements content. We will show how the properties of an FeSiC
alloy with a low carbon and silicon content, can satisfy the existing constraints on core composition only under
very specific conditions. Furthermore, assuming an FeSiC alloy with a higher light element content as the main
component of a planetary core, four different crystallization paths are individuated, giving rise to way different
dynamical behaviors.

The results obtained on the Si-C system, as the thermal equation of state, were used to model different
archetypal carbon enriched planets with an Fe core and pure SiC mantle. The evolution of the mass radius plot
and dynamic behavior where then compared to the one of the Earth.
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The Main Ethiopian Rift (MER), at the northern segment of the East African Rift System (EARS), offers an
excellent tectonic setting to study earthquakes and their controlling mechanisms. Here, we use high resolution,
2D-lithospheric scale numerical modeling experiment combined with analysis of seismic moment release using
EAGLE dataset to elucidate the mechanism for deep crustal seimsicity in the MER. The modeling experiment
is caliberated by approporiate rheology and deformation history for the region. Our modeling results clearly
indicate the migration of deformation from the Miocene border faults to 30 km wide, 60 km long Pliocene to
recent rift floor faults (magmatic segments). While the strain rate is locaized at/beneath the magmatic segments,
the brittle strain is distributed in wider region. We also estimate the variation of the magnitude of deviatoric
stress with depth in the rift. The deviatoric stress has peak values of 80 and 160 MPa at about 6 and 18 km
depth, respectively, which shows a good correlation with the very high seismic moment release. We conclude
that the depth distribution of crustal seimsicity in the MER is controlled by the rheology of the crust.
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Rheological properties of the rocks, depending on various parameters (grain size, composition, hydrous
conditions), determine their deformation mode in response to the tectonic stress. At shallow depths, the rocks
show a pressure-dependent frictional (brittle) behavior, which turns in a viscous (ductile creep) behavior, as
temperature increases (e.g., Jacquey and Cacace 2021). The brittle-ductile transition (BDT) occurs at depths
where the shear stress, driving the two deformation modes, are equal for some given strain rate, composition,
stress regime, and thermal gradient. Such a transition marks the maximum depth of the intraplate earthquakes
and of fluids circulation in porous media.

Seismological datasets account for real media properties, providing wave propagational attributes (e.g.,
seismic wave velocities and attenuation) that can be exploited to add constraints to the BDT depth. Seismic
wave attenuation can be used as a potential attribute for subsurface characterization. Indeed, its inverse, the
seismic quality factor (Q), depends on the seismic frequency, as well as on temperature, water content, and
grain size of the rocks (e.g., Karato & Spetzler, 1990; Jackson & Faul, 2010). Therefore, it is likely that seismic
attenuation and the viscous modes of deformations of rocks can be correlated, based on their dependency on
the aforementioned conditions, as expressed by an Arrhenius-type equation (Farina et al., 2019).

In this study, we investigate the quantitative relationships between seismic attenuation and viscous rocks’
rheology, especially across the domain where rocks transition from a dominant brittle to a more ductile
deformation mode. We rely on a Burgers mechanical model to derive shear wave attenuation (//Qs), for several
dry and wet crustal rheology, thermal conditions, and different strain rate values. This allows us to establish
geothermal and mechanical conditions at which the BDT occurs and to cross-correlate this transition to
computed shear seismic wave attenuation values. In particular, we observe a relatively significant Os reduction
for strain rates of 10" s!, despite the assumed rock‘s rheology and thermal conditions. These first results
confirm our hypothesis that variations in the Qs factor can be effectively used to identify the BDT’s depths
in tectonically active areas. Ongoing and future works will focus on a further validation of the modelling
implications by systematic analyses of observations derived from rocks’ laboratory experiments.

Farina B., Poletto F., Mendrinos D., Carcione J.M. & Karytsas C. (2019) - Seismic properties in conductive and convective
hot and super-hot geothermal systems. Geothermics, 82, 16-33.
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Jacquey A.B. & Cacace M. (2020) - Multiphysics Modeling of a Brittle-Ductile Lithosphere: 1. Explicit Visco-Elasto-
Plastic Formulation and Its Numerical Implementation. J. of Geophys. Res. Solid Earth, 125(1), e2019JB018474.
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attenuation and velocity dispersion in the mantle. Rev. Geophys., 28(4), 399-421.
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The southern Patagonian Andes (~46-56°S) are well suited to investigate the tectonic vs. climatic
interactions during mountain building. Oceanic subduction underneath the South America continent occurs
jointly with the opening of an asthenospheric window and, during the late Cenozoic, the building and melting
of the Patagonian Icefields. Although the asthenospheric window caused regional dynamic uplift estimated
in the order of the tenths of mm per year during the last 3 Ma, the present-day uplift rates in the orogenic
domain subject to glaciation are measured between ~10-40 mm/yr. These uplift rates are to a large extent
related to the glacial rebound since the Little Ice Age (~ AD 1630), but the role of rheological mantle and
lithospheric weakening due to the asthenospheric window is currently unconstrained. Here we use numerical
thermo-mechanical modeling to estimate the uplift induced by deglaciation of an ice sheet accounting for the
rheological effects of asthenospheric thermal anomalies. Our results show two main phases of rock uplift: 1) a
rapid increase in the uplift rates below the ice sheet when deglaciation starts, and 2) stable positive uplift rates
during the deglaciation. For any tested, plausible rheological setting, the maximum uplift rates is <10 mm/
yr in the absence of an asthenospheric thermal anomaly, and >30 mm/yr with thermal anomalies higher than
100°C. The higher the asthenospheric thermal anomaly, the higher and wider the uplift rates, which may also
involve initially ice-free regions. Uplift rates similar to those observed today require an asthenospheric thermal
anomaly of 150-200°C. We conclude that, although the driver of the present-day uplift rates is the deglaciation,
the asthenospheric window largely controls its outstanding magnitude.
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Mostofthe oceanic crustorigins along the mid-oceanridges, the boundaries between two different lithospheric
plates move apart. Seafloor spreading can origin also along back-arc basins, where the regional extensional
tectonics causes the progressive thinning of the crust, the formation of a basin intruded by magmatic bodies,
and a system of segments of spreading (Uyeda, 1979; Hynes and Mott, 1985). Most of back-arc spreading
centers are formed by segments of ridges offset by perpendicular shear zones resembling short transform faults
(i.e. the Mariana Spreading Center in the Pacific and the East Scotia Ridge in the Southern Atlantic). Here we
focus on the Lau back-arc basin (Zellmer and Taylor, 2001), resulting by the subduction of the Pacific under the
Australian Plate. We analysed the morphology of two segments of back-arc spreading ridges and a rift located
in different points along the Northern part of the Lau basin. The Futuna Spreading Center (FSC), in the Western
region, is located ~790 km from the Tonga trench. It is NE-SW oriented, characterized by a rise 80-km long
and 25-km wide. The region shows an alternation of NE-SW elongated ridges and valleys distributed for ~ 50
km east and west from the central rise; the magmatic activity is very intense and characterized by hundreds of
volcanoes. At the same latitude, ~580 km from the Tonga trench, there is the NorthWest Lau Spreading Center
(NWLSC), a ridge NNE-SSW oriented, 100 km-long and 8 km-wide. Based on magnetic data, we calculated
a full spreading rate of 6,2 cm/a. In the eastern part of the basin, at ~230 km from the Tonga trench, is located
the Fonualei Rift and Spreading Center (FRSC). The area is characterized by several N-S oriented escarpments
and volcanic ridges with fissure eruptions. We performed plate kinematic reconstructions relative to the fixed
Australia of the Northern Lau basin for the last 7 Ma and realized 2D numerical models including visco-plastic
rheologies and prescribed surface velocities, in an upper plate-fixed reference frame, using the open-source
geodynamic code ASPECT (Advanced Solver for Problems in Earth’s ConvecTion; Kronbichler et al., 2012).
Our models evidence an area of active deformation from the Tonga Superfast Subduction trench to ~800 km
westward within the mantle, that matches with the formation of the FRSC and could be responsible for the
magmatic production along the FSC and the NWLSC at the same time.
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Two different levels of magmatic differentiation have been found in the plumbing system of Mount
Amiata geothermal field. With the aim to decipher the geometry and structure of the magmatic system feeding
the geothermal field, we carried out a micro-textural petrography study, mineral chemistry analysis and
thermobarometric cpx-liquid calculation (Masotta et al., 2013) of the Pleistocene lavas, domes and enclaves.

The Pleistocene Mount Amiata volcano is part of the Radicofani — Mount Amiata volcanic system (Conticelli
et al., 2011, 2015). The presence of rounded magmatic enclaves testifies the occurrence of a process in which
the fresh mafic hot magma was injected into a cooler and mushy crystallised differentiated one, mixing and
mingling with the latter (Ferrari et al., 1996; Conticelli et al., 2015; Marroni et al., 2015). The first arrival of
mafic magma within the differentiated magma reservoir triggered the chemical mixing with the viscous and
extremely differentiated trachydacitic resident magma to form magma batches with intermediate compositions.
A reverse differentiation pathway is observed with time of magma emplacement, which is accompanied by
decrease of silica contents and increase of MgO and compatible elements passing from early trachydacites to
potassic trachybasalt (absarokite) (Conticelli et al., 2015).

Our results support a scenario characterised by an initially intrusion of mafic silica-saturated potassic to
calc-alkaline magmas that cumulated at depth and differentiated through crystal fractionation and minor crustal
contamination. The magmatic system evolved from basaltic andesite to trachydacite, started from an intrusive
event reconciled with the composition of the Radicofani calc-alkaline magma. The changes occurred in the
source of magmas brought newly arrival mafic silca-undersaturated magmas which mixing and mingling.
In depth basanite undergoes light processes of differentiation testified by the presence of Cr-diopside and
fassaite (Huckenholz, 1973; Duda & Schmincke, 1985).

Conticelli S., Avanzinelli R., Marchionni S., Tommasini S. & Melluso L. (2011) - Sr-Nd-Pb isotopes from the Radicofani
Volcano, Central Italy: constraints on heterogeneities in a veined mantle responsible for the shift from ultrapotassic
shoshonite to basaltic andesite magmas in a post-collisional setting. Mineralogy and Petrology, 103(1-4), 123-148.
https://doi.org/10.1007/s00710-011-0161-y.
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Most of the continental crust was produced by the end of the Archean Eon (4.0 — 2.5 Ga). However only
a few remnants of the primordial continental crust have survived till present-day (Hawkesworth et al., 2019).
As a result, there are still several unresolved issues regarding the processes that assisted its production. The
felsic components of the Archean crust are mostly made of Tonalite, Trondhjemite and Granodiorites (TTGs),
that are widely regarded as product of partial melting of hydrated basalts (EAT) at high pressure (~1 GPa) and
temperature (800

Aiming at describing the first-order processes behind the felsic crust generation and the geodynamic
implication of chemical evolution of the coupled system mantle- crust, we conjugate the state-of-the-art
of thermodynamic modelling with thermo-mechanical modelling. We employ both 2D and 3D numerical
simulation using LaMEM (Kaus et al., 2016; Piccolo et al., 2020) with density and melt fraction taken from
petrological phase diagrams representing different stage of chemical refinement of both mantle and hydrated
basalts. We explore the effects of mantle potential temperature, radiogenic heat production and the effects
of incoming plume on the generation of the primordial continental terranes and we study how the chemical
refinement of both mantle and crust assist the generation of plate-like boundaries and how the condition
of felsic melts production changes as a function of the mantle potential temperature. Our work highlights
the importance of a closer collaboration between petrology and geodynamic community, as it is required
to understand how the evolution of chemical composition influence on the lithospheric to mantle scales the
behavior of the planet opening interesting challenges and providing insightful information.

Hawkesworth C., Cawood P.A. & Dhuime B. (2019) - Rates of generation and growth of the continental crust. Geoscience
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One of the few near-complete continental crustal sections exposed on Earth’s surface is the Ivrea-Verbano
Zone (Western Alps, Italy), which is considered as a petro-geophysical reference of the continental lithosphere.
Exposed peridotite slivers embedded in lower crustal rocks at the surface and large density, seismic velocity
anomalies of the Ivrea Geophysical Body in the subsurface suggest that mantle-like rocks are located as shallow
as a few kilometers depth, but the actual composition of the rocks producing these anomalies is unknown. Here
we investigate how the published seismological and new gravimetric data in the location of Valsesia could
be reconciled with petrologic data and models of the Ivrea-Verbano Zone. We use the Perple X software to
calculate densities and compressional wave velocities for a range of possible deep crustal rock types. We argue
that amphibole gabbros (<18 km depth) and pyroxene hornblendites (>18 km depth) provide the best fit to
the joint geophysical and petrologic constraints, whereas residual ultramafic rocks and anhydrous gabbros are
inconsistent with the existing data. This indicates that the Ivrea Geophysical Body beneath the Valsesia area in
the Ivrea- Verbano Zone preserves the structure of an igneous complex formed during magmatic underplating
from the crystallization of hydrous mafic magmas. This would imply melting of a damp mantle source that
produced a continental crust of an original thickness of up to ~48 km in the Permian, of which ~30 km are
exposed at Earth’s surface today.
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The Mediterranean is one of the most complex convergent margins on Earth. Its recent tectonic history was
characterized by the coexistence of different compressional and extensional phases associated with episodes of
orogenesis, slab rollback, slab tearing and oceanic spreading. Since the late 1990s, numerous seismological
studies have been carried out in the region aiming at imagining the isotropic and anisotropic structures of the
upper mantle. Among the various imaging techniques, isotropic P-wave travel-time tomography was largely
used. However, seismic anistropy is widespread throughout the Mediterranean area and neglecting its effects
could introduce significant artefacts in the inversions that could bias our understanding of the Earth’s interior
structure and dynamics. Here we discard the isotropic approximation and invert for both P-wave isotropic
velocity anomalies and seismic anisotropic by using the method proposed by VanderBeek & Faccenda
(2021). We find that the magnitude of the isotropic P-wave velocity anomalies are substantially reduced when
inverting for seismic anisotropy. This suggests that lateral variations in temperature and/or composition are
smaller that what can be inferred from isotropic tomographies. P-wave fast azimuths orient mostly parallel to
the trend of the Balcanic and the Alpine orogens in Eastern and Central Europe, respectively. In the Central
Mediterranean the P-wave fast azimuths are sub-parallel to the Oligocene/Miocene-to-present retreating
direction of the Ionian trench which led to the opening of the Liguro-Provencal and Thyrrenian basins and
rotation of the Corsica-Sardinia block. In synthesis, the pattern of the P-wave fast azimuths is largely consistent
with the S-wave fast azimuths determined from the splitting of SKS waves and from Rayleigh waves. This
poses further constraints on the interpretation of the regional geodynamic evolution and on the accuracy of the
employed inverse method.

VanderBeek B.P. & Faccenda M. (2021) - Imaging upper mantle anisotropy with teleseismic P-wave delays: insights
from tomographic reconstructions of subduction simulations. Geophysical Journal International, 225(3), 2097-2119.
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We used the results of seismic anisotropy as inferred from shear wave splitting analyses of the core-refracted
phases and combined them with the quasi-Love wave observations and geodetic measurements to propose a
geodynamical model of the Arabia-Eurasia collision zone. A detailed analysis of the non-null splitting and null
splitting measurements obtained from a dense temporary network is utilized to investigate the possibility of
lateral and vertical variations in the anisotropic parameters and the hypothesis of a dipping anisotropic layer
(Sadeghi-Bagherabadi, 2018a; 2018b). The preferred 2-D geodynamical model of the western part of the
collision zone suggests that the belt-parallel orientation of fast axes in the western Zagros originates from a
lithospheric transpressional deformation. The plate motion parallel pattern in central Iran and western Alborz
coincides with the decrease in the lithospheric thickness. Thus, we believe this trend has its origin in the
asthenosphere. A combination of the keel effect of the thickened Zagros lithosphere, the asthenospheric edge-
driven convection flow and the lithospheric deformation in the shear zones can cause the NW-SE-oriented
splitting pattern reported in some parts of central Iran. The asthenospheric flow beneath the thinner lithosphere
to the south of the Bitlis suture in northern Iraq is likely the causative mechanism for our observed plate motion-
parallel splittings there. The variation of the convergence obliquity along the Alborz and Zagros inferred from
analysis of geodetic data implies that a change in the pattern of lithospheric deformation and the consequent
anisotropy is expected. The quasi-Love wave observations also indicate that the fast-axis orientations are
highly affected by the lateral variations of the LAB depth in the region.

Sadeghi-Bagherabadi A., Sobouti F., Ghods A., Motaghi K., Talebian M., Chen L., Jiang M., Ai Y. & He Y. (2018a)
- Upper mantle anisotropy and deformation beneath the major thrust-and-fold belts of Zagros and Alborz and the
Iranian Plateau. Geophysical Journal International, 214(3), 1913-1918. https://doi.org/10.1093/gji/ggy233.

Sadeghi-BagherabadiA., MargheritiL.,AoudiaA. & SoboutiF. (2018b)-Seismicanisotropy andits geodynamic implications
in Iran, the easternmost part of the Tethyan Belt. Tectonics, 37, 4377-4395. https://doi.org/10.1029/2018TC005209.
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A dataset of continuous recordings from the temporary and permanent seismic networks in Italy, Austria,
Slovenia and Croatia is compiled to compute the high-resolution 3D S-wave velocity model of the Southeastern
Alps, the western part of the external Dinarides, and the Friuli and Venetian plains through ambient noise
tomography. We computed 4050 vertical component cross-correlations to obtain the empirical Rayleigh wave
Green’s functions. The dataset is complemented by adopting 1804 high-quality correlograms from Nouibat et
al. (2021). We applied the 2D fast-marching surface wave tomography method to the phase velocity dispersion
curves in the 2-30 s period band. The tomographic local dispersion curves are inverted for 1D S-wave
velocity profiles using the non-perturbational and perturbational inversion methods. We assembled the 1D
S-wave velocity profiles into a 3D S-wave velocity model from the surface down to 60 km depth (Sadeghi-
Bagherabadi et al., 2021). We found the average depth over the 2.8-3.0 and 4.1-4.3 km/s iso-velocity ranges to
be reasonable representations of the crystalline basement and Moho depths, respectively. The basement depth
map shows that the shallower crystalline basement beneath the Schio-Vicenza fault highlights the boundary
between the deeper Venetian and Friuli plains to the east and the Po-plain to the west. The estimated Moho
depth map displays a thickened crust along the boundary between the Friuli plain and the external Dinarides. It
also reveals a N-S narrow corridor of crustal thinning to the east of the junction of Giudicarie and Periadriatic
lines. A comparison of the shallow crustal velocities and the hypocentral location of the earthquakes in the
Southern foothills of the Alps revealed that the seismicity mainly occurs in the S-wave velocity range between
3.1and 3.6 km/s.

Nouibat A., Stehly L., Paul A., Brossier R., Bodin T., Schwartz S. & AlpArray Working Group (2021) - First Step Towards
an Integrated Geophysical-Geological Model of the W-Alps: A New Vs Model from Transdimensional Ambient-
Noise Tomography, EGU General Assembly 2021, Online, 19 April-30 Apr 2021. EGU21-EGU3197. https://doi.
org/10.5194/egusphere-egu21-3197.

Sadeghi-Bagherabadi A., Vuan A., Aoudia A., Parolai S. & The AlpArray and AlpArray-Swath-D Working Group (2021)
- High-Resolution Crustal S-wave Velocity Model and Moho Geometry Beneath the Southeastern Alps: New Insights
From the SWATH-D Experiment. Front. Earth Sci., 9, 641113. https://doi.org/10.3389/feart.2021.641113.
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Nepal is seismically active region because of its tectonic setting, and it already have hosted many disastrous
earthquakes in the past. For a better understanding of the crustal structure, physics of earthquake as well as
their detailed high resolution location and monitoring, and to mitigate the real time seismic hazard, an adequate
3 D regional velocity model is needed, but so far, the 3 D velocity structure in this region is poorly understood.
Here, we present a new high resolution 3 D shear wave velocity structure down to 60 km depth beneath the
Himalaya Nepal using ambient noise cross correlations. In our study, we applied self parameterized Bayesian
inversion of Rayleigh wave local group and phase dispersion to compute the lateral variation of shear wave
velocity and its uncertainty as a function of depth. Our results show significant lateral variation in crustal
structure and thus, correlate well with the known geological and tectonic features of the study area. Pronounced
low velocities observed before the Main Frontal Thrust (MFT) likely corresponds to the sedimentary basin that
lies in front of the MFT. The high velocity layer sandwiched between two low velocity layers at 10 15 km
depth beneath Nepal and a part of South Tibet may indicate the presence of a shear zone whereas low velocity
layer at South Nepal at a depth of 15 25 km and under the High Himalaya at a depth of 25 35 km indicates
the presence of aqueous fluids with high pore pressure. Further, the low velocities in the mid crust observed at
South Tibet might indicate the presence of partial melt. A pronounced high velocity at 40 60 km depth under
the High Himalaya suggests that the rocks in this region might be undergoing metamorphism to partial eclogite.

We also present the application of autocorrelation of teleseismic P coda to recover the shallow and deeper
interface in the crust beneath Nepal. The results show deposition of sediments up to 9 km in the South of MFT
which gradually decreases northward.

Main Himalayan Thrust (MHT) varying from 10--20 km within Nepal, is flat in the South of MFT and
deepening towards the North. We also discover that interface between the Indian upper crust and lower crust at
a depth of 30 km, which is flat within Nepal. In addition, the Moho in the South of Main Central Thrust (MCT)
is also flat and has a depth of nearly 40 km which deepens upto 60 km towards the North of MCT within Nepal.
Our results provide for the first time good constraint both on the seismogenesis and on the earthquake hazard
in the Nepal Himalaya.
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Investigating the texture and chemistry of mantle xenoliths allow us to constrain the nature of the upper mantle,
the mechanism that generate melts and the evolution of the lithosphere beneath regions where no samples were
exposed by tectonic activity. Texture, as well as chemical composition and mineralogical paragenesis, reflects
the temperature, pressure, stress conditions, melting and/or contamination events undergone before and during
the entrapment in the host magma (Pearson et al., 2003). In particular, the distribution of glass pockets (blebs)
and veins inside xenoliths, as well as the texture of silicate, oxide and sulphide phases seem to be important
in understanding some aspects of mantle metasomatism (Coltorti et al., 2000; Hughes et al., 2016; Lenaz et
al., 2017). Classic 2D thin section observation might overlook some textural and mineralogical features, like
oriented distribution of some mineral phases, possible interconnection of glass pockets and veins, distribution
and morphological features of accessory minerals like sulphides. Extending the textural analysis of mantle
xenolith to three-dimensional scale is therefore a potentially powerful tool in petrography and petrology.

By using a multi-scale 3D textural analysis through X-ray computed microtomography (micro-CT), we
characterized three mantle xenoliths from different geodynamic settings (i.e. mobile belt zone, pericraton,
oceanic hotspot). We used an approach structured in increasing steps of resolution, starting with conventional
X-ray micro-CT imaging (voxel size: 30 mm) and moving on to phase-contrast synchrotron-based X-ray
micro-CT to reach a voxel size of 0.9 mm.

We performed several exercises to test the effectiveness of micro-CT imaging on textural characterization of
mantle xenoliths, comparing the results with the observation of conventional optical microscopy. One of these
exercises involve a model to simulate the random sectioning of several thin sections and estimate the probability
of accurate modal classification. Furthermore, 3D models obtained allow us to collect several textural information
that were impossible to determine in a 2D classification. For example, we identified: spinel layering in one sample
(MG10x), presence of gas vesicles in glass of xenolith Bi4, and silicic glass scattered through sample FN38.
Moreover, high-density volumes were detected in nodules MG10x and Bi4, showing no relation with the spinel
layering in the first one and a preferential concentration along fractures in the latter one.

Coltorti M., Beccaluva L., Bonadiman C., Salvini L. & Siena F. (2000) - Glasses in mantle xenoliths as geochemical
indicators of metasomatic agents. Earth and planetary science letters, 183(1-2), 303-320. https://doi.org/10.1016/
S0012-821X(00)00274-0.

Hughes H.S., McDonald I., Faithfull J.W., Upton B.G. & Loocke M. (2016) - Cobalt and precious metals in sulphides of
peridotite xenoliths and inferences concerning their distribution according to geodynamic environment: a case study
from the Scottish lithospheric mantle. Lithos, 240, 202-227. https://doi.org/10.1016/j.1ithos.2015.11.007.

Lenaz D., Musco M.E., Petrelli M., Caldeira R., De Min A., Marzoli A., Mata J., Perugini D., Princivalle F., Boumehdi
M.A., Ahmadi Bensaid I.A. & Youbi N. (2017) - Restitic or not? Insights from trace element content and crystal—
Structure of spinels in African mantle xenoliths. Lithos, 278, 464-476. https://doi.org/10.1016/].1ith0s.2017.02.012.

Pearson D.G., Canil D. & Shirey S.B. (2003) - Mantle samples included in volcanic rocks: xenoliths and diamonds. Treatise
on geochemistry, 2, 568. https://doi.org/10.1016/B0-08-043751-6/02005-3.

170


https://doi.org/10.1016/S0012-821X(00)00274-0
https://doi.org/10.1016/S0012-821X(00)00274-0
https://doi.org/10.1016/j.lithos.2015.11.007
https://doi.org/10.1016/j.lithos.2017.02.012
https://doi.org/10.1016/B0-08-043751-6/02005-3

© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

The traces of magmatic pulses in the crustal density structure of the Western African Rift
System

Maddaloni F., Pivetta T. & Braitenberg C.*
Department of Mathematics and Geosciences, University of Trieste.
Corresponding author e-mail: berg@units.it

Keywords: Termit basin, crustal column intrusion, magmatism, rifting, Wester African Rift System, Chad basin.

The Western African Rift System forms an ensemble of narrow and deep basins, inserted into the context
of the much broader oval shaped Chad basin, which though is only a few hundred meters deep, up to 450 m.
The system includes the Termit, Tenéré, the Tefidet and the Kafra basins. The rift hosts up to 12 km thick
sediments, accumulated starting from the first rift cycle active throughout Cretaceous extending from 145.5
Ma to 99.6 Ma. The second cycle of sedimentation continued with the second rift phase from 65.5 Ma to 23
Ma, and continued during the post-rift phase. Both rift phases produced documented volcanism intercalated in
the sediment pile. The sedimentation of the Chad basin is described as that of a sag basin, with deposits starting
from the end of the first western rift phase.

Our interest lies in defining to which extent the documented volcanism affected the crustal column of the
rift basins, and in particular if the crustal densities have been altered. The presence of increased density in the
crustal column has implications on the isostatic equilibrium, and the general comprehension of the amount of
magmatic rocks substituting the original or stretched crustal column.

The input data that sustain our modeling are the gravity field, a digital terrain model, and a model of the
thickness of the sedimentary cover. Such data are much more easily available than the deep seismic profiling
reaching the lower crust, available only rarely. The methodology we use demonstrates that the information on
the superficial crustal structure together with the gravity field, allows to define the lower crustal structure and
density.

We had found the densification of the lower crust below a Large Igneous Province (Parana’ basin, Mariani
et al. (2013)), which had been interpreted as underplating, and below the Volcanic province in the Southern
Alps (Veneto Volcanic province, Tadiello and Braitenberg (2021)). The timing of the magmatism of the West
African rift is presumably tied to two pulses of volcanism documented in the rift, associated with the first post-
rift phase from 96 to 88 Ma and the second post-rift phase from 23 Ma up to the Quaternary.

Mariani, P., Braitenberg, C., Ussami, N. (2013) - Explaining the thick crust in Paranad basin, Brazil, with satellite
GOCE gravity observations. Journal of South American Earth Sciences, 45, 209-223. https://doi.org/10.1016/].
jsames.2013.03.008.

Tadiello, D., Braitenberg, C. (2021). Gravity modeling of the Alpine lithosphere affected by magmatism based on seismic
tomography. Solid Earth, 12(2), 539-561. https://doi.org/10.5194/se-12-539-2021.
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The origin of the intracratonic basins (ICBs) is still highly debated and several hypotheses have put forward
to explain their long-lasting subsidence, characterized by prolonged intervals of low rate subsidence alternating
with episodic accelerations in subsidence rate (e.g., Hartley & Allen, 1994). The Congo basin (CB) is a natural
laboratory for investigating the processes that govern the long—term evolution of the ICBs, due to its long
tectonic history, during which a large thickness of sediments deposited (up to about 9 km). Its subsidence
initiated very probably as a failed rift in late Mesoproterozoic and evolved during the Neoproterozoic and
Phanerozoic under the influence of far-field compressional tectonic events, global climate fluctuation between
icehouse and greenhouse conditions and drifting of Central Africa through the South Pole then towards its
present-day equatorial position (Delvaux et al., 2021).

We reconstructed the depth of the basement and of main sedimentary layers of the CB, by integrating the
interpretations of almost 3000 km of seismic reflection profiles with the analysis of the gravity field. The
obtained results show a very heterogeneous basement depth, characterized by a series of topographic highs
and lows NW-SE oriented (Delvaux et al., 2021; Maddaloni et al., 2021). We further observed the migration
of the sedimentary depocenters from the Proterozoic to Jurassic times and lateral thickness variations of the
sedimentary layers. Both types of observations reflect a different behavior of the CB during the stages of its
evolution, with a progressive decrease in the influence of the initial rift structure.

The rift phase that gave origin to the CB has been simulated applying multidirectional slow divergent
velocities to a cratonic block having a central weak zone, representing the suture area between the cratonic
pieces composing the Congo craton. The numerical models, after a time lapse of 200 Myr, show the formation
of a central circular subsided area, as effect of the radial extension, induced by the asthenosphere upwelling.
The main structures, formed within the depressed topographic area, resemble the present-day basement depth
of the CB, supporting the hypothesis that the origin of some ICBs can be due to the effect of multi-extensional
stress applied on a cratonic area.

Delvaux D., Maddaloni F., Tesauro M. & Braitenberg C. (2021) - The Congo Basin: Stratigraphy and subsurface structure
defined by regional seismic reflection, refraction and well data. Global and Planetary Change, 198, 103407.

Hartley R.-W. & Allen P.A. (1994) - Interior cratonic basins of Africa: relation to continental break-up and the role of
mantle convection. Basin Research, 6, 65-113.

Maddaloni F., Braitenberg C., Kaban M., Tesauro M. & Delvaux D., (2021) - The Congo Basin: Subsurface structure
interpreted using potential field data and constrained by seismic data. Global and Planetary Change (under review).
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Hydrogen is attracting global attention as a pillar of the future European system, for the decarbonisation of
transport, power and heating, and of fuel-energy intensive industries, thus playing a significant role as a fuel
substitute to limit global warming and greatly contributing to the transformation to a low carbon economy
by 2050 (Heinemann et al., 2021 and references therein). Large-scale hydrogen storage can help alleviate the
main drawbacks of renewable energy generation such as their intermittency and seasonal and geographical
constraints, leading to satisfy the energy demand. Storing pure hydrogen in salt caverns has been practiced
since the 1970s in Europe. The EU Hystories “Hydrogen Storage In European Subsurface” project aims to
provide subsurface technical feasibility studies for a future with pure hydrogen storage in depleted hydrocarbon
fields and saline aquifers, which have never been used for this purpose. Although many aspects will be similar
to the storage of natural gas underground and CO, geological storage, technical developments are still needed
to develop this solution, particularly in terms of bio- and geo-chemical impacts of hydrogen storage on the
subsurface and in terms of the quality of hydrogen withdrawn from the reservoir. The EU Hystories project
proposes to address the main technical feasibility questions and to assess the techno-economical potential of
underground large-scale storage of renewable hydrogen in Europe. The National Institute of Oceanography
and Applied Geophysics-OGS is the sole Italian research institution involved in such a project, participating as
a Third Party through CO,GeoNet, and is mainly devoted to the identification of sites potentially suitable for
hydrogen storage in the Italian subsoil both on- and offshore.

Here we present the preliminary results from analysis both regional and local scales. This study provides
a characterization of the deep saline aquifers building on work assessing potential for CO, geological storage
(Donda et al., 2011; Civile et al., 2013; Volpi et al., 2015) enhanced with characteristics relevant to hydrogen
storage. A detailed study of an onshore site focused on petrophysical characterization of the potential hydrogen
storage reservoir is also reported.

Civile D., Zecchin M, Forlin E., Donda F., Volpi V., Merson B. & Persoglia S. (2013) - CO2 geological storage in the
Italian carbonate succession. Int. J. Greenh. Gas Con., 19, 101-116.

Donda F., Volpi V., Persoglia S. & Parushev D. (2011)- CO2 storage potential of deep saline aquifers: the case of Italy.
Int. J. Greenh. Gas Con., 5, 327-335.

Heinemann N., Alcalde J., Miocic J.M., Hangx S.J., Kallmeyer J., Ostertag-Henning C., Hassanpouryouzband A., Thaysen
E.M., Strobel G.J., Schmidt-Hattenberger C., Edlmann K., Wilkinson M., Bentham M., R. Haszeldine S., Carbonell
R. & Rudloff A. (2021) - Enabling large-scale hydrogen storage in porous media, the scientific challenges. Energy &
Environmental Science, 14, 853-864. https://doi.org/10.1039/d0ee03536;.

Volpi V., Forlin F., Donda F., Civile C., Facchin L., Merson B., Sinza-Medieta K. & Shams A. (2015) - Southern Adriatic
Sea as a potential area for CO2 geological storage. Oil & Gas Science and Technology, 70(4), 713-728.
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Non-aqueous Phase Liquids (NAPLs), including crude oil and its refined products, produce a long lasting
impact on the enviroment due to unwilling releases. Storage sites of fuel and pump stations are often involved
in unwilling NAPL spills in the subsoil and/or groundwater. The non-polar nature of these contaminants
confers them a slight solubility in water, causing a reduced efficency of the most common remediation
techniques. These limitations result in long-term remediation activities with high related costs. Unconventional
characterization methods like the Radon (222Rn)-deficit technique are meant to supplement and optimize the
conventional approach by providing dense spatial information in quasi-real time, and at a reasonable cost
(De Miguel et al., 2020). Schubert (2015) presented a comprehensive review of the use of 222Rn as a natural
tracer to assess subsurface NAPL contamination. In the present work Radon deficit technique was applied to
determine the vertical distribution of Rn in groundwater inside a gasoline contaminated area. Twelve passive
accumulators PDMS-AC (polydimethylsiloxane mixed with activated carbon) were inserted at different depth
inside fenestrated piezometers and left for two weeks to maximize the Rn accumulation. Then they were
measured by high resolution gamma spectometry. PDMS-AC are characterized by a high permeability to Rn
and impermeability to water (Voltaggio & Spadoni, 2013). The obtained results suggest the possible application
of Radon deficit to find not only the areal but also the vertical distribution of a NAPL contamination in the
saturated level. This datum could offer interesting applications to estimate initial and residual volumes of the
contaminant during remediation procedures.

De Miguel E., Barrio-Parra F., Izquierdo-D az M., Fern ndez J., Garc a-Gonz lez J.E. & lvarez R. (2020) - Applicability
and limitations of the radon-deficit technique for the preliminary assessment of sites contaminated with complex
mixtures of organic chemicals: A blind field-test. Environment International, 138.

Schubert M. (2015) - Using radon as environmental tracer for the assessment of subsurface Non-Aqueous Phase Liquid
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The realization of tunnels, boreholes or quarry drifts in evaporite terrains often brings to face issues
related to the geological and physical peculiarities of these rocks. In particular, typical problems are caused
by the swelling behaviour of anhydrite, the high solubility in water and the high heterogeneity of gypsum
facies. All these problems are particularly evident in the framework of quarry exploitation: the stability of
rock pillars in underground quarries requires dedicated investigations. This study proposes an analysis of the
main parameters that may affect the stability of underground gypsum pillars, considering in particular the
effect of material heterogeneity and relative humidity. With this aim, the study proposes an investigation of a
strongly heterogeneous facies of gypsum from the Messinian Salinity Crisis (i.e. branching selenite facies from
Monferrato area, NW Italy). The textural and microstructural heterogeneity of the material is described with
different techniques (MIP and SEM analyses). The study then includes a series of ad hoc designed mechanical
tests to quantify strength and creep in function of the relative humidity. Results show the clear influence of
material heterogeneity on the mechanical response. To this intrinsic mechanical variability, the influence of an
external parameter as the humidity is observed to generate an additional reduction of material strength and to
increase the creep strain rate in the long term tests. The effect of all these elements in the framework of a real
underground quarry site is eventually discussed.
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The growing importance of subsurface carbon storage for tackling carbon emissions requires an accurate
characterisation of potential reservoirs to understand their capabilities. A suite of sandstone samples has been
characterised at the micro-scale using micro-computed tomographic imaging. We investigate how pore and
grain geometries control crucial features of a suitable reservoir such as porosity and permeability. Studied
samples are from sites located in suitable geographic locations which could be beneficial to the growth of
CCS in the UK (Payton et al., 2021). These include (i) the UK Geoenergy Observatories (UKGEOS) Glasgow
observatory from the Upper Carboniferous Scottish Middle Coal Measures Formation, (ii) the laterally
equivalent facies of the Sherwood Sandstone Group to the UKGEOS Cheshire observatory from drilling at
Sellafield (Cumbria) and (iii) core material from offshore reservoir targets as potential CO2 storage. Results
show porosity values between 0.04 and 26.4% and permeabilities of up to 6000 mD. Based on these results, we
are able to make recommendations for further study at sites showing favourable characteristics for subsurface
storage. We also identify and constrain a percolation threshold of ca. 10% total porosity, which is shared
between sites, above which near full pore connectivity is observed. Results from this study can be applied to
other localities and reservoir intervals suitable for CO, storage. In particular, they can be used as a measure of
reservoir suitability when making initial assessments of storage reservoirs without the need for expensive and
time-consuming analyses.

Payton R., Fellgett M., Clark B., Chiarella D., Kingdon A. & Hier-Majumder S. (2021) - Pore Scale Assessment of
Subsurface Carbon Storage Potential: Implications for the UK Geoenergy Observatories Project. Petroleum
Geoscience, 27, petgeo2020-092, https://doi.org/10.1144/petge02020-092.
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Italy is the world’s second-largest feldspar producer (3 million tons/year, 22% of total) and the world
biggest importer (22% of global world trades) (European Commission). Since the strong demand is rapidly
depleting the proven reserves in EU Member States, the EU ceramics sector is increasingly dependent on
feldspar imports from Turkey. In the future, it will be necessary to find additional sources of feldspar or to
further increase inter-continental transport. The ever-increasing demand for feldspar, for ceramics, glass and
other industrial uses, therefore, requires the extraction of granite and considerable international trade flows. At
present, Buddusso-Ala dei Sardi (Sardinia Region-Italy) is the most important granite production area in Italy,
with 66 authorised quarries (12 active), 70% of regional granite production and more than 50% of total Italian
production. However, granite mining activities cause serious environmental problems. In Italy, every year
350.000-400.000 m3 of raw granite are extracted (Lucarini et al, 2020) generating the same quantity of waste.
Feldspar production and trade generate large amounts of pollutant and greenhouse gas emissions, due either to
the energy consumption of mining activities or from the transport of the finished product from the exporting
countries (mainly Turkey and China). The areas where quarries are active suffer from landscape degradation,
due to incomplete compliance or non-compliance with quarry recovery plans, considering that opening new
quarries is cheaper than moving large amounts of waste. Finally, granite mining accounts for huge amounts of
soil consumption, as it requires large areas in which the quarry waste accumulates.

The LIFE REGS II project (LIFE19 ENV/IT/000373 LIFE REGS II) aims at demonstrating an innovative
and economically-viable extraction technology to produce feldspars, of the same quality to those obtained from
virgin raw material, using granite scraps rather than virgin raw material. This will reduce demand for feldspar
from environmentally-damaging granite mining operations as well as to minimize the soil consumption and to
boost the awareness about the importance of recycling granite scraps.

The project will contribute to the implementation of the EU Action Plan for the Circular Economy, the
Roadmap for a Resource Efficient Europe, and Directive 2006/21/EC on the management of waste from
extractive industries.

European Commission, Study on the EU’s list of Critical Raw Materials (2020) - Factsheets on Non-critical Raw Materials.
Lucarini M., Carta R., Fumanti F., Martarelli L. & Serra M. (2020) - “The Italian Database GeMMA: from monitoring
production to cataloguing mining wastes, a starting point for recovering critical raw materials from abandoned mines?”
in European Geologist Journal 49 Mineral raw materials in Europe — Chances and challenges for domestic production.
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The use of renewables is of paramount importance for sustainable development and economic growth.
In this context, shallow ground-sourced heat exchangers (GSHESs) coupled with geothermal heat pumps
represent a valuable opportunity for heating and cooling systems both in urban and rural areas. The regions
of the Central Italy affected by the 2016 seismic sequence (M 6.5), while involved in the post-earthquake
reconstruction, could greatly benefit from the installation of GSHES, which are environmental-friendly and with
two peculiarities among the renewables: (i) continuous source of thermal energy and (ii) landscape protection
(GSHEs are not visible). Here the focus is set on the evaluation of the shallow geothermal potential for the
southern sectors of the Marche Region, with the aim of producing maps favouring the knowledge of the heat
that could be extracted through GSHEs from different rocks of the subsoil. As a first pilot area we selected the
upper-middle portion of the Potenza river fluvial plain to quantitatively estimate the values of key parameters
such as the thermal conductivity, the volumetric heat capacity of the subsoil and the specific heat extraction.
We followed the methods described in Taussi ef al. (2021), thus averaging the geothermal parameters values
over the first 100 meters, i.e. the most common depth of GSHESs. In order to assign the representative values
for the shallow heat exchange parameters, the local stratigraphy was reconstructed on the basis of the surveys
and data (mainly geognostic drillings) made available by the Civil Protection, thanks to the completion of the
third level of the seismic microzonation studies. This freely accessible database might represent a valuable
tool and source of information for such shallow geothermal studies in many different areas, and thus we
recommend its use, given the relatively easy availability. In addition, the possibility (and the reliability) to
use geophysical surveys (such as MASW or HVSR analyses) data, typically available in such databases, will
be tested in order to independently estimate and compare the values of the most relevant shallow geothermal
parameters. Preliminary results indicate that higher values for thermal conductivity (> 1.9 W-m'-K-") and
volumetric heat capacity (> 2.35 MJ-m*-K"') characterize the uppermost sector of the fluvial plain of the
study area, especially those areas around San Severino Marche and the ridges corresponding to Treia and
Pollenza, where the, respectively, carbonate and siliciclastic bedrocks occur at relatively shallow depths. The
development of GSHES for heating and cooling systems should be really regarded as an opportunity for the
reconstruction of these areas hit by the 2016 earthquake.

Taussi M., Borghi W., Gliaschera M. & Renzulli A. (2021) - Defining the Shallow Geothermal Heat-Exchange Potential
for a Lower Fluvial Plain of the Central Apennines: The Metauro Valley (Marche Region, Italy). Energies, 14(3), 768.
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As demand for energy — and corresponding concern for the impacts of associated technologies — keep
growing, the possible geological effects of underground anthropic activities is a topic receiving increasing
interest in society and science alike. In Italy, the 2012 Emilian earthquake sequence marked an important
step on this regard, as it raised suspicion that it could be related to extensive hydrocarbon extraction and
storage in the region. The International Commission on Hydrocarbon Exploration and Seismicity in the
Emilia Region (ICHESE), nominated by Ministero dello Sviluppo Economico (MISE, the relevant national
authority) following requests from the local government, wrote recommendations for implementing continuous
geophysical monitoring of underground energy technologies. Such recommendations resulted in guidelines
(Indirizzi e Linee Guida per il monitoraggio della sismicita, delle deformazioni del suolo e delle pressioni di
poro nell’ambito delle attivita antropiche, ILG; Dialuce et al., 2014) issued by the Direction for safety of mineral
and energy activities, DGS-UNMIG, of the MISE. INGV has been involved in a few test implementations of
the ILG (Braun et al.; 2020) from which we may draw some considerations. In Italy, hydrocarbon extraction
does not appear to have increased seismicity (Garcia et al., 2021). Re-injection of produced water can cause
changes in mechanical properties of the nearby crust, but such changes are small and rather elusive (Berbellini
et al., 2021). Besides, application of the ILG need to address some critical issues (Braun et al., 2020), among
which inherent uncertainties of hypocentral location (Garcia-Aristizabal et al., 2020).

Berbellini A., Zaccarelli L., Faenza L., Garcia A., Improta L., De Gori P. & Morelli A. (2021) - Effect of Groundwater
on Noise-Based Monitoring of Crustal Velocity Changes Near a Produced Water Injection Well in Val d’Agri (Italy).
Front. Earth Sci. 9:626720. https:://doi.org/10.3389/feart.2021.626720.

Dialuce G., Chiarabba C., Di Bucci D., Doglioni C., Gasparini P., Lanari R., Priolo E. & Zollo A. (2014) - Indirizzi e
linee guida per il monitoraggio della sismicita, delle deformazioni del suolo e delle pressioni di poro nell’ambito delle
attivita antropiche. GdL MISE, Roma. https://unmig.mise.gov.it/images/docs/85 238.pdf.

Garcia-Aristizabal A., Danesi S., Braun T., Anselmi M., Zaccarelli L., Famiani D. & Morelli A. (2020) - Epistemic
Uncertainties in Local Earthquake Locations and Implications for Managing Induced Seismicity, Bull. Seismol. Soc.
Am., 5, 2423-2440, https://doi.org/10.1785/0120200100.

Garcia A., Faenza L., Morelli A. & Antoncecchi I. (2021) - Can hydrocarbon extraction from the crust enhance or inhibit
seismicity in tectonically active regions? A statistical study in Italy, Front. Earth Sci., in press, https://doi.org/10.3389/
feart.2021.673124.

Braun T., Danesi S. & Morelli A. (2020) - Application of monitoring guidelines to induced seismicity in Italy, Journal of
Seismology, 1-14, https://doi.org/10.1007/s10950-019-09901-7.
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The Pannonian Basin is a transboundary Neogene basin system on the top of a complex Paleo-Mesozoic
crystalline and sedimentary sequences. It is well known for its geothermal potential. Within our latest research
in the GeoConnect3d project, we tested whether geothermal anomalies and other so-called geomanifestations
in a case study of the Mura-Zala sub-basin confirm the evolved structural-geological model.

The concept of geomanifestations was introduced by R. Barros and K. Pissens in 2020 within setting the
methodology for two-step structural framework and geomanifestations identification and is used “to define any
distinct local expression of ongoing or past geological processes”.

In the Mura-Zala sub-basin, extending between Slovenia, Croatia and Hungary, we found 9 wells with
convection cells, 8 mofettes, 8 natural mineral waters, 6 mineral waters, 22 thermal and 17 thermomineral
waters/sites. Mineral occurrences are rare, only 4. Organic matter occurs at 78 coal sites, 1 oil spring, 5 gas
fields, 6 oil fields and 17 oil and gas fields. Mantle helium exhalation is evident at 17 sites.

We were able to link fault zones to geomanifestations. Along the Ljutomer fault zone we interpreted
convection cells causing geothermal anomalies, seismic activity, and structural traps resulting in hydrocarbon
accumulations. Along the Raba fault zone we interpreted convection cells causing geothermal anomalies, some
seismic activity at its western part, mineral and thermomineral waters, and CO2 and mantle helium exhalations.
And along the Periadriatic fault system, where the Labot and Sostanj fault zones join, we identified seismic
activity, mineral and thermomineral waters, and CO2 and mantle helium exhalations.

Acknowledgement: This work was perfomed as part of the GeoERA programme - the GeoConnect3d project that has
received funding by the European Union’s Horizon 2020 research and innovation programme under grant agreement
number 731166. Slovenian members also worked within the ARRS research programme P1-0020 Groundwaters and
geochemistry. Participation at the congress is possible due to the co-funding of the Slovenian National Committee of
the UN Educational, Scientific and Cultural Organization, International Geoscience Programme, contract No. C3330-
21-456004, and its project IGCP636 Geothermal resources for energy transition: direct uses and clean and renewable
base-load power.
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In recent decades, numerous advances have been made in the study of geothermal potential in volcanic and
non-volcanic areas on a planetary scale. One of the first effects of such studies have been the exploitation of
clean energy resources in areas of high volcanic risk and in densely populated areas.

The growing demand for clean energy, particularly in developing countries, has become an objective of
primary importance today. In this regard, characterize geothermal reservoirs as low/intermediate temperature
resources (for heating and cooling of buildings, district heating and solar energy) or as high temperature resources
(for electricity generation or co-generation). Characterization of high-temperature geothermal resources
captured through deep wells (1-5 km) drilled to reach reservoirs, may be located in highly heterogeneous
volcanic complexes, sedimentary basins or old bedrock. Reservoir permeability can be increased through
various engineering techniques to improve productivity, although such techniques can raise difficult issues
of social acceptability. Low- or medium-temperature resources are exploited within shallow (a few meters)
or intermediate (up to 1 km) wells and primarily provide heating and cooling capabilities. In recognition of
these conditions, the development of a robust interdisciplinary methodology to characterize such geothermal
systems from volcanological, geophysical, geochemical, and geo(hydro)thermal perspectives is critical.

In this study we review in detail the results obtained during three recent drilling experiences focused on
the characterization of unconventional resources: the Campi Flegrei Deep Drilling Project (CFDDP) in Italy,
the United Downs Deep Geothermal Power (UDDGP) project in the United Kingdom, and the DEEP Earth
Energy Production in Canada. The main aspects of each project are described (geology, drilling, data collection,
communication strategies) and compared to discuss challenges encountered at the tree sites considered,
including a scientific drilling project (CFDDP) and two industrial ones (UDDGP and DEEP). The first project,
at the first stage of the pilot hole, although not reaching deep supercritical targets, showed extremely high, very
rare thermal gradients even at shallow depths. Although each project has its own history, as well as social and
economic context, the lessons learned at each drilling site can be used to further facilitate geothermal energy
development.
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Since the 1950s many sedimentary basins worldwide and in Italy were highly explored for oil and gas
exploitation, CO, sequestration, geothermal and mining applications, providing an accessible deep underground
database and a number of exhausted wells currently not used. Just in Italy, since the beginning of 20th century,
more than 2000 exploratory wells were drilled, mainly for hydrocarbon exploration and abandoned (ViDEPI
Project).

A promising option for the reuse of these abandoned wells, characterized by great depth (usually > 1 km)
and high underground temperatures, is to create a deep-closed geothermal loop by the underground connection
of two near wells with multilateral wells (Kharse et al., 2019). In this way, the geothermal heat naturally
available underground could be exploited by the circulation of an operative fluid inside the wells (closed loop).
The simplicity of this approach means that no aquifer is involved and that the systems can be constructed
almost anywhere making geothermal energy scalable and available for local communities, favoring the energy
transition towards renewable energies (Winsloe et al., 2020). This will boost geothermal energy use contributing
to increase its share in the total energy produced in Europe by 2050 (Dalla Longa et al., 2020).

In detail this work aims to analyze the feasibility in terms of heat and power production of a closed circuit
involving the wells Legnaro and Piove di Sacco located in Padova territory, in an area characterized by a
normal geothermal gradient.

At first the wells stratigraphies and thermal properties of the main lithologies were defined. Then, several
numerical simulations of the closed loop were carried out in steady state, to define the laminar flow and the
heat transfer in the rocks and the circulating fluid. In detail the possible effect on power and heat production
due to the variation of (i) wells vertical depth, (ii) horizontal connection length, (iii) geothermal gradient, (iv)
rocks thermal conductivity and (v) carrier fluid flow rate inside the closed loop probes were considered.

The results obtained allow to point out the pro and cons of the proposed approach for heat and power
generation in abounded wells, highliting also possible solutions to implement the heat extraction.

Dalla Longa F., Nogueira L.P., Limberger J., van Wees J.D., van der Zwaan B. (2020) - Scenarios for geothermal energy
deployment in Europe. Energy, 206, 118060.

Kharse M., Al-Khawaja M. & Hassani F. (2019) - Sweden Optimal utilization of geothermal heat from abandoned oil
wells for power generation. Applied Thermal Engineering, 153, 536-542.

Winsloe R., Richter A., Vany J. (2020) - The Emerging (and Proven) Technologies that Could Finally Make Geothermal
Scalable. Proc. World Geothermal Congress, 1-11.

ViDEPI Project. https://www.videpi.com/videpi/pozzi/pozzi.asp. Last access 08/06/2021.
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In Naturally Occurring Asbestos (NOA) rich areas, weathering and erosion of asbestos-bearing rocks (e.g.
meta ophiolites) are likely to cause water asbestos pollution: this may occur as a consequence of superficial
and groundwater flow through natural rock formations containing NOA, depending on the characteristics of
either the rocks and hence the water.

Concerning groundwater management in NOA settings, asbestos pollution has to be considered with regard
to water quality assessment: it represents an environmental problem and could even constitute a risk for human
health. In fact, waterborne asbestos can come into contact with human beings as airborne fibres after water
vaporization, or by ingestion, especially if they are present in drinking water. While a lot is known about
diseases caused by airborne asbestos respiration (e.g. IARC, 2012), not enough has been yet understood about
potential noxiousness of its ingestion. Consequently, a Maximum Contaminant Level for asbestos in potentially
usable water has not been defined yet (WHO, 2020).

To investigate possible groundwater pollution by asbestos due to natural environmental causes, a study
area was selected in Piedmont, nearby NW Alps which are rich in NOA (and naturally occurring asbestiform
minerals non-asbestos classified) (Belluso et al., 2019). In this area, two sampling and analysis campaigns
regarding surface waters and groundwater were settled to investigate if, how and which type of mineral fibres
could occur in water, trying to correlate them to the geolithological and hydrogeological characteristics of the
area.

The results of the two campaigns will be presented aiming to investigate asbestos and asbestiform fibres
occurrence in water in relation to hydrochemical parameters, which are expression of the local hydrology and
geolithology, and to evaluate seasonal variability. In addition, asbestos (and asbestiform) fibres transportation
due to water flowing in NOA settings will be tested with a physical model, since a recent study highlighted
possible asbestos mobility through soil (Mohanty et al., 2021): guidelines to create a flow model which
describes mineral fibres mobility in porous aquifers will be presented following laboratory tests based on
contaminated water circulation through packed columns.

Belluso E., Baronnet A. & Capella S. (2019) - Naturally Occurring Asbestiform Minerals in Italian Western Alps and in
Other Italian Sites. Environmental and Engineering Geoscience, 25, 4, 1-8.

IARC-International Agency for Research on Cancer (2012) - Monograph on the Evaluation of Carcinogenic Risks to
Humans: Arsenic, Metals, Fibres, and Dusts.

Mohanty S.K., Salamatipour A. & Willenbring J.K. (2021) - Mobility of asbestos fibers below ground is enhanced by
dissolved organic matter from soil amendments. Journal of Hazardous Materials Letters, 2.

WHO-World Health Organization (2020) - Asbestos in Drinking-water. DRAFT Background document for the WHO
GDWQ, December 2020, version for public review.
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The North-Adriatic Sea level rise caused by the climate change in progress and the results of a risk analysis
of salt water intrusion (SWI) in coastal aquifers, at regional and local scale, are the output of an EU project
named ASTERIS (Adaptation to Saltwater inTrusion in sEa level RIse Scenarios) co-funded by Interreg Italy-
Croatia Cross Border Cooperation Programme.

In order to reduce the environmental and socio-economic losses due to the progression of foreseen
salinization along the coastal aquifer in the municipality of Fano (PU — Marche region, Italy), an adaption
plan has been built. The municipal adaptation plan matched the actions to be followed, in terms of sustainable
use of groundwater resource, designed to maintain the interface between fresh and salt water toward the sea,
re-orienteering the pumping systems, lowering the interface zone and creating barriers to SWI. The envisaged
adaptation measures are organized according to the hydrogeological effects in different zones of the coastal
aquifer and are related to group of stakeholders, planning key-roles in the use of the groundwater resources.
A particular focus has been dedicated to surface water bodies into the city, in direct connection with seawater,
that shows higher EC values, which denoted the presence of seawater ingression along the riverbed. With
reference to the temporal variations of the salt intrusion process, the “dynamic updating” of the adaptation
plan seems to be the best method, supported by field observation. For this reason, have been suggested some
test sites (“monitoring transects”) that could be provided by installations of monitoring devices, distributed
between the emerged beach and the inland.

A wide spectrum of measures has been proposed, according to a specific land-use settings and to a
“vulnerability zoning” criteria, among which:

— preventive measures in low-vulnerability coastal areas, in order to delay salinization;

— mitigation measures in medium-vulnerability coastal areas, accepting the idea of a certain degree of
salinization of the coastal aquifer, trying to obtain a reduced impact on the socio-economic and environmental
system, through limitation of total damage;

— recovery/contrast measures in high-vulnerability coastal areas, trying to minimise the impact affecting the
socio-economic and environmental system involved by the groundwater salinization.

The “Adaptation plan” for the Municipality of Fano must be based on the existence of a control room,
oriented to the coastal aquifer system management, with the aid of a numerical forecasting simulation model
of flow and salt transport into the coastal aquifer, able to assess and predict SWI evolution; its purpose is to
ensure support for the Strategic Planners in order to implement a combination of prevention, mitigation and
remediation measures in urban, agricultural and natural contexts.
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The study area lies in the Rosarno/Gioia Tauro alluvial plain, a tectonic depression generated mainly by
the normal faults of “Nicotera” [direction WNW-ESE] and “Cittanova” [direction NE-SW], (Ghisetti, 1979;
Tortorici et al. 1995, 2002). The Nicotera fault crosses N the study area, the Cittanova fault runs E, outside the
study area. The acquisition of lithostratigraphic data and static groundwater levels allowed to carry out this
preliminary hydrogeological study that, in the final version, aims to implement the knowledge shallow aquifer
of the selected area.

The lithology, derived from the Geological map of Calabria (CASMEZ, 1967), consists of:

-Alluvial complex (medium permeability): gravelly-sandy and conoid deposits of heterogeneous
granulometry with prevalence of sandy terms;

-Sandy-gravelly-conglomerate complex (medium-high permeability): continental deposits of terrace, of
Heterogeneous granulometry, moderately thickened;

-Igneous complex (low permeability which increases in relation to the fracturing index): acidic granite
rocks which often present, on the surface, a blanket of alteration, that may locally be the site of limited aquifers.

The lithostratigraphic data show that the shallow aquifer, in the study area, is located in alluvial/terrace
complexes, characterized by medium-high permeability due to the granulometric heterogeneity distinguishing
them. Interpolating the available static levels, the preliminary piezometric map of the area was derived using
an “ordinary kriging”, given the non-homogeneous distribution of the measurement points. The piezometry
is between 30 m asl (innermost sectors) and 0.5 m asl (along the coast), with a general out flow from E to W.
By interpreting the piezometric morphology, underground water sheds and prevailing flow directions were
traced. Among the latter, the most evident corresponds to the bed of Mesima river. In the inner zones, the
isopiezometric line shave a lower distance between them, this shows short hydraulic paths and high hydraulic
gradients. In the external areas, the distance between the isopiezometric lines is wider, this translates into a
greater hydraulic path and a lower hydraulic gradient. Therefore, according to the state of knowledge, the
inner most areas, corresponding to faster aquifer sectors, represent the recharge areas, while the external areas,
corresponding to slower aquifer sectors, constitute the drainage areas.

Cassa per il Mezzogiorno (1967): Carta Geologica della Calabria;

Ghisetti F. (1979) - Evoluzione neotettonica dei principali sistemi di faglie della Calabria centrale. Boll. Soc. Geol.
It., 98, 387-430.

Tortorici L., Monaco C., Tansi C. & Cocina O. (1995) - Recent and active tectonics in the Calabrian arc (southern italy)
- Tectonophisic, 243, 37-55.

Tortorici G., Bianca M., Monaco C., Tortorici L., Tansi C., De Guidi G. & Catalano S. (2002) - Quaternary normal
faulting and marine terracing in the area of Capo Vaticano and S. Eufemia plain (Southern Calabria). Studi Geologici
Camerti — nuova serie, 1, 156-171
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The studied plain lies in the Tyrrhenian sector of the “Graben of Catanzaro” (Amodio Morelli et al., 1976)
generated by sub-vertical faults with a left lateral strike-slipe component (Gulla et al., 2005). Lithostatigraphic/
hydrogeological data show a multilayer aquifer, separated by clave horizons (Cuiuli 2012, 2015, 2018). The
phreatic aquifer is located in the alluvial deposits, the artesian acquifer is in the sands and sandstones, while
the third aquifer appears to be hydrothermal, from the available data. The feeding of the aquifers is carried
out by direct recharge in the shallow acquifer, lateral recharging in the intermediate one, rising fluids through
the fractures of the bedrock in the deep aquifer. The piezometric map of the shallow aquifer (Cuiuli, 2012),
show a drainage area along the coast and an internal recharge area. The main drainage axis coincides with
the Amato river. For the shallow aquifer, the clayely substrate map was also derived (to evaluate the deep [b]
of the aquifer) and the hydraulic parameters were estimated: Transmissivity[T=1.22 Q/AS] (Celico, 1986);
Permeability[K=T/b], Storage Coefficient[S=3 x 10 **b] (USGS, 1975). The hydraulic gradient[i] was defined
graphically from the piezometric map. The hydraulic parameters vary from the hinterland towards the coast (1,0
x 10°>T>1,8 x 10[m/s]; 9,0 x 10°>K> 7,2 x 10 [m/s]; 9,0 x 10°>S>1,5, x 10*; 3>i> 0,8 [%]), probably due
to the granulometric heterogeneity and the variation in thickness of alluvial lithotypes. Instead, for the second
aquifer, the sand/sandstone top map was built, showing a more productive area, along the coast, delimited
by 3 faults determining the greatest depth with respect to the context. All maps were built with an “ordinary
Kriging”. Therefore, this work aims to contribute to the hydrogeological knowledge of the aquifer studied, in
support of studies oriented to the protection and management of the resource in terms of safe guarding and
planning its use.

Amodio Morelli L., Bonardi G., Colonna V., Dietrich D., Giunta G., Ippolito F., Liguori V., Lorenzoni S., Paglionico
A., Perrone V., Picarreta G., Russo M., Scandone P., Zanettin-Lorenzoni E. & Zuppetta A. (1976) - L’arco Calabro-
Peloritano nell’orogene Appenninico-Magrebide. Mem. Soc. Geol. It.,17, 1-60.

Celico P. (1986) - Prospezioni Idrogeologiche; Liguori Ed. NA.

Cuiuli E. (2012) - Contributo alla conoscenza delle caratteristiche idrogeologiche della Piana di S. E. Lamezia (Calabria)
— Primi Risultati. Acque Sotterranee - Italian Journal of Groundwater, 127, 19-32.

Cuiuli E. (2015) - Considerazioni sull’assetto idrogeologico della piana di S. E. Lamezia attraverso lo sviluppo della carta
del tetto dell’acquifero confinato intermedio (Calabria Centrale). Acque Sotterranee — Italian Journal of Groundwater
141(3), 45-52.

Cuiuli E. (2018). Valutazione speditiva dei parametri idrogeologici caratteristici di un acquifero, attraverso 1’uso di formule
empiriche e I’implementazione della carta del substrato argilloso: il caso studio dell’acquifero superficiale della piana
di S. E. Lamezia (Calabria Centrale — Italia). Acque Sotterranee — Italian Journal of Groundwater 7/4, 61-71.

Gulla G., Antronico L., Sorriso — Valvo M., Tansi C. (2005). Proposta metodologica per la valutazione di indicatori di
pericolo e rischio frana a scala intermedia: L’ area della stretta di Catanzaro (Calabria — Italia). Geol. Rom., 38, 97-121.

Lohman S.W. (1975) Ground water hydraulics. Geological Survey Professional paper 709. USGS
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The water—rock interaction is discussed in this study for two sample areas with alluvial aquifers in central
and southern Italy, where there were observed a groundwater contamination by nitrate and metals (Iron and
Manganese).

Thanksto amultidisciplinary approach based on aseasonal monitoring of hydrogeological, hydrogeochemical
and isotopic variables, to a spatial and time series statistical approaches and to a detailed geological analysis, it
was possible to demonstrate that the hydrogeological setting is potentially able to generate natural contamination,
sometimes over the Concentration Limit of Contamination (in coherence with the EU and Italian regulations).

The results suggest that more detailed hydrochemical monitoring, statistical and geological studies are
required for areas where lithologies with fossil organic components are present. Insights should further
investigate the interaction between groundwater and rocks in terms of organic compounds as well as inorganic
compounds. In particular, the study also suggests that the insights on redox balances in groundwater are needed
especially in the area where anthropic contamination by organic substances are present. The study also verified
the effectiveness of the groundwater monitoring network, the present distribution of nitrate and metals in
groundwater and the evolution of these trends at different scale: regional, groundwater body and single well.

In some cases, these results highlight the need to assess the natural background concentrations and possibly
raise the threshold values.
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It’s now recognized that a global climate change is taking place, leading to an increase in temperatures and
a variation in precipitation regime, also affecting groundwater (GW) (Taylor et al., 2013).

In this study we want to evaluate how climate change affects GW temperature in the Piedmont Po plain
(NW Italy).

The Piedmont Po plain covers the 27% of the whole region and it’s the most important GW reservoir of the
Piedmont region (De Luca et al., 2020). It consists, from top to bottom, by Alluvial deposit complex (lower
Pleistocene-Holocene), that hosts a shallow unconfined aquifer, the “Villafranchiano” transitional complex
(late Pliocene-early Pleistocene), that hosts a multilayered aquifer, and a Marine complex (Pliocene) hosting a
confined aquifer (De Luca et al., 2020).

For this research, 41 wells in the shallow aquifer and 20 weather stations were selected throughout the
Piedmont Po plain area, and GW and air temperature parameters were analysed for the period 2010-2019.

The GW temperature data were firstly studied with basic statistical analysis (mean, maxima, minima)
and then with the Mann-Kendall and Theil-Sen methods to evaluate the trend of the monthly mean GW
temperatures. GW temperatures show a general increase in all the plain, up to a maximum of 2.18 °C/10 years.
The same analyses were carried out for the air temperature data and it was observed that the increases vary
between 1.52 and 2.11 °C/10 years.

Then to compare water and air temperature, the Voronoi polygons method was used on QGis by centring
the polygons on the weather stations. From this comparison, it was possible to highlight that in most cases (37
on 41, thus 90% of the analysed couples of temperature data) there is a greater increase in the monthly mean
air temperatures than in the monthly mean GW temperatures.

The same behaviour was observed for the monthly minima and maxima GW and air temperature.

These results testify a greater resilience of GW temperature to climate variability. Future insights will be
a detailed analysis of the factors influencing the more or less evident increase in GW temperatures in relation
to air temperatures (e.g. depth of the water table, position of the monitoring well, position of the probe inside
the well...).

De Luca D. A., Lasagna M. & Debernardi L. (2020) - Hydrogeology of the western Po plain (Piedmont, NW Italy).
Journal of maps, 16(2), 265-273. https://doi.org/10.1080/17445647.2020.1738280.

Taylor R.G., Scanlon B., Ddll P., Rodell M., van Beek R., Wada Y., Longuevergne L., Leblanc M., Famiglietti J.S.,
Edmunds M., Konikow L., Green T.R., Chen J., Taniguchi M., Bierkens M.F.P., MacDonald A., Fan Y., Maxwell
R.M., Yechieli Y., Gurdak J.J., Allen D., Shamsudduha M., Hiscock K., Yeh P.J.F., Holman I. & Treidel H. (2013)
- Ground water and climate change. Nat. Clim. Change, 3, 322-329.
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Hydrogeological mapping represents an essential tool for groundwater resources management and to study
regional-scale variations induced by anthropic pressure, climate change, and catastrophic natural events. The
mountainous aquifers, in particular, represent the natural water towers of our planet. The Water Framework
Directive 2000/60/EC establishes the action of water policy for the European Community. According to that,
many water protection and management plans have been developed by the local authorities aiming at achieving
the quali-quantitative targets for the protection of water resources and water bodies, ensuring a long-term
sustainable water supply. The authority’s decisions are supported by hydrogeologists, with maps focusing on
the main hydrogeological complexes of the national and local territories. For these purposes, a new regional-
scale hydrogeological map has been realized regarding the southernmost mountainous part of the Marche
Region, considering both the fractured carbonate reliefs of Sibillini Mts. and the “Laga” geological formation.
This map extends from the upper portion of the Chienti river basin to the Tronto river basin and integrates
both the discharge measurements conducted during the years and the information from different kind of maps,
i.e. the official geological maps of Marche Region and other published maps (Pierantoni et al., 2013; Viaroli
et al., 2021). The major tectonic lineaments have been interpreted from a hydrogeological point of view and
reported on the map. Based on detailed geo-structural fieldwork performed in the area and on the available
literature, the geological formations have been reclassified into homogeneous hydrogeological complexes.
Operating in a GIS environment, they have been merged to obtain hydrogeological complexes. The boundaries
of these complexes lying below the Quaternary deposits have been inferred. The main punctual and linear
springs of the area have been included in the map. Spring discharge has been measured using both hydrometric
current meters and artificial tracers and they have been added to the discharge data provided by drinking water
companies of the area. The new map can be used as a visual decision support tool to evaluate water resources
in these highly productive but relatively unexplored areas and will provide an updated database on water
resources availability to the Marche Region and other public authorities.

Pierantoni P., Deiana G. & Galdenzi S. (2013) - Stratigraphic and structural features of the Sibillini mountains (Umbria-
Marche Apennines, Italy). Italian Journal of Geosciences, 132(3), 497-520.

Viaroli S., Mirabella F., Mastrorillo L., Angelini S. & Valigi D. (2021) - Fractured carbonate aquifers of Sibillini Mts.
(Central Italy). Journal of Maps, 17(2), 140-149.
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The north-western sector of the Friuli Venezia Giulia Region, on the border between Italy and Austria, is
characterized by the presence of an extensive mountain massif where outcrop the intensely karstified Devonian
limestones.

The high average rainfall, together with the high permeability of carbonates, has favored the development
of an extensive aquifer, the main source of which is represented by the Fontanon di Timau. Due to its high flow
rate, between 250 and 5000 I/s, the spring is exploited both for the supply of drinking water and hydroelectric
energy. Given the importance of the source, a research project has started, partially funded by the Geological
Service of the Friuli Venezia Giulia Region, aiming at the hydrogeological characterization of the survey area
in order to identify the its recharge area and evaluate its vulnerability.

The present paper proposes a hydrogeochemical characterization of precipitation, surface waters and
springs in the area located between Mt. Coglians and the Alta Valle del But, and between Eiskar glacier, the
valley of the Valentina and the Anger valley for the Italian and Austrian sectors, respectively.

The study was carried out over a period of about 5 years, during which a hydrogeological survey was
carried out in order to identify all the sources present in the area and to design a geochemical monitoring
network of the waters. Thanks to special rain gauges, monthly precipitations were collected for the isotopic
composition analysis in order to determine the isotopic gradient of the area (Plocken, Mt. Croce Carnico,
and Rivo). Surface and spring water samples were collected for the study of stable (O and H), unstable (3H)
isotopes, radionuclides (Rn), major and trace elements. The trends related to the temperature and electrical
conductivity of the water in correspondence of different sampling points were also defined.

At the same time, tracing tests were also performed using uranine and tinopal, which made it possible to
verify the hydrogeological connection between the western sector of the karst area and the Fontanon di Timau
and to define the hydrodynamics of the underground system.

Isotopes and trace element results highlighted that Fontanon di Timau spring is significantly fed by the
massif of Mt. Coglians-Creta di Collinetta as well as by the waters that infiltrate the area of Pal Piccolo-Creta
di Timau and partially also from the waters that infiltrate beyond the watershed in Austrian territory. All the
other springs identified in the area, on the other hand, have much lower flow rates and drain waters from
neighboring basins limited to the Italian side only.
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This study proposes a survey methodology for identifying areas for combined Sustainable Drainage Systems
(SUDS) and Aquifer Storage and Recovery (ASR) (Dearden et al. 2013, Sharp Jr., 1997); these techniques
exploit the hydrogeological and geomorphological characteristics of an area, to increase the natural infiltration
capacity of water into the ground.

The target area is the city of Rome and the aim of such techniques is to solve the problems related to rainwater
which, in case of extreme events, struggles to infiltrate the ground, overloads the undersized hydraulic systems
and floods the urban space.

The proposed method involves GIS geospatial analysis of various data: the permeability of outcropping
lithology, the piezometric level of the aquifer, hydrogeological units, geomorphology and land use.

To identify the suitable areas, areas characterised by high permeability and a piezometric level that would
confer a volumetric capacity to possibly store even large quantities of water, without triggering possible
problems associated with fluctuations in the water table, were identified.

The data were divided into classes and indexed in order to compare and overlap them. Finally, hydrogeological
units were also taken into account (by analysing their depth trend) in order to identify areas with similar
characteristics of permeability with respect to depth. The latter will also be compared with the previous data to
identify the areas suitable for SUDS and ASR.

The final product of the suitable areas from a hydrogeological point of view will be compared with the
land use map in order to exclude those areas that, for administrative and other legislative reasons, cannot be
destined to this kind of activities.

Dearden R.A, Marchant A. & Royse K. (2013) - Development of a suitability map for infiltration sustainable drainage
systems (SuDS). Environmental Earth Sciences, 70(6), 2587-2602.

Sharp Jr J.M. (1997) - Ground-water supply issues in urban and urbanizing areas. Proceedings of the XX VII IAH congress
on groundwater in the urban environment.
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Monitoring and analysis of groundwater levels in space and in time is one of the tools to evaluate the
quantitative status of groundwater resources and identify the groundwater response to climate variability,
possible alterations and critical cases (IAH, 2016).

In this study daily groundwater levels (GWL) in 36 piezometers of the shallow unconfined aquifer, and
rainfall (R) data of 26 rain gauges located in the Piedmont plain (western Po Plain, NW Italy) were collected
in 2002-2017 interval and analyzed. Monthly and yearly aggregated data were then elaborated.

Four methods for the analysis of groundwater resources status were applied to GWL: trends identification
with the application of the non-parametric Mann-Kendall test, change-points research with the application of
Pettitt test, percentiles method proposed by ISPRA (ISPRA, 2017) and non-standardized anomalies analysis.
The same analysis were applied to R time series. For GWL and R time series, correlations with monthly lags
and coefficient of variation of the maximum annual fluctuations, were also evaluated.

The application of different methods to the GWL series permitted to clarify the GWL evolution in time
and the spatialization of results allowed us to identify four areas with a similar hydrodynamic behaviour and
resource status: south-eastern sector (Alessandria plain), north-northeast sector (Vercelli-Novara plain - rice
fields), western sector (Turin plain) and south-west sector (Cuneo plain).

Furthermore, the most critical areas were identified and some potential factors (anthropic, geological and
hydrogeological) conditioning the hydrodynamic behaviour of the water table levels were highlighted. All the
methods identified a critical situation in the Alessandria plain.

In addition, the comparison between R and GWL results provided information on the timing and pattern of
aquifer recharge, the hydrodynamic behaviour of GWL and their link with R variability.

At last, this multi-criteria approach allowed to highlight advantages and limits of the applied methods.

Finally, the application of different methodologies made it possible to evaluate not only the state of the
resource by highlighting possible trends and critical situations, but also the real impact of rainfall variations on
GWL variations and to assess how and with what delay GWLs respond to rainfall.

Future insights will analyse the effects of other natural factors (air temperature, evapotranspiration, snowmelt)
and anthropogenic variables (extent of withdrawals), with an in-depth analysis of the local hydrogeological
and geological characteristics of aquifers.

IAH (2016) - Global Change & Groundwater. Strategic Overview Series. https://iah.org/wp-content/uploads/2016/07/
IAH-Global-Change-Groundwater-14-June-2016.pdf.

ISPRA (2017) - Criteri tecnici per I’analisi dello stato quantitativo e il monitoraggio dei corpi idrici sotterranei. Manuali
e Linee Guida, Delibera del Consiglio SNPA del 15/05/2017- 8/2017
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The analysis of pressures and impacts on the Apulian aquifers, as required by the EU WFD, has evidenced
physical and chemical parameters related to groundwater salinization, particularly along the coastal strip.
Predisposing factors such as lithology, tectonic evolution, aquifer over-exploitation (Passarella et al., 2017),
and the ongoing climate change are various. Therefore, distinguishing natural from anthropogenic sources
of salinization becomes a fundamental issue for assessing the aquifer’s chemical status. In this framework,
isotopic measures of O, H, B, and Sr, suitably support distinguishing different sources of salinity, water-rock
interaction processes, and the origin of the water molecules (Pennisi et al., 2006). This study focuses on the
coastal sector of the Murgia aquifer located on the Adriatic side of the Apulia region (south Italy). It is made
up of several hundred-meter-thick Mesozoic calcareous and calcareous-dolomite rocks affected by fracturing
and karst phenomena. The aquifer is confined and characterized by irregular geometry. Groundwater flows to
the sea where it rises in numerous coastal springs. Paleo-seawater as an additional source of salinity has been
suggested by previous studies.

87 Sr/%Sr, "B/''B, (expressed as 8''B permil), 6'80, 62H determined with overall chemistry in about
50 samples collected in autumn 2019 in the study area, range from 0.70768 to 0.70884, from +15.3%0 to
+43.0%o, from -7.78%o to -3.40%0 and from -49.50%o to -23.30%o, respectively. The coupled chemical and
isotopic approach evidenced that different mixing processes concur in the water, highlighting hydrogeologic
zoning and complex groundwater circulation patterns. Some samples reveal Sr and B isotopic compositions
typical of the local Cretaceous carbonate rocks implying a prolonged water-rock interaction. Chemistry and
isotopes in 6 samples, where chlorine ranges from 3162 to 9684 mg/L indicate a significant contribution from
modern seawater. Waters intermediate compositions are explained by a different mixing degree of known
endmembers, such as meteoric, marine, and rock-interacting water. ''B values, ¥ Sr/*¢Sr ratios, and Cl, B, and
Sr contents seem to exclude the contribution of fossil seawater to the studied groundwater. Further studies on
high conductivity samples are ongoing to better detail the zoning based on the isotopic and hydrogeological
characteristics and to confirm or deny the occurrence of fossil marine waters.

Passarella G., Barca E., Sollitto D., Masciale R. & Bruno D.E. (2017) - Cross-calibration of two independent groundwater
balance models and evaluation of unknown terms: the case of the shallow aquifer of “Tavoliere di Puglia”(South
Italy). Water Resources Management, 31(1), 327-340.

Pennisi M., Bianchini G., Muti A., Kloppmann W. & Gonfiantini R. (2006) - Behaviour of boron and strontium isotopes
in groundwater—aquifer interactions in the Cornia Plain (Tuscany, Italy). Appl. Geochem., 21, 1169-1183.
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The high dynamism of karst aquifers makes them susceptible to short-term climate changes. One of the
predicted consequences of global climate change is the increase of the extreme events recurrence.

To improve the understanding of its effects on the complex hydrogeology of karst aquifers, the coupled
measurement of cave drip rate and spring discharge monitoring has been analyses for the intense rainfall
event recorded in the Supramonte karst massif (Central East Sardinia, Italy) on 18th November 2013. During
this extreme episode, more than 450 mm of precipitation fell in this area in just 12 hours, reaching a rainfall
intensity of 60 mm/hour and triggering a flash flood with catastrophic consequences.

For the monitoring of such episode, drip rate monitoring was performed at the Perdeballa cave located at the
boundary of the carbonate aquifer in the upstream part of the Supramonte catchment area, while groundwater
discharge was measured at Su Gologone spring, the main karst resurgence located 21 kilometres downstream
from the cave.

During this extreme event, cave drip rate increased from the base level of 30 mL/hour up to 480 mm/hour.
At the karst spring, the peak discharge reached around 40 cubic metres per second, a value of two orders of
magnitude greater than the average flow of the spring (around 200 L/s).

The lag among peak rainfall intensity, the highest cave drip rate and spring water level indicates a delay in
the response time of the karst system to this more and more extreme events.
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In Ecuador, the Paute river basin is one of the most monitored due to its importance for the generation of
hydroelectric energy (Amay & Lopez, 2015). However, in recent years there have been problems related to
dry seasons that limit the distribution of electrical energy for industrial and domestic purposes (Galarraga,
2000). The ETAPA company indicates a decrease in water quality in urban areas, since measurements were
made in the upstream sections and in sections of rivers that cross the city of Cuenca (occupying 41.22% of the
province) obtaining data that showed that the quality indices fall from an excellent-good classification for the
high sections, to a good-average classification in the low sections (Amay & Lopez, 2015).

For this, it is essential to use hydrological simulation models in order to know the water dynamics that
develops within a basin both in current and future conditions, one of them being the hydrological model
known as SWAT, which was developed by the United States Department of Agriculture in conjunction with
the University of Texas, whose objective is to quantify and predict the environmental impact that land use
practices generate on the production of water (and its quality), sediments, nutrients and substances chemicals
within a basin influenced by various factors such as the type and use of land and meteorological conditions
(Rios & Faustino, 2017).

The aim of this study is to evaluate the efficiency of the SWAT model with respect to simulations of
nitrates, organic phosphorus, dissolved oxygen, sediments and evapotranspiration using as reference data
observed in continuous monitoring stations. The results showed that the correlation between the simulated
and the observed data is practically null if a linear relationship were established between them (Pearson’s
correlation coefficient). On the other hand, the simulations overestimated the evapotranspiration, dissolved
oxygen and sediment values; and underestimated the values of nitrates and organic phosphorus, based on
PBIAS%. The RSR statistical criterion indicates that the modeling performance is unsatisfactory for nitrates,
evapotranspiration and dissolved oxygen; and it is very good for organic phosphorus and the sediments of
the “Llaviuco” station, which was verified with the application of the NSE statistical criteria. It is worth
mentioning that the modeling in SWAT for this case study in general can be classified as poor because an initial
calibration or correction of the model was not performed.

Amay E. & Lopez E. (2015) - Estimation of the impact of climate change on water quality for the Tomebamba River basin
in Monay. Cuenca: University of Cuenca.

Galarraga R. (2000). National Report on Water Management in Ecuador. Quito: New Time.

Rios N. & Faustino J. (2017) - Use of the SWAT Model as a Watershed Management Tool. Obtained from the Tropical
Agricultural Research and Teaching Center.
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The circulation of karst water in evaporate terrains (e.g. salt beds, gypsum or anhydrite) may develop long
circuits and important morphologies both on the surface and underground. The features of these karst circuits
are strongly conditioned by the high solubility and the low mechanical strength of the rock, resulting in a high
propensity to develop collapses and subsidence morphologies on the surface (e.g. sinkholes). Nevertheless, the
attention of the scientific world was often more focused on karst systems in carbonate rocks that rise interest
for the utility of water as drinking resource. Karst aquifers in carbonate rocks (e.g. limestones and dolomite),
indeed, often represent an important source of high-quality water, while in evaporite terrains the high salinity
of the water usually prevents the use of the aquifers for drinking purpose.

The investigation of karst systems in gypsum and anhydrite terrains, however, covers an important role
in the minimisation and prevention of risks connected with the interference with civil infrastructures. In
particular, karst phenomenon represents one of the main risk factors for the stability and safety of gypsum
quarries, especially if underground. The possible filling with clay or pressurized water of the karst cavities
exponentially increases the dangerousness of the phenomenon, due to swelling problems and violent water
inrushes. If not carefully evaluated, the interference between karst systems and quarry activity may evolve in
risk scenarios for the stability of underground tunnels and for the surrounding environment, inducing collapses
of karst caves and underground quarry structures, slop instabilities, subsidence phenomena on the surface and
modification of the hydrogeological setting of the area.

In this study, the features and the development of karst systems in gypsum are described and monitored in
correspondence of a series active quarry sites. The karst morphologies are investigated with non-destructive
geophysical techniques. Test sites were chosen in the Monferrato area that hosts some of the main gypsum
bodies of Italy. The results of the geophysical investigation are integrated with the known geological features
of the sites, in order to obtain a more complete and reliable description and interpretation of the phenomenon.
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The aquifers of the Isonzo Plain provide freshwater to more than 390.000 persons considering the towns
of Gorizia (Irisacqua), Trieste (AcegasApsAmga) and part of the inhabitants of the Slovenian karst (Kraski
Vodovod Sezana).

Shared between Italy and Slovenia, the Soca/Isonzo river contributes in a great measure, by streamflow
losses, to the recharge of the phreatic aquifer of the easternmost part of the High Plain of the Friuli Venezia
Giulia region. The adjacent karst aquifer and the artesian aquifers, the latter situated further South in the
Low Plain, are dependent on this phreatic aquifer, as it provides part or most of their recharge. The area is
intrinsically rich in freshwater thanks to the important precipitations (1400 mm/y), that recharge the phreatic
aquifer of the High Plain by effective infiltration (4.1 m3/s), and the large hydrographic basin of the Soca/
Isonzo river. Nonetheless this abundant resource seems to be declining, probably due to the combined effect of
global warming, its consequent change of precipitation regime and the increased withdrawal.

Time-series data (1961-1990) of three meteorological stations ascertain an increase of temperature between
0.2 and 0.6°C per decade. Instead, precipitation data do not always show a decreasing trend (Calligaris et al.,
2016; 2019).

The FVG piezometric monitoring network data show a lowering of the water table between 5 and 10 cm
per year since the last 50 years (Bezzi et al., 2016). In particular, between 1985-2012, the wells of the Isonzo
Plain show a decreasing trend of their level between 0.7 cm and 7 cm per year.

This lowering of the groundwater levels implies a reduction of water availability but above all a risk of
degradation of the resource quality considering that the Irisacqua pumping stations withdraw phreatic waters
at only 20 m b.g.1. Such shallow groundwater is highly vulnerable as witnessed by the results of ASTIS and
GEP Interreg projects. The paper presents the state of the art of the knowledges in this area, keeping in mind
that a further long-term monitoring is mandatory in order to assess the present and future sustainable use of
the resource.

Bezzi A., Boccali C., Calligaris C., Colucci R.R., Cucchi F., Finocchiaro F., Fontolan G., Martinucci D., Pillon S., Toffolon
G., Turpaud P., Zavagno E. & Zini L. (2016) - Impatti dei cambiamenti climatici sul territorio fisico regionale. Regione
Autonoma Friuli Venezia Giulia.

Calligaris C., Zini L. & Cucchi F. (2016) - Climate changes and piezometric level fluctuations in the Isonzo/Soca River
Plain (NE Italy). Rend. Online Soc. Geol. It., 41, 26-29.

Calligaris C., Casagrande G., lervolino D., Lippi F., Olivo P., Ramani M., Treu F. & Zini L. (2019) - Water-budget as a
tool to evaluate the sustainable use of groundwater resources (Isonzo Plain, NE Italy). Rend. Online Soc. Geol. It.,
47, 7-12.
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In the framework of the regional law L.R. 15/2016, the Dipartimento di Matematica e Geoscience of
the Trieste University and the Servizio Geologico of Friuli Venezia Giulia Region [MP1] (FVGR) joined a
multi-year project for the development of a scientific protocol to identify the regional and cross-border karst
aquifers. Following a hydrogeological approach, 124[MP2] karst areas were identified and outlined for a
surface of more than 3000 Km?2 corresponding respectively to 39% of the total area and to 69% of the hilly
mountain area of the FVGR. In these areas more than 28,000 epigean karst forms (solution e collapse dolines,
uvalas, poljes, blind valleys) were detected, as well as about 1,300 spring. The karst aquifers in carbonate
lithologies are definitively the most abundant and several are the evaporitic ones. Julian Prealps represent a
particular hydrogeological context where several megabeds of calcarenites and carbonatic conglomerates are
within marls and siliciclastic sandstones of the Flysch formations (Upper Cretaceous — Eocene). Moreover
two mountains (Mt. Bernadia, 878 and Mt. Matajur, 1,641 m) are tectonic wedge, composed also by Mesozoic
limestone. Megabeds are highly karstified, witnessed by the presence of impressive dolines and important sub-
horizontal caves draining groundwaters. The contrast between the characteristic fluvial landscape and karst
features is striking. In particular, the Mt. Bernadia area, characterized by the presence of important caves in
different megabeds, is bordered westerly by the Torre River and easterly by the Cornappo one. Along the water
courses several are the identifiable springs. In order to better detail the outline of the Mt. Bernadia aquifer, a
detailed hydrogeological survey and two dye-traces were scheduled. The experiments were realized thanks to
the contribution of the speleological associations, in particular to Circolo Speleologico e Idrologico Friulano
e Gruppo Speleologico San Giusto. During February 2020, in low-water conditions, the first dye-trace test
started from Tirfor cave (7739/4721FR), which develops in a eocenic carbonatic megabed. Two different dyes
were used: uranine was injected in the eastern branch of the cave, while tinopal was injected in the western
one. Only the uranine was detected in a little stream, tributary of the Cornappo River. The experiment was
repeated one year later, in the same hydrogeological conditions. Also this time, two different dyes were used,
increasing the number of monitored points. Tinopal was injected in the same point as the previous year in the
Tirfor cave, while uranine was injected in a westerly cave named Partigiano (2125/968FR), which develops in
cretaceous limestone. Both tracers were detected along the Torre riverbed, in correspondence of different little
springs, downstream Vedronza cave which acts as temporary spring. The studies realized allowed to define the
groundwater watershed between the Torre and Cornappo rivers.
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The correct management of water resources requires a good knowledge of the aquifers. The direct detection
of the basic data can often be technically difficult and economically onerous. In this context, the use of natural
tracers can be a valid alternative for medium-scale works. Therefore we propose amethodological study direction,
based on the integrated use of hydrogeological survey [levels of groundwater, Temperature (T), Redox potential
(Eh)], “activity concentration” of Radon (***Rn), and isotope ratio of the Uranium (**U/**U) determined in the
laboratory on sample staken. The application of the method, in the sample area, showed that the concentrations
of (3*U/*8U), (***Rn), (T) and (Eh), vary in function of the mobility water in the various sectors of the aquifer.
In particular, the elaboration of thematic maps, for each indicator (piezometric and isodistribution map of the
measured quantities), allows to differentiate the recharge and drainage areas of the acquifer and the preferential
directions of water flow. The interpretation of the piezometric morphology, integrated with the analysis of the
concentration distribution of (**Rn), (***Ra) and (***U/?**U), and the parametric measurements of (Eh) and (T)
in the aquifer, provides information useful to distinguish: preferential directions of water flow, underground
watersheds, groundwater recharge and drainage areas. It also consents to draw indications on the mobility of
the groundwater in the various sectors, for the implementation of the general hydrogeological model of the
aquifer studied. In particular, uranium has a different behaviour depending on the amount of oxygen present
in the various sectors of the aquifer (reducing/oxidizing), while the concentration of radon activity is greater
in the sectors of greater mobility of the aquifer. The measurement of the Redox Potential, on the other hand,
indicates the oxidizing/reducing sectors of the aquifer, which correspond respectively, to the recharge zones
and greater mobility areas of the aquifer (more oxygenated) and to the drainage zones and less mobility of
the aquifer (less oxygenated).Finally, under the same conditions, the water temperature increases, due to the
hydraulic path, the residence time in the aquifer and the contact times with the lithotypes that constitute it.

Therefore, this work aims to give a methodological direction for the definition of the hydrogeological
model of an aquifer, based on data provided from: hydrogeological survey, parametric measurements (Eh, T),
concentrations of (***Rn), Radio (***Ra) and the isotope ratio (234U/238U). Each of these data provides specific
information about the conditions of the groundwater which, integrated between them, with the interpretation
of the piezometric map, contribute, overall, to define the general hydrogeological model of the aquifer studied.
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The hydrodynamic behavior of karst aquifers is usually complex due to the high degree of heterogeneity
and anisotropy of their geologic and hydrogeologic properties. Among karstified rocks, metamorphic carbonate
rocks (e.g marble and meta-dolostone) are characterized by very low porosity and permeability, but their
hydraulic properties can be altered by geologic processes, and significant aquifers can develop into these rocks
eventually. However, the functioning of metamorphic karst aquifers is still poorly known. This contribution
presents the hydrological monitoring of three of the main karst springs of the Apuan Alps (Italy). This mountain
chain is characterized by extensive metamorphosed carbonate outcrops in which karst aquifers have developed.
Pollaccia, Renara and Equi springs were equipped with multi parametric sensors for water level and discharge
(L, Q), temperature (T), and electrical conductivity (EC). Their hydrographs and chemographs were compared
with precipitation time series collected by the meteorological stations to investigate the response of the karst
systems to infiltration and to infer their structure. The mean discharge for Pollaccia, Renara and Equi springs
were respectively about 900, 200 and 800 1/s, their EC varied between 130 and 300 uS/cm, whereas T ranged
between 7.8 and 10.6 °C. Water discharge, T, and EC response to infiltration was quick and impulsive with
lag times of few hours. EC and T trends were complex for all the three springs, but dilution was the prevalent
hydrodynamic response to precipitation observed during the monitoring. Piston-flow phenomena were scarce
and limited to particular conditions. No delay between discharge increments and EC and T responses occurred.
These observations suggest that the springs are fed by dominant conduit systems in which water flows only in
few, enlarged conduits, with limited fracture storage. Piston-flow phenomena could be related to the presence of
secondary flow networks that are connected with the main flow pathways only in specific conditions and/or to
the flushing of limited volumes of water stored in the aquifers. Monitoring results suggest that the functioning of
meta-carbonate aquifers in the Apuan Alps is controlled by several factors such as the low degree of fracturing
of marbles, the local structural arrangement, and the primary porosity of the karstified rocks. As a consequence,
storage is limited and flow velocity is high, preventing sustained water-rock interactions.
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Environmental Tritium is a powerful tracer of groundwater age and it is a key tracer of groundwater
movement. Consequently, monitoring of Tritium concentration in groundwater can be a very useful tool for the
determination of recent exchanges with surface water and for the presence and the traceability of anthropogenic
contributions.

Tritium (*H) is a radioactive isotope of hydrogen with a half-life of 12.3 years, which emits low- energy
beta particles. It is a naturally occurring radionuclide through the interaction of high-energy cosmic rays with
oxygen and nitrogen atoms in the upper atmosphere. The environmental levels of Tritium increased after nuclear
weapon tests between 1945 and 1963, and after that it was mainly released from nuclear facilities, especially
the heavy water reactor (HWR).However, Tritium concentrations in precipitation have exponentially declined
over the past decades as the anthropogenic bomb tritium peak has all but disappeared. At the present, due to the
natural decay of tritium and the prohibition of nuclear activities, the activity of tritium in water decreases year
by year, and environmental tritium concentrations are close to natural levels of cosmic production.

To detect low concentration of tritium in water, a certain degree of enrichment is essential to obtain adequate
trittum count rates, through electrolytic system. The principle of electrolytic concentration of tritium is to use
the isotope fractionation effect of hydrogen isotopes in the gas and liquid phases. Water samples contain
mainly HHO, HDO and some HTO molecules, so by passing an electric current through a conductive water
solution, the bonds of the water molecules are broken. Discharge of hydrogen from the cathode is highly
isotope-selective for protium, thus, tritium and deuterium are concentrated, leaving most of the tritium in the
residual water after reduction of the water sample.

One method of *H electrolytic enrichment was developed and implement in Italy by the ENEA’s Traceability
Laboratory (FSN-SICNUC-TNMT - Brasimone research center). The ENEA electrolytic enrichment procedure,
which precedes the counting of tritium by liquid scintillation counting (LSC), is performed by an electrolysis
system consisting of 20 steel cells, a cooling system, a temperature control unit and three multiple distillation
batches for the tritium samples.

Atpresent, given the decline in tritium activity in the atmosphere and hydrosphere, low tritium concentrations
in groundwater can no longer be neglected, as they can be important indicators of anthropogenic pollutants.
A good contribution to the assessment of the vulnerability of aquifers from anthropogenic impact could be
offered by the determination of the low tritium in groundwater via the electrolytic enrichment methodology.
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Eastern Sicily is among the Mediterranean coastal regions most exposed to tsunamis. Paleotsunami
databases and catalogues of historical events testify to the occurrence of several destructive tsunamis in this
area, most of which connected to major earthquakes (e.g. 365, 1169, 1693, 1908) from faults in the near- and
in the far-field. Different factors make the tsunami hazard assessment for the eastern Sicily coasts a very
challenging topic. First of all, in the near-field the tectonic setting of the area is complex, resulting in styles of
deformation changing over relatively small spatial scales. Secondly, the local seismicity is relatively sparse
and characterized by small-to-moderate earthquakes. As a result, the definition and characterization of the
major seismogenic sources and the association with the largest historical earthquakes is still a debated topic.
As far as the generation process for the largest tsunamis of the past is concerned, the discussion is even more
problematic. For both the 1693 and the 1908 tsunamis, possible earthquake-triggered tsunamigenic landslides
have been invoked as necessary and relevant contributors to explain the observed tsunami effects. But the
few cases of suitable identified sliding bodies offshore exhibit a very large uncertainty in characterization and
dating.

Traditionally, two main methods have been adopted for the quantitative assessment of tsunami hazard,
namely the so-called worst-case scenario approach and the probabilistic approach. The latter has got increasing
importance, developments and applications especially in the last decade, becoming the most common method
used in many national tsunami hazard assessment programs (including the Italian). Nonetheless, two aspects
suggest that the worst-case scenario strategy should not be abandoned, but rather has to be considered as a
complementary method, especially suitable for geographic areas like eastern Sicily. The first aspect is that
the probabilistic approach for landslide-generated tsunamis is still far from a standard setting. Secondly, the
largest tsunamigenic events, characterized by very long return periods and by the highest impact, are difficult
to be treated in probabilistic terms. The scope of this contribution is to discuss the above points in relation with
eastern Sicily, by presenting a critical review of the results published so far and of problems that still remain
open.
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Following the fieldwork along the Lost River Valley (Idaho, USA), we integrate different subsets of both
bibliographic and original data to obtain an extremely detailed segmentation of the fault portion that released
the 1983 Borah Peak earthquake (M 6.9). The earthquake ruptured the topographic surface with a normal-
oblique faulting mechanism, activating two SW-dipping segments (i.e., Thousand Springs and Warm Springs)
and a branching SSW-dipping fault (i.e., Arentson Gulch Fault), and producing coseismic surface ruptures up
to 3 m high. We augment the 1983 earthquake knowledge by investigating and interpreting high-resolution
topography and scarps mapping obtained through structure-from-motion. A large dataset of quality selected
vertical separation (VS) data, combined with rupture zone width measurements, new fault/slip data, and an
analysis of major and minor structural-geometric complexities, highlights a partition of the deformation and a
segmentation of the fault up to the detail of four orders (i.e., segments, sections, subsections, sectors), providing
new useful details of the Borah Peak earthquake and new constraints for paleoseismic and seismotectonic studies.
The fault/slip data show variations along the fault strike that we interpret from the perspective of a kinematic
partitioning, which supports segmentation. In 1983, the two main activated segments had completely different
rupture behaviors, with important Rupture Zone Widths in the southern portions and with the deformation
concentrated along the main fault trace in the northern portions. We show that the distributed ruptures, in
addition to being a large percentage of all deformation in terms of a total length of the ruptures (~19.5 km
vs 31 km in total for the main ruptures) also accommodate most of the surface deformation (~66%). We also
show that 83% of the deformation in terms of length of the surface faulting is located at the hanging wall of
the main rupture, while at the footwall it is located the 17%, which becomes 80% and 20% respectively if in
terms of VS. We observe a significant correlation between VS, rupture zone width, the position of the rupture
(footwall or hanging wall), and fault geometry. From these correlations, we highlight, for example, the control
of obliquity and kinematic partitioning in the surface expression of the earthquake propagation. We interpret
the coseismic (i.e., 1983) and long-term (i.e., Quaternary) behavior, showing that the two segments activated
had similar cumulated behaviors in distributing the deformation among synthetic and antithetic ruptures over
time, even if with different geometries. We calculate ratios applying probability density functions, that are
consistent with most of the literature but not spatially uniform. These results must be considered in studies
on active faulting hazard and suggest caution in establishing rules for land use planning close to active faults
capable of rupturing the surface.
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Earthquakes can produce a wide spectrum of surface deformations associated with the main events or
between inter-seismic periods. The larger events (Mw > 5.5) can trigger deformations such as surface ruptures
related to the activation of main active faults and/or other deformations induced by seismic shaking (e.g.
landslides, creeping, sink-hole). In the last three decades remote sensing acquisitions (e.g. Synthetic Aperture
Radar Interferometry, Lidar differencing, optical imagery and GPS) have reached an impressive detail, useful
for detecting high accuracy deformations. In particular, Differential SAR Interferometry (DInSAR), is one of
the most powerful and reliable techniques to provide a snapshot of the coseismic deformation generated by
earthquakes occurred within complex geological and morphological settings.

In 2016-2017, a long earthquake sequence struck the Apennines in central Italy, producing impressive
surface ruptures due to the activation of the SW-dipping extensional M. Vettore fault system (VF). Most of
these ruptures are attributed to the 24 August Mw 6.0 and 30 October Mw 6.5 main-shocks and have been
investigated by several groups of field geologists soon after the earthquakes. The complex distribution of the
observed ruptures reflects the complexity of the geological setting of the epicentral area, where a succession
of both carbonate and siliciclastic rocks crops out. Here we present detailed maps of the complex deformation
pattern produced by the VF during the October 2016 earthquake in central Italy, derived from ALOS-2 SAR
data via DInSAR technique. On these maps, we traced a set of sections to analyse the coseismic vertical
displacement, necessary to identify both surface fault ruptures and off-fault deformations, the latter not directly
recognizable in the field. At a local scale, we identified a large number of surface ruptures at an unprecedented
level of details, improving those previously observed in the field. At a regional scale, the deformation pattern
depicts a roll-over anticline, formed at the hangingwall of a main activated fault, with a listric geometry.
The rapid detection of deformation patterns from DInSAR technique can provide important constraints on
the spatial distribution of the activated fault segments and their interaction. Such information can be crucial
for emergency management by civil protection and helpful to drive and support the geological field surveys
during the ongoing seismic crisis. These results demonstrate how the proposed approach can be applied for
any worldwide earthquake, aimed to provide a wider and faster picture of the surface deformation in areas
characterized by complex geology and morphology.
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This note illustrates the preliminary results of an ongoing study on the evaluation of the Local Seismic
Response LSR of the Metropolitan Area of San Salvador (MASS), capital of El Salvador.

The city of San Salvador is located between the San Salvador volcano and the Ilopango caldera, in a sub-
flat area called “Valle de las Hamacas” (Valley of the Hammocks), due to the intense seismic activity. In this
area the affected seismicity is higher than Mw 6 and is due to the presence of a complex interaction between
tectonic structures and tectonic, and volcanic phenomena or a combination of the above, all attributable to the
subduction of the Cocos plate below of the Caribbean plate. Historically, the main seismic events in the area
occurred in 1965 (Mw 6.3), 1986 (Mw 5.5) and finally in January and February 2001 (Mw 7.7 and Mw 6.6,
respectively), also frequent seismic swarms occur in the area.

The Balsamo, Cuscatlan and San Salvador formations are present in the MASS, these were originated from
the effusive and pyroclastic activity of the volcanoes in the study area. These formations have been deposited
since the Pliocene and are intercalated with basaltic and andesitic lavas as well as tephritic material.

As part of the international cooperation project between Italy - El Salvador (AICS), the CASTES project
centered on natural hazards in the territory of El Salvador was launched. Therefore, a systematic study of
the dynamic characterization of the underground soil deposits and rocks soils and the evaluation of the local
seismic response LSR has been undertaken. These studies are based on existing data derived from the seismic-
mechanical characterization of the subsoil. Preliminary analyzes of LSR were performed on sites, where
seismic station networks with in-hole and on-surface accelerometers are also installed. The sites studied are
Hogar del Nifio (HDN), Seminary (SEM), Catholic University (UCA), National Geographic Institute (IGN),
Geotechnical Investigation Center (CIG), Presidential House (CPR), Hotel Crown Plaza (HCP) and Apopa
(AP). In this paper we will discuss the preliminary results of the LSR showing amplifications at the site at
long periods. These amplifications may also have been triggered the landslides occurred after the last strong
earthquakes of the 2001 seismic sequence.

Bommer J.J. & Benito M.B. (2002) - The El Salvador earthquakes of January and February 2001: context, characteristics
and implications for seismic risk. Soil Dynamics and Earthquake Engineering, 22, 389-418.

Canora C. & Martinez-Diaz J.J. (2010) - Geological and Seismological Analysis of the 13 February 2001 Mw 6.6 El
Salvador Earthquake: Evidence for Surface Rupture and Implications for Seismic Hazard. Bulletin of the Seismological
Society of America, 100, 2873-2890.

Orense R. & Vargas-Monge W. (2002) - Geotechnical Aspects of the January 13, 2001 El Salvador Earthquake. Soils and
Foundations, 42, 57-68.
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Dynamic fault strength T and its evolution with seismic slip and slip rate are among the most relevant
parameters in earthquake mechanics. Given the large slip rate (up to 10 m/s), displacement (up to tens of
meters), effective stress (tens of MPa) typical of seismic faulting, thermo-mechanical effects are outstanding:
dynamic fault strength is affected by phase changes, extreme grain size reduction, and the production of
amorphous and unstable materials in the slipping zone.

In the first earthquake rupture models it was proposed that fault strength decreases inversely with
slip rate (t ~ 1/V, Burridge & Knopoff, 1967). Given the lack of determination of dynamic fault strength
through seismological methods, elucidating constraints may arise from experimental studies. However, the
experimental evidence for the strong dependence of fault friction with slip rate has been lacking for decades.
After the preliminary studies of friction in rocks at seismic slip rates (Bridgman, 1936), it has been only with
the installation of dedicated machines (Shimamoto & Tsutsumi, 1994) that the extreme deformation conditions
achieved during earthquakes have been approached in the laboratory and systematically investigated.

In 1997, Tsutsumi & Shimamoto reported the first data of dynamic fault strength in cohesive rocks at
seismic slip rates: this study opened a new era in experimental rock deformation. Several fault dynamic
weakening mechanisms first proposed theoretically (i.e., frictional melting lubrication and, more recently,
fluid thermo-mechanical pressurization and elastohydrodynamic lubrication), were eventually reproduced in
the laboratory (e.g., Aretusini et al., 2021). These experiments allowed us also to explore new dynamic fault
weakening mechanisms and other will be probably discovered in the future. Nevertheless, the T ~ 1/V relation
was systematically observed, independently of the rock composition and presence of fluids (e.g., Di Toro et al.,
2011). Nowadays, theoretical thermo-mechanical models, calibrated by experimental measures, enable us to
construct constitutive equations for dynamic fault strength which find application into numerical modeling of
earthquakes ruptures for both natural and human-induced seismicity (Murphy et al., 2018).

Despite these recent advancements, the activation of several proposed dynamic fault weakening mechanisms
and their occurrence in natural faults are debated. In this contribution, we will focus on the technical challenges
and the main limitations (i.e., poor estimate of the temperature in the slipping zone, lack of in-situ observations
during rock sliding, determination of the loading conditions that lead to the transition between concurrent
dynamic weakening mechanisms, etc.) of the current experimental approach to unravel earthquake-related
deformation mechanisms, and their application to the study of earthquakes in nature.

Aretusini S., Meneghini F., Spagnuolo E., Harbord C. & Di Toro G. 2021. Fluid pressurisation and earthquake propagation
in the Hikurangi subduction zone. Nature Communications 12:2481, 1-8. https://doi.org/10.1038/s41467-021-
22805-w.

Burridge R. & Knopoff L. 1967. Model and theoretical seismiciy. Bull. Seism. Soc. Am., 57, 341-371.

Bridgman P.W. 1936. Shearing phenomena at high pressureof possible importnce for geology. Journal of Geology, 44,
653-669.

Di Toro G., Han R., Hirose T., De Paola N., Nielsen S., Mizoguchi K., Ferri F., Cocco M. & Shimamoto T. 2011. Fault
lubrication during earthquakes. Nature, 471, 494-498.

Murphy S., Di Toro G., Romano F., Scala A., Lorito S., Spagnuolo E., Aretusini S., Festa G., Piatanesi A. & Nielsen S.
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Letters, 486, 155-165.
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The lower eastern slope of Etna, for a length of about 30 km, is crossed by the Timpe fault system, showing
NNW-SSE orientation and resulting from WNW-ESE oriented extension. It is seismically active having given
rise to shallow (max 5 km in depth) and low magnitude (max 4-5) earthquakes in the last 150 years. The
strongest events caused significant damage if related to the magnitude, even though in very small areas, being
characterized by limited mesoseismic areas. Offshore data indicate that the NW-SE trending dextral shear zone
of the Alfeo-Etna fault system (Polonia et al., 2016; North Alfeo fault of Gutscher et al., 2016) turns to N-S
direction near the lonian coastline, where the Timpe fault system occurs. Moreover, morpho-structural data
show that this latter continues up-slope connecting to the NW-SE trending shear zone constituted by Fiandaca,
Linera-Santa Tecla and S. Venerina faults. In turns, they connects the Timpe fault system with the upper
slope of the volcano, where the eruptive activity mostly occurs, forming, as a whole, a releasing-bend zone.
The NNW-SSE oriented segments show oblique normal-dextral motion, while the NW-SE oriented segments,
such as the Fiandaca fault, reactivated on 2018 December 26th, show right-lateral transcurrent movements
with associated en-echelon N-S oriented open fractures and, locally, E-W reverse faults. Morpho-structural,
geodetic and seismological data, seismic profiles and bathymetric maps suggest that similar geometric and
kinematic features characterize the shear zone both on the eastern flank of the volcano and in the Ionian
offshore. The Alfeo-Etna fault system probably represents a major kinematic boundary in the western lonian
Sea (Polonia et al., 2016) associated with the relative motion of Africa and Eurasia since it accommodates,
by dextral transtensional kinematics, diverging motions in adjacent western lonian compartments. Along this
major tectonic alignment, crustal structures such as releasing bends, pull-apart basins and extensional horsetails
occur both offshore and on-land, where they probably represent the pathway for magma uprising from depth
(Giacomoni et al., 2012).

Giacomoni P.P., Ferlito C., Alesci G., Coltorti M., Monaco C., Viccaro M. & Cristofolini R. (2012) - A common feeding
system of the NE and S rifts as revealed by the bilateral 2002/2003 eruptive event at Mt. Etna (Sicily, Italy). Bull.
Volcanol. 74(10), 2415-2433.

Gutscher M., Dominguez S., Mercier de Lepinay B., Pinheiro L., Gallais F., Babonneau N., Cattaneo A., Le Faou Y.,
Barreca G., Micallef A. & Rovere M. (2015) - Tectonic expression of an active slab tear from high-resolution seismic
and bathymetric data offshore Sicily (Ionian Sea). Tectonics, 35(1), 39-54.
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Neri G., Nijholt N., Orecchio B. & Wortel R.M. (2016) - The Ionian and Alfeo-Etna fault zones: New segments of an
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The Kachchh region (NW India) is a Low Strain Rate region consisting of a pericratonic rift basin with
numerous E-W, NE-SW or NW-SE trending thrust faults. In this area, the tectonic forcing magnitude is stronger
enough to trigger infrequent significant earthquakes but no stronger enough to overprint the climatic forcing
signature. Consequently, the active faults sources of the most significant seismic events are largely poorly
known, and their geomorphic signature is subdued. The eastern part of Kachchh experienced a significant
number of seismic events such as the 1819-06-16 Allah Bund earthquake (Mw 7.8, also known as the Rann
of Kutch earthquake), the 1956-07-21 Anjar earthquake (Mw 6.1), the 2001-01-26 Bhuj earthquake (Mw 7.6)
and the 2006 events (Mw 5.0 and 5.6 earthquake occurred along Island Belt Fault and Gedi fault). Even the
seismogenic source of the relatively recent Bhuj earthquake, one of the most devastating earthquakes of Low
Strain Rate regions, is characterized by almost no morphological signature. The unavailability of outcrop
information significantly hampered the detection and parametrization of actively deforming seismogenic faults
in this region. In this ongoing work, we propose a multidisciplinary approach to detect active geological
structures and their related surface deformation. Our approach mainly consists of quantitative tectonic
geomorphology and structural interpretation and modelling. Preliminary results are a morphotectonic evolution
model and a 3D fault model of the study area. We use the obtained data to better constraints and parametrize
the possible seismogenic source of the 2001-01-26 Bhuj earthquake.

211



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

The role of inherited structures in the 2016-2017 Central Italy seismic sequence: lessons
learned in the framework of the RETRACE-3D project

Petracchini L.*!, Buttinelli M.2, Maesano F.E.2, D’Ambrogi C.?, Scrocca D.!, Marino M.3, Capotorti F.3,
Bigi S.*!, Cavinato G.P.!, Mariucci M.T.2, Montone P.2 & Di Bucci D.}

! Consiglio Nazionale delle Ricerche, Istituto di Geologia Ambientale e Geoingegneria. > Istituto Nazionale di Geofisica
e Vulcanologia, Department of Seismology and Tectonophysics. 3 Istituto Superiore per la Protezione e la Ricerca
Ambientale, Dip. Servizio Geologico d’Italia. * Universita degli Studi di Roma La Sapienza 5 Dipartimento della

Protezione Civile, Presidenza del Consiglio dei Ministri.

Corresponding author e-mail: lorenzo.petracchini@igag.cnr.it

Keywords: Central Apennines, 3D geological model, inherited faults, earthquakes.

Soon after the inception of the long seismic sequence that hit Central Italy with the Mw 6.0 of the 24th
August and the Mw 6.5 of the 30th October 2016, the need for an accurate 3D geological model defining the
structural pattern of the upper crust of Central Apennines arised straightaway. Central Apennines shallow crust
is characterized by high structural complexity due to the overprint of subsequent deformational stages, making
interpretation of seismotectonics challenging.

The RETRACE-3D project was based on the collaboration between the Italian Civil Protection Department
and four of its Competence Centres (i.e., CNR IGAG and IREA, INGV, ISPRA, and scientists of associated
universities) to better enlighten the knowledge on the geological setting of the area and explain the relationship
between the main fault systems and the observed seismicity.

As a first result, the RETRACE-3D project produced a comprehensive 3D geological model of the region,
which has been recently released to the public for further analyses and applications (http://www.retrace3d.it/
contenuti.html).

The 3D geological model was developed reviewing a wide subsurface dataset made up by seismic profiles
and well information acquired for hydrocarbon exploration, interpreted by integrating detailed surface geology
and then compared with the 3D hypocentral distribution of the 2009 L’ Aquila and 2016-2017 Central Italy
seismic sequences. The 3D geological model is constituted by seven lithostratigraphic units bounded by six
horizons, which are separated in fault blocks delimited by the major tectonic discontinuities.

The depicted shallow crust architecture pointed to a complex relationship between normal faults mapped at
the surface, thrusts developed during the Miocene-Pliocene Apennines orogenesis, and inherited normal faults
mostly developed during the Mesozoic extensional phase and the Miocene foreland flexural process. Most of
the inherited normal faults, some of them with surface expression and currently active, have been vertically
segmented and transported within the thrust sheets, and, at the present, they are interacting with the major
thrusts and other inherited structures lying at depth. The 3D model also favoured the comprehension of recent
reactivation of such inherited structures during the last seismic sequences, allowing to infer their kinematics
inversions with different styles.

This work suggests that fault segmentation, reactivation, capturing, and interaction are relevant processes in
fold-and-thrust belt tectonic settings which have experienced subsequent deformational stages, like the Central
Apennines. Finally, the recognition of such processes is fundamental to fully understand the seismotectonics of
such areas and to give new constraints for a more reliable seismic hazard assessment.
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The post collisional tectonics of the Calabrian Arc, the arc-shaped sector of the Apennine-Maghrebian
chain, caused the development of both longitudinal grabens and transversal structural troughs (Ghisetti et al.,
1979). Despite several studies, the origin and evolution of the transversal structures and their role with respect
to the longitudinal ones is still unclear. The Catanzaro Trough is a transversal structural depression of the
Calabrian Arc, which hosted several strong Italian historical earthquakes, such as the 1609 (Mw 5.8), the 1626
(Mw 6.1), the 1761 (Mw 5.1), the 1821 (Mw 5.1), the 1783 March 28 (Mw 7.0) and likely the 1905 (Mw 7.0)
earthquakes (Rovida et al., 2021), whose seismogenic faults are still not well defined. Thus, the study of this
area is of considerable interest to clarify: i) the relationships between longitudinal and transversal structures
of the Calabrian Arc; ii) the seismotectonics of the region, with implication for the definition of the seismic
hazard of the Calabria.

We undertook a multidisciplinary study in the Catanzaro Trough consisting of: i) DEM, Lidar and aerial
photos analyses, to map tectonic features; ii) morphometric investigations of fluvial drainage to highlight
recent fault activity; iii) structural surveys to define fault kinematics; iv) analysis of seismic and geodetic data
to constrain fault activity and kinematics; v) analysis of historical seismicity.

We mapped two main, WNW-ESE trending, basin-bounding fault systems, up to 30 km long: the Lamezia-
Catanzaro fault system, to the north of the Catanzaro Trough, and the Maida-Squillace fault system, to the
south. Morphometric results indicate that these fault systems are active, since they displace Holocene deposits
and are responsible for important perturbations of the present-day drainage network. The analysis of geodetic
data, acquired during a span of time of 25 years, allows estimating strike-slip kinematics on the bounding
fault systems. In particular, the northern system shows left-lateral component of movement, consistent with
instrumental seismicity acquired by the INGV stations in the span of time 1991-2020. In addition, historical
earthquakes, occurred in the Catanzaro Trough, confirm the high seismicity of this area and support the
hypothesis that the bounding-faults, considering their geometry and length, could be responsible for the
historical seismicity.

Ghisetti F. (1979) - Evoluzione neotettonica dei principali sistemi di faglie della Calabria centrale. Boll. Soc. Geol. It.,
98, 387-430.

Rovida A., Locati M., Camassi R., Lolli B., Gasperini P. & Antonucci A. (2021) - Catalogo Parametrico dei Terremoti
Italiani (CPTI15), versione 3.0. Istituto Nazionale di Geofisica e Vulcanologia (INGV). https://doi.org/10.13127/
CPTI/CPTI15.3
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In the framework of the Italian Seismic Microzonation Project (Gruppo di lavoro MS, 2008), the
Municipalities of Follina, Miane and Cison di Valmarino (Treviso) appointed the University of Udine to carry
out a series of paleoseismological trenches on the Valdobbiadene—Vittorio Veneto Thrust, i.e. the eastern
segment of the so called Bassano-Valdobbiadene thrust-system. These tectonic features belong to the SW-
NE striking, SE-verging Pliocene-Quaternary front of the eastern Southern Alps (ESC) in Veneto and Friuli
(NE Italy). At Present, the ESC front shows an active compression estimated in the order of 2-3 mm/year
(Serpelloni et al., 2016). Despite the Veneto-Friuli prealpine area was hit by a few strong earthquakes (M>6)
during the last millennium (Rovida et al., 2021), no significant seismic event affected the area between Bassano
and Vittorio Veneto. In order to investigate the recent tectonic activity of the Valdobbiadene-Vittorio Veneto
Th., we dug 7 paleoseismological trenches across the morphotectonic anomalies potentially linked to the fault
activity. The analysis of the trenches walls pinpointed that: i) all the stratigraphic units (Holocene colluvial and
alluvial sediments), with the exception of the ploughed soil, record tectonic deformation; ii) 4 trenches showed
a series of E-W striking, medium angle S-verging reverse faults that cut sediments of historical age reaching
the topographical surface existing at the time of the seismic event. iii) restoration of the log trenches shows
that at least two deformation events affected the area in historical time: based on dating performed by Beta
Analytic (AMS method), the age of the last event refers to a period between the XI and XIII centuries AD. The
results of our investigations pinpointed that the Valdobbiadene- Vittorio Veneto thrust is an active fault, capable
to generate linear morphogenic earthquakes, confirming the hypothesis of Barba et al. (2013) that at Present
identify the Bassano-Valdobbiadene Th. as the tectonic feature with the highest seismic potential inside the so
called “Montello thrust system”.

Barba S., Finocchio D., Sikdar & Burrato P. (2013) - Modelling the interseismic deformation of a thrust system:
seismogenic potential of the Southern Alps. Terra Nova, 25, 221-227. http://dx.doi.org/10.1111/ter.12026.

Gruppo di lavoro MS, (2008) - Indirizzi e criteri per la microzonazione sismica. Conferenza delle Regioni e delle Province
autonome - Dipartimento della Protezione Civile, Roma, 3 vol. e Dvd.

Rovida A., Locati M., Camassi R., Lolli B., Gasperini P. & Antonucci A. (2021) - Catalogo Parametrico dei Terremoti
Italiani (CPTI15). versione 3.0. Istituto Nazionale di Geofisica e Vulcanologia (INGV). https://doi.org/10.13127/
CPTI/CPTI15.3.

Serpelloni E., Vannucci G., Anderlini L. & Bennett R.A. (2016) - Kinematics, seismotectonics and seismic potential of the
eastern sector of the European Alps from GPS and seismic deformation data. Tectonophysics, 688, 157-181.
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The Friuli Venezia Giulia region (FVG) belongs to the easternmost portion of the Southern Alps, where
NE-SW trending, S-SE-verging thrusts of the Southalpine Quaternary front interacts with NW-SE-striking
right-lateral strike-slip fault-system that characterizes the Italian-Slovenian border area.

Both fault systems are still active as testified by historical and instrumental seismicity (e.g. Rovida et al.,
2021). During the last millennium six M>6 earthquakes struck FVG and surrounding regions causing thousands
of casualties and widespread damages (1348, Alpi Giulie; 1511, Friuli-Slovenia; 1928, Carnia; 1873, Alpago;
1936, Cansiglio; 1976, Friuli).

Despite the abundance of scientific literature produced after the devastating 1976 Friuli earthquake sequence
(see for a review Carulli, 2018), before this project FVG was not equipped with a systematic and homogeneous
database of active or potential active faults based on the seismotectonic features.

For this reason, the Geological Service of the Friuli Venezia Giulia Region promoted a research project in
collaboration with the University of Trieste, the University of Udine and the National Institute of Oceanography
and Experimental Geophysics (OGS) of Trieste in order to create a database of the active faults in FVG. Input
data derives from published papers, studies and maps in FVG produced during the past 50 years and based on
geological, geophysical, morphotectonic, seismological, paleoseismological data. The database is organized in
direct or indirect clues on the location of active or presumably active faults, as well as on their recent activity
(e.g. historical, Holocene, post-LGM, pre-LGM, Quaternary and Pre-Quaternary). These clues served to fix
major tectonic structures, and to create the map of the active or presumably active faults. When data are
available, the structures are characterized by a full set of geometric, kinematic and seismological parameters
(e.g., slip rate, recurrence interval). Each parameter is rated for accuracy (e.g. quality index).

We think that this database represents a useful tool to assess both ground shaking scenarios and surface
faulting hazard.

Carulli G.B. (2018) - The development of seismotectonic studies on the Friuli Venezia Giulia region before and following
the 1976 Friuli earthquake. Bollettino di Geofisica Teorica ed Applicata, 59(4), 351-372. https://doi.org/10.4430/
bgta0212.

Rovida A., Locati M., Camassi R., Lolli B., Gasperini P. & Antonucci A. (2021) - Catalogo Parametrico dei Terremoti
Italiani (CPTI15). versione 3.0. Istituto Nazionale di Geofisica e Vulcanologia (INGV). https://doi.org/10.13127/
CPTI/CPTI15.3.
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The north-eastern sector of the Calabrian Arc includes the Sila Massif, Sibari plain and part of the Taranto
gulf. It is a geologically complex area crossed by a system of active faults since the Middle Pleistocene that
makes Calabria one of the regions with the highest seismic hazard in the Mediterranean. These faults are
responsible for the morphology of the territory, characterized by high relieves and widespread landslides on
a large scale, and they generated strong earthquakes in the past centuries. A first fault system is characterized
by normal high-angle faults with a N-S direction which displaces the Sila batolith. Continuing towards the
northern part of the area, NW-SE trending normal faults displace the Plio-Quaternary sediments. In the
Corigliano-Rossano area, the Rossano Fault is the most important. It is a WNW-ESE neogenic tectonic
structure characterized by a left normal-transcurrent kinematics and extending for about 12 Km with an en-
echelon arrangement. It puts the Sila Batolith in contact with Tortonian and Plio-Quaternary sediments and
is responsible for the catastrophic earthquake of 1836. In this work we focused on a wide area comprised
between 39.2°-39.9° N and 16.2°-17.4° E degrees, making a revision of the recent earthquakes occurred in it.
We collected all focal mechanisms available in published papers and analyzing with great detail the seismicity
of'the last 15 years. During the last century only small to medium size earthquakes occurred in the area, both on
land and offshore. The seismic catalog includes hundreds of earthquakes of magnitude M<5 recorded during
the last few decades. This seismicity appears widespread through the area of our study, with depth in the range
from 5 km to 40 km below sea level. Swarms of small events (M<4) are quite common in this seismogenetic
area. The increased number of seismic stations available during the last decade allowed for detailed analysis of
the local earthquakes. We performed a location as accurate as possible of recent earthquakes, including those
occurred along the coast and offshore, and computed the focal mechanism of as many events as possible. To
estimate the source kinematics of small earthquakes we applied the software FOCMEC (Snoke, 2003), based
on the polarity of body waves, and the software HybridMT (Kwiatek et al., 2016), based on the area below
the first P wave pulse. We obtained reliable results for more than 30 earthquakes occurred during the last 15
years (2.5 <= M <= 4.4). Results show a variety of solutions, with predominance of transtensive and reverse
kinematics. The location and kinematics of recent earthquakes are in good agreement with the known faults,
showing a significant correlation between the computed focal mechanisms and the direction of the tectonic
structures. The source analysis of recent seismicity gives interesting insight about the offshore faults.
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One of the major active and seismogenic structures in the Central Apennines is the ca. 23km long Mt.
Morrone normal fault system (Abruzzi region, Italy), considered one of the most relevant seismic gaps of the
central Apennines both for the elapsed time after the last event (probably 2nd century AD) and the potential
and associated maximum expected magnitude (Ceccaroni et al., 2009; Gori et al., 2011). In addition to the few
data on its last activation in historical age, the data regarding its Holocene paleo-earthquake history are still
very inaccurate. However, the surface expression of the tectonic structure indicates a fault system potentially
responsible for large seismic events (Mw 6.5-7); thus, its seismic potential evaluation represents an important
task for the earthquake probability assessment of the region. In this frame, we present the results from two
paleoseismological trench sites across the fault bounding the Sulmona basin (close to Roccacasale village),
affecting late Quaternary deposits. The 15m-long first trench extended from the bedrock fault plane towards the
hanging wall block, crossing a near 1.5m-high scarp observed in the field and carved onto slope deposits. The
6m-long second trench was opened at the base of this scarp, 4 meters south of the former site. The stratigraphic
sequences exposed on the trench walls are similar at both sites and have been divided into different units. They
are composed of Upper Pleistocene stratified alluvial fan deposits locally topped by colluvial bodies and slope
scree of Upper Pleistocene - Holocene age. The detailed mapping of the trench walls allowed us to recognize
several surface rupture events involving the entire investigated wide fault zone. The most recent evidence of
faulting was found at the fault zone affecting slope deposits almost coincident with the above-described scarp,
where the faulting event caused the formation of large fissures filled with organic-rich sediments, identified on
both trenches. Ages from organic material sampled into the fissures and at different levels in the stratigraphic
sequences suggest the occurrence of at least two surface faulting events along this fault within the last 5.4-
5.3 kyr BP. Based on the displaced stratigraphic sequence, we estimated a minimum cumulative vertical
displacement of 140 cm and 100 cm for the two trenches and a fissure opening up to 60 cm caused by the two
events. Based on the D/L vs. moment magnitude scaling law, the amount of the measured slip goes well with
the hypothesis of activation of the entire fault system length and seismic 6.5-7 M events. Our results also agree
with the ~2.4 kyr recurrence time interval determined from previous paleoseismological investigations on the
northern portion of the fault (Galli et al., 2015). Further trace of probably ancient man activities along part of
the slope was found emplaced at the south-westernmost sector of the second trench, alongside evidence of its
displacement by the latest surface faulting events.

Ceccaroni E., Ameri G., Capera A.A. G. & Galadini F. (2009) - The 2nd century AD earthquake in central Italy:
archaeoseismological data and seismotectonic implications. Natural hazards, 50(2), 335-359.

Galli P,, Giaccio B., Peronace E. & Messina P. (2015) - Holocene Paleoearthquakes and Early—Late Pleistocene Slip Rate
on the Sulmona Fault (Central Apennines, Italy). Bulletin of the Seismological Society of America, 105(1), 1-13.
Gori S., Giaccio B., Galadini F., Falcucci E., Messina P., Sposato A. & Dramis F. (2011) - Active normal faulting along the

Mt. Morrone south-western slopes (central Apennines, Italy). International journal of earth sciences, 100(1), 157-171.
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During the last millennium, several strong earthquakes have occurred in the Umbria-Marche Apennines,
which makes this area one of the most seismically active of Central Italy. Unfortunately, the lack of reliable
instrumental data for strong historical seismic events, and the scarce field evidence of faulting within the
Quaternary deposits, make the characterization of active seismogenic structures problematic. Moreover,
although these areas have been largely studied, robust and commonly accepted seismic sources are still lacking.
In this regard, GIS-aided analysis of both the topography and the river network represents excellent tools to
recognise areas with different behaviour in terms of vertical motions, thus allowing to infer location of tectonic
structures.

A tectonic-geomorphology study of the Umbria-Marche Apennine has been carried out through a
comprehensive large-scale analysis of the topography and the river network, combined with instrumental
seismicity and structural geology data. The topography has been analysed by combining elevation map ad its
derivative (e.g., maximum, mean, minimum and relief map) and swath profile. The latter are10 km large and
runs roughly perpendicular to the main geological structures and the river valleys.

River network has been analysed because rivers rapidly and consistently react to tectonic deformation,
with subtle changes in topography recorded by the channels morphology and the river long profile. Moreover,
most of the river long profiles show sharp change in channel slope (e.g., knickpoint). These can be either
interpreted as due to either lithological or tectonic control. Moreover long profile of some tributaries where
also investigated to find indicators of on-going vertical movements.

Topography and river network features have been compared with historical and instrumental seismicity.
This comparison suggest that some topography and river network anomalies are placed in areas where the
possible epicentre of strong historical earthquakes occur (e.g., the 1741 Fabriano seismic event). In this regard,
the identification of active faults and the definition of their dimensional parameters have major implications
on the correct assessment of the seismic hazard for large and densely populated village of the Marche Region.
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This work presents systematic and comprehensive review of all up-to-date official seismic hazard zonation
maps and design codes for the Former Yugoslav (FY) counties. The paper presents the different methodologies
for calculation of seismic design forces related to the different design codes and discusses the methodological
and outcome differences. Official seismic zoning maps are presented in uniform GIS manner which enables
easy visualization and tracking of spatial differences. The implications of different design codes and seismic
zoning maps are significant, discussed through variations of seismic design force value on selected particular
building samples.

FY countries have a more than 70 years history of implementation of official design codes. The first
official building code was enforced in 1948 with Provisional Technical Regulations for Loading of Structures
(OGOFNRY No. 61/48 of July 17, 1948). The second edition of building code was published in 1964 with
Provisional Technical Regulations for Construction in Seismic Regions (OGoSFRY No. 39/64 of September
30, 1964). In 1981, the third and in some FY counties still administrative valid edition was put on force through
Technical Regulations for Construction of Buildings in Seismic Regions (OGoSFRY No. 31/81 of June 5,
1981 with Amendments 49/82, 29/83, 21/88 and 52/90). Today, the majority of FY countries have adopted
Eurocodes as official design code with single or parallel implementation. Along with the design codes, for this
region 13 different seismic zoning maps were in official use up-to-date, 6 of them related to the period 1948-
1990 and 7 EC-8 seismic zoning maps.

The concept of design codes as well as seismic zonation has a direct impact on the seismic risk of the built
environment. Starting from this point, we believe that it is necessary to review all up-to-date official seismic
design codes and seismic zonation maps, building a ground for further research and analysis in domain of
seismic risk assessment.
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We considered the period of activity at Mt. Etna between January 1994 and December 2018, during which
events at the volcano showed a great variety of eruptive styles and volcanological characteristics of the activity.
These changed from periods of prevalent degassing at the summit craters, such as in the period between 1994-
1997, in which essentially recharge of the plumbing system following the flank eruption of 1991-93 has been
observed, to periods of strong explosive activity, for example during the flank eruptions of 2001 and 2002-03
of during the lava fountains of 2011-13 and 2015-16 at the New South Est Crater and Voragine, respectively.

We combined geodetic and geochemical data, with order to define the magma storage levels together with
the transfer dynamics of magma and gas.

From a geodetic point of view, the observed ground deformation has been analysed and modelled using data
collected by the GPS monitoring network of INGV-OE available on Etna. The whole period has been divided
into sub-periods showing homogeneous pattern of deformation. The different sub-periods were then modelled
in order to obtain the characteristic of the source also in terms of position and depth.

From a geochemical point of view, we have modelled the range of exsolution depths for the main volatile
components in the magma (i.e., CO,, SO,, and H,0).

By combining geodetic and geochemical data, we can estimate specific depth ranges, within which
preferential magma stopping levels can be found in the plumbing system of Mt. Etna. It is possible to
relate these data with different patterns of magma/gas transfer and accumulation, involving phases of either
coexistence or decoupling of the liquid and gas phases of the magma itself. The cycles of inflation and deflation
individuated have been therefore re-interpreted as a function of degassing and flushing processes occurring at
depth, correlating them with the beginning of important cycles of eruptive activity.

The new elaboration of these data cast a new light on how the storage and transfer dynamics of magma
(liquid/solid plus gas) can be reconsidered for interpreting the preparing phases of eruptive cycles at the
volcano.

221



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Morphological changes during the 2014 effusive eruption at Stromboli through the integration
of subaerial and submarine data

Casalbore D.*!2, Di Traglia F.?, Bosman A.2, Romagnoli C.*, Casagli N.** & Chiocci F.L.!"2

! Dipartimento Scienze della Terra, Universita Sapienza di Roma. 2 Istituto di Geologia Ambientale e Geoingegneria,
Consiglio Nazionale delle Ricerche. * Dipartimento di Scienze della Terra, Universita degli Studi di Firenze.
4 Dipartimento Scienze Biologiche, Geologiche e Ambientali, Universita di Bologna. ° National Institute of
Oceanography and Applied Geophysics.

Corresponding author e-mail: daniele.casalbore@uniromal..it

Keywords: effusive eruption, Stromboli, remote sensing, multibeam bathymetry.

This work shows the results of an integrated analysis of multisensor remote sensing data, including SAR
amplitude images, lidar, photogrammetric, and bathymetric surveys acquired before and after the August-
November 2014 effusive eruption at Stromboli island. This eruption occurred along the steep flank of the
2-km wide Sciara del Fuoco (SdF, hereafter) flank collapse on the NW flank of Stromboli, with multiple
lava flows able to reach the sea. Data analysis allows reconstructing the main lava flows dynamics by means
of the main morphological changes that occurred along the whole SdF slope. Well-defined and steep-sided
submarine ridges were created by lava flows during the early stages of the eruption, when effusion rates were
high, favoring the penetration into the sea of lava flows as coherent bodies. Differently, fan-shaped features
were emplaced during the declining stage of the eruption or in relation to lava overflows and associated gravel
flows, suggesting the prevalence of volcaniclastic breccias with respect to coherent lava flows. Available data
also enabled us to roughly estimate the volume of eruptive products emplaced on the Sciara del Fuoco slope
during the 2014 eruption, accounting for about 3.7 x 10° m?®. Most of the material was emplaced in the subaerial
setting (about 80%), differently from what was observed during the previous 2007 eruption at Stromboli,
when a large lava submarine delta formed. This discrepancy can be mainly related to the different elevations
of the main vents feeding lava flows during the 2007 eruption (around 400 m) and the 2014 eruption (around
650 m). Slope failure processes associated with the 2014 eruption were recognized both in the subaerial and
submarine Sciara del Fuoco slope. Particularly, repeated bathymetric surveys show that at least 6 x 10° m* of
volcaniclastic material were mobilized in the upper part of the submarine slope close to the main entry point of
the 2014 lava flows, representing the largest instability event detected since the 2007 lava delta emplacement.
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The short but intense flank eruption developed from SE base crater of Mt. Etna, from 24th till 25th December
2018, was affected by a feeder-dyke which produced a radial deformation along both east and southwest slopes
of Mt. Etna Volcano. The intrusion of the dyke has triggered a coseismic and aseismic deformation of Etna
shear lineaments causing on 26th December 2018, MW 4.9 earthquake on the Fiandaca Fault, accompanied
by the reactivation on 8th January 2019 (ML = 4.1) of the Pernicana Fault. The Geodynamics & GeoMatic
Laboratory Working Group, since 2014 has designed and implemented the discrete geodetic network named
UNICT-Net, monitoring the framework of shear lineaments affecting the eastern slope of the Etna volcano. The
GNSS measurements, improved by literature data, have provided velocity field and displacement, quantifying
the aseismic and coseismic deformation of all the main discontinuities of eastern flank of Etna during the 2018
December unrest period. The monitoring of the all lineaments allowed us to observe the deformation of the
fault belts during the pre, sin and post- intrusion of the dyke. In particular, we observed that the most of the
deformation was released during latter time phase. The strain field was also recorded by Interferometric data
(Sentinel-1) with a time series of about one year.

We think that only a part of the stress was accommodated by creep deformation on incipient detachment in
the clayey sedimentary substrate. Therefore, the deformation recorded on the surface across all fault segments
could be still elastic. In order to improve the deformation monitoring, a permanent GNSS local network is
ongoing to be installed between one critical fault segments.

The collected geodetic measurements allowed us to infer the deep geometry and kinematics of two main
linked fault segments that we consider as sources of the 26th December 2018 earthquake. The retrieved
information, together with analysed structural-geology, tectonic, and rock-physics data, have led to new
insights into the volcano tectonics processes.
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Fumaroles at the crater rim and diffuse degassing by soils are distinguished gas sources in the Island of
Vulcano. The atmosphere receives volcanic gases, and the concentration of the air CO, does change owing
to the volcanic degassing. Although the flux and gas composition allowed tracking the fumarolic-solfataric
degassing, the emissions of carbon dioxide and hydrogen sulfide caused gas hazards. The isotopic signature
allows distinguishing among various CO, (i.e., volcanic, air, and exhaust gas derived from the burning of fossil
fuel). Therefore, the stable isotopes in CO, can help to identify the dominant gas sources at district scale based
on mobile surveying, and tracking the volcanic gas hazard at Vulcano. Anomalous soil CO, emissions were
found near Faraglione settlements in addition to Palizzi, which is far enough the inhabited zone. Significant
changes occurred in the CO, degassing from these zones, because of the volcanic gas addition. This study
shows the results of the survey aimed to identify four sites suitable for deployment of a monitoring system of
the gas hazard at Faraglione. The survey was performed in summer 2020 and enabled collecting stable isotope
composition measurements of the air CO, and CO, concentration indoor. The investigation targeted several
types of environments including outdoor sites for a direct comparison with the indoor environment. Both the
BC/”C and "*0/'°0 of the air CO, were determined by using a laser-based isotope mass spectrophotometer. A
four-wheel car hosted the instrument, enabling isotopic measurements at 1 Hz, and meter-size spatial resolution.
During the indoor survey, an infrared spectrophotometer enabled the air CO, concentration measurements in
the range of 0 - 10% vol. At least four measurements were performed at each site, with 2 minutes sampling
frequency. The results allowed evaluating the CO, concentration patterns in a time window (i.e., 10 minutes)
comparable with the Permissible Exposure Limit (PEL). The results show that indoor air CO, concentration
was above the current average air CO, concentration (415 ppm vol) in several selected sites. Multiple sources
of gases contributed to the CO, level in the various sites as shown by the isotope signature of the air CO,. In a
few specific sites, the air CO, concentration achieved 6% vol after a few minutes of measurement, owing to the
combination of high soil CO, emissions and reduced air circulation. This value is higher than the Immediately
Dangerous to Life and Health exposure limit (IDLH = 4% vol). The results of this study show that gas hazard
mitigation includes several actions in the settled zones of Vulcano Porto. The soil CO, flux and the air CO,
monitoring (i.e., concentration and stable isotope composition) are compelling actions to decrease the volcanic
risk.
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The European Marine Observation and Data Network (EMODnet) is a network of organizations supported
by the EU’s integrated maritime policy. These organizations work together to observe the sea, process the data
according to international standards and make that information freely available as interoperable data layers and
data products (accessible from www.emodnet.eu).

It is subdivided into Lots concerning Bathymetry, Geology, Biology, Chemistry, Physics, Seabed
Habitats and Human activities. The Geology Lot (www.emodnet-geology.eu) is carried out by a consortium
of Geological Surveys and includes data on seafloor sediments grainsize, sedimentation rates, Quaternary
geology, pre-Quaternary geology and stratigraphy, coastal behaviour, geological events, mineral resources,
submerged landscapes.

Datasets available from the “Geological events and probabilities” layers, coordinated by the Geological
Survey of Italy — ISPRA, include submarine landslides, earthquakes, volcanic centers, tsunamis, fluid emissions
and Quaternary faults. Data gathered by Partners have been conveyed into single Europe-wide shapefiles,
complemented by detailed attribute tables.

Mud-volcanoes and fluid emissions of non-volcanic origin have been initially considered separately from
volcanic emission, in order to prevent overlaps and confusion, because terms adopted to describe morphological
types of mud-volcanoes, especially in the Black Sea, are the same used for magmatic structures. However,
during later phases of the project, with increasing resolution and scale of representation, all types of fluid
emissions have been gathered together in the same layer.

The major component of volcanic fluid emissions is CO,, while the major component of non-volcanic fluid
emissions is methane. These latter have been characterized by type, height, region, composition, morphological
and activity types, age of activity.

Part of the Italian results has been collected into monographs published by the Geological Survey of Italy,
one dedicated to a systematic inventory of submerged volcanic structures (D’Angelo et al., 2019) and one
collating contributions on occurrences of fluid emissions (D’Angelo et al., 2020) which is presented in the
workshop on september 13,

In the volume dedicated to volcanoes, hydrothermal occurrences are reported wherever information is
available. A specific focus is dedicated to mineral deposits associated with fluid emissions in the southern
Tyrrhenian Sea and highlights the widespread occurrence of sulfate and sulfide minerals in the surroundings
of volcanic structures.

D’Angelo S., Battaglini L. & Fiorentino A. (Eds) (2020) - Inventory of fluid emissions in Italian Seas. Mem. Descr. della
Carta Geol. d’It., Dip. per il Serv. Geol. d’It., ISPRA, 105, 110.

D’Angelo S., Fiorentino A., Giordano G., Pensa A., Pinton A. & Vita L. (Eds) (2019) - Atlas of Italian Subma-rine
Volcanic Structures. Mem. Descr. della Carta Geol. d’It., Dip. per il Serv. Geol. d’It., ISPRA, 104, 184.
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Volcanic ash is the result of extensive magma fragmentation during eruptions. It depends upon a combination
of magma properties (rheology, vesicularity, permeability, gas overpressure) and the possible involvement of
external fluids during magma ascent. However, fragmentation processes during the ash-dominated, low-to-
mid intensity eruptions are still a matter of debate. Combination of morpho-textural data of the erupted ash
with geophysical data on the activity can inform about the energy of the activity as well as on the mechanisms
of ash production and dispersal. The phase of heavy ash emission occurred during March 2016 at Copahue
volcano (Argentina) generated a very low infrasonic amplitude, corresponding to low exit velocity and low
magma overpressure. The apparent unbalance between measured geophysical parameters and the intensity of
the activity raises a number of questions concerning the links among acoustic pressure, gas overpressure and
efficiency of magma fragmentation. Generally, magma-water interaction is supposed to be the main process
of magma fragmentation at Copahue. Conversely, our data on ash texture indicate that a process of magma
volatile exsolution under low overpressures actively controlled the fragmentation during the investigated
eruptive stage. Ash componentry also revealed that a large fraction of deposit consisted of recycled material.
Therefore, comparing these results with geophysical information, we interpreted the activity as influenced by a
process of energy buffering, operated by the passage of the erupting mixture through a thick layer of granular,
ash-bearing crater infilling produced by the ash recycling processes. The importance of this abundant hot, vent-
hosted material for the convective stability of the eruptive plume and for the ash dispersal was highlighted,
with direct consequences for the assessment of the related hazard and management of eruptive crises,
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Probabilistic studies of tsunami hazard caused by volcanic activity in the Gulf of Naples were recently
published by Paris et al. (2019) and Grezio et al. (2020) presenting hazard curves and maps. Two major
tsunamigenic volcanic sources are indicated in the region: 1) underwater volcanic explosions in the submarine
part of the Campi Flegrei caldera and 2) pyroclastic density currents from Somma-Vesuvio. The PTHA for
the underwater explosions is implemented considering an event tree with different subaqueous eruptions
varying in size and locations which generate tsunami waves reaching the coasts of the Gulf of Naples. At
the coast sites the probability of exceeding given thresholds of tsunami wave amplitudes are estimated and
considered conditional to the occurrence of the subaqueous eruptions. The PTHA for pyroclastic density
currents from Somma-Vesuvio consider only medium and large eruptive size classes which are able to reach
the coast with the pyroclastic flow thickness necessary to generate sea surface waves. The source probabilities
are evaluated by an event tree with the probability of occurrence of eruptions at Somma-Vesuvio, their size,
and the capability to generate sea surface waves. These source probabilities are combined with the conditional
probabilities that the water surface elevations overcome certain threshold levels at the coastal sites. Other
potential sources of volcano-tsunamis in the area exist, such as large landslides in Ischia (Selva et al. 2019).
Here, we review the state of knowledge about all potential volcanic sources impacting the Gulf of Naples, as
a first step toward the design of a general approach for merging into a unified probabilistic tsunami hazard all
potential volcanic sources active in the area.

Paris R., Ulvrova M., Selva J., Brizuela B., Costa A., Grezio A., Lorito S. & Tonini R. (2019) - Probabilistic hazard
analysis for tsunamis generated by subaqueous volcanic explosions in the Campi Flegrei caldera, Italy. Journal of
Volcanology and Geothermal Research, 379, 106-116. https://doi.org/10.1016/j.jvolgeores.2019.05.010.

Grezio A., Cinti F.R., Costa A., Faenza L., Perfetti P., Pierdominici S., Pondrelli S., Sandri L., Tierz P., Tonini R. &
Selva J. (2020) - Multisource bayesian probabilistic tsunami hazard analysis for the gulf of naples (Italy). Journal of
Geophysical Research: Oceans, 125(2), p.e2019JC015373. https://doi.org/10.1029/2019JC015373.

Selva J., Acocella V., Bisson M., Caliro S., Costa A., Della Seta M., De Martino P., de Vita S., Federico C., Giordano G.
& Martino S. (2019) - Multiple natural hazards at volcanic islands: a review for the Ischia volcano (Italy). Journal of
Applied Volcanology, 8(1), pp.1-43. https://doi.org/10.1186/s13617-019-0086-4.
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Inthe past, volcanic hazard assessment was typically based on one or a few, subjectively chosen representative
eruptive scenarios, using a specific combination for the values of the parameters related to the eruptive size
and intensity to represent a particular eruptive size class. Recently, in modelling tephra load hazard, the natural
variability in terms of eruptive size and intensity, vent position and meteorological conditions, has been taken
into account (e.g., Sandri et al., 2016; Selva et al., 2018).

Here, we adopted a probabilistic methodology for a novel long-term volcanic hazard analysis which accounts
for intrinsic eruptive variability, to quantify tephra load hazard in Southern Italy, from Somma-Vesuvius and
Campi Flegrei, on a regional target domain (ca. 600km x 600km, covering Campania, Basilicata, Apulia,
Calabria, Sicily) at a 3-km resolution. Numerical simulations were performed by FALL3D model (Folch et al.,
2020) in which the values for the eruption parameters are sampled within plausible ranges for given vents and
size classes (Small, Medium, Large). Wind profiles have been collected from the ECMWEF ERAS from 1991
to 2020, with a spatial resolution of 0.03° x 0.03°. The results of this tephra fallout hazard scheme provided
absolute hazard curves showing how the tephra load exceedance probability varies on the target domain, in
50 years. The results achieved are perfectly similar, in format. To those commonly achieved with the classic
approach for probabilistic seismic hazard assessment, and perfectly compatible with fragility analysis in order
to compute and rank the associated tephra load risk with the seismic and other natural risks whose hazards are
calculated in the same way. Moreover, the proposed method can be extended to larger temporal intervals to
quantify the volcanic hazard due to less frequent events that are relevant for the risk quantification on critical
infrastructures.

Folch A., Mingari L., Gutierrez N., Hanzich M., Macedonio G. & Costa A. (2020) - FALL3D-8.0: a computational
model for atmospheric transport and deposition of particles, aerosols and radionuclides—Part 1: Model physics and
numerics. Geoscientific Model Development, 13(3), 1431-1458.

Sandri L., Costa A., Selva J., Tonin R., Macedonio G., Folch & Sulpizio R. (2016). -Beyond eruptive scenarios: assessing
tephra fallout hazard from Neapolitan volcanoes. Sci. Rep., 6, 24271.

Selva J., Costa A., De Natale G., Di Vito M.A., Isaia R. & Macedonio G. (2018) - Sensitivity test and ensemble hazard
assessment for tephra fallout at Campi Flegrei, Italy. J. Volcanol. Geotherm., Res., 351, 1-28.
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Lava flows of Mount Etna are one of the most spectacular scenarios given by the volcano, but at the same
time the less known as risk perceived by resident population. Yet the ability of lavas to spread across urban
and rural areas, burning and burying buildings, infrastructures and fields, results in high volcanic hazard and
risk, mostly because of the high density of inhabitants living around the volcano. At Etna, effusive eruptions
occurring from vents and fractures located at low altitude on the volcano flanks are those more prone to
produce dangerous scenario because of their proximity with residential areas. The aim of this study is to
investigate the lava flow hazard through a GIS-based approach, in which we adopt a statistic and probabilistic
methodology. Starting with a literature investigation, we have created a dataset including the last 2500 years of
lava flows, which also incorporates significant volcanological data, such as the duration of the eruption (years),
vent position, length of the flow (Km) and covered area (Km?), erupted magma volume (m*) and the eruptive
rate (m?/s) where available. The GIS software has been used to draw both lava flow distributions and vent
locations throughout the Etnean area, in order to obtain a reference map of the flows and their 2D geometries.
Another step of this study implies the partitioning the whole selected volcanic area into three domains that
has been distinguished on the basis of the altitude: 0-1000 m, 1000-2500 m, and >2500 m a.s.l. In addition,
the main domains have been furtherly divided in smaller sectors according to the flank position to finally
obtain a total of twelve domains to be characterized. We performed a spatial and temporal analysis of the lava
flow invasions for each identified domain. The relationship between areas invaded by lavas in a given sector
with respect to the total inspected area allows us to define a threshold for evaluating the hazard associated to
lava flow invasion. Based on the obtained parameters, the increasing hazard on the map is shown through a
green-to-red colour scale. Moreover, the hazard map is here developed considering different time interval (500
years each) of the Mt. Etna volcanic record. This study may provide a useful tool for assessing the lava flow
hazard in potentially dangerous volcanic areas, as it allows a proper and easy assessment of the spatial and
temporal distribution of vents and lava flows, which finally will serve to discriminate between spatial domains
of different hazard.

Branca S., Coltelli M., Groppelli G. & Lentini F. (2011a) — Geological map of Etna volcano, 1:50.000 scale. Ital. J.
Geosci. (Boll. Soc. Geol. It.), 130 (3), 265-291. https://doi.org/10.3301/1JG.2011.15.

Branca S., Condomines M. & Tanguy J.-C. (2015) - Flank eruptions of Mt Etna during the Greek—Roman and Early
Medieval periods: New data from 226Ra-230Th dating and archacomagnetism. Journal of Volcanology and
Geothermal Research 304 (2015) 265-271,

Tanguy J.-C., Condomines M., Branca S., La Delfa S. & Coltelli M. (2012) - New archeomagnetic and 226Ra-230Th
dating of recent lavas for the Geological map of Etna volcano. Ital. J. Geosci. (Boll. Soc. Geol. It.), 131(2), 241-257.
https://doi.org/10.3301/1JG.2012.01.

Tanguy, J.-C., M. Condomines, M. Le Goff, V. Chillemi, S. Le Delfa & G. Patan¢ (2007) - Mount Etna eruptions of the
last 2,750 years: revised chronology and location through archeomagnetic and Ra-230Th dating. B. Volcanol., 70,
55-83.
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Tsunami deposits are the main evidence of past tsunami wave inundations but are inherently difficult to
identify in coastal sediment sequences. The complexity of the process and the multiple interactions with the
ground generate a plethora of sedimentary features such as layers of sand and gravel that were typically
interpreted in the past as marine transgression events or as storm surges of extraordinary magnitude. Only in
the eighties, seminal works highlighted some specific features that allow identification of their origin. Among
the variety of triggering mechanisms, landslides occurring on steeply sloped coastal areas, coastal volcanoes
or volcanic islands, have been shown to produce devastating tsunamis. Surprisingly, there are only a few clear
examples worldwide of the relationship between volcanic activity and landslides.

Based on radiocarbon ages, on stratigraphic, volcanological and archaeological evidence, three well-
preserved medieval tsunami deposits were recently discovered along the coast of Stromboli volcano (Aeolian
Islands, southern Italy) as shown by Rosi et al. (2019), who suggested that the destructive power of one of these
events is also possibly related to a huge marine storm that devastated the port of Naples in 1343 (200 km north
of Stromboli). The sedimentological study of the deposits has allowed a detailed characterization of the tsunami
sequences intercalated with volcaniclastic deposits and primary tephra and allowed reconstruction of the likely
sequence of the volcanic events (Pistolesi et al., 2020). In one case, a violent explosion possibly preceded the
tsunami, whereas in the youngest event, the lateral collapse of the volcano flank triggered a tsunami wave
that was rapidly followed by sustained explosive magmatic activity and ensuing prolonged ash venting. The
hypothesized tsunami-triggering dynamics suggests a close link between volcanic activity and flank collapse,
further confirming that the persistent activity at Stromboli makes the volcano particularly susceptible to tsunami
generation, confirming the hazard of these phenomena at a regional scale. New stratigraphic trenches carried
out in late 2020 also revealed that deeper, older tsunami deposits may be present, suggesting that tsunami and
tephra deposits have recorded interactions between past eruptive activity and landslides at Stromboli volcano
even further back in the past.

Rosi M., Levi S.T., Pistolesi M., Bertagnini A. Brunelli D., Cannavo V., Di Renzoni A., Ferranti F., Renzulli A. & Yoon D.
(2019) - Geoarchaeological evidence of Middle-Age tsunamis at Stromboli and consequences for the tsunami hazard
in the southern Tyrrhenian Sea. Scientific Reports, 9, 677, https://doi.org/10.1038/s41598-018-37050-3.

Pistolesi M., Bertagnini A., Di Roberto A., Ripepe M. & Rosi M. (2020) - Tsunami and tephra deposits record interactions
between past eruptive activity and landslides at Stromboli volcano, Italy. Geology. 48(5), 436-440. https://doi.org/10.
1130/G47331.1.
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The topic of my work is a seismic tomography which has as object the investigation of Southern Tyrrhenian.
This tomography was obtained by means of inversion of teleseismic data and an iterative computation of them
to obtain the so-called residual that is the difference between the observed travel times and these theoretical
travel times. The final tridimensional velocity model corresponds to that having the minimum residual. The
entire process of operation of a seismic tomography is very relevant in order to investigate subduction zones.
This is the case of the Southern Tyrrhenian oceanic back-arc basin. The subducting lithosphere has been mostly
consumed along the Tyrrhenian-Apennine system has been consumed with the exception of the Calabrian arc
sector. The new seismic tomography, which derived from the inversion of travel times of teleseismic ray paths,
travelling in the upper mantle at high depths. The adopted database consists of 1929 teleseisms recorded
in period 1990-2012 by 122 southern Italian seismic station directly connected to ISC (International
Seismological Centre). The software FMTT was employed for the inversion of these arrival times. I have
made 10 horizontal sections of final model from 50 km of depth to 500 km of depth, with an interval of 50
km of depth from each other. I have made 8 vertical sections and 3 transversal sections, choosing as traces
the same illustrated by Montuori (2007), for her teleseismic tomography of Southern Tyrrhenian. This work,
together with contributions of Chiarabba (2008) and Calo (2012). Summarising, the horizontal sections show
an evolution of the high velocity body that represents the lonian slab. At depth of 250 km, the tomography
evidences a sort of “transition” due to the absence of the Southern Tyrrhenian HVA and the occurrence of a
low velocity region with maximum of -0.5 km/s scattered between the Aeolian Islands and Calabria. This low
velocity region practically splits the Tyrrhenian slab into two parts, in Neapolitan region and in the southern
Calabria-northern Sicily region. The presence of this “window slab” could be interpreted as a tear in which
unperturbed mantle insert itself.

Calo M. (2012) - Seismic velocity structures of southern Italy from tomographic imaging of Ionian slab and petrological
inferences. Geophysical Journal International, 191, 2.

Chiarabba C. (2008) - The southern Tyrrhenian subduction zone: deep geometry, magmatism and Plio-Pleistocene
evolution. Earth and Planetary Science Letters, 268, 408-423.

Montuori C. (2007) - Teleseismic tomography of the Southern Tyrrhenian subduction zone: new results from seafloor and
land recordings. Journal of Geophysical Research, 112,B03311.
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New generations of Earth Observation (EO) satellites, such as the Copernicus Sentinel missions, are now
providing freely available imagery with unprecedented spatial and temporal resolutions on a global scale.
Importantly, the diversity of sensors on-board the spacecrafts provide the potential for a comprehensive
monitoring of volcanic unrest. In particular, the synergetic use of radar (Sentinel-1 SAR), short-wave infrared
(Sentinel-2 MSI) and ultraviolet (Sentinel-5P TROPOMI) payloads, are particularly promising for surveillance
of surface deformation and topographic changes, emplacement of volcanic deposits, detection of thermal
anomalies, and emission of volcanic SO,. MOUNTS (Monitoring Unrest from Space, www.mounts-project.
com) is a monitoring system which intends to demonstrate the potential of such an integrated interdisciplinary
approach, where systematic processing and visualization of EO products can support both scientific and
operational communities for volcanic risk assessment and management. This presentation will present a
number of recent volcanic crisis captured by MOUNTS, and thereby illustrate how a variety of hazards can be
detected and monitored from space.
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The end of 2020 marked a change in the eruptive behavior of Mt. Etna activity, where the persistent
and weak explosive activity at the summit, which lasted for almost two years, shifted to more explosive
manifestations. The South East Crater (SEC) is being the theater of a new intense paroxysmal activity, with
similar characteristics to those already observed during the 2011-2013 series at the same crater. More than 30
episodes of intense lava fountaining took place since December 2020 until the end of May 2021, with formation
of huge ash columns reaching maximum heights up to 10-15 km asl, coupled with emission of rheomorphic
lava flows mainly towards to the Valle del Bove and southwest of the summit craters. Small PDCs due to
collapse of crater portions have also been observed during the most intense episodes. A peculiar feature of this
new paroxysmal series is the exceptional cyclicity of the occurrence of lava fountaining. Indeed, starting from
February 16, 2021, each episode occurred after 30-50 hours from the previous ones, with further intensification
during the series of May 2021 with even 2-3 episodes within 24 hours, suggesting a rather steady rate of gas
input in the shallow portions of the plumbing system.

Here, we present preliminary data based on a multidisciplinary approach of investigation that combines
petrological and geophysical data. Integration of whole rock compositions, textural and compositional features
of olivine crystals with the localization of volcanic tremor sources allow us to decipher the nature of magma
dynamics and their spatial and temporal distribution within the plumbing system occurring during pre-to-syn-
eruptive stages. Investigations on the physical and chemical conditions of magma involved and kinetics of its
movements among the different zones of the plumbing system by modeling the diffusive relaxation of Mg-Fe
gradients in olivine crystals are fundamental in understanding the predisposing factors leading to paroxysmal
activity, where the abundant production of tephra constitutes a source of inconveniences for local people and
for the management of the aviation space. Our study provides significant elements in the evaluation of the
volcanic hazard in a densely populated area such as that around the Mt. Etna volcano.
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A new intense eruptive activity characterized the summit of Mt. Etna volcano starting from the 2011 year.
Several episodes of violent ash-dominated lava fountaining occurred during the 2011-2013 paroxysmal series
at New South East Crater (NSEC) and the 2015-2016 paroxysms at Voragine Crater (VOR), alternating with
weakly explosive and/or effusive behavior as observed during 2014 and between 2017 and 2019. We have
assessed the initial volatile budget of magmas emitted during three selected eruptions (2013, 2015, and 2018)
characterized by variable energy, by quantifying volatile contents in olivine-hosted glass inclusions and
embayments. The initial water contents inferred from the studied melt inclusions are high (up to 3.5-4.0 wt.%;
Zuccarello et al., 2021) and comparable with those measured in magmas emitted during the highly energetic
2001 and 2002-03 eruptions, although evidences of diffusive volatile loss were recognized. Our study shows
that magma dehydration is strongly controlled by the magma ascent rate during the syn-eruptive stages.
Estimation of magma ascent rates through-h volatile diffusion modeling along melt-embayments reveals that
magma ascended rapidly from 80-120 MPa during lava fountaining episodes that occurred in 2013 and 2015 at
NSEC and VOR respectively, corresponding to timescales of 3-14 minutes. Instead, slower ascent rates (with
timescales of 22-96 minutes) that caused higher magma dehydration were estimated for the mild-intensity
Strombolian activity that occurred during the flank eruption in December 2018.

Insights provided by our study are crucial in the evaluation of hazard at Mt. Etna. Our data support the idea
that in the last decade the deep plumbing system of Mt. Etna has been continuously filled by the arrival of
water-rich magmas, which translates into a strong potential to produce highly explosive eruptions. Therefore,
the almost persistent and weak explosions characterizing the ordinary activity at the summit can shift suddenly
to a more explosive behavior depending on magma transfer kinetics from the storage area toward the surface.
The huge ejection of tephra into the atmosphere (from 4-5 to 10-15 km asl) constitutes the major source
of hazard related to the paroxysmal activity, with particular consequences on the management of aviation
safety. Inconveniences also affect the local population due to the abundant fallout of ash and coarse lapilli,
as observed in very recent times during the ongoing paroxysmal series started since December 2020 at the
South East Crater. Fast kinetics of magma ascent in the case of more powerful events make it challenging
to understand the evolution of eruptive phenomena and to assess volcanic hazard at open system and basic
volcanoes such as Mt. Etna.

Zuccarello F., Schiavi F. & Viccaro M. (2021) - Magma dehydration controls the energy of recent eruptions at Mt. Etna
volcano. Terra Nova, 00, 1-7. https://doi.org/10.1111/ter.12527.
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El Salvador is a territory is formed by young and unconsolidated volcanic materials that are susceptible to
rain-induced landslides and seismic-induction landslides.

In El Salvador, LiDAR information has been collected for the entire territory, reaching a resolution per
pixel of 1 m2 which allows to know the geomorphological state of the territory at the national level up to the
date of August 28, 2014

The objective of the research was to design a methodology to characterize landslides by implementing
cutting-edge technologies such as UAV (Unmanned Aerial Systems), at the same time it aims to produce results
that explain the behavior of some landslides related with the type of parent material and the triggering factor.
The study site was the landslide occurred in October 29 of 2020 at 23:00 in The Picacho park which is part of
the San Salvador volcanic building in the Municipality of Nejapa, Department of San Salvador, El Salvador C.
A. The most affected area by the event was the Los Angelitos I and II settlements, it left 7 people died and 105
affected families, the accumulated rain recorded was 57.4 mm the highest of the reference stations according
with Environmental Observatory MARN (Ministry of Environment and Natural Resources). The dynamics of
slope movements continue to modify the landscape without it being possible to update LiDAR coverage in the
short term because of economic issues.

This methodology allowed monitoring the variations at local level of landslides from a DoD (DEM of
Difference) method between two Digital Terrain Model, one provided by LiDAR and the other one from
UAV Technology photogrammetry technic based, using a structured workflow it was possible to estimates the
slipped material volume, deviation, affected area and depth. Information from differential GPS was added to
this procedure that helped as control points to improve the precision of the information captured and processed
by UAV. With this, a landslide profile was obtained, whose data were compared with those obtained from a
non-commercial landslide modelling software (Desviacion, area, volume, depth) along the landslide path.

The research was a part of the development of the initiative to study the natural hazards of the Central
American region sponsored by the Italian Agency for Development Cooperation through the new CASTES
project administered by the University of Palermo, Italy.

Guthrie R. & Befus A. (2021) - DebrisFlow Predictor: an agent-based runout program for shallow landslides. Natural
Hazards and Earth System Sciences, 21(3).
Williams R. (2012) - DEMs of difference. Geomorphological Techniques, 2(3.2).
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The aim of the present work is to assess the morpho-climatic conditions that trigger area variations of
Badlands, in the lower Secchia Basin, Emilia-Romagna region, (Italy). Furthermore, we compare the results of
this study with the area variation trends in other Italian regions. The final purpose is to understand and project
the future evolution of the Badlands in the Northern Apennines. Recent studies have highlighted an overall area
reduction of the Badlands in the Northern Apennines (e.g., Bosino et al., 2019; Coratza et al., 2021). The general
shrinking trend results essentially due to the land use change combined with a slight decrease of precipitation
amount during the last decades. In this study, we mapped the Badlands using two sets of orthophotos (1994
and 2018, provided by Geoportale dell’Emilia-Romagna). Consequently, the Badlands were classified from the
lithological and morphological point of view following Bosino et al. (2019). In total 213 Badlands were mapped.
The Badlands mainly crop out in the soft sedimentary bedrock belonging to the Ligurian and Epiligurian
Successions that characterise vast portions of the Northern Apennines. The morphological classification shows
that 66% of the Badlands are characterised by a smooth morphology with diffuse vegetation and/or landslide
processes (Type B). The photo interpretation has highlighted a general reduction of Badlands areas in the
last 25 years passing from 8.6 km? to 7.4 km?. The shrinking trend comes along with an increase of the dense
vegetation inside the Badlands, indicating a reduction of erosive processes. Evaluating the precipitation from
1950 onwards we observed a general decrease in the average annual precipitation from 900 to 650 mm/year
(Coratza et al., 2021). Though in the last 25 years the trend seems to be inverted increasing from 600 to 800
mm/year. Monitoring the land use changes from 1994 onwards, we observed a decrease of agricultural fields
from 135 km? to 102 km? and an increase of meadows and forest from 4.7 km? to 17 km*and from 65 km? to
75 km?, respectively. Similar trends for precipitation, land use change and Badlands response were observed
also by Bosino et al. (2019) in the Oltrepo Pavese area. Furthermore, our study areas are deeply affected by
mud flows and shallow landslides that exposes the soft sedimentary bedrock favouring the runoff processes
and Badlands development. Our study shows that land use changes are the major driving factor in terms of
the stabilization of the Badland areas. The recent trend of increasing precipitation further favours vegetation
growth on the condition that stabilization of landslide areas take place.

Bosino A., Omran A. & Maerker M. (2019) - Identification, characterisation and analysis of the Oltrepo Pavese calanchi
in the Northern Apennines (Italy). Geomorphology, 340, 53-66.

Coratza P. & Parenti C. (2021) - Controlling Factors of Badland Morphological Changes in the Emilia Apennines
(Northern Italy). Water, 13(4), 539.
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The Research Institute for Geo-Hydrological Protection of the Italian National Research Council (IRPI
CNR) has developed in cooperation with Civil Protection of Sardinia Region, a regional early warning system
for the possible occurrence of rainfall-induced landslides (SARF Sardinia), which currently compares the
national rainfall thresholds with the rainfall measured by national and regional rain gauge networks and with
rainfall forecasts provided by COSMO-I5 and BOLAM models.

In the framework of the current Collaboration Agreement between the Sardinia Region and IRPI CNR, a
catalogue containing meteorological and hydrogeological information related to rainfall-induced landslides
in Sardinia has been compiled. The catalogue lists 261 landslides that occurred in the period 2007-2020. The
information includes: (i) event identifier; (ii) rainfall data (name and geographic coordinates of the selected
rain gauge, duration, rainfall mean intensity, and cumulated rainfall responsible for triggering); (iii) landslide
geographic data (region, province, municipality, location affected by the event, geographic coordinates of the
landslide, spatial accuracy of the landslide); (iv) landslide type; (v) landslide temporal data (year, month, day,
time, temporal accuracy of the landslide); and (vi) source of data/information.

Rainfall series used to reconstruct the landslide triggering conditions include measurements of 186 rain
gauges from a Regional Agency network (SASI), 186 additional stations provided by the Environmental
Protection Agency of the Region of Sardinia (ARPAS) and the former Hydrological Service (ExSI), and 96
rain gauges from the National Department for Civil Protection network.

Information on rainfall-induced landslides comes from digital and printed newspapers, blogs, technical
documents, landslide event reports, and fire fighter reports.

The information in the catalogue is used to define regional rainfall thresholds to be implemented in the SARF
Sardinia. Thresholds are defined using the frequentist method, which allows the calculation of cumulated event
rainfall-rainfall duration (ED) threshold curves corresponding to different non-exceedance probability levels
and including uncertainty in the parameters that define the thresholds.

Currently, the Civil Protection of Sardinia Region is using the implemented system to support decisions in
order to issue warning advices.
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Assessment of the stability of rock masses is crucial in the process of risk mitigation. Among the many factors
predisposing the Italian territory to geohazards, it has to be mentioned the geological and geomorphological
setting, often characterized by karst processes and widespread presence of cavities, of both natural and
anthropogenic origin, potentially leading to sinkholes and other instability mechanisms. For these reasons, the
study of rock masses has always been of primary importance, as a primary tool to define the susceptibility to
geological instability and to safeguard the environment.

To solve the problems related to traditional analyses, in many cases too expensive and difficult to carry
out, over the last decade the implementation of new digitalized methods, such as close- and long-range
remote sensing techniques, has become essential to quantitatively describe the structural arrangement of rock
masses. This necessarily requires robust and reliable methods dedicated to extracting the primitive geometries
representing the discontinuities on a rock outcrop. A novel approach, combining observations made in situ with
digital results, has been recently proposed (Cardia et al., 2021). This method is able to extract discontinuities
clusters in a fully supervised way, thus allowing the user to evaluate every situation by determining specified
tolerance angle ranges for both dip/dip direction.

We provide here an ongoing development of the method, based on an algorithm that has been implemented
in the software GeoDS. The algorithm takes as input a K value, representing a density threshold, from which
it will start searching for coplanar points in a given range of 10° for both dip and dip direction, and a seed
range value, that is the number of sample points that the system chooses randomly to evaluate each cluster. The
greater this value is set, the more successful is going to be the result; however, this comes with a computation
time cost, which extent depends on the computer capability.

This new algorithm, called IPDE (Iterative Pole Density Estimation) is then coupled with a KDE (Kernel
Density Estimation), extremely useful to plot the graphic projection, on which the user can choose to manually
select points or to evaluate the sets with two different automatic clustering techniques, K-means and Gaussian
Mixture. The proposed method aims to improve the evaluation of discontinuities on a rock outcrop in a new
and original way.

Cardia S., Palma B. & Parise M. (2021) - Implementation of computation codes in geostructural surveys to evaluate rock
mass stability aimed at the protection of cultural heritage. EGU General Assembly 2021, EGU21-343.
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In the last decade, high-resolution multibeam and seismic data collected offshore the Pontine Islands and
the intra-slope Palmarola ridge has allowed the identification of widespread landslide-related morphologies,
ranging at a different spatial scale and characterized by different post-failure behavior. The continental slope
off the Western Pontine island si carved by pervasive disintegrative-like mass-failures due to very high seafloor
gradients (8—12°, locally up to 30°) and the presence of regional NW-SE tectonic features active during the Plio-
Pleistocene (Chiocci et al. 2003). The Venototene edifice is affected by two groups of landslide scars (Casalbore
et al., 2016): the first one affects the edge of the insular shelf between 130 and 260 m water depth, whereas
the second group affects the lower slope and surrounding basins down to 1100 m water depth, representing
examples of retrogressive failure at the heads of channelized features. Finally, in the Palmarola ridge, two
main types of slope failures were identified: disintegrative-like and cohesive-like landslides (Casalbore et al.,
2016). The first type is characterized by a complex of small, nested scars affecting the steep and tectonically-
controlled eastern flank of the ridge, suggesting a genesis related to retrogressive processes. The cohesive
landslides occur along the northern flank of the ridge and are characterized by larger scars, where the material
was not completely evacuated, and well-defined debris deposits at their base, with the development of pressure
ridges. Tectonic activity and slope gradients represent the main preconditioning factors for the development of
instabilities, even if a relationship between pockmarks and landslide scars was also observed.

Chiocci F.L., Martorelli E. & Bosman A. (2003) - Cannibalizatin of a continental margin by regional-scale mass wasting:
an example from the central Tyrrhenian Sea. In: Locat J, Mienert J (eds) Submarine mass movements and their
consequences. Kluwer Academic, Dordrecht, 409-416.

Casalbore D., Bosman A., Martorelli E., Sposato A., & Chiocci F.L. (2014) - Mass wasting features on the submarine flanks
of Ventotene volcanic edifice (Tyrrhenian Sea, Italy). In Submarine mass movements and their consequences (pp. 285-
293). Springer, Cham.

Casalbore D., Bosman A., Chiocci F.L., Ingrassia M., Macelloni L., Sposato A., & Martorelli E. (2016) - New insights on
failure and post-failure dynamics of submarine landslides on the intra-slope Palmarola ridge (Central Tyrrhenian Sea).
In Submarine Mass Movements and their Consequences (pp. 93-101). Springer, Cham.
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Dating surface movements and define their spatial dynamics through time are the main outcomes of the
application of dendrogeomorphological techniques on landslides. With these objectives we reconstructed at
the multi-decadal scale the movements of the mainly dormant Carobbio landslide in the Val Parma, focusing
our research on a portion at the toe of the landslide slope, along the Parma Torrent, that recently reactivated.

At two study sites located at different altitudes on the recently-reactivated portion of the landslide, 10 trees
per site were selected, extracting two cores from each stem of oak trees, in the falling direction (trees were
mainly bent towards the valley bottom). By means of the recently-introduced Eccentricity Index (Gattinoni et
al., 2019; Leonelli et al., 2021), we could reconstruct the first years of surface movements, dating back to the
1960s. Moreover, it was possible to evidence that before the large displacement occurred in 2010-2011 at the
landslide toe along the Parma Torrent (event reconstructed by means of photo interpretation), slope surface
movements on the landslide occurred first in the higher portion since 1972. Then, since 1997 the surface
movement propagated also to the lower portion of the landslide. Overall, the disturbance signals were therefore
recorded in trees at the higher site already approximately 40 yr before the main event and 15 years before at
the lower site.

This research underlines the usefulness of the application of the dendrogeomorphological techniques
in forested landslide slopes, where other techniques may fail because of the forest cover, of the lack of
instrumental and topographic monitoring on the long term and possibly of the lack of high resolution satellite
images. Moreover, the retrieved data may be used for spatially define the areas of higher disturbance and for
reconstructing the landslide surface dynamics accurately, at the multi-decadal scale (if threes are old enough)
with annual resolution.

Gattinoni P., Consonni M., Francani V., Leonelli G. & Lorenzo C. (2019) - Tunnelling in landslide areas connected to deep
seated gravitational deformations: An example in Central Alps (northern Italy). Tunnelling and Underground Space
Technology, 93, 103100. https://doi.org/10.1016/j.tust.2019.103100.

Leonelli G., Chelli A., Consonni M., Lorenzo C. & Gattinoni P. (2020) - Multi-decadal dating of surface slope movements
in forested DSGSD areas of the European Alps: detecting precipitation triggering factors. Geografiska Annaler: Series
A, Physical Geography 1-25. https://doi.org/10.1080/04353676.2020.1813983.
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Landslides susceptibility (LS) is one of the main topic of geomorphological risks studies. Many of that
have an exclusively statistical approach with little coherence with the geomorphodynamic models and hard to
read susceptibility maps. Even if many different models have been developed, the most common and effective
are those based on statistical techniques applied to Slope Units (SUs; Reichenbach et al. 2018). SUs segment
terrain in homogenous domains and approximate the morphodynamic response of the slope to the landslides.

This paper presents a LS analysis at the catchment scale based on the comparison of two GIS-based
bivariate statistical methods. The Piomba Stream basin, in Central Italy, was selected as test area. It is a
strongly anthropized basin whose hillslopes are particularly prone to slope failures due to its geomorphological
and geological features. A new simple and reproducible method for delineating the SUs were defined with an
original GIS-based terrain segmentation based on hydrography. The LS analysis was performed by comparing
two GIS-based statistical methods that use the bivariate statistics based on the Landslide Index approach
(Van Westen et al. 1997), originally developed for grid-cell analysis, by adapting the equations. The use of
Morphometric Slope Index (MSI) (Buccolini et al. 2012) was tested as predisposing factor for landslides. The
entire LS analysis is framed within an experimental design that combines statistical methods, predisposing
factors and areal threshold of landslides.

The results have led, on the one hand, to the creation of an up-to-date and detailed geomorphological map
of the Piomba stream basin and, on the other hand, to the development on a LSM. They have demonstrated the
efficiency of SU segmentation method and the potentiality of the proposed statistical methods in determining
the LSM, giving easy to read susceptibility maps. Beyond the purely statistic values, the models obtained
adhere to the geomorphological dimension of the terrain and highlight the areas with the greatest propensity
to landslides. It emerges that the importance of the predisposing factors for LSM is strictly dependent on
characteristics of the study area and that the environmental factors are spatially associated (Pourghasemi and
Rahmati 2018).

Buccolini M., Coco L., Cappadonia C. & Rotigliano E. (2012) - Relationships between a new slope morphometric index
and calanchi erosion in northen Sicily, Italy. Geomorphology, 149-150, 41-48.

Pourghasemi H.R. & Rahmati O. (2018) - Prediction of the landslide susceptibility: Which algorithm, which precision?
Catena, 162, 177-192.

Reichenbach P., Rossi M., Malamud B.D., Mihir M. & Guzzetti F. (2018) - A review of statistically-based landslide
susceptibility models. Earth-Science Reviews, 180, 60-91.

Van Westen C.J., Rengers N., Terlien M.T.J., Soeters R. (1997) - Prediction of the occurrence of slope instability
phenomena through GIS based hazard zonation. Geol. Rundsch., 86, 404-414.
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Shelves surrounding volcanic islands represent only a small portion of the entire submarine edifice that can
range a few thousand meters below sea level. Despite their small area, the erosional, depositional, tectonic
and volcanic processes affecting the subaerial island leave a significant imprint on the shelf morphology when
compared to the slope or the submarine base of the islands (Quartau et al., 2014). Therefore, shelf morphology
can be used to improve our knowledge about the island evolution, especially the more recent events. In this
study, we use multibeam bathymetry, side scan sonar and seismic reflection data of the southern shelf of
Porto Santo Island in Madeira Archipelago to map its seabed morphology and seismic stratigraphy from the
nearshore to the shelf edge (~100m b.s.l.), aiming to better understand the evolution of mass-movements
affecting the area. In general, the shelf consists of an erosive rocky surface mostly covered by sediments, and
locally outcropping on the seafloor. The sedimentary cover on the shelf is highly variable both in thickness and
internal architecture, mainly due to different onshore sediment supply and available accommodation space.
Two main seismic units have been recognized: the lower one (U1) is interpreted as a transgressive deposit,
formed during sea level rise after the Last Glacial Maximum (LGM); the upper one (U2) is interpreted as
present-day highstand deposits. Based on the morphological and seismo-stratigraphic differences the study
area has been divided in three sectors (Western, Central and Eastern). On the Western and Eastern sectors
two sets of submerged erosional terraces have been mapped at different depths (35-45 m, 50-75 m b.s.1.). The
overall arcuate shape of the southern shelf edge of Porto Santo Island strongly matches the coastline shape,
suggesting the occurrence of an old large-scale landslide event (LS1), prior to the shelf formation (Quartau
et al., 2018a). Further incisions on the shelf edge of the Central sector, mapped at and upslope the shelf edge,
imply more recent mass-movement processes, LS2 at least older than seismic unit U1 and LS3 formed on the
late Holocene, indicating a retrogressive evolution of the instability process. The absence of erosional terraces
in the Central sector supports this hypothesis, being probably removed by the LS2 event. The terraces depths
and their destruction by the LS2 event suggests that these were formed/modified at least by the MIS 5a-5d
stillstands or even by older ones. The estimated volume of the LS2 event (0.6 km3) suggests that it might have
caused a hazardous tsunami if it failed as a single event. The recent LS3 events, due to their small magnitude
were probably not hazardous. In summary, three different mass-movements were defined according to their
dimension and position on the shelf: from LS1 to LS3, the scars are increasingly smaller and further upslope.
These observations provided a more comprehensive understanding of the recent evolution of Porto Santo
insular shelf in terms of mass-movement processes.

Quartau R., Hipolito A., Romagnoli C., Casalbore D., Madeira J., Tempera F., Roque C. & Chiocci F.L. (2014) - The
morphology of insular shelves as a key for understanding the geological evolution of volcanic islands: Insights from
Terceira Island (Azores). Geochem. Geophys. Geosyst., 15, 1801-1826.

Quartau R., Ramalho R.S., Madeira J., Santos R., Rodrigues A., Roque C., Carrara G. & Brum da Silveira A. (2018a) -
Gravitational, erosional and depositional processes on volcanic ocean islands: Insights from the submarine morphology
of Madeira archipelago. Earth Planet. Sci. Lett., 482, 288-299.

243



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Influences of vegetation characters on saturated hydraulic conductivity at catchment scale

Marzini L.*!, Amaddii M.!, Papasidero M.P.!, D’ Addario E.!, Disperati L.! & Chianucci F.?

' DSFTA, Department of Earth, Environmental and Physical Sciences, University of Siena. 2 CREA, Research Centre
for Forestry and Wood, Arezzo.

Corresponding author e-mail: marzini4(@student.unisi.it
Keywords: hydraulic conductivity, root reinforcement, LAI, Vegetation load, Shallow landslides.

Shallow landslides susceptibility assessment usually relies on the parametrization of hydraulic and
geotechnical features of soils. Among these, saturated hydraulic conductivity (Ks) represents one of the most
important soil properties that influences infiltration rates, runoff, groundwater recharge and drainage processes,
which makes it of particular concern in the prediction of natural hazards including catastrophic floods and
shallow landslides.

On the other hand, it is well known that vegetation may play a positive role towards slope stability and
over the last decades many efforts have been done in order to quantify the role of the vegetation towards
protection from shallow landsliding (Giadrossich et al., 2017). Basically, there are two main vegetation effects:
hydrological (e.g., reduction of the water pore pressure through tree rainfall interception) and mechanical
ones (increase of the soil strength due to the presence of roots and increase of the soil shear stress due to the
vegetation load).

Soil Ks is expected to be an important factor that influences plant growth, plant-available water, root system
and root biomass and, therefore, this work focuses on the quantitative assessment of the relationship between
vegetation characters and hydraulic conductivity.

Study areas affected by shallow landslides were chosen in the Garfagnana and Cardoso basin (Northern
Apennines, Italy) and in Mt. Amiata volcano (Southern Tuscany, Italy) where field measurements (about 200)
of below-ground vegetation (Root Area Ratio - RAR), above-ground vegetation (Leaf Area Index-LAI and
vegetation load) and Ks were carried out inside, in the neighbour and far outside shallow landslide locations.
Acquisition of data within landslides areas was supported by means of a multi-temporal landslide inventory
already available for study areas. Below-ground vegetation data were collected in trench profiles, while above-
ground vegetation data were acquired using digital relascope and digital cover photography. Measurements of
Ks were carried out by means of both constant and falling head permeameters. Results showed that RAR and
soil depth affected Ks, with a decrease of Ks as the depth increases and roots decrease. Moreover, Ks varied for
different vegetation types, indicating that shifts in aboveground vegetation features may strongly impact the
water dynamics of soil. Above-ground vegetation plays a slight negative role on slope stability. Instead, root
reinforcement to soil in terms of a root-related cohesion parameter plays a relevant role for depths involved in
shallow landslides.

Giadrossich F., Schwarz M., Cohen D., Cislaghi A., Vergani C., Hubble T., Phillips C. & Stokes A. (2017) - Methods to
measure the mechanical behavior of tree roots: a review. Ecological Engineering 109 part B: 256-271.
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In the last decade many studies have focussed on small-scale (<1 km3 ) submarine landslide, since they are
more frequent with respect to the larger ones and pose a potential threat for the coastal strip and infrastructures.
The potential geohazard of a marine landslide is also related to the timing of the event and therefore is of
paramount importance to define, as far as possible, its age. This study deals with the Taranto Landslide, an
impressive landslide located 12 km off the coast, in the northeastern sector of the Gulf of Taranto, on the
southwest-facing Apulian Continental Slope, with the aim to learn more on its geohazard potential. The dataset
used in this study consists of multibeam echo sounder (MBES) data and high resolution Chirp Sonar profiles,
dip- and strike-oriented which has served to define the morphometric parameters of the landslide and the
thickness of the post slide sediment drape. The failure occurred across a slope gradient ranging between 3°
and 4°. The evacuated scar surface extends from 400 m below sea level (mbsl) down to 1000 m deep and is
bounded by a well-defined headscarp, up to 75 m high, and by two subparallel lateral scarps 4-6 km away from
each other. The total inferred volume of the landslide was derived by the scar dimensions and resulted as being
about 0,3 km3 (Meo et al., 2018). The slump exhibits a simple geometry, with a single arcuate headscarp and
no evidence of retrogressive failure process - such as multiple scars merging or upslope modifications in the
form of stepped profiles of the basal evacuation surface — was observed. Besides, the scar surface depicts a
sub-parallel profile to the adjacent undisturbed slope, suggesting a single slope-parallel plane of failure along
which the sediment and the cohesive blocks glided towards the base of the slope. Therefore a single failure
event was inferred to the Taranto landslide.

Based on morphometric measurements and empirical calculations, the kinematics and the tsunamigenic
potential of the landslide were evaluated. The outcomes of these analysis revealed that the sediment mass
displacement was almost fast, with an inferred peak velocity exceeding 42 m/s, and possibly generated a wave
up to 2-3 m high. The age of the landslide was roughly estimated on the base of the post slide drape thickness
at 680 mbsl and assuming for this site the same depositional rate calculated by Grauel, 2012 at the coresite
GeoB10745, retrieved at -680 mbsl, some 80 km southeastwards. The outcome, although roughly estimated
and approximate, gives an age of the Taranto Landslide of about 39 ky, surprisingly coeval to the catastrophic
Campanian Ignimbrite (Y5) eruption that impacted large sectors of the Southern Italy.

Meo A., Falco M., Chiocci F.L. & Senatore M.R. (2018) - Kinematics and the tsunamigenic potential of Taranto Landslide
(northeastern Ionian Sea): Morphological analysis and modelling. Landslides and Engineered Slopes. Experience,
Theory and Practice, 173, 1409-1416. https://doi.org/10.1201/b21520.
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On 11 and 12 October 2018, Sardinia was hit by exceptional meteorological events that particularly affected
the south-eastern area, in the Sarrabus, and in particular various road infrastructures under the responsibility
of the Province of Southern Sardinia. The administrative procedure of the interventions originated from the
Resolution of the Council of Ministers of 8 November 2018 which declared a state of national natural disaster.
Subsequently, the Ordinance of the Head of the Civil Protection Department n ° 558 of 15 November 2018 was
issued, which allowed the first management activities to be started for the planning of the first interventions,
the rescue and assistance to the population and the restoration of functionalities of infrastructures affected by
adverse phenomena.

The Province, following an inspections carried out by the geologists and the engineers of the Traffic Service,
identified 9 intervention areas, particularly affected by flood events. Among these, the one in correspondence
with the bridge of the Camisa locality, at Km 23 + 250 of the provincial road n ° 20, was particularly critical.

The procedures for safeguarding public safety and the structure concerned were immediately activated, in
conjunction with the Prefecture, the Regional Civil Protection and the municipalities concerned. The temporary
interruption of the road was arranged, which at the “Ponte Camisa” was bypassed by the large flow rates of the
Rio Corr’e Pruna. The bridge was affected by an exceptional flood which led to the removal of a large part of
the road foundation, embankments and escarpments.

In the following days an initial census was made of the serious damage caused, which led to interruptions
in the road network, narrowing of the carriageway and considerable risk conditions for public safety.

An estimate of the damage was made and the request for funding was forwarded to the Civil Protection of
the Sardinia Region. This estimate concerned the restoration of the work of art and the complete functional
recovery and safety of the road artery. The works to be designed also include the verification of the residual
functionality of the bridge in the riverbed, the previously installed gabions and the geological and hydraulic
study of the erosive phenomena that have occurred.

Following the granting of the requested funding, the restoration work was contracted out, the artifacts were
rebuilt, the embankment works and the river bed were strengthened and restructured, able to better withstand
any new calamitous events. Appropriate management procedures for the work were therefore provided in the
event of an alert of adverse weather conditions.

A first study was therefore carried out aimed at reducing the persistent risk on the area, for which the request
for funding for the execution of the mitigation of the danger parameters of the area is being investigated.

246



© Societa Geologica Italiana, Roma 2021 90° CONGRESSO DELLA SOCIETA GEOLOGICA ITALIANA

Civil protection interventions - OCDPC n. 558 of 15.11.2018 - Restoration and functional
recovery of Provincial Road No. 97 - Municipalities of Castiadas and Muravera

Mureddu A.*
Provincia del Sud Sardegna.

Corresponding author e-mail: mureddu.alessio@tiscali.it

Keywords: flood events, hydrogeological risk, public safety.

On 11 and 12 October 2018, Sardinia was hit by exceptional meteorological events that particularly affected
the south-eastern area, in the Sarrabus, and in particular various road infrastructures under the responsibility of the
Province of Southern Sardinia. The administrative procedure of the interventions originated from the Resolution
of the Council of Ministers of 8 November 2018 which declared a state of national natural disaster. Subsequently,
the Ordinance of the Head of the Civil Protection Department n © 558 of 15 November 2018 was issued, which
allowed the first management activities to be started for the planning of the first interventions, the rescue and
assistance to the population and the restoration of functionalities. infrastructures affected by adverse phenomena.

The Province, following an inspection carried out by the geologists and engineers of the Traffic Service,
identified 9 intervention areas, particularly affected by flood events.

The situation of the provincial road No. 97 was particularly critical, with seven road sections affected by
erosive phenomena and a great state of alteration caused by the considerable outflows that occurred during the
calamitous event.

The procedures for safeguarding public safety and the structure concerned were immediately activated, in
conjunction with the Prefecture, the Regional Civil Protection and the municipalities concerned. Various roadway
narrowings have been prepared due to strong erosion phenomena which have led to a great increase in the danger
to road users.

The main hydro-geomorphological erosion phenomena concerned:

— at Km 2 + 600, erosion of the embankment of the road embankment on the progressive right, for about 40
meters and a height of 2.5 meters, failure of the guard rail, anomalous accumulation of materials in the docks;

— at Km 3 + 200, burying of the gutter for a length of 20 meters and of a “road manhole” crossing infrastructure;

— at Km 3 + 850, strong erosion of the escarpment on the right side for about 75 meters in length and for heights
ranging from 1 meter to 2.5 meters in height; failure of the guard rails on both sides of the road;

— atKm4 + 300, erosion of the right escarpment for a length of 16 meters and a depth of 1 meter and consequent
erosion of the gutter, partially present also on the left side;

— at Km 4 + 900, erosion of the right escarpment for 23 meters in length and 1 meter depth and consequent
erosion of the quay, failure of the guard rail on both sides;

— at Km 5 + 200, erosion of the embankment of the right road embankment for 14 meters in length and 1 meter
in height, undermining of the crossing infrastructure and damage to underground services, failure of the guard-
rail on the right side, erosion of the left embankment for about 23 meters of length and 1 meter in height,
failure of the left guard rail;

— at Km 5 + 400, erosion of the left gutter for 25 meters in length;

An estimate of the damage was then made and the request for funding was forwarded to the Civil Protection
of the Sardinia Region. This estimate concerned the restoration of the entire section of provincial road No.
97, and the complete functional recovery and safety of the road artery, both in shape and along the quays and
appurtenances. The works to be designed also provide for the verification of the residual functionality of the
bridge in the riverbed, the previously installed gabions and the geological and hydraulic study of the erosive
phenomena that have occurred.

Following the granting of the requested funding, the restoration work was contracted out, the artifacts were
rebuilt, the hydraulic crossing works partially reinforced, able to better withstand any new calamitous events.

A first study was therefore carried out aimed at reducing the risk persisting in the area, for which the request
for a loan for the implementation of the intervention to mitigate the hazard parameters of the area is in the
preliminary phase.
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Sediment cores and boreholes, high-resolution sub-bottom and multi-channel seismic reflection profiles
allowed to study origin and recurrence of mass-transport deposits (MTDs) emplaced along the eastern slope of
the Gela Basin in the Strait of Sicily.

27 stacked MTDs were mapped with volumes between < 1 km?® and 630 km® and related to the different
phases of margin evolution since the Pliocene. Sedimentary prograding wedges, fed from the north, developed
from the late Pliocene and