

  jmse-10-01953




jmse-10-01953







J. Mar. Sci. Eng. 2022, 10(12), 1953; doi:10.3390/jmse10121953




Article



3D Flooding Maps as Response to Tsunami Events: Applications in the Central Sicilian Channel (Southern Italy)



Salvatore Distefano *[image: Orcid], Niccolò Baldassini, Viviana Barbagallo, Laura Borzì[image: Orcid], Natale Maria D’Andrea, Salvatore Urso[image: Orcid] and Agata Di Stefano





Dipartimento di Scienze Biologiche, Geologiche ed Ambientali, Università Degli Studi di Catania, Corso Italia, 57, 95129 Catania, Italy









*



Correspondence: salvatore.distefano@unict.it; Tel.: +39-09-5719-5724







Academic Editor: Efim Pelinovsky



Received: 25 October 2022 / Accepted: 6 December 2022 / Published: 8 December 2022



Abstract

:

The assessment of the vulnerability of a site to tsunami events should take into consideration the geomorphological setting, which is strongly determined by the stratigraphic framework of the area. Lampedusa island is located in the central portion of the Sicilian Channel (Mediterranean Sea, Italy), where a significant incidence of tsunamis (with wave runup above 15 m) caused by earthquakes and submarine landslides has been historically documented. This work shows the geomorphological and stratigraphic differences between the western and south-eastern sectors of Lampedusa island. This update to the geological characterization of the island was used to create 3D flooding maps according to runup steps of 5 m, 10 m, and 15 m, thus showing a homogeneous involvement of the south-eastern sector of Lampedusa. Furthermore, our study aims to provide a geomorphological-stratigraphic base for a mathematical-statistical model to create coastal flooding maps due to tsunami waves. As such, this tool is useful for evaluation of strategic infrastructure for the security of the island and the improvement of risk management in civil protection.
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1. Introduction


Tsunamis are extremely devastating natural events for coastal areas. Tsunami hazards and flooding risks are much higher for low-lying coastal land. Cities and human activities are often on the coast and the attention to the exposure of people and human settlements to tsunami wave hazards has been increasing over the last decades [1], probably due to the catastrophic tsunami that occurred in North and Southeast Asia (December 2004, Sumatra, Indonesia).



Earthquakes, marine landslides, volcanic eruptions, and slumps are phenomena that can trigger tsunami waves. The Mediterranean Sea is one of the most active tectonic areas in history [2,3] and tsunami dynamics and effects on human life are well-documented within the Mediterranean countries [4,5,6,7]. The complex geodynamical setting and the tectonic evolution of the central and eastern Mediterranean areas are characterized by high seismic activity. Therefore, a large section of this paper is dedicated to the reconstruction of the historical geophysical archive of the eastern and central sectors of the Mediterranean Sea.



Low-lying and densely populated coastal areas are highly sensitive to large tsunami events, as shown by [8] in the two study cases they analyzed in the Island of Crete (Greece) and the Eastern Coast of Sicily (Italy). Refs. [9,10,11,12] show the fragility of the Ionian coast of Sicily (Italy) that is a densely populated area highly exposed to the tsunami hazard, and, in such parts, the flooding effects related to tsunami waves can be significant. Ref. [12] reconstructed the active tectonic structures and submarine landslides responsible for the 1743 earthquakes in southern Apulia. Ref. [13] shows evidence of the paleo tsunamis on the coastal zone of Cyprus. Ref. [14] analyzed the boulder accumulations related to extreme wave events on the eastern coast of Malta and [15] south-eastern coast of Cyprus.



An important parameter in the assessment of tsunami hazard is vulnerability, which is a function of a number of physical as well as social parameters that include, among others: distance from the shore, depth of flood water, construction standards of buildings, preparedness activities, socioeconomic status and means, level of understanding and hazard perception, and amount of warning and ability to move away from the flood zone. Thus, a tsunami vulnerability analysis should be developed with consideration of as many of these factors as possible in order to gain a more realistic picture of spatial and temporal patterns of physical and social vulnerability [16,17,18,19,20,21].



In particular, within the Sicily Channel (central Mediterranean) lies the Pelagian Archipelago, which comprises the islands of Lampedusa, Linosa, and Lampione [22,23,24]. Lampedusa is the largest and most populated of the Pelagian Islands, and tsunamis generated by the seismic activity of the central and eastern Mediterranean areas can hit its coasts causing huge damage. The region experiences problems of coastal erosion related to intense anthropic activity, as well as mass movement and land sliding, linked to the high variability of outcropping lithotypes and to the changeability of the coastal morphology. Furthermore, the geomorphological evolution is strongly conditioned by the presence of carbonate formations, where the development of the karst landforms is a typical dissolutive event as in other areas of south-eastern Sicily [25,26,27]. This work aims to provide a geomorphological-stratigraphic tool for creating tsunami marine ingression maps that could be realized by applying a mathematical-statistical model to Lampedusa island, which is particularly exposed to extreme events in the central Mediterranean Sea.



The geomorphological setting of the island is characterized by the Neogene-Quaternary depositional arrangement, which was determined by the new Lampedusa island stratigraphic analysis mainly performed on the eastern side outcrops. In fact, the significant differences between the western and eastern coastlines can be attributed to the presence of clear lithological variations between the two sectors of the island. The most cohesive sedimentary formations (bioclastic grainstones and biocalcarenites) are concentrated in the western portion, where high cliffs and regular coasts are especially widespread; conversely, a high lithological heterogeneity with the alternation of different lithotypes with variable cohesion (carbonate mudstones, marls, and alluvial deposits) is concentrated in the south-east area where lower and more irregular beaches develop.



Historical Geophysical Framework in the Mediterranean Area


Tsunami events have often caused serious damage within the Mediterranean Sea and most of these events are well known from historical records. The sources that can trigger tsunamis are different. The waves could be related to strong winds and marine storms but also by large submarine landslides or volcanic activity [28,29,30], and the Mediterranean Sea is one of the most active tectonic areas, in which earthquakes and related triggered tsunamis pose a significant risk.



From 2300 BC to the present day at least 290 tsunamis have occurred in the Mediterranean [31]. To date, the geological evidence of tsunamis and floods that occurred in prehistoric times is still identifiable. The Ionian coast and the Sicily Channel have been hit by at least 10 tsunamis in the last 2000 years, and prehistoric geological evidence reports the occurrence of paleo floods around 2300 BC and 1635 BC, 975–800 BC, 800–600 BC, and 600–400 BC [32]. Table 1 shows the main tsunamigenic events in the central-eastern Mediterranean Sea, with the relative maximum runup value.



In historical times, several tsunamis generated by earthquakes hit the south-eastern coast of Sicily, as in 1169 AD, 1693 AD, and 1908 AD [46]. Such events may be of sufficient size as to propagate, as previously happened, in the direction of the Sicily Channel, affecting the Maltese archipelago and the Pelagie Islands. There are now numerous published data and related numerical modeling that demonstrate that the seismogenic source of events of this type can be located in the Ionian offshore (the Malta Escarpment [47,48,49,50]), in the Strait of Messina, in the Graben of Linosa [51], and in the area of the Hellenic arc [52,53]. The Ionian coast of Sicily and the Sicily Channel, the Maltese Archipelago, and the Pelagie Islands are, therefore, places not at all alien to the risk of large earthquakes followed by devastating tsunamis, such as the events of 1169 AD, 1693 AD, and 1908 AD.



Concerning the recent tsunamigenic seismic activity of the Sicily Channel, the first field research was performed in the Mediterranean Sea between the end of the 20th century and the beginning of the 21st century [54]: along the coast of central Greece [55] and of Southern Italy [56,57], along the coast of Cyprus and Crete [58,59,60], and along the coast of Algeria [61].



Owing to the wealth of historical and geological data collected over the last decades on the effects of seismicity in the Mediterranean, various databases were created to map the most vulnerable sectors to the occurrence of earthquakes and consequent tsunami floods, with the aim of cataloging the distribution and runups that have occurred and that could occur (Figure 1).



The accumulation of large boulders related to waves generated by either tsunamis or extreme storm events has been observed in different areas of the Mediterranean region. Heavy storms are quite common in the Mediterranean Sea and often originate from the NW and NW winds. To verify whether the detachment of the boulders is due to tsunami events or storm waves generated in the area, a hydrodynamic approach can be applied ([14] and references therein). The application of hydrodynamic equations, in addition to radiocarbon dating [14], demonstrated how 10% of a population of boulders sampled in Malta can be associated with tsunami waves, and according to radiocarbon analysis, the age of the 5% of the boulders is of such age as to be associated with a recognized tsunami-related event. Even assuming that the hydrodynamic approach is not sufficient to distinguish between storm and tsunami waves as a stand-alone method, these equations are, however, useful to hypothesize potentially reachable runups by waves necessary for the movement of boulders found in the archipelagos of the Sicily Channel.



Even considering the uncertainties exposed by [14], it is still valid that extreme storms and tsunamis have occurred generating runup that reached levels between 13.35 and 14 m. Moreover, in some cases, the analyzed values obtained for the runup of tsunami waves are comparable to those observed during the 1908 earthquake [62,63], as well as those obtained by [64] for tsunamis generated by earthquakes both in eastern Sicily and in the western Hellenic arc.



The Mediterranean area can be divided into two macro areas. The first is the Eastern Mediterranean Basin where the Hellenic arc is the major geotectonic structure dominating the eastern Mediterranean basin and producing large earthquakes and tsunamis. The second is the Western Mediterranean Basin, where tsunamis were reported in North Algeria to have been caused by strong earthquakes occurring on AD 2 January 1365; 6 May 1773; 21–22 August 1856; 9 September 1954; and 10 October 1980 [65]. Ref. [66] suggests that the location of most of these earthquakes on land in North Algeria triggered submarine landslides that generated powerful turbidity currents. However, the 21 May 2003 small-to-moderate tsunami produced by the Mw 6.8 Boumerdes–Zemmouri (Algeria) earthquake in the continental margin of Algeria was attributed to a thrust co-seismic faulting.



Field observations performed after modern tsunamis, particularly the 2004 Indian Ocean and the 2011 northeast Japan tsunamis, have shown that strong tsunamis are capable of causing significant geomorphological changes [65], which may include beach erosion, disruption of sand barriers and dune systems, and also erosional escarpments and large scars [67]. In the Mediterranean region, the creation of washover fans, landward oriented within lagoons or coastal lakes, has been interpreted as due to the action of tsunamis [57,65,68].



Important geomorphological variations are also recorded in offshore areas in proximity of numerous coastlines of the Mediterranean area. The authors in [52,56] note that both inflow (landward) and outflow (seaward) caused intense erosion, sediment transport, and deposition. Moreover, the amount of sediment reworked, transported, and deposited offshore by the outflow was probably larger than the volume deposited inland during the 2004 Indian Ocean tsunami [65,69]. These recent findings show that offshore there is a higher potential for recording “anomalous” events, that is, tsunamis but also earthquake-triggered mass transport deposits, with respect to the coastal environments that experience intermittent and variable deposition/erosion as well as important human disturbance [65].





2. Geological Setting of the Sicily Channel, Italy


The Sicily Channel is a complex geodynamic sector (Figure 2) where extensional tectonics interact with the Africa-Europe convergence [70,71,72,73]. Specifically, the area has suffered two main rifting phases [74,75]. The youngest rifting phase occurred since the late Miocene and controlled the evolution of the sedimentary basin where the deposits characterizing Lampedusa island formed. During this rifting event, the extensional activity mainly develops through a set of WNW–ESE and NW–SE trending normal faults, dissecting a shallow-water continental shelf (Malta, Tunisia, and Adventure plateaus), and giving rise to a zone of stretched lithosphere between Sicily and Tunisia [76,77]) reported as the Sicily Channel Rift Zone (SCRZ) [78,79]. Concerning the Neogene to Quaternary structural evolution of the Lampedusa offshore, ref. [80] show that it was largely affected by extensional tectonics, which produced differential uplifted and subsided areas.



Lampedusa lies on the northern edge of the Tunisian continental shelf and represents a small emerged portion of the Pelagian Block [71,81,82,83]. The Pelagian Block outcrops in south-eastern Sicily (Hyblean foreland) and the onshore and offshore Neogene-Quaternary geodynamic evolution has been widely studied [48,84,85,86]. The Hyblean Plateau represents the foreland domain of the Apennine-Maghrebine fold and thrust belt in Sicily [87,88,89,90,91,92,93,94] associated with the Mesozoic collision between African and European plates [95].



2.1. Stratigraphic Setting of Lampedusa Island


The sedimentary succession cropping out in Lampedusa island is late Miocene to early Pleistocene in age, and it is unconformably covered by Holocene deposits [23,24] (Figure 3).



The oldest rocks belong to the Lampedusa Formation, which is divided into the Cala Pisana, Capo Grecale, and Vallone della Forbice members.



2.1.1. The Cala Pisana Member (Mb)


The attributed age for the Cala Pisana Mb is Tortonian (Late Miocene), according to [15], which crops out only in the eastern and southern parts of the island. The member is subdivided into the following two intervals, which are at least partially heterotopic (Figure 4):



(a) Punta Maccaferri Beds: biomicrites rich in Porites, coralline algae (Halimeda), serpulids, gastropods (Arca and Conus), and sponges (Entobia) followed by a few meters of grey wackestones and by Porites biostromes. These deposits are typical of a reef environment and show a maximum thickness of about 30 m in the Capo Grecale area, along the north-eastern coast.



(b) Punta Guitja Beds: oolitic limestones and rhodolitic algal levels with abundant bioturbations, showing a maximum thickness of about 6 m. These deposits, cropping out about 5 m a.s.l., are typical of a fore-reef depositional (10–15 m deep) environment that deepens westwards.




2.1.2. The Capo Grecale Mb


The Capo Grecale Mb extensively crops out throughout the island. It unconformably lies above the beds of the Cala Pisana Mb in the central and eastern part of the island while, in the western part, it crops out along the coast and characterizes the deepest parts of the numerous fluvial incisions (Vallone dell’Acqua, Vallone Profondo, Vallone della Forbice, and other smaller valleys). Ref. [22] ascribed this member to the Tortonian to early Messinian time interval, and recognized two different intervals well represented on the island, namely (Figure 5):



(a) Vallone Imbriacoli Beds: carbonate mudstones and wackestones (maximum thickness 18 m) yellowish-white in color, with abundant pectinids, oysters, echinoids, and bryozoans. Benthic foraminifera, such as Ammonia beccarii and Elphidium crispum, are also widely distributed within these deposits. These beds widely occur in the cliffs along the western and northern coast of the island where they transitionally lie above the Punta Guitja Beds. Conversely, they unconformably lie above the Punta Maccaferri Beds between Cala Pisana and Cala Creta, along the eastern coast.



(b) Cala Calandra Beds: the first 50 cm are represented by a marly lithotype topped by a slumped bed (3 m thick) consisting of cream micrites and wackestones. The uppermost part of the bed is characterized by thinly layered biocalcarenites of pale brown color. The unit crops out only in the eastern part of the island, immediately east of the Cala Creta Fault, and shows a syntectonic development [22].




2.1.3. The Vallone Della Forbice Mb


The Vallone della Forbice Mb crops out in the western and northern part of the island and consists of about 60 m of partly dolomitized biocalcarenites, yellowish to pale grey in color, deposited between late Tortonian and early Messinian [22]. In the middle part of the unit, the carbonatic Lumachelle Bed occurs. The upper part of the member is characterized by a few meters of dolomite laminites and thinly laminated stromatolites. The unit is characterized by the presence of common benthic foraminifera, coralline algae (Halimeda), mollusks, echinoids, corals, and bryozoans.




2.1.4. Pleistocene and Holocene Deposits


A wide stratigraphic gap separates the Pleistocene and Holocene deposits from those belonging to the three late Miocene members. The younger lithotypes consist of:



(a) White to pink bioclastic grainstones attributed to the early Pleistocene by [22] and mostly distributed in the western part of the island.



(b) Tyrrhenian wave-cut platforms, with abundant fossils of Strombus bubonius cropping out at 8.60 m above sea level [67]. This elevation is consistent with that recognized for the Tyrrhenian wave-cut platforms in the Mediterranean area (+7 m; ± 1 m above the present sea level), and allows to recognize a substantial tectonic stability for the island of Lampedusa in the last 125,000 years.



(c) Bioclastic grainstones with aeolian dune bedding showing a small amount of quartz that has been transported by winds from the Sahara during the late Pleistocene (Giraudi, 2004 [47]).



(d) Carbonate lithoclastic breccias characterized by “terra rossa” matrix and particularly distributed in the central and eastern part of the island. According to [22], these late Pleistocene to Holocene deposits represent the youngest terms and often constitute valley infills.






3. Methodology


The 3D flooding maps along the south-eastern sector of the Lampedusa are based on a double methodological approach: stratigraphic and geomorphological. The stratigraphic reconstruction was carried out through the detailed description of logs and the traditional analysis of depositional outcrops located in some strategic areas (see Section 4).



The geomorphological reconstruction was performed by traditional landscape analysis and the outcrop interpretation was enhanced by the description and interpretation of the Digital Terrain Model (2 m × 2 m cell-size resolution) of Lampedusa. In particular, some topographic profiles along the south-eastern sector of the island were made using the QGIS Desktop 3.22.8 and Global mapper 18 software and a study of the slopes of the same sector was associated. Finally, using the “3D view” tool it was possible to create base maps for the simulation of homogeneous sea level variations in steps of +5 m, +10 m, and +15 m (see Section 5). Specifically, this tool allows to simulate water sea level changes and/or flooding: to simulate the water coverage/flooding if you increase the water level by some depth over either a fixed single elevation (such as 0 for sea level) or from a selected area feature, such as a flood plain area. For example, with a coastal area selected, one can simulate increasing the sea level by some amount to observe where the water level would reach, taking into account any terrain features that prevent flow, such as levees, buildings in the terrain, etc. (https://www.bluemarblegeo.com/knowledgebase/global-mapper-23/Simulate_Water_Level_Rise_Flooding.htm, accessed on 10 October 2022).



The “Simulate Water Level Rise/Flooding” tool of the Global Mapper software allows to run “Water Rise Calculation” through a dedicated setup command. Specifically, for the creation of our 3D flooding maps, these values were entered as input:




	
Water level: 0 m;



	
Water level increase amount: 5 m;



	
Select what to increase water level from: Sea Level = 0;



	
Vertical exaggeration: 5x;



	
Resolution with which the terrain is sampled to calculate the flooded area: defaults.









4. Geomorphological Setting of Lampedusa Island


Lampedusa island lies in the central Mediterranean Sea, 35°30′ N latitude, about 250 km south of the Sicilian coasts and 130 km east of those of Tunisia. The island consists of an E–W elongated carbonate shelf, about 11 km long and 3 Km wide, with an area of almost 20 km2 and a maximum topographic elevation of 134 m a.s.l. reached along its north-western portion (Mt. Albero Sole locality; Figure 6).



The lithological homogeneity of the island and the sub-horizontal setting of the strata favored the development of a typical tabular morphology deeply incised by several river valleys. In the western part of the island, fluvial canyons exhibit V-shaped sections with approximately 45° dipping flanks. In the eastern part, fluvial valleys are characterized by a flat morphology of the floor (e.g., Vallone Imbriacoli) due to the anthropic reworking of the alluvial deposits for agriculture purposes. The island is characterized by low-lying coasts in the southern and eastern parts, with numerous bays and inlets coinciding with the mouth of valleys cutting the carbonate plateau. Conversely, the northern coast consists of sub-vertical cliffs, up to 120 m high [83,96,97,98].



Drainage lines exhibit linear or dendritic patterns and the main water courses generally flow towards SSE showing changes in directions from WNW-ESE to NNW-SSE up to north-south.



The quantitative study of the landforms through analysis of the available digital terrain model (2 × 2 m cell-size resolution) into a GIS workstation allowed to derive thematic maps. Statistical slope gradients and slope aspect analysis [98] revealed that the summit topographic surface dips about 7.30° on average toward the N170E direction. This morphological setting suggests that the island has been subjected to differential tilting phases (E–W and N–S) probably related to the regional field deformation [99].



This mechanism, together with the different responses to the erosion of the rocks, has favored the development of coastal landforms, which are characterized by high coasts in the north and west and low-lying coasts in the southeast, respectively.



The northern coastal domain, mainly exposed to waves driven by Mistral wind, exhibits sub-vertical rocky cliffs (Figure 6) with elevations gradually increasing from the east (on average 40–70 m high, Capo Grecale-Punta Alaimo area) to the West (80 to 130 m high, Punta Cappellone-Albero Sole area) in agreement with the orographic setting of the island. High coasts also characterize the western (e.g., Capo Ponente) and southwestern portion of Lampedusa island with sub-vertical cliffs rising up to 100 m a.s.l. Generally, along the entire coastal domain, marine abrasion platforms occur at different elevations suggesting an overall long term uplift of the island.



Moreover, cliffs are often characterized by the absence of modern marine abrasion platforms at their basis. This suggests that these cliffs are almost morphologically stable, although rock fall episodes are quite common along the edge of the main slopes. Morphological denudation drives the cliffs retreat, giving rise to hanging valleys related to the cutoff of drainage systems. The Vallone dell’Acqua and Vallone Profondo in the western part of the island offer typical examples of this phenomenon. Furthermore, numerous karst caves showing a sub-circular shape occur along the cliffs.



The south-eastern area of the island is characterized by rather irregular coastal landforms dominated by alternating high- and low-lying coastal morphologies forming a series of bays and headlands with sandy beaches and cliffs inclined by an average of 45°. Overall, these morphologies describe a rias-type coast (Figure 6), originated by marine ingression in river valleys in response to relative sea level rising or to the subsidence process of the area in response to the tilting events.




5. 3D Flooding Maps


A semi-qualitative study of the impact on the geomorphological setting of Lampedusa island through the analysis of the available digital terrain model (2 × 2 m cell-size resolution; Figure 7) into a GIS workstation allowed to derive 3D flooding maps. Based on the maximum reachable heights and the magnitudes of the earthquakes recorded in the Mediterranean area capable of generating tsunamis (Table 1), we can identify different ranges of reachable runups: 0–5 m, 5–15 m, and >15 m. As mentioned, due to its central position within the Sicilian Channel (Mediterranean Sea), Lampedusa island represents an excellent site to study the geomorphological variations of the landscape following sudden sea level variations connected to seismic events or submarine landslides. The plateau-type morphological setting slightly inclined towards the east (about 1°) is entirely exposed to potential runup waves coming from the south-eastern sector of the island.



However, the landscape variations of Lampedusa are only described in the south-eastern sector of the island due to the invasion of sea water. In fact, this side of the island is the most vulnerable for two main reasons:




	-

	
The main tsunamigenic earthquakes known in the literature are mainly concentrated in the eastern sector of the Mediterranean Sea (Table 1);




	-

	
Here, a high concentration of low beaches (on average 5 m high) is present and evolves in the northwest-southeast direction according to a rias coastline (Figure 3).









In the next section, we show 3D flooding maps simulating uniform and coeval water invasion steps of 5 m, 10 m, and 15 m and describe in detail how the morphological setting changes on the island.



5.1. Sea Level Variation: +5 m


The rias morphology of the southern and eastern coastline of the island highlights sectors characterized by very low beaches (named “Cale”) alternating with cliffs elongated towards the sea (named “Punte”).



Simulating a 5 m runup that uniformly involves this sector of the island, the 3D map (Figure 8) shows that in proximity to Punta Guitgia, Punta Magaianeddu, Punta Manzu, and Punta Pruvulina, the marine invasion does not exceed 20 m landwards. Here, the cliffs are still high enough (about 10 m) and able to shield a runup until 5 m. The marine invasion values decrease (about 10 m) along the eastern coast of Lampedusa: here the cliffs are higher (about 15 m) and more widespread, giving natural protection to the airport area, a strategic point for the island’s economy.



In the southern sector, in correspondence to the low beaches of Cala Croce, Cala Madonna, and Cala Galera, an intense invasion marine could reach values of about 100 m. It is noteworthy that the harbor is the most vulnerable area within the southern sector. The harbor area shows submerged areas up to about 300 landwards, although it is protected to the west by Punta Guitgia and to the east by Punta ‘O Spada (cliffs up to 10 m high). The southern portion of Vallone Imbriacoli reaches up to 200 m landwards.



The eastern portion of Lampedusa is characterized by high coastlines (above 20 m), but only in correspondence to the Cala Pisana terrestrial areas resulted to be significantly flooded by the sea (up to 120 m).



In conclusion, a 5 m runup wave that homogeneously involves the south-eastern portion of Lampedusa would submerge a total coastal area of about 1 km2.




5.2. Sea Level Variation: +10 m


With the sea level variation of +10 m (Figure 9), substantial changes in the geomorphological setting of the south-eastern sector of Lampedusa island are evident. Here, the current height of the cliffs rarely exceeds 10 m; therefore, the marine invasion increases exponentially reaching medium values of about 200 m.



In particular, the morphological setting of the southern coastline is completely distorted, with the preservation of only small portions of paleo cliffs (Punta Guitgia, for example) which are transformed into small islets in the outermost portions. The southern “Cale” are largely submerged or, in the case of deeper incisions, move landward on average 100 m and reach its maximum values along Vallone Imbriacoli, the main paleo incision of the island.



The south-eastern coastline shows a smoother trend than the current one: here, the cliffs are up to 15 m high, preserving a large part of the airport area located in the nearby hinterland. Nevertheless, an increase in the sea level up to +10 m determines the almost total isolation of the airport, which is connected with the rest of the island by a little extended high morphology.



To the east, the highest cliffs of the eastern sector are concentrated and the morphological setting appears roughly unchanged except in the vicinity of Cala Pisana. Here, a 10 m runup can potentially reach distances landwards of about 800 m, bounding the airport area to the north.



In conclusion, a 10 m runup wave that homogeneously involves the south-eastern portion of Lampedusa would submerge a total coastal area of about 3 km2.




5.3. Sea Level Variation: +15 m


The 3D flooding map with a step +15 m (Figure 10) shows a completely revolutionized morphological setting compared with the current one. In the southern portion, where the cliffs do not exceed 10 m in height, no morphological feature of paleo coastline is preserved. In general, this submerged portion of this sector shows an increase of at least 40% and also the cliffs that protected the airport are submerged. The area occupied by the airport, largely occupied by the sea, is now completely isolated. The harbor and the Lampedusa village are also largely submerged.



In conclusion, a 10 m runup wave that homogeneously involves the south-eastern portion of Lampedusa would submerge a total coastal area of about 9 km2.





6. Conclusions


The updated stratigraphic analysis of Lampedusa, associated with a detailed study of the geomorphological setting of the island, proved to be a fundamental tool for the evaluation of the tsunami vulnerability of the central area of the Sicilian Channel. The main goals achieved are:




	1. 

	
The general tabular setting of the Lampedusa island, slightly tilted towards the east, is lithologically associated with medium-low cohesion formations (carbonate mudstones of the Vallone Imbriacoli Unit and marly lithotypes of the Cala Calandra Unit) outcropping in the eastern portion of Lampedusa where the paleo-hydrographic network is well-developed and the coastline is widely low. Therefore, the south-eastern sector of the island appears to be the most suitable for testing the simulations of 3D flooding maps, which was the main goal of this work.




	2. 

	
The updated stratigraphic analysis of Lampedusa was crucial for a detailed geomorphological reconstruction of the island. On the basis of a high-resolution DEM (2 m × 2 m cells), the 3D flooding maps were carried out assuming three different maximum runup steps (+5 m, +10 m, and + 15 m), comparable with historical tsunamigenic events in the central Mediterranean area.




	3. 

	
The focal points of Lampedusa (harbor, airport, and main village)—concentrated in the southern sector of the island—already appear threatened with a runup of just +5 m. However, such areas would be seriously compromised with runups of +10 m and +15 m, where the area flooded by the sea grows up to almost 10 times.
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Figure 1. Localization of the main tsunamigenic events of the last 1800 years with a schematic representation of the direction of the main wave fronts of expected tsunami propagation in the Mediterranean Sea (Euro-Mediterranean Tsunami Catalogue—EMTC). In the green box is the study area. Numbered events refer to Table 1. The wavy trend of the contours represents the direction of a possible wave-front propagation in the eastern Mediterranean Sea. 
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Figure 2. Geological setting of the Sicily Channel. 
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Figure 3. Geological map of Lampedusa island. 
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Figure 4. Lithologic log of the Cala Pisana and Cala Francese sections. (A) Panoramic view of the Cala Pisana outcrop. (B) Punta Maccaferri Beds. (C) Detailed view of the sharp contact between the Punta Maccaferri and Cala Calandra Beds. (D) Detailed view of the Punta Maccaferri Beds–Punta Guitja Beds transition. 






Figure 4. Lithologic log of the Cala Pisana and Cala Francese sections. (A) Panoramic view of the Cala Pisana outcrop. (B) Punta Maccaferri Beds. (C) Detailed view of the sharp contact between the Punta Maccaferri and Cala Calandra Beds. (D) Detailed view of the Punta Maccaferri Beds–Punta Guitja Beds transition.



[image: Jmse 10 01953 g004]







[image: Jmse 10 01953 g005 550] 





Figure 5. Lithologic log of the Cala Alaimo section. (A) The Vallone Imbriacoli Beds-Punta Meccaferri Beds contact. (B) The Cala Calandra Beds–Vallone Imbriacoli Beds contact. (C) Detailed view of the laminates of the Cala Calandra Beds. 
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Figure 6. Geomorphological setting of Lampedusa island based on a 2 m × 2 m Digital Terrain Model (https://www.sitr.regione.sicilia.it/geoportale/it/metadata/details/502, accessed on 3 October 2022). 
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Figure 7. Actual geomorphological setting of the south-eastern area of Lampedusa island. 
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Figure 8. 3D flooding map (+5 m) along the southeastern sector of the island of Lampedusa. 
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Figure 9. 3D flooding map (+10 m) along the southeastern sector of the island of Lampedusa. 
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Figure 10. 3D flooding map (+15 m) along the southeastern sector of the island of Lampedusa. 
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Table 1. Main tsunamigenic events in the central-eastern Mediterranean Sea (Euro-Mediterranean Tsunami Catalogue—EMTC). The numbers in the first column are identifiable in Figure 1.
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	Date
	Seismic Source
	Hit Localities/Areas
	Runup (m)
	Magnitude
	Inundation (m)
	References





	1
	21 July 365
	Crete-Gortyna
	Sicily and many other islands
	2
	8–8.5
	1200
	[33,34]



	2
	5–6 February 1783
	Southern Calabria
	Torre Faro, Messina, Scilla, and Southern Calabria
	9
	7.1
	200
	[35,36]



	3
	2 June 1866
	Crete
	Eastern coast of Kythira Island
	8
	--
	--
	[37,38,39]



	4
	28 December 1908
	Messina Straits
	Eastern Sicilian coast and Southern Calabria
	1–3
	7.1
	380
	[40,41,42]



	5
	3 July 1916
	Stromboli
	Aeolian Islands
	10
	5–6
	20
	[43]



	6
	9 July 1956
	South Aegean Sea
	Amorgos
	25
	7.5
	80–100
	[44,45]
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