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Abstract

:

Capo Faro Promontory, located in Salina (Aeolian Islands, southern Italy), is a popular summer destination due to its volcanic morphologies, seaside, and enogastronomy. A flat area, right behind the scarp edge of a coastal cliff, hosts the Capo Faro Estate, one of the most renowned vineyards and residences on Salina Island. The promontory has been characterised in terms of geomorphological features. Remote sensing analysis, after nadir and off–nadir UAV flights, supports the field activities to explore the hazard to which the area is subjected. In particular, the coastal cliff turns out to be affected by a rapid retreat inducing landslides. Therefore, the cliff area has been investigated through a detailed stratigraphic and structural field survey. Using the generated high–resolution Digital Elevation Model, bathymetric–topographic profiles were extracted along the coastline facing the cliff. The thickness of volcanic deposits was evaluated to obtain a geological model of it. The main rock mass discontinuities have been characterised to define the structural features affecting the stability of the rock wall. The obtained results prove the contribution of such research fundamental in planning risk mitigation measures.






Keywords:


hazard evaluation; coastal evolution; slope structural analysis; structure for motion; Salina Island












1. Introduction


With approximately 2300 residents, Salina is the second–most populated island of the Aeolian Archipelago (Sicily, southern Italy). It is overrun by mass tourism during the summer, reaching up to 15,000 visitors a day (based on media information and personal evaluation around the middle of August 2021). Tourists are interested in its worth for volcanic morphology, its three quaint coastal villages, and its enogastronomy, the reasons why Salina and the other six islands of the Archipelago are included in the World Heritage List. Being the most fertile of the Aeolian Islands, high–quality grapes are grown, from which the renowned wine “Malvasia” is obtained and exported all over the world. Furthermore, local people and visitors flock to the Salina beaches, often of limited width to manage all the bathers. As with the other six “sister” islands, Salina presents a considerable number of embayed pocket beaches [1,2,3], which are highly attractive due to the difficulty of access that often offers more discretion. The pocket beaches are backed by vertical cliffs a dozen metres high, as a consequence of the erosive process due to waves and weathering [4]. In this context, the geomorphological evolution induces a rapid cliff retreat, which triggers rockfalls and topples exploiting the discontinuities network [5,6,7] in the volcanic rock mass (e.g., joints and faults). Techniques in all fields of geology have been already explored in similar cases in the southern Italian peninsula [8,9,10,11,12,13], to define the hazardous conditions that could even provoke injuries or fatalities. Assessing these conditions, it is possible to find the best solution to address the risk mitigation measures or to fix them where they become ineffective, in a broad scenario of coastal management [14,15,16].



In this paper, the approach to this issue integrates geomorphology, morpho–stratigraphy, and structural geology. It deals with the hazard assessment of a coastal cliff in Capo Faro Promontory, in the north–eastern part of Salina Island, in the vicinity of Capo Faro Estate residence and vineyard. The aim was to provide valid support to future risk mitigation interventions, suggesting prevention tools to slow down the natural retreat process and to simultaneously secure the beach from sudden gravitational phenomena.




2. Geological Setting


2.1. The Aeolian Geodynamics


Salina belongs to the Aeolian volcanic province, consisting of seven islands and several seamounts. The volcanic arc extends for about two hundred kilometres, around the seamount Marsili and the homonymous basin, with the concave part pointing towards the centre of the Tyrrhenian Sea (Figure 1). This constitutes a key area to unravel the geodynamic framework of this Mediterranean sector, the regional tectonic trends, and Africa–Europa subduction–related processes. The subaerial zones of the eruptive complex (the islands) have formed in the last 250,000 years, while the submerged parts are older: the oldest, about 1.3 million years, is the submarine volcano Sisifo, to the northwest of the island of Alicudi. Volcanism is still active at Stromboli and Vulcano and dormant at Panarea and Lipari; in the other islands the volcanic activity ceased between 10,000 and 30,000 years ago [17,18].



The geodynamic interpretation of Aeolian volcanism is controversial and is still debated today. According to some authors [19,20,21,22], the Aeolian islands represent a volcanic arc in an advanced evolutionary stage due to the geochemical affinity and the presence of very deep seismicity (>500 km) in the southern Tyrrhenian Sea. The arc is linked to the active subduction of the Ionian plate under the Calabrian arc. Conversely, other authors [23,24,25,26] state that the subduction stopped about 1 My ago, when both the Calabrian arc and the Apennine chain were affected by extensional tectonics, which lead to the opening of the Tyrrhenian back–arc basin, and by a general uplift. From this perspective, the Aeolian Islands would represent volcanism linked to post–collisional extension processes in a compressive margin. Three different sectors can be identified by different volcanic age and structural domains [27]: (i) the Western sector (1.3 My–0.05 My) located near the Sisifo–Alicudi Fault System (SA in Figure 1; WNW–ESE direction and transpressional regime) [28]; (ii) the Central sector (0.4 My–current) around the Tindari–Letojanni Fault System (TL in Figure 1; NNW–SSE direction and mixed regime, transpressional in its north–western sector and transtensional in the south–eastern one; (iii) the Eastern sector (0.8 My–current) characterised by a NE–SW fault system (extensional regime). The TL crosscut the SA and the extensional NE–SW fault system. The Moho discontinuity is shallower moving eastward, at depths greater than 25 km [17]. The distribution of the earthquake hypocenters and, above all their depth, suggests the presence of a Benioff plane inclined ~50–60° and dipping toward NW, located along the Ionic edge of Calabria. In addition, tomographies performed in the southern Tyrrhenian Sea show the presence of a cold lithosphere (anomalous positive velocities) diving towards NW [29]. Two domains can be distinguished from the seismological point of view: one characterised by shallow and deep seismicity (to the east) and one with exclusively shallow seismicity (to the west) [30].
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Figure 1. The geographical framework of the Aeolian Islands in the southern Italian peninsula in the upper panel. Salina is in the Central sector of the archipelago and is the subaerial expression of a mostly submerged volcanic system at the intersection between SA and TL fault systems. In the lower panel, simplified geological map with the main synthems of Salina Island (modified from [31]). 
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2.2. Salina Volcanological Evolution


The island, with a total surface area of 26.4 km2 and an altitude of 968 m a.s.l. (Monte Fossa delle Felci), is the subaerial expression of a volcanic complex (80–85% of the entire volume), situated in the Central sector (see Section 2.1), at the intersection between the arc–shaped structure of the archipelago and the NNW–SSE elongated Salina–Lipari–Vulcano volcanic belt, in correspondence with TL (Figure 1). The volcanic activity of Salina Island is controlled by both the local and regional tectonic framework [17,27,32,33,34,35,36]. The dominant geomorphological feature is represented by two twin stratocones, Monte dei Porri (859 m a.s.l.), located in the western sector, and Monte Fossa delle Felci, located in the south–eastern one, separated by a low–level area oriented N–S, with a rather complex structure. The two stratocones preserve a regular conical shape, similar in size and topography, giving the island a peculiar morphology.



The subaerial activity has evolved through six eruptive epochs during the Middle–Late Pleistocene [32], individuated by the identification and dating of marine terraces, erosional surfaces, and chronostratigraphic guide levels, by means of which geological maps of the island have been produced [31,37]. Five of the six periods belong to a central stratovolcano: (I) Pizzo Corvo (n.d.), (I–II) Pizzo Capo (ca. 244–226 ky), in Capo Faro Promontory, and (III) Monte Rivi (ca. 160–131 ky) which are barely recognisable from a morphological point of view, while (IV) Monte Fossa delle Felci (ca. 147–121 ky) and (V) Monte dei Porri (ca. 70–57 ky) are both almost perfectly preserved [38,39]. The most recent sixth eruption occurred on the north–western corner of the island between 30 and 15.6 ky ago and formed a semi–circular crater near the small village of Pollara. It represents an explosive large crater of about 1.5 km in diameter [40,41], whose activity produced widespread pumice deposits. Half of the tuff ring lies just above sea level. The only remains of the endogenic activities are post–volcanic phenomena such as gurgling and thermal springs, caused by the emission of underwater hydrogen sulphide and vapours. An uplift of the seafloor may occur at the peak of their activity.




2.3. Capo Faro Promontory Structural Features and Stratigraphy


The study area is in the NE coastal sector of Salina, at the Capo Faro Promontory, whose area is mostly covered by the lithological products of the Pizzo Capo and Monte dei Porri eruptive periods. Among the earlier volcanic events affecting Salina Island, the Pizzo Capo one originated from a NE–SW fissure belonging to the NE–SW extensional system, that affected the entire eastern sector of the Aeolian archipelago (see Section 2.1) [17,27,32]; alternatively, other authors [42] considered the Pizzo Capo activity as an expression of a radial dyke propagating from a central conduit. The Monte dei Porri activity developed in a tectonic context compatible with the TL fault system [33,43]. Moreover, the position of the later Pollara crater (NW of Salina) may suggest an NNW–SSE alignment with the Monte dei Porri cone, thus enforcing the hypothesis of the tectonic influence of the TL in the volcanic evolution (i.e., the westward shifting of the eruptive events; [32]). Furthermore, the fault systems present in this area might have been the cause of several collapse events which affected the Salina Island: (i) the collapse of the Salina Island from Monte Rivi to Pizzo Capo along a NE–SW structural discontinuity causing an asymmetric morphology of the edifice and (ii) the NW–dipping sector collapse of the NW flank of Monte dei Porri [42,43]. Specifically, in Capo Faro Promontory eleven units crop out, as described in [31,32] (Table 1).





3. Materials and Methods


An area of about 1.3 km2 in the north–eastern sector of Salina Island has been investigated through a geomorphological survey flanked by UAV flights in a 0.31 km2 target area in proximity of the coastal cliff. A morpho–stratigraphic characterization and a structural analysis of discontinuities were performed to model the cliff. The collected data were processed to understand the triggering conditions of geomorphological hazards.



3.1. Field Survey and UAV Flights


The field activities took place during the end of summer 2021 along the Capo Faro Promontory based on the identification of the outcropping units according to [31]. The geomorphological field survey has been conducted using the 1:10,000 topographic base of CTR (Carta Tecnica Regionale, “Sezione n. 581020bis Isola di Salina, Regione Siciliana 1994”) coupled with a 10 m resolution DEM (Digital Elevation Model, TINITALY; [44] (and references therein), from which the slope acclivity has been extracted in QGIS environment. Gravitational phenomena affecting or that could potentially occur in the area have been described by referring to the [45] classification.



After drawing a geomorphological map, the collection of information about morphology and geology has been necessary for the proximity of the cliff to evaluate the hazard affecting the rocky coastline. Hence, the stratigraphy of the outcropping units in terms of lithologies and their resistance properties has been evaluated. Due to the difficulties to investigate on the field a vertical cliff 40–60 metres high, nadir and off–nadir UAV flights have been conducted with good light exposure to be sure to have the same parts of the cliff in the shadow. The results of such stratigraphical investigations allow us to refine the known–in–literature thickness of deposits to obtain a geological model of the cliff as accurate as possible.



Structure–from–Motion (SfM) and Multi–View–Stereo (MVS) approaches have been used to obtain a 3D reconstruction of the tip of the Capo Faro Promontory. The two methods are based on combining photogrammetric notions and vision algorithms to compute 3D images as better explained in [46]. A dataset of overlapping pictures of the study cliff and its surface is necessary to run them. About seven hundred pictures have been shot with a Drone, a Phantom 4 Pro equipped with a 20 M pixels camera, 1 CMOS sensor with an 84° 8.8 mm/24 mm Field of View (FoV), from an altitude of 60 m and with a Ground Sampling Distance of 1.60 cm/pixel (Figure 2a). The collected data has been post–processed by Agisoft Metashape software. By using the SfM algorithm [47] 552 pictures have been aligned producing (i) a dense point cloud of the investigated cliff (Figure 2b); (ii) the internal calibration parameters [48] and (iii) the spatial distribution of the pictures. This procedure allowed the building of the 50 cm/pixel resolution ortho–mosaic, the 12 cm cell resolution Digital Elevation Model (DEM) and the textured 3D model.



From the high–resolution DEM, six profiles have been extracted through the QGIS plug–in Profile Tool. They have been traced longitudinally to the coastline and are partly topographic, partly bathymetric. For two of them, two geological cross–sections have been drawn using the collected stratigraphic field data.




3.2. Structural Analysis


The structural analysis has been conducted starting from a structural field survey by measuring the discontinuities orientations (i.e., dip direction and dip) on vertical coastal–cut exposures. The dataset consists of 148 faults with various displacements. The structural elements have been plotted on a lower hemisphere equal angle stereograph using the software Dips® 6 (RocScience; University of Toronto, Canada) dividing the planes into different families, each one named with the suffix K–. Moreover, with the above–mentioned software, the Markland Test [49] on two different orientated sub–vertical cliff–exposures has been performed to assess the influence of the measured discontinuities on gravitational phenomena triggering. The Markland Test was aimed at the evaluation of rock–fast events such as planar and wedge sliding, and toppling (both direct and oblique). These gravitational phenomena occur when an equilibrium condition is exceeded. Planar sliding is the failure of a rock mass along a plane, while wedge sliding occurs along the intersection line between two discontinuities. All the discontinuities and intersection lines between planes exceeding the frictional angle (φ′) are potential causes of planar and wedge sliding. The toppling to occur needs: (i) discontinuity dip direction parallel to the slope (20° of interval); (ii) discontinuity dipping toward the slope; (iii) the poles of the discontinuities must have a dip minor than the dip slope minus the frictional angle of the toppling planes [50,51]. This could be better explained by the overcoming of the frictional angle (see the Appendix A for calculation details).





4. Results


4.1. Geomorphological Features


The Capo Faro Promontory is characterised by a strip of flat surface where buildings, a lighthouse and the Capo Faro Estate with its vineyard are located (Figure 3). This small plateau is interrupted to the north–east and south–east by a 40–60 m–high coastal cliff (Figure 4a), and to the south–west by the north–eastern slope of the Pizzo Capo stratovolcano.



The intensity of morphogenetic processes relates to the recent dynamic context of the active volcanic area. The volcanic products are characterised by high erosion rates. The water and the gravity are the prevalent morphogenetic agents, as testified by a high–energy hydrographic network and by debris deposits widespread over the slope of Pizzo Capo. Both the watercourses and the detrital accumulation zones feature a radial pattern around the Pizzo Capo cone and reveal an accelerated erosion. Then, in the study area, the river pattern has an extremely low drainage density, influenced by the high permeability of the outcropping rocks. The watercourses are mostly characterised by narrow and elongated first–order talwegs which converge to form short second–order creeks. The main basin areas are limited in size (Figure 3). The incised deep gullies become less accentuated only in the proximity of the plateau facing the cliff.



The gravitational phenomena, dominant on slope acclivity >35°, are: (i) rockfalls in the sub–vertical head of the narrow channels and along their sides; (ii) debris flows along the channels with the associated debris cones in sub–aerial environment, often truncated by the active coastal cliff; (iii) rockfalls, topplings (Figure 4b) and rock avalanches (Figure 4c) affecting the frontal portion of the cliff (Figure 4b). The presence of detachment surfaces and cavities on the cliff, in addition to the disseminated boulders of remarkable size standing on the beach (Figure 4d), suggests the system is in retreat. On the other hand, the coastal area of the Capo Faro Promontory is susceptible to storm surges from N–NW which generate a very etched swash line 4–5 m above the foot of the escarpments (Figure 5). The speed of the phenomenon of dismantling is evident in the rapid retreat of the drainage system (Figure 6a). In particular, the morphological jumps of the riverbeds (hanging valleys) near the cliff edge (Figure 6b,c) show how this process is sometimes faster than the incision of the ditches (Figure 6d). They thus remain suspended.
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Figure 3. The geomorphological map focused on coastal rockfall/toppling talus, on the detrital cover characterising the slope which shows the hydrography of Capo Faro Promontory. The boundaries of the river basins that encompass the main creeks have been traced. The evolution of the coastline between 1992 and 2003 has been shown with the estimate of its variation (taken from Piano Assetto Idrogeologico (PAI), https://www.sitr.regione.sicilia.it/pai/, accessed on 26 June 2022). The red arrows show the retreating next to Capo Faro cliff, the green ones show the prograding coastline in correspondence with the mouth of a little impluvium. The stratigraphy has been taken from [31]. The lower–left of the figure shows the slope gradient map. 
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Figure 4. (a) The 3D model, generated after dense point cloud extraction by UAV photogrammetric flight through Agisoft Metashape, shows the flat area on which vineyards and buildings are located. It is bounded by an unstable coastal cliff with gravitational phenomena threatening the pocket beaches. (b,c) shooting areas are indicated by red squares; the yellow circle shows the zoomed 3D of Figure 6a; (b) Two large detachment surfaces and cavities of recent rockfalls characterising the cliff in question. The boulders in the foreground have an estimated size (through the dense point cloud) of about 1000 m3; (c) The eastern part of the sea cliff from the boat shows the impressive rock avalanche with the subsequent 30 m retreating at the tip of Capo Faro Promontory occurred in 2011. (d) shooting area is indicated by a red square; (d) A projecting big boulder (dashed yellow line) on the top of the scarp where a recent rockfall creates a detachment surface (dashed green line) parallel to the scarp. A red line indicates an open fracture in pyroclastic deposits. 
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Figure 5. The 2D orthophoto, generated by a 60 m altitude UAV flight, on which six topographic profiles have been traced. As highlighted by profiles 4 and 5, the relief energy is higher in correspondence with the Capo Faro vineyard and the Capo Faro Estate, respectively. Profiles 3, 4 and 5 show a clear vertical cliff. Profiles 5 and 6 evidence the etched swash line at about 5 m a.s.l. 
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Figure 6. (a) 3D textured model focused on the intense gully erosion affecting the flat land right behind the edge of the coastal cliff. (b–d) shooting areas are indicated by red squares; (b) Hanging valley at the outlet of a wide channel. The erosive action of water caused the alteration of the pyroclastic deposits of the cliff; (c) The vineyard of Capo Faro Estate gently slopes into the hanging valley of (b); (d) The deep groove of a gully caused by runoff water. 
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4.2. Cliff Stratigraphy and Structural Assessment


The multidisciplinary approach allows to precisely model the cliff, investigating its topographic, stratigraphical, and structural features. The local thickness of the outcropping formations has been evaluated for the construction of two geological cross–sections (Figure 7a,b).



Overlapped pyroclastic layers referable to Portella Formation (po), emplaced during the II eruptive epoch (c.a. 240 ky, Pizzo Capo volcanic vent; Table 1), crop out on the lower part of the analysed cliff. These deposits, whose thickness in the study area ranges from 35.5 to 40 m show different degrees of cementation and are surmounted by the products of the III and the V eruptive epoch (Monte Rivi and Monte dei Porri volcanic vents; Table 1). Regarding the III epoch, a lenticular massive lava flow body, of basaltic–andesitic to andesitic–dacitic composition, crops out only at the tip of Capo Faro Promontory. It is associated with the Vallone del Castagno formation (vc) and has a thickness ranging from 2 to 7 m (Figure 7a). The marine conglomerate of Punta Brigantino Formation (pb) crops out overlying the vc or the po Formations through an erosional depositional surface. Its thickness ranges from 1.5 to 2 m (Figure 7a,b). As for the V epoch, the distal fallout deposits of the Pianoconte Formation (pi), made of massive ash tuff, are 2 to 6.5 m–thick. The Rocce di Barcone Formation (rb) are pyroclastic deposits whose thickness ranges from 9.5 to 5 m (Figure 7a,b). At the top, the eluvial deposits of the plateau (1.5 m–thick) close the stratigraphic sequence.



Permeability, porosity, and rheological properties of the different deposits influence the development of faults and fractures. Indeed, the permeability is different among eluvial, pyroclastic deposits, and massive lavas. The eluvial and pyroclastic deposits are characterised by high and medium–to–low primary permeability, respectively. On the contrary, due to the presence of fractures, high secondary permeability affected massive lavas. Eluvial deposits, made of clastic gravelly–sandy sediments and placed at the top of the cliff stratigraphy, behave as an incoherent material. For this reason, only the friction angle influences their rheological behaviour.



Three main discontinuity systems have been measured on the field and divided into five subsystems, considering the conjugated subfamilies. The systems have been projected on equal area stereographs and all the intersections among the planes have been calculated (Figure 8a,b). The K1 system has been subdivided into K1a and K1b, which are conjugate faults dipping toward NW and SE, with dip angles ranging between 60 and 85°. The K2 discontinuity system has been also divided into K2a and K2b conjugated subfamilies, respectively dipping toward N and S with dip angles ranging between 60 and 80°. The K3 system dips toward E–NE with dip angles ranging between 70–90° (Figure 8a). Based on field observation (Figure 9a), K1 and K2 systems correspond to faults with a dip–slip normal movement, which forms structures with a displacement between 1–10 cm, well recognizable in the pyroclastic deposits of the po Formation. Its lithological elements are characterised by a low degree of cementation and strong compositional and chromatic variations between different layers (i.e., the scoria and the planar stratified fallout deposits), which allow a reliable estimation of the cm–displacement produced by normal faulting (Figure 9b,c). The K3 system corresponds to joints, without any displacement or filling. These joints produce fractures with an opening of about 1 cm, which crosscut the faults of the K1 and K2 systems (Figure 9e). The conjugated discontinuities of K1 and K2 systems often intersect among them forming pluri–centimetric to decametric wedges, well visible in the deposits of the po Formation (Figure 9b–d). The vc lava flow is a more competent and massive formation and it is only affected by sub–vertical open joints (K3 system) fracturing the rock mass in isolated metric blocks.




4.3. Slope Stability Analysis


The slope stability assessment (i.e., Markland test) has been conducted near Capo Faro. The two main exposures (Slope 1 and Slope 2) of the coastal cliff with different orientations intersecting in correspondence with Capo Faro were analysed. Slope 1 orientation has been approximated to 38/85° (dip direction, dip) and Slope 2 is oriented 104/85°. The analysis has been made with the Dips®6 software for planar, wedge sliding and toppling (both direct and oblique). The thick black line is the slope orientation, and the red circle of 34° represents the friction angle (φ′) (see Appendix A) measured for pyroclastic deposits and used as an input by the software for the test. The blue lines are the mean planes of the different systems. Planar sliding for both slopes, as provided by the software, gave thirteen critical poles (8.78% of the total) for Slope 1 and 19 (12.84% of the total) for Slope 2 (critical poles are in red in Figure 10a,b). For wedge sliding and toppling, Dips® projected all the intersections between the discontinuities (grey squares), marking with red and yellow areas those critical for triggering gravitational phenomena. Regarding wedge sliding, 5550 over 10,868 intersections (50.61%) have been evaluated as critical (Slope 1), thus falling in the reddish area, corresponding to the intersections between K1a and K3, K1b and K2a, K2a and K3, K1a and K2a systems (Figure 10c). In correspondence to Slope 2, 3988 intersections over 10,868 (36.69%) are critical for wedge sliding and correspond to K1b and K2a, K2b and K3, K1b and K2b, K1b and K3 (Figure 10d). Concerning the toppling mechanism, a number of 1159 intersections in Slope 1 (10.66% of the total) could be responsible for direct toppling (20° of lateral limits with respect to the slope dip direction; red area in Figure 10e), and 1778 (16.36%) for oblique toppling (yellow area; Figure 10e). The intersections critical for toppling in Slope 1 are between K1a and K2b, K1b and K2b, K3 and K1b, K3 and K2b. In Slope 2, 543 intersections (5.00%) are critical for direct toppling (red area with 20° of lateral limits; Figure 10f) and 2666 (24.53%) for oblique toppling (yellow area; Figure 10e). They correspond to the intersection between K1a and K2a, K1a and K2b, K1a and K3, K2a and K3.





5. Discussions


The evolution of the coast in the study area represents a constant hazard factor for the buildings and the economy, linked to the high–quality vineyards upstream of the Capo Faro cliff. The retreating of the coastline, around 50–80 cm/y (PAI between 1992 and 2003), is directly caused by the succession of landslide events. It is still in progress nowadays, as testified by the relevant rock avalanche event in 2011 (Figure 4c).



The clearest predisposing factor is the severe undercutting by water mass pressure and debris of the sea waves, especially during the storms in winter, directly responsible for the swash line at the basis of the coastal scarp (Figure 5). Erosion is also favoured by the heterogeneous composition of the outcropping rocks (Figure 7a,b) and by the chemical action of the saltwater infiltrating the fractures. Whenever the erosion deepens the swash line, the overlying wall weakens and collapses. Debris produced by topplings (Figure 11a) form a sort of reef that temporarily protects the cliff till it is dismantled by the constant action of the wave motion. The nearby beaches are fed by the remodelled products deriving from the dismantling of the pyroclastic rocks of the po Formation (Figure 11b). This lithotype constitutes about 60–70% of the sheer walls. This phenomenon could be limited by reinforcing structures such as wire meshes or anti–erosion blankets, whose adhesion to the walls is kept by soil nailing and steel rods. Furthermore, coastal works (e.g., brushes, artificial reefs) must be positioned aiming at the dissipation of the energy of the waves.



Another mechanism that facilitates collapses triggering is the establishment of high–tension forces due to the superposition of lithologies with different degrees of cementation, deformability, and rigidity. That is the case of the lava flow (vc) superimposed on pyroclastic rocks (po) in correspondence with the tip of Capo Faro Promontory (Figure 11c). The consequence is the formation of vertical fractures (often quite deep tension cracks), parallel to the slope (Figure 11d). The run–off water tends to infiltrate within these cracks, triggering hydraulic thrusts and detensioning the rocks of the cliff causing rockfalls. Furthermore, the run–off water flowing down the slopes leads to the formation of small hanging valleys. The result is the ongoing erosion of the facing scarp which contributes to the retreating of the cliff. To face this problem, a system for collecting, conveying, and draining the run–off water should be realised upstream of the edge of the cliff and flanked by sub–horizontal drains to prevent water infiltration in the tension cracks.



The series of discontinuities characterising the cliff, besides being a preferential path for run–off water, could trigger planar and wedge slides and topple events. In particular, the K3 system, as already observed in Slope 2 (and in minor amounts in Slope 1; Figure 9b,e) and resulting from the Markland Test (Figure 10) is almost parallel to the analysed slopes and therefore could potentially trigger planar slidings. The test highlighted that some discontinuities of K2a and K2b systems in Slope 1 and K1a, K2b and K3 in Slope 2 could trigger these types of gravitational events (Figure 9a,b and vc Formation block in Figure 11d). Discontinuities in pyroclastic deposits of the po Formation both in slopes 1 and 2 intersect each other (K1a with K1b and K2a with K2b), making wedges of different dimensions (from metric– to decametric–scale). The Markland test (Figure 10c,d) confirms that these intersections among discontinuities previously observed on the field (Figure 9b–d) may trigger wedge sliding. Subvertical and horizontal discontinuities with a strike parallel to the cliff intersect originating several plurimetric parallelepipedal blocks which could topple (Figure 11d). This, again, has been confirmed by the Markland test for direct and oblique toppling (K2a and K2b for Slope 1 and K1a, K1b and K3 for Slope 2; Figure 10e,f).




6. Conclusions


The Capo Faro Promontory in north–eastern Salina Island has been assessed from a geomorphological, stratigraphical, and structural point of view. This volcanic area is characterised by a steep slope and a flat plateau on the coastal strip around 40–60 m a.s.l. The coast is rocky and includes a narrow beach backed by a sheer cliff, on which the volcanic deposits succession outcrops. Economic activities of noteworthy importance for tourism (the presence of the Capo Faro Estate, dedicated to summer housing and for Malvasia wine production) are placed on the plateau, not so distant from the edge. Considering the area in question as one of the riskiest in Salina, a detailed field survey has been performed to comprehend the hazard factors. To model the cliff precisely, a drone flight has been carried out. The fracturing conditions of the rock mass have been unravelled by a structural survey. The first results were the redaction of a geomorphological map and the generation of a DEM, with 12 cm spatial resolution, of a 50 cm/pixel resolution orthophoto and a textured 3D model. The area turned out to be characterised by recent gravitational phenomena such as rock avalanches, rockfalls, and topplings. They represent the most dangerous types of failure, both for triggering speed and for unforeseeable nature. The abrupt landslides can stress the pocket beaches used by bathers and they directly cause the dismantling of the cliff, with frequent, great magnitude events provoking up to 30 m retreating. All the field observations on the rock walls have been validated by the Markland test, which confirms the strong control exerted by different intersecting discontinuity patterns affecting the coastal cliff. In particular, a total number of 148 discontinuities has been measured (i.e., their dip direction and dip) on two different exposures of the Capo Faro cliff. The measured discontinuities have been grouped into three main systems and conjugated subsystems (i.e., K1a and K1b, K2a and K2b and K3) to ease the slope stability analysis. The Markland test analysed discontinuity poles orientation for planar sliding, and intersections among planes for wedge sliding and toppling mechanisms. The test highlighted that: (i) the 8.78% (Slope 1) and the 12.84% (Slope 2) of the total discontinuities could trigger planar sliding; (ii) the 50.61% (Slope 1) and the 39.69% (Slope 2) of the total intersections cause wedge sliding; (iii) the 10.66% (Slope 1) and 5.00% (Slope 2) might cause direct toppling; (iv) the 16.36% (Slope 1) and 24.53% (Slope 2) might cause oblique toppling instead.



In essence, the buildings and economical facilities of the area undergo very high–risk conditions with possible involvement of people during summer. Taking into account the interaction between morpho–stratigraphical and structural features of the cliff, the realisation of mitigation measures would be unavoidable to safeguard people’s safety, civil buildings, Capo Faro Estate vineyards and residences.
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Appendix A


To obtain information on the rheological behaviour of the rock mass of Capo Faro Promontory, geotechnical analysis has been carried out on 10 samples of pyroclastic materials outcropping along the studied cliff.



The 10 samples have been sent to the MTR laboratory of Troina (Enna, Sicily, Italy), to determine the Point Load resistivity, while on four of them the apparent density has been calculated (Table A1).
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Table A1. Determination of the apparent density.
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	Sample 1
	Sample 2
	Sample 3
	Sample 4
	Mean Value





	Apparent density

(Mg/m3)
	1.31
	1.32
	1.30
	1.29
	1.31



	Apparent density

(kN/m3)
	12.85
	12.94
	12.75
	12.65
	1.80








Point Load Measurements


The Point Load Test is widely used to determine the resistivity index of rocks due to the easy and simple use of the instrument and the relatively low cost. The test measures the uniaxial compressive resistivity of rock samples. The test measures the resistivity of rock samples Is (50) to break them by adding a load concentrated in a point. Is varies depending on the diameter of the sample and/or on the equivalent diameter if the samples have an irregular shape. Hence, a correction is required to obtain a unique value for each rock type. In fact, such value may be used to classify the rocks. The correct value of resistivity Is (50) of a sample is defined as the Is values respect to a standard sample with a diameter D = 50 mm. If there are only irregular shape samples, as in our case, the shape correction is given by ISRM (1972) formula:


  I s   50   = F × I s  



(A1)







The correction factor may be obtained also through graphical method (Figure A1) or from the following equation:


  F = D e ÷   50   0.45    



(A2)
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Figure A1. Graphical method to derive k correction factor. 
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When the Is (50) has been calculated, the Uniaxial Compressive Strength (UCS) may be expressed by the relationship:


  U C S = k × I s   50    



(A3)




where k is the transformation factor from the literature [52]. The results of the Point Load Test are reported in Table A2.
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Table A2. Point Load Test Results.
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	Sample
	Is (kPa)
	F
	Is (50)
	C0 (kPa)
	C0 (MPa)
	C0 (Kg/cm2)





	
	1
	9.35
	1.39
	12.97
	269.78
	0.27
	2.75



	
	2
	12.06
	1.31
	15.8
	328.64
	0.33
	3.35



	
	3
	13.33
	1.4
	18.7
	388.96
	0.39
	3.97



	
	4
	19.8
	1.23
	23.48
	488.38
	0.49
	4.98



	
	5
	9.06
	1.33
	12.03
	250.22
	0.25
	2.55



	
	6
	9.44
	1.38
	130.6
	271.65
	0.27
	2.77



	
	7
	11.66
	1.26
	14.63
	304.3
	0.3
	3.1



	
	8
	12.38
	1.38
	17.09
	355.47
	0.36
	3.62



	
	9
	9.39
	1.28
	12
	249.6
	0.25
	2.55



	
	10
	8.27
	1.22
	10.09
	209.87
	0.21
	2.14



	Simple mean
	
	
	
	15
	311.7
	0.3
	3.2



	Standard deviation
	
	
	
	4
	28.2
	0.1
	1.1



	Corrected mean
	
	
	
	14.5
	302.3
	0.3
	3.1



	Corrected standard deviation
	
	
	
	2.5
	51.4
	0.1
	0.5








The UCS values have been used to calculate the shear strength. To do that, the non–linear method proposed by [53] has been applied. In this case, the shear strength of a rock mass, on the plane σ3–σ1, may be calculated from the following Equation (A4):


   σ 1 ′  =  σ 3 ′  +   m  σ c   σ 3  + m  σ c 2     



(A4)




where:




	
σ′1 = principal stress, maximum to break;



	
σ′3 = principal stress, minimum to break;



	
σci = uniaxial compressive strength of the rock;



	
mb = rock mass parameter, in the case of intact rocks: mb = mi;



	
α = rock mass parameter, in the case of intact rocks: α = 0.5;



	
s = rock mass parameter, in the case of intact rocks s = 1;








After [54], such a method has been modified by the application of a regression procedure, which consists of overlapping the linear failure criterion of Mohr–Coulomb with the curve generated from the previous formula when σ3′ values are between σt and σ3max. Finally, c′ and φ′ have been calculated (Table A3) from:


   φ ′  = s i  n  − 1       6 α  m b      s +  m b     σ  3 m  ′      α − 1     2   1 + α     2 + α   + 6 α  m b      s +  m b   σ  3 n  ′      α − 1        



(A5)




and


   c ′  =    σ  c i       1 + 2 α   s +   1 − α    m b   σ  3 n  ′        s +  m b   σ  3 n  ′      α − 1       1 + α     2 + α       1 +   6  m b      s +  m b   σ  3 n  ′      α − 1         1 + α     2 + α          



(A6)




where:    σ  3 n  ′  =  σ  3 m a x  ′  /  σ  c i       ([53] suggested for a general case, a    σ  3 m a x     value equal to 0.25 σci );




    m b  =  m i   e      G S I − 100   28 − 14 D         



(A7)






   S =  e      G S I − 100   9 − 3 D         



(A8)






   α =  1 2  +  1 6     e  −     G S I   15       −  e  −     20  3          



(A9)





D is 0 in an undisturbed rock mass or 1 for a disturbed rock mass.
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Table A3. Rock mass resistivity characterization.
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	Hoek Brown Classification
	





	σci
	5
	Mpa



	GSI *
	61
	



	mi
	10
	



	D
	0
	



	Ei
	1375
	



	
	Hoek Brown criterion
	



	mb
	2.484
	



	s
	0.013
	



	a
	0.503
	



	
	Cover break range
	



	σ3max
	1.25
	MPa



	
	Mohr–Coulomb overlap
	



	c′
	0.3
	MPa



	φ′
	33.74
	degrees



	
	Rock mass parameters
	



	σt
	−0.026
	MPa



	σc
	0.566
	MPa



	σcm
	1.118
	MPa







* The GSI (Geological Strenght Index) value, used for the non–linear method [53], derives from the Bieniawsky classification [55,56,57].











φ′ = 33.74 is the friction angle for pyroclastic deposits obtained from the Mohr–Coulomb overlap. It has been approximated to 34 for the stability analysis calculation (i.e., the Markland test; Section 4.3).
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Figure 2. (a) The Phantom 4 Pro drone during its take–off in the flat courtyard of Capo Faro Estate; (b) Dense point cloud of the flight area in RGB colour, processed with the Agisoft Metashape software. 
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Figure 7. (a) Geological cross–section showing the main stratigraphic units (topographic profile 3 in Figure 5); (b) Geological cross–section showing the main stratigraphic units (topographic profile 4 in Figure 5). 
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Figure 8. (a) Equal angle projection (lower hemisphere) of the measured discontinuities (poles) and contours. The blue lines are the mean planes of each recognized system; (b) Equal angle projection of all the intersections among planes (blue dots). 
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Figure 9. (a) 3D textured model focused on the vertical coastal cliff (red squares indicate the described outcrops). (b–e) shooting areas are indicated by red squares; (b) Pyroclastic deposits of the po affected by normal faulting of the K1 conjugated system (yellow arrow indicated the sense of displacement); (c) Boat–view of the cliff affected by K2a and K2b conjugated faults, intersecting forming a wedge; (d) K2a and K2b conjugated faults with a normal sense of displacement (indicated in yellow); (e) K3 discontinuity cutting the alternance of pyroclastic layers with different cementation degree of the po. 
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Figure 10. Stereographic equal angle plots (lower hemisphere) with the critical zones (red and yellow areas) for failure mode. (a) Planar sliding for Slope 1; (b) Planar sliding for Slope 2; (c) Wedge sliding for Slope 1; (d) Wedge sliding for Slope 2; (e) Direct and oblique toppling for Slope 1; (f) Direct and oblique toppling for Slope 2. 
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Figure 11. (a) The red arrow indicates the detachment cavity on the vertical cliff; (b) The deposits of the rockfalls and topplings coming from the cliff feed the pocket beach in front; (c) The lava flow referable to Vallone del Castagno Formation (vc) overlying the pyroclastic deposits of the Portella Formation (po). The left red arrow indicates the detachment area of the rock avalanche, the right one points to a fracture in the lava layer, warning of an incipient failure; (d) The cliff is retreating: the dashed green line indicates the crown of the rock avalanche in the vertical cliff; the yellow one the incipient detaching block, probably falling onto rock avalanche deposits. Detrital blocks maximum dimensions are about 70 m3, assessed with the dense point cloud. 
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Table 1. Stratigraphy of Capo Faro Promontory (modified from [31]).
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	Eruptive Epoch
	Synthem
	Volcanic Vent
	Formation
	Description
	Age





	VI
	–
	(Vulcano Island)
	Piano Grotte dei Rossi
	Ash tuffs in a massive brownish shape up to 2 m of thickness
	n.d.



	VI
	Serra di Pollara
	Pollara
	Punta di Fontanelle
	Pumiceous pyroclastic deposits (30–40 m thick)
	27.5 ky



	V
	Valdichiesa
	Monte dei Porri
	Serra di Sciarato
	Two members: (i) massive CA basaltic andesite lava flow, 5–10 m thick; (ii) scoriaceous deposits, up to several metres thick
	n.d.



	V
	Valdichiesa
	Monte dei Porri
	Rocce di Barcone
	Pyroclastic deposits 50–70 m–thick, made of two facies: (i) massive proximal with lots of lithics; (ii) distal with stratified lapilli/tuffs in thin layers and planar to cross–stratified tuffs
	72.7–67.9 ky



	V
	–
	(Vulcano Island)
	Pianoconte
	Distal fallout deposits made of massive ash tuff, 5–7 m of thickness
	n.d.



	Q.P. 1
	Fontanelle
	–
	Punta Brigantino
	Poorly sorted, a coarse conglomerate with rounded pebbles and boulders up to 1.5 m in size (3–4 m–thick). The erosional basal contact is referable to the marine transgression of MIS 5c and 5a
	100–81 ky



	Q.P.
	Piano Milazzese
	–
	Serro dell’Acqua
	Volcanic re–worked debris deposits up to 20 m–thick
	110–105 ky



	III
	Scoglio della Fortuna
	Monte Rivi
	Vallone del Castagno
	Pyroclastic succession made up of alternated thin layers of incoherent, massive pyroclastic breccias of reddish scoria, and planar to cross–stratified lapilli–tuff beds up to 50 m–thick. In Capo Faro Promontory crops out as a massive lava flow
	ca. 168 ky



	II
	Vallone Martello
	Pizzo Capo
	Portella
	Up to 120 m–thick successions of scoria with the alternation of metre–thick layers with planar–stratified fallout deposits
	ca. 240 ky



	II
	Vallone Martello
	Pizzo Capo
	Piano del Serro del Capo
	Scoriaceous pyroclastic succession up to 15 m–thick, made by an alternation of massive lithic–rich beds with tuff–breccias and lava flows
	n.d.



	I
	Paleo–Salina
	Pizzo Capo
	Torricella
	Poorly bedded fallout and volcanic debris deposits with discontinuous interbedded massive lava flow
	n.d.







1 Q.P.: quiescence period.
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