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Abstract

:

Cephalonia, located in the middle of the central Ionian Islands, has been affected by destructive earthquakes during both the instrumental and the historical period. Despite the fact that it is widely studied from several scientific viewpoints, limited research has been conducted so far regarding the earthquake-triggered landslides (ETL) and the related susceptibility. In the context of the present study, an inventory with 67 ETL from 11 earthquakes that occurred from 1636 to 2014 is presented. Given this record, the study further examines the ETL susceptibility exploiting 10 landslide causal factors in the frame of a GIS-based Analytic Hierarchy Process (AHP). Four factors (i.e., slope, PGA, tectonic structures and lithology) were associated in a higher degree to the locations where ETL occurred on the island. Based on the comparison of the ETL inventory and the landslide susceptibility index (LSI) map, the distribution of ETL in Cephalonia is not random, as their majority (82%) were generated within high to critically high susceptible zones. This fact, along with the AUC values of 80.3%, reveals a fair-to-good accuracy of the landslide susceptibility assessment and indicate that the contribution of the studied variables to the generation of ETL was effectively determined.
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1. Introduction


Among the earthquake environmental effects (EEE) as defined by Michetti et al. [1], the earthquake-triggered landslides (ETL) prevail in a variety of environments from coastal to mountainous areas. They are characterized by high potential to cause not only economic but also human losses [2,3,4,5]. Casualties due to ETL are attributed to the collapse of buildings and other infrastructure due to slope failures and mobilization of unstable geological formations [6], as well as to the transport of material with high velocities over terrains with gentle slopes [7]. ETL are responsible for the 70% of all earthquake-induced human losses, which are not directly attributed to the earthquake ground motion [2], but to secondary phenomena. At least 90% of the ETL fatalities are attributed to rockfalls, rock avalanches and rapid soil flows, despite the fact that rock avalanches and rapid soil flows are neither common nor frequent events [7].



The consequences of ETL on society are not only direct, i.e., destruction of buildings and infrastructure, but also indirect, being associated with failures and damage to lifelines including road network, dams and utilities (e.g., [8,9,10]). This damage has high potential to cause disruption of various socio-economic activities including transportation as well as communication breakdown. This, in turn, can result in a delay in the emergency response and recovery actions and an increase in the number of casualties, due to delayed first aid and transport of the injured to health facilities.



ETL have been reported since 1789 BC in China [11]. The most used ETL classification has been provided by Keefer [7], who has analyzed data from a set of 40 historical earthquakes worldwide having a magnitude ranging from 5.2 to 9.5 and generating in a variety of geographic, geological and seismotectonic environments. This classification is based on the nature of the movement, the degree of the internal disruption of the mobilized material and the morphological, lithological and geological properties of the affected areas. Fourteen individual types of ETL are classified into three main categories: (i) disrupted slides and falls, (ii) coherent slides and (iii) lateral spreads and flows [7]. The first category comprises falls, slides and avalanches in rocks and soils, the second one slumps and block slides in rocks and soils as well as slow earth flows and the third one soil lateral spreads, rapid soil flows and subaqueous landslides [7]. The most common type of ETL comprises highly disrupted landslides, which includes falls, slides and avalanches involving either rock or soil, generated along steep source slopes and extending further on relatively gentle slopes [7,12].



The total number of ETL generally increases with earthquake magnitude [7] ranging from a few tens for the majority of M < 5.5 earthquakes to several thousand in M > 8.0 earthquakes.



Since the extensive research on ETL worldwide conducted by Keefer [7] and Rodriguez et al. [13], several ETL studies have been performed both at national and local level. Among others, Hancox et al. [14,15] and Rosser et al. [16] have published relevant research and databases for New Zealand, Papadopoulos and Plessa [17] for Greece, and Prestinizi and Romeo [18] and Martino et al. [19] for Italy.



Taking into account the existing literature on seismicity and EEE in the Mediterranean, we see that the Lefkada, Cephalonia, Ithaki and Zakynthos islands have been repeatedly hit by strong and destructive earthquakes with many triggered EEE (e.g., Rondoyanni et al. [20] for Lefkada Island and Mavroulis et al. [21] for Zakynthos Island). This strong seismicity is attributed to the proximity of the southern Ionian Islands to the: (i) Cephalonia Transform Fault Zone (CTFZ), which is a NE-SW striking and SE-dipping right-lateral strike-slip fault zone, the most seismic active structure in Greece and the Eastern Mediterranean and (ii) the northwesternmost part of the Hellenic Trench, along which the African plate is subducting beneath Eurasia (Figure 1).



However, there is a gap regarding the inventory of ETL in Cephalonia, especially the historical ones, which are poorly recorded and mapped. The filling of this gap is considered to be of high importance since this area has suffered from the strongest and most destructive earthquake in the Ionian Sea and from the most destructive earthquake sequence in recent history of Greece: the 1867 earthquake and the August 1953 seismic sequence, respectively, with adverse effects on the local population, the building stock and the natural environment [21,23]. Moreover, Cephalonia is a highly touristic island, with millions of visitors spending time in various landslide-prone locations, especially along the coast.



In this context, we used all available sources of information to create an inventory of landslides, which have been induced from destructive earthquakes generated not only during the instrumental period, but also during the historical pre-instrumental period in Cephalonia (Figure 2). The compilation of an ETL inventory constitutes a preliminary step toward the assessment of the landslide susceptibility in one of the most seismic active areas of the world, for which, however, no relevant information has been published so far.



Landslide susceptibility mapping is an important tool that contributes to the mitigation of the adverse effects of disasters induced by ETL not only in Cephalonia but also worldwide. In addition, it is another significant step towards more effective and responsible urban and land-use planning and related policies, procedures, guidelines [24] and improvements in seismic and landslide hazard and risk assessment and mitigation.



In this study, we assess the landslide susceptibility of the island in order to initially detect and then highlight the areas susceptible to ETL. This assessment is composed of several steps, including the development of landslide causal factors datasets, the implementation of the Analytic Hierarchy Process (AHP) adapted to the needs of the study, the calculation of the landslide susceptibility index (LSI) and finally the validation of the resulting LSI map (Figure 2).




2. Geological and Seismotectonic Setting


The geological structure of Cephalonia comprises alpine formations that belong to the Paxi and Ionian geotectonic units and post-alpine deposits of Pliocene to Quaternary lying uncomformably on the alpine basement [25,26,27,28,29,30,31,32,33] (Figure 3). The Paxi unit occurs in the largest part of Cephalonia (Figure 3) and includes mainly carbonate rocks from Triassic to Middle Miocene and a Middle Miocene–Early Pliocene clay-clastic sequence, which includes marls, clays and limestones [32,33] (Figure 3).



The Ionian unit is the allochthon tectonic nappe, which crops out in the eastern part of Cephalonia emplaced on top of the Paxi unit (Figure 3). It includes a sequence of Triassic evaporites and limestone breccia as well as Jurassic–Cretaceous fine-grained limestones, red nodular limestones, and shales with the Upper Eocene–Lower Miocene flysch at the top of the sequence [32,33]. The western boundary of the Ionian unit is defined by the Ionian thrust (IT, Figure 3), which is the most external tectonic structure of the Hellenides. The Paxi and Ionian geotectonic units are affected by major reverse faults [31] (Figure 3).



The Pliocene–Quaternary deposits include the Pliocene–Calabrian sequence and the Pleistocene–Holocene formations [32,33]. The Pliocene–Calabrian sequence is a marine sequence, observed in an elevated coastal area with width ranging from 2 to 10 km, especially in the largest part of the Argostoli peninsula (AP) and in the eastern and western part of the Paliki peninsula (PP) (Figure 3). It has developed over Paxoi formations, with thickness ranging from 200 to 500 m. The lower part of the sequence is composed of conglomerates, breccia, calcarenites and limestones of the Lower Pliocene. The intermediate part includes yellowish marls with siltstones, sandstone intercalations, sands and conglomerates of the Middle-Upper Pliocene. The upper part consists of marls with intercalations of sands and coarse-grained calcarenites [29,32,33]. The Middle-Upper Pleistocene–Holocene formations occur in several places, mainly in the Argostoli peninsula (Figure 3). These are continental deposits and are classified into scree, marine calcarenites of the Middle Pleistocene, Pleistocene interglacial deposits, Pleistocene scree and Holocene deposits [32,33]. Recent deposits also occur in many sites. Red terrestrial clay sands and coastal conglomerates as well as red calcareous crusts are found in the southwestern part of AP and in the area located WSW of Skala (Figure 3). Scree and alluvial fans cover the Pliocene formations along the foothills of Aenos Mt. These formations cover many limestone slopes. Loose fine-grained and coarse-grained alluvial deposits consist of sands, cobbles and clays on narrow beaches and wide valleys of Cephalonia.



Regarding its neotectonic structure, the island is composed of the following fault blocks with different kinematic evolution [33] (Figure 2).



The fault block of Aenos Mt (AM) is located in the central and eastern part of Cephalonia. It is bounded to the southwest by the eponymous fault (AFZ—Aenos fault in Figure 3), to the northwest by the Kontogourata-Agon fault (KAF—Kontogourata-Agon fault in Figure 3), to the northeast by the Ayia Efimia fault (AEF—Ayia Efimia Fault in Figure 3) and to the southeast by the Palaeokastro fault (PF—Palaeokastro fault in Figure 3). The Aenos fault block is characterized by intense uplift and intense incision since the Lower Pliocene [32,34]. It comprises an anticline with a NW–SE to N–S trending and westward plunging axis extending for a distance of about 20 km from Myrtos in the north to Kolaitis area in the southeast.



The fault block of Erissos peninsula (EP) is located in the northern part of Cephalonia. It is bounded to the south by the Ayia Efimia fault, and it is characterized by uplift and erosion. Since the Pleistocene, the Erissos peninsula presents the same evolution as the Aenos fault block.



The Paliki peninsula is located in the western part of Cephalonia (Figure 3). It is bounded to the west by the CTFZ and especially by its southern segment, located offshore western Cephalonia. The evolution of this fault block is affected by the CTFZ throughout Pliocene–Pleistocene, an impact which is expressed through intense uplift [34]. Complex movements attributed to evaporites of the Ionian unit control local vertical movements [35,36].



The Argostoli peninsula is extended southwest and south of Aenos Mt (Figure 3). It is bounded to the east and south by the Aenos fault (Figure 3). A possible increase in compression on the Argostoli peninsula during the Pleistocene resulted in the development of back-thrust faults, exclusively in this fault block.



The main seismogenic structure in the Cephalonia area is the Cephalonia Transform Fault Zone [37,38,39] (Figure 3). It is the most seismically active structure in the Ionian Sea and one of the most active in the Eastern Mediterranean region. A large proportion of the high seismicity in the studied part of the Ionian Sea has been attributed to this structure. Based on the historical and recent seismicity, Cephalonia has been frequently stricken by large and destructive earthquakes [40] with significant impact on the local population, buildings and infrastructures (e.g., [41,42]). A special characteristic of the large earthquakes in the southern Ionian Islands is that they are usually generated as twin or cluster events with occurrence period ranging from a few days to 5 years [43]. Typical examples from Cephalonia are the 1953 earthquakes on 9–12 August and the 2014 earthquakes on 26 January and 3 February (e.g., [44]).




3. ETL Inventory in Cephalonia Island


3.1. Recent Studies on Landslide Inventory in Greece


The research for the systematic inventory of landslides in Greece is not so widespread. It mainly includes studies presenting maps with landslides throughout Greece [45,46,47,48,49] and maps of landslide-affected settlements [50] as well as several studies with results from field reconnaissance surveys in several earthquake- and landslide-affected areas, where ETL are reported and recorded among other effects.



The first attempt for the development of a complete recording system of the landslides in Greece was made by Koukis and Ziourkas [45]. They conducted a statistical analysis on 800 case histories of landslides in Greece from 1949 to 1986. The related information was retrieved from 1500 coded engineering reports and studies conducted by different public corporations including the Hellenic Authority of Geological and Mining Research (former Institute of Geology and Mineral Exploration of Greece) and the Central Union of Greek Municipalities. Their study includes cases in villages and their surroundings as well as along the road network and refers to the landslide frequency distribution and their consequences on different geological formations, altitudes, rainfall, slope angle, etc., while certain interrelations were studied and an engineering geological map as well as landslide distribution and frequency zone maps were compiled.



A similar approach was followed by Koukis et al. [46], who further evaluated data from 1116 case histories of landslides from 1949 to 1991, expanding the dataset of Koukis and Ziourkas [45]. They investigated the frequency distribution of landslide control parameters, and their results were presented in tables and graphs. Analogous extensions of the number of landslides and the time period and update of the results of the statistical analysis were conducted by Koukis et al. [47] with 1200 landslides from 1949 to 1995, by Koukis et al. [48] with 1300 landslides from 1950 to 2004 and by Sabatakakis et al. [49] with 1635 landslides up to 2010.



The landslide inventory map of Greece [50] and the above works present the landslide locations, but no additional qualitative or quantitative characteristics of the landslides, or information on their causes and time of occurrence. As a result of this approach, the marked landslides could not be associated with specific triggering events, e.g., earthquakes, rainfall or even human activity. For the ETL in Greece in general and for the Cephalonia in particular, the maps of the above studies are not significantly useful as it is not possible to determine whether the eight recorded landslides on the island were caused by earthquakes or rainfall or another triggering factor.



Furthermore, Papadopoulos and Plessa [17] collected data on 47 landslides induced by earthquakes from 1650 to 1995 with magnitude ranging from 5.3 to 7.9. Based on the ETL data, they presented magnitude-distance relations for ETL in Greece, which are compatible with curves proposed worldwide. They also examined the spatial distribution of ETL, the size distribution, and the maximum landslide distance from the epicenter. However, the collected data was not sufficient or accurate to be used for studying other parameters, such as the area affected by landslides and correlation with earthquake magnitude, as well as the minimum intensity for generating ETL. According to Papadopoulos and Plessa [17], the historical descriptions of ETL in Greece are usually not precise enough to provide a reliable basis for a modern scientific analysis. Furthermore, after examining hundreds of documents, they supported that a database with data from the 16th century onwards can be exploited.



From these 47 landslides presented by Papadopoulos and Plessa [17], only 4 were generated in the seismically active area of the Ionian Islands: a rockslide in Zakynthos from the October 30, 1840, Ms = 6.7 earthquake; a rockfall in Keri (southern Zakynthos) from the April 17, 1893, Ms = 6.4 earthquake; a rockfall in Lefkada from the 27 November 1914, Ms = 6.3 earthquake; a rockfall in the settlement of Vassiliki in southern Lefkada from the April 22, 1948, Ms = 6.5 earthquake.



In addition to the above studies, the Emergency Events Database (EM-DAT) of the Center of Research on the Epidemiology of Disasters (CRED; [51]) has also been taken into account. Based on a search for disasters induced by geophysical hazards in Europe from 1920 to present, it is concluded that the EM-DAT comprises records of ground movements caused by the 12 August 1953 and the early 2014 Cephalonia earthquakes and the 14 August 2003 Lefkada earthquake. However, there is no further information on the sites of these landslides and their qualitative and quantitative properties.



From the aforementioned, the importance of the present study is ascertained by highlighting the historical and recent ETL in Cephalonia and by presenting all available qualitative and quantitative characteristics of these phenomena on the island and the results of their analysis.




3.2. Methodology


Landslide inventories are essential for predicting future landslides generation on the basis of past conditions [52]. In order to compile a landslide inventory, various mapping approaches can be applied comprising visual interpretation of aerial and satellite imagery and field surveys and mapping, supported by investigation of contemporary sources and post-event field survey reports [52,53]. The resulting landslide inventories are classified into (i) geomorphological inventories, resulted from respective features of the study area, (ii) event inventories, associated with a specific causative event including mainly earthquakes and rainfalls, (iii) multi-temporal inventories of an area for different time periods and (iv) historical inventories for respective time periods and events [52,53].



We conducted a re-examination of the available scientific literature for historical earthquakes of Cephalonia Island with emphasis on their environmental effects and especially on the ETL. Due to the limited related information in the existing scientific literature (e.g., [41,42,54]), we expanded our search to contemporary sources, including not only post-event field survey reports (e.g., the report of the Institute of Geology and Underground Research [55]), but also daily press databases comprising newspapers of local and national circulation.



The newspaper databases comprised (Table 1):




	
The Press Museum of the Peloponnese—Epirus—Ionian Islands Daily Newspaper Editors Association [56];



	
The Digital Historical Archive of the Lambrakis Press Group [57];



	
The Digital Library of Newspapers and Magazines of the National Library of Greece [58];



	
The Digital Library of the Greek Parliament [59].








The Press Museum was founded by the Association of Editors of Daily Newspapers of Peloponnese-Epirus-Islands, was based in Patras (Northwestern Peloponnese) in 1956 and has been operating since 28 May 1957. Its purpose is the collection and preservation of newspapers, magazines, manuscripts and other publications from previous centuries to present, which constitute knowledge and information sources about the history of the area. Through this website, we were given the opportunity to search for newspaper clippings about the August 1953 earthquakes. In particular, four newspapers were found (Table 1), which provided important information about the environmental effects triggered by the August 1953 earthquakes:




	
ETHNIKOS KIRIX (in Greek: Εθνικός Κήρυξ; lit. National Herald, abbreviated by EK)



	
I IMERA (in Greek: H Hμέρα; lit. The Day, abbreviated by IM)



	
NEOLOGOS PATRON (in Greek: Νεολόγος Πατρών; lit. Patras Neologist, abbreviated by NP)



	
PELOPONNISOS (in Greek: Πελοπόννησος; lit. Peloponnese, abbreviated by PL)








The Digitized Historical Archive of the Lambrakis Press Group comprises black and white as well as colored newspapers and magazines, volumes and microfilms in various dimensions (from A2 to A4) from 1922 to present. From this archive, we managed to retrieve related information from two newspapers of national circulation (Table 1), which provided information about the August 1953 earthquake sequence:




	
TO VIMA (Greek: TO BHMA, lit: The Tribune, abbreviated by TV)



	
TA NEA (Greek: TA NEA, lit: The News, abbreviated by TN)








The Digital Library of Newspapers and Magazines of the National Library of Greece includes digitized archives of newspaper sheets. Through the website of the digital library, we searched information for the post-earthquake period from two newspapers (Table 1):




	
ANAMORFOSIS (Greek: Aναμόρφωσις, lit: Reform, abbreviated by AN)



	
AVGI (Greek: Aυγή, lit: Dawn, abbreviated by AV)



	
MERIMNA (Greek: Μέριμνα, lit: Concern, abbreviated by ME)



	
ELEFTHERIA (Greek: Ελευθερία, lit: Freedom, abbreviated by EL)



	
EMPROS (Greek: Εμπρός, lit: Ahead, abbreviated by EM)








The information retrieved from the AN, AV and ME newspapers refers to the 1867 earthquake and from the EL and EM to the seismic sequence of 1953.



The Greek Parliament Library houses one of the richest collections of Greek and foreign newspapers and magazines from the 18th century to present. Due to the sensitivity of the material and the large number of visitors, the Library has been utilizing digitization and microfilming since the 1980s. Today, about 25,000 microfilms have been digitized to make their content accessible to all. We managed to retrieve related information from three newspapers of national circulation (Table 1):




	
ELPIS (Greek: Ελπίς, lit: Hope, abbreviated by EL).



	
ZIZANIO (Greek: Ζιζάνιο, lit: Pest, abbreviated by ZN).



	
Taxydromos (Greek: Ταχυδρόμος, lit: The Postman, abbreviated by TD).








The information retrieved from the EL and ZN refers to the 1912 earthquake and from TD to the 1953 seismic sequence.



Furthermore, we also retrieved information included in several papers of a local journal titled “I Kefalonitiki Proodos” (English: “The Cephalonian Progress”, abbreviated by KP), which referred to the 1867 earthquake and the 1953 sequence [60,61].



The related information for the recent earthquakes has been retrieved from already published scientific papers depicting the impact of the earthquakes on the natural environment [10,62,63] and from official reports of post-event field surveys [64]. Mavroulis and Lekkas [10] revised the August 1953 earthquake sequence, which comprises the most destructive events in the recent history of Greece. In particular, the latter study reconstructed a complete picture of the primary and secondary effects on the environment of the Cephalonia, Ithaki and Zakynthos Islands induced by the mainshock of 12 August, and its large foreshocks that occurred on 9 and 11 August. Eleftheriou and Mouyiaris [64] reported detailed macroseismic observations of the earthquake in Argostoli, Sami, Lixouri and Fiskardo and their surroundings and presented environmental effects triggered by the earthquake comprising rockfalls and ground failures related to liquefaction phenomena. Lekkas and Mavroulis [62,63] presented the environmental effects triggered by the early 2014 Cephalonia earthquakes (Mw = 6.1 on January 26 and Mw = 5.9 on February 3) along with the ESI-07 intensities based on the qualitative and quantitative information of the generated coseismic and secondary phenomena.



The majority of the extracted information was also verified during field surveys and campaigns held in Cephalonia after their extraction from the aforementioned contemporary sources.




3.3. Historical and Recent ETL in Cephalonia Island


Landslides in Cephalonia have been triggered by earthquakes generated in 1636, 1658, 1767, 1867, 1912, 1953, 1983 and 2014 (Figure 4). The focal parameters of these earthquakes are presented in the following Table 2.



3.3.1. The 30 September 1636 Earthquake


The 30 September 1636 earthquake caused severe structural damage to all buildings of Cephalonia, resulting in 520 fatalities and about 1500 injured people [41,42,67]. Heavier damage was reported in the southern part of Cephalonia, where many villages were completely destroyed. Regarding the environmental effects, the earthquake affected the southeastern part of the island. Failures, comprising slides and rockfalls, were triggered along the south facing southern slopes of Aenos Mt. Unstable limestone boulders were detached from slopes in Eleios area (Figure 4) and rolled down resulting in effects on vegetation, buildings and livestock. In particular, a part of the forest on the slopes was destroyed [42], buildings collapsed after crushing and animals were buried under debris.




3.3.2. The 24 August 1658 Earthquake


This earthquake affected the western part of Cephalonia [41,42]. It caused the destruction of 500 houses, resulting in 20 fatalities [67,68,69]. As regards the induced earthquake environmental effects, Tsitselis [69] referred to the triggering of landslides in the coastal eastern part of Paliki peninsula (Lixouri) resulting in submergence of two coastal sites. Furthermore, ETL were induced, resulting in the collapse of a church founded on the top of a hill. Unfortunately, there is no more information available for determining the exact location of the induced phenomena.




3.3.3. The 22 July 1767 Earthquake


Cephalonia was also affected by the 22 July 1767 earthquake [41,42,67,70,71]. Lixouri, in the eastern part of Paliki peninsula, was completely destroyed, Argostoli, in the northern part of the eponymous peninsula, was less affected, while Sami, in the eastern part of the island, and Fiskardo, in the northern part of Erissos peninsula, were extensively damaged as all churches and monasteries were razed to the ground [72,73,74]. As a result, 303 fatalities were reported, with 50 of them in Paliki peninsula [69]. Concerning the ETL, rockfalls were generated in Assos area, located in the central-western part of Erissos peninsula [75,76] (Figure 4).




3.3.4. The 4 February 1867 Earthquake


This earthquake is the largest that ever hit the Ionian Sea. The greatest damage was observed in the western part of Cephalonia, especially in Paliki peninsula, where Lixouri and the surrounding villages as well as residential areas in Thinia valley were completely destroyed ([67]; AN, 04.02.1867; AV, 06.02.1867; ME, 07.02.1867). As a result, 3200 houses were destroyed and 2600 were damaged, resulting in 224 fatalities [42].



Concerning ETL, rockfalls and slides were reported in Paliki peninsula. Large volume of clay material failed resulting in a large ground crack with depth of 8 m and width of 3 m in Ayios Stefanos area in southern Paliki [76]. In the same area, and particularly in Soulari village, landslides were also induced during the 2014 earthquake [62]. In addition, debris slides and rockfalls were triggered by the 1867 earthquake in Parissata, Monopolata, Vilatoria, Vovikes and Kontogenada villages, all in the central western part of Paliki peninsula, without causing structural damage [60,68] (Figure 4).




3.3.5. The 24 January 1912 Earthquake


The 1912 earthquake destroyed what had remained intact during the great 1867 earthquake. The human losses were minimal compared to the 1867 disaster, comprising seven fatalities in Asprogerakas village, located between Eleios and Anninata villages in southeastern Cephalonia, attributed to house collapse and one in Skala village from falling debris. In Skala area, rockfalls were reported and the mobilized material ended up in the adjacent roads and fields (ZN, 28.01.1912). At a distance of 400 m from Skala village, large limestone boulders were detached from the slopes, rolled down and ended up to adjacent road resulting in traffic disruption (ZN, 28.01.1912) (Figure 4).




3.3.6. The August 1953 Seismic Sequence


The August 1953 seismic sequence comprised the mainshock on 12 August and its large foreshocks on 9 and 11 August. All earthquakes triggered landslides in Cephalonia with considerable impact on the local population and on the natural and the built environment [10]. All affected sites described below are presented in Figure 4.



	
The 9 August 1953 earthquake






This earthquake induced rockfalls in the coastal quarries of Argostoli town and along the western slopes of Ayia Dynati Mt (EK, 10.08.1953; NP, 11.08.1953; PL, 11.08.1953; EM, 11.08.1953).



	
The 11 August 1953 earthquake






This seismic event generated rockfalls and slides (TV, 12.08.1953; IM, 12.08.1953; NP, 12.08.1953; PL, 12.08.1953). Rockfalls were generated in Sami area (NP, 12.08.1953), in Tzanata village (PL, 12.08.1953) in Lourdata village (TV, 12.08.1953; IM, 12.08.1953) and along road slopes leading from Sami to Argostoli (TV, 12.08.1953), from Argostoli to Eleios area (IM, 12.08.1953) and along the road network leading to Chionata, Skala and Poros villages (TV, 12.08.1953).



The unstable material was accumulated on adjacent roads, resulting in traffic and communication disruption. In addition, the detached limestone boulders crushed buildings in residential areas, resulting in heavy structural building damage ranging from partial to total collapse and subsequently increased related fatalities and injuries. A characteristic example of such impact is Tzanata village, which suffered rockfall-induced complete building destruction, uprooting of trees and 14 fatalities (PL, 12.08.1953).



	
The 12 August 1953 earthquake






The mainshock of the 1953 earthquake sequence induced landslides in several sites of Cephalonia. The generated landslides are classified into detachment of boulders from abrupt slopes and consequent rockfalls and slides. The majority of them were rockfalls, which affected the adjacent infrastructures including the road network and buildings in villages and towns in the earthquake-affected area. The generated landslides are presented below along with the impact on the local population and on the built environment.



Starting from northern Cephalonia, rockfalls were generated along a hill adjacent to Markoulata village, located in the northern part of Erissos peninsula [55]. In the southern part of the same fault block, rockfalls occurred along a gorge between Karousata and Lekatsata villages, causing destruction of olive trees, as well as in Logarata and Karousata villages founded along the southern slopes of Kalon Mt, resulting in damage to buildings. In the northwestern part of the transition zone between the Erissos peninsula in the north and the fault block of Aenos Mt in the south, Myrtos beach, one of the most impressive sites in Cephalonia, was also affected by rockfalls. A limestone boulder was detached from the slopes and ended up in the adjacent bay, while a church founded on the slope was completely destroyed by the generated rockfalls (EM, 14.08.1953).



Rockfalls were also triggered along the eastern margin of Thinia valley, which has been formed along the transition between the northwestern Ayia Dynati Mt located east and the northeastern Paliki peninsula located west. The reported landslides affected the upper part of Agonas village [55], the coastal Ayia Kyriaki area, where debris reached the sea, and along the slopes over Sotira beach (TX, 16.08.1953).



Rockfalls were also triggered along the abrupt slopes surrounding Kourouklata village [55] located south of the aforementioned sites. It was the worst affected village as it was completely destroyed by fallen boulders (PL, 16.08.1953). Similar phenomena were reported from north of Drapano village. The unstable blocks ended up in Argostoli Gulf without impact on residential areas [61].



Several areas were also affected by ETL in the eastern part of the fault block of Aenos Mt. Rockfalls were generated in Sami, Zervata and Katapodata villages along the western front of Avgo Mt (TN, 12.08.1953; IM, 13.08.1953; TX, 14.08.1953, 19.08.1953; [55]), in Dichalia village in the northern slopes of Avgo Mt [55], in Pyrgi village in the eastern part of Roudi Mt (TX, 19.08.1953), in Valsamata village west of Roudi Mt (TX, 14.08.1953), in Tzanata and Monastiraki villages in the southern part of the Atros Mt (TX, 14.08.1953; IM, 14.08.1953; [55]), and in Atsoupades, Kolaitis, Arginia, Chionata and Plateies villages along the southern front of Aenos Mt (IM, 13.08.53; IGUR, 1954). Similar phenomena were also induced in the southeastern end of Cephalonia, in particular in Skala and Anninata villages (TX, 14.08.1953; NP, 14.08.1953; TN, 19.08.1953).



The Argostoli and Paliki peninsula were also affected by rockfalls. In Argostoli area, rockfalls were generated along the slopes of kilns close to the town (IM, 14.08.1953, 16.08.1953) and in Faraon hill, located in Lassi area (NP, 14.08.1953, 15.08.1953; PL, 14.08.1953; IM, 15.08.1953). In Paliki, rockfalls were generated in Ntouri (Paliokastro) hill, located north of Lixouri, as well as at a cape located at the southeastern end of the peninsula. Moreover, landslides were observed along slopes in the road network leading from Sami to Argostoli and from Argostoli to Livadi, located north of Ntouri site.



The ETL had considerable impact on the local population and the natural and built environments. They affected vegetation, caused damage to infrastructures including the road network and to buildings in residential areas resulting in increasing fatalities and injuries.



Rockfalls caused damage to olive groves along the abrupt slopes of the gorge in Karousata and Lekatsata [55], in Agonas area [55] and in Ntouri area of Paliki as well as to olive groves and vineyards in Zervata area (TX, 14.08.1953). The vegetation acted as protection barrier for the residential areas, for example, in the case of Agonas, where olive trees protected its lower part from rolling boulders and subsequent destruction [55].



As regards the building damage, the ETL caused heavy structural damage in several villages and led to more fatalities and injured people. Characteristic examples of such impact are the villages of Tzanata (PL, 12.08.1953), Chionata (IM, 13.08.53), Anninata (TX, 14.08.1953) and Plateies [55], where rockfalls claimed the life of residents and increased the number of injuries, Kourouklata (PL, 16.08.1953; [55]), Valsamata (TX, 14.08.1953) and Kolaitis [55], which were totally destroyed by rockfalls, and Zervata (TX, 14.08.1953), Katapodata [55] and Atsoupades [55], where buildings suffered extensive damage by rockfalls.



Rockfalls affected several parts of the road network in Cephalonia. The main effect was the accumulation of the mobilized material on the adjacent roads resulting in temporary traffic disruption and communication breakdown between the affected residential areas. In particular, traffic disruption due to proximity to high steep slopes and to rockfalls triggered by the 12 August mainshock and the foreshocks on 9 and 11 August was reported for the road leading from Argostoli to northern Cephalonia (NP, 11.08.1953; PL, 11.08.1953; EM, 11.08.1953), from Argostoli to Sami (TV, 12.08.1953), from Argostoli to Eleios-Pronnoi area (IM, 12.08.1953) and from Sami to the surrounding villages (NP, 12.08.1953). In addition, roads connecting villages in several parts of the island were also affected. Characteristic examples are the roads in Pyrgi village (TX, 19.08.1953), in Sami and Zervata village (TN, 12.08.1953; IM, 13.08.1953; TX, 14.08.1953, 19.08.1953), in Atsoupades village (IM, 13.08.53) and in Skala area (TX, 14.08.1953) among others.




3.3.7. The 17 January 1983 Earthquake


The 1983 Ms = 7.0 earthquake [37] caused slight damage to Cephalonia, due to the fact that its epicenter was located offshore between Cephalonia and Zakynthos Islands. It mainly generated non-structural damage to buildings with reinforced concrete frame and infill walls in Lixouri, Argostoli, Sami and Fiskardo areas [64]. The largest aftershock of M = 6.2 occurred on 23 March [37], but the M = 6.0 aftershock that was generated the same day as the mainshock resulted in larger damage than the mainshock [64].



Along the road to Fiskardo, at Charakas site, rockfalls were triggered along the subvertical artificial road cut [64] (Figure 4). Limestone boulders and debris from the slope were concentrated on the adjacent road and resulted in traffic disruption. Downstream of Charakas road, on the steep coastal slope, rockfalls were also generated, resulting in sea water turbidity [64] (Figure 4).




3.3.8. The Early 2014 Cephalonia Sequence


The early 2014 Cephalonia sequence comprised two earthquakes generated on 26 January (Mw = 6.1) and 3 February (Mw = 5.9), with considerable impact on western Cephalonia [62,63]. Among other effects, the 2014 earthquakes triggered landslides mainly in Paliki peninsula (Atheras, Petanoi, Kipouraeoi, Soullari and Xi areas), along the margins of Thinia valley (Agonas and Ayia Kyriaki areas), in Myrtos coastal area, along slopes in the western part of Ayia Dynati Mt and in the southern part of Argostoli peninsula (Vlachata) [62,63]. It is significant to note that such failures were not generated in Erissos peninsula. All affected sites described below are presented in Figure 4, while representative views of the triggered effects and the affected sites are presented in Figure 5.



In the Myrtos area, two limestone boulders were detached from the eastern steep slope, they rolled down and stopped in the beach at about 100 m from the shoreline (Figure 5a–c). During rolling down the boulders resulted in destruction of the road leading from the top of the slope to its base. Furthermore, extensive rockfalls and rockslides were also triggered along the coastal slopes close to the beach, particularly in Charakas (Figure 5a), a site which was also affected by the 1953 and 1983 Cephalonia earthquake [55,64].



Rockfalls and slides were generated along the margins of Thinia valley, mainly in the steep slopes over Agonas village and in Ayia Kyriaki coastal area in its eastern margin and secondarily along slopes adjacent to the road leading to Zola village in its western margin (Figure 5d).



Rockfalls also affected several parts of the road network leading from Argostoli town to Livadi area located northwards. Unstable material was mobilized by the earthquake along steep road slopes and accumulated on the road asphalt surface resulting in some cases to temporary traffic disruption.



Extensive landslides were triggered on slopes of Paliki peninsula by the first earthquake on 26 January. Rockfalls were generated in its northern part, where a building in Atheras village was crushed by a rolling boulder and partially collapsed (Figure 5e,f), fortunately without casualties and injuries. During the second earthquake on 3 February, boulders in the same site were again detached from the slopes, but they did not reach the village.



Landslides were also triggered along the western coastal part of Paliki, which is characterized by high coastal fault scarps and steep slopes. Characteristic examples were recorded in Petanoi and Kipouraioi coastal areas.



In Petanoi area, the second earthquake triggered a large slide (Figure 5g,h), which reached the beach and partially covered it. In addition, the slide material blocked the road leading to the beach, resulting in traffic disruption for 3 days.



In the Kipouraeoi area, landslides were generated by both 2014 earthquakes along the impressive steep coastal fault scarps (Figure 5i–k). In the area of Kipouraeoi monastery, rockfalls and rockslides occurred along an abrupt slope, at the top of which the monastery is constructed. The crown of the slide was very close to the monastery and affected its yard (Figure 5j,k). Additionally, slides also occurred along road slopes in the area surrounding the monastery.



In the Xi coastal area, in the southern part of Paliki peninsula, small rockfalls were generated by both 2014 earthquakes. In Soulari area, an impressive slide was triggered by the 26 January earthquake on the top of a hill. A large fragment composed of silt and clay moved downhill and formed a large main scarp, while the main body of the slide was split into smaller sections. With the contribution of heavy rainfalls that followed the first earthquake, the main scarp of the slide further collapsed during the second earthquake and the pre-existing cracks were enlarged, resulting in larger gaps in the area.



The list of landslides induced by the 2014 earthquakes also includes the rockfalls triggered in the limestone quarry situated west of Vlachata village. These rockfalls temporarily blocked the road leading from Argostoli to Poros port.





3.4. Maximum Epicentral Distances as a Function of Earthquake Magnitudes


The epicentral distances of the landslides, which were induced by the aforementioned historical and recent earthquakes in Cephalonia, were calculated, taking into account the locations of the landslides, as obtained from the ETL inventory of the island, and the earthquake magnitudes, as obtained: (a) for the 1636, 1767 and 1867 earthquakes from the SHARE European Earthquake Catalogue (SHEEC) 1000–1899 [54], (b) for the 1912, 1953 and 1983 earthquakes from the updated and extended earthquake catalogue for Greece and adjacent areas since 1900 compiled by Makropoulos et al. [40] and (c) for the early 2014 earthquakes from the relocated catalogue for the 2014 Cephalonia aftershock sequence compiled by Papadimitriou et al. [77], Kapetanidis [78] and Sakkas et al. [65]. The maximum epicentral distance of landslides for each earthquake was then determined. The pairs of maximum epicentral distance of landslides and the magnitude of the causative earthquakes were plotted on a graph (Figure 6). The distribution of these points was also compared with the upper bound limit/curve for the maximum observed epicentral distances of disrupted slides and falls proposed by Keefer [7], which was based on a dataset of 40 worldwide earthquakes. This curve represents the maximum distances at which ETL can be expected to be generated for specific Mw values. The graph in Figure 6a shows how the distribution of Cephalonia ETL data generally fit well the Keefer’s relationships. In the graph in Figure 6b, together with the points for Cephalonia, the pairs of maximum epicentral distances for landslides and magnitudes for earthquakes in Greece, as presented by Papadopoulos and Plessa [17], are also shown. From these graphs, it is also concluded that outlier events attributed to various triggering factors and local seismic amplification were not recorded in Cephalonia.





4. ETL Susceptibility Assessment in Cephalonia Based on GIS-Based Analytic Hierarchy Process


4.1. ETL Susceptibility Model


In the context of landslide susceptibility assessment research, 596 thematic parameters have been used so far worldwide, which are classified into five main categories, as shown in the review by Reichenbach et al. [53]: (a) geological parameters, (b) hydrological parameters, (c) parameters related to land use, (d) morphological parameters and (e) other parameters not included in the previous categories.



In the case of the assessment of landslide susceptibility in Cephalonia, the following parameters were used: (a) morphological parameters, including slope, slope aspect and slope curvature; (b) geological parameters, such as lithology of geological formations and distance from tectonic structures (faults and thrusts); (c) seismological parameters, including the peak ground acceleration (PGA); (d) environmental parameters including vegetation, derived from the NDVI index and the distance from the road network; (e) hydrometeorological parameters, such as the spatial distribution of rainfall and the distance from the drainage network (rivers and streams) (Figure 7 and Figure 8; Table 3).



Morphological slope controls the balance of restraining and destabilizing load forces acting on a slope [79,80], while forces are developed to maintain a steep rather than a gentle slope. From the statistical analysis of recorded landslides throughout Greece [81], it appears that the 16–30° class is the most susceptible one. Among the morphological parameters, slope is widely used in landslide susceptibility models, as it is the most critical parameter that contributes to the reliable estimation of susceptibility [24,82,83,84] and to the definition of non-susceptible areas [85].



Slope aspect is a very important parameter as it affects the exposure of the surface to sun and dry winds and indirectly to the flora as well as to the degree of saturation and evapotranspiration of the soil. According to Guzetti et al. [86,87], at northern hemisphere latitudes, where Ionian Islands are located, N- and NW-facing slopes are more prone to failures due to lower temperatures and more shade, factors that favor soil moisture retention.



A concave surface is more likely to suffer landslides, as after prolonged rainfall it can retain and store rainwater for longer time periods, unlike a curved surface. Additionally, a curved slope can delineate the rocky bedrock that is likely to be present in the area. Areas with positive curvature values identify curved surfaces and correspondingly negative values indicate concave surfaces. A zero curvature value indicates a flat surface. The more negative a value is, the higher the probability of landslide, while on the contrary, a surface with a positive curvature value (curved surface) is less likely to experience landslide phenomena.



The maps of slope, aspect and curvature (Figure 7a–c, respectively) were derived from the digital elevation model (DEM) of Cephalonia generated from the TanDEM-X mission, which was based on very high resolution (VHR) synthetic aperture radar (SAR) X-band data [94]. The TanDEM-X global DEM was initially introduced in 2016, based on the processing of SAR data, which were acquired within the years 2011 and 2012, succeeded a spatial DEM resolution of 0.4-arcsecond (ca. 12 m) with the aim of establishing a 2 m relative height accuracy [95,96,97]. Independently published comparisons prove an of TanDEM-X DEM smaller than ±0.20 m, a root-mean-square error (RMSE) smaller than 1.4 m and an excellent absolute 90% linear height error below 2 m. The assessed accuracy of these data sets is rather excellent and are used quite often for geomorphological and hydrological modeling [98,99].



Concerning the geological parameters used for the assessment of landslide susceptibility, the bedding of formations [100,101], the presence of faults and especially the presence of active faults in seismic active areas [102,103,104,105,106] and local hydrogeological features [24,107] are common in relevant models. The distance to tectonic structures and especially to faults is the most widespread parameter, derived from simple mapping of geo environmental and other data [53,108,109]. Consideration must be given to the fact that the faulted rock along the zone and the surrounding unfaulted rock behave differently during the occurrence of an earthquake, and each fault responds differently to each seismic event, even within the same fault zone.



Regarding the geological parameters used for assessing landslide susceptibility, the presence of scree, talus cones and clastic formations of various age is an aggravating factor for the occurrence of slope failures by earthquakes. Alluvial deposits have little or no influence on the occurrence of these phenomena, while carbonate rocks are susceptible to slides and rockfalls in cases where a steep slope has been formed either by geological processes (e.g., fault zones, incision, erosion, etc.) or by human intervention (e.g., steep road slopes, etc.). Both geological parameters, lithology and tectonic structures, in the case of the landslide susceptibility in Cephalonia were derived from the Neotectonic Map of Cephalonia [32] (Figure 7d,e).



Earthquakes are considered to be a main factor in landslide susceptibility, which is why they are taken into account in relevant studies worldwide, as in Greece [110,111] and Central Asia [112]. In seismic hazard calculations related to landslide susceptibility studies, co-seismic strong ground motion, which is the cause of damage after the occurrence of large earthquakes, is most often expressed in terms of peak ground acceleration (PGA). PGA is often obtained from probabilistic seismic hazard assessment (PSHA). It is mainly preferred as an earthquake metric, as it refers to the overall seismicity of the study area [110]. Another reason is that PGA has been used in many studies in order to determine earthquake-induced displacements [49,113,114,115].



PSHA in the framework of the present study, in terms of PGA, was adopted by Sakkas et al. [65], who applied the Cornell and McGuire method [116,117] that requires a seismotectonic model. Regarding the latter, the seismogenic crustal area source model of the European Seismic Hazard Model (ESHM), proposed by the Seismic Hazard Harmonization in Europe (SHARE) project [118,119], was used. The required seismicity parameters for PSHA, i.e., the b-value, earthquake rate and maximum magnitude for each zone, were taken from Sakkas et al. [65]. The Modified Gutenberg–Richter (MG-R) model [120,121] was adopted as the earthquake occurrence model. The Ground Motion Prediction Equation (GMPE) of Danciu and Tselentis [122] was used for the prediction of the PGA distribution. It is worth noting that this GMPE, obtained using Greek data, can be considered as reliable, as it has been applied in many PSHA studies in Greece (e.g., [123,124,125]). The R-CRISIS software [126] was utilized to obtain PGA for a return period of 475 years for Cephalonia Island, considering a rock basement and faulting types corresponding to reverse or strike-slip focal mechanisms (Figure 7f).



In terms of land use, the majority of researchers use combinations of vegetation, land cover and land use from existing maps prepared after visual interpretation of aerial photographs and more recently from automatic or semi-automatic processing of satellite imagery at various scales [127,128] and in different regions, maps showing changes in vegetation or land use [129,130,131,132]. The rationale behind incorporating vegetation into landslide susceptibility models is that vegetation depends on slope stability. The normalized difference vegetation index (NDVI) gives a quantitative estimation of the vegetation growth and biomass in the study area and constitutes an index used in landslide susceptibility studies worldwide. NDVI values range from +1.0 to −1.0. Very low NDVI values (for example, 0.1 or less) correspond to no vegetation cover and exposure of the unvegetated area to surface erosion processes and subsequent slope failures [133]. Moderate NDVI values ranging approximately from 0.2 to 0.5 correspond to sparse vegetation, while high NDVI values ranging approximately from 0.6 to 0.9 correspond to dense vegetation [133]. Thus, the lowest NDVI value has the highest impact on the occurrence of landslides. In this study, Sentinel 2 satellite images were used (acquisition date 21.04.11) and the index was calculated by using the red and near infrared spectral bands [134] (Figure 8a), according to the following formula NDVI = (NIR − R)/(NIR + R), where NIR and R are the observed reflectance in the near infrared and red portions of the electromagnetic spectrum, respectively.



Regarding the hydrometeorological parameters, the average annual precipitation, leads to an increase in landslide susceptibility by affecting the water content of rock/soil. In this case, gridded precipitation data were collected from the Hellenic National Meteorological Service [88], based on which the spatial distribution of the average annual rainfall in Cephalonia was modelled in raster form (Figure 8b).



Concerning the environmental parameters and the influence of the drainage network, the distance from drainage network is used according to the following approach: rivers and streams can influence the probability of landslide occurrence, as their erosive processes especially at the base of the slopes and the intense incision across active faults and increase the instability conditions of the slopes and the susceptibility of landslides. As the distance from the branches of the drainage network increases, the susceptibility to landslide events decreases. Rivers and streams in the study area were derived from the topographic maps of the Hellenic Military Geographical Service in 1:50,000 scale [89,90,91,92] (Figure 8c).



Due to inadequate drainage and destabilization of hillslopes by undercutting and overloading, landslides are more frequent near the road network [135]. With increasing distance from the road network, the landslide susceptibility in an area decreases. Important information on landslide susceptibility along the road network is obtained from the study of the history of such events. The road network in the study areas was derived from the topographic maps of the Hellenic Military Geographical Service in 1:50,000 scale [89,90,91,92], which was then updated by using OpenStreetMap [93] (Figure 8d).



After the factors were selected, they were classified into classes and rank values and standardized ratings were assigned for these classes (Table 4).



In order to evaluate the relative weight of each factor, the Analytic Hierarchy Process (AHP) developed by Saaty [136] was selected as a decision tool. In the frame of the AHP, all factors are compared pairwise by taking into consideration the intensity of their significance and contribution to the generation of ETL, as it is derived from expert opinions, experience and knowledge gained from previous events. In the current study, the SpiceLogic Inc. Analytic Hierarchy Process Software (trial version 3.4.5) [137] was used. In total, 45 pairwise comparisons undertaking an approximate eigenvector calculation were conducted resulting in the pairwise comparison matrix, the consistency ratio and the multi-criteria utility function (Table 5; Figure 9). For the consistency ratio, Saaty [136] suggested that it should be less than or equal to 0.1, to accept the weights. The consistency ratio in this case, as derived from the software, is equal to 0.071, which reveals a suitable and reasonable level of consistency in the pairwise comparison that is a satisfactory value to recognize and estimate the factors weights.



Next, the thematic layers of the distance to roads, to rivers and to faults were calculated with the use of the Euclidean distance tool included in the Spatial Analyst toolbox of ArcGIS 10.7 [138]. The thematic maps were converted to raster datasets, which were then reclassified based on the aforementioned classes, ranking and standardized ratings. The resulting weighted raster thematic maps were multiplied by the corresponding weights based on the multi-criteria utility function (Table 5) with Raster Calculator tool of the Spatial Analyst toolbox in ArcGIS 10.7. This tool allows researchers to create and execute Map Algebra expressions for outputting a raster. The zonation map is obtained from the sum of the weighted map. Each cell of the map resulted from the aforementioned calculation is characterized by a certain landslide susceptibility index (LSI) value. The final earthquake-triggered landslide susceptibility map of Cephalonia Island comprises seven susceptibility zones (non-susceptible, very low, low, moderate, high, very high, and critically high susceptibility) (Figure 10) according to the Jenks natural breaks classification method [139]. The area of each zone as well as the percentage on the total area of the studied island is presented in Table 6.




4.2. Validation of the Model


The creation of the landslide susceptibility map was followed by the verification of the accuracy of the landslide susceptibility model. The validation of the landslide susceptibility results is usually carried out by applying two methods in the frame of the relevant studies. The first approach involves the comparison of the landslide susceptibility map with an inventory map, which includes landslide events in the study area (e.g., [110,111,140,141,142]). The second approach involves the use of the receiver operating characteristic (ROC; [143,144,145]). The result of this approach is a success rate resulting from the comparison between the earthquake-triggered landslide grid cells and the earthquake-triggered landslide susceptibility grid (e.g., [146]).



Both approaches were used in this study for Cephalonia. For the first one, the ETL inventory in Cephalonia from 1636 to 2014 was used. The majority of the 67 landslides occurred in areas of high (24/67, 35.82%), very high (16/67, 23.88%) and critically high (15/67, 22.39%) susceptibility (Table 7). In total, 55 out of 67 events (82.09%) occurred in high to critically high susceptibility zones, while 12 occurred in low to medium susceptibility zones (3 in low and 9 in medium susceptibility zones, with a percentage of 4.48% and 13.43%, respectively) (Table 7).



For the second approach based on the ROC curve, the curves are obtained by plotting in a graph with both axes having values ranging from 0 to 1. The x-axis comprises values of false positive rate based on the resulting earthquake-triggered landslide susceptibility map and the y-axis comprises values of true positive rate based on the ETL sites. The accuracy of the model is related to the area under the curve (AUC). The AUC ranges from 0.5 to 1.0 [147,148] with a value equal to 1.0 corresponding to a perfect model prediction accuracy. A value found along the diagonal line of the graph implies a 50% probability of predicting the generation of landslides. The larger the value of the AUC, the better the landslide susceptibility model predicts susceptible areas and landslides. In the case of Cephalonia, the ROC graph and the AUC have been derived by using the ArcSDM tools in ArcGIS 10.7. The AUC was calculated as 0.803 (Figure 11), which reveals fair to good model prediction accuracy.





5. Discussion


This work explores earthquake-triggered landslides (ETL) on the island of Cephalonia, one of the most active areas in the Mediterranean region. The study addresses the gap in the record of past events and examines the ETL susceptibility of the island exploiting the long record that has been created. Given the rich record of the identified ETL phenomena, the island is considered to be particularly prone to slope failures due to earthquakes.



From the implemented inventory, it is concluded that 67 cases were induced by earthquakes in Cephalonia from 1636 to 2014, with most of them being triggered by the 12 August 1953 earthquake (30 cases, 44.78%). The majority of failures have been reported from earthquakes after 1900 (Figure 12). Although historical earthquakes that have affected Cephalonia had magnitudes larger than 5.9, information on environmental effects, despite their important impacts, is limited. This does not mean that these events did not cause such effects, but it is probably due to the fact that the interest of residents, authorities and researchers at the time was mainly focused on damage to buildings which were mainly associated with unpleasant effects on the local population. In addition, the earthquake effects resulted usually in heavy damage of the road network, disrupting transportation between local villages, making it impossible for researchers to record the complete impact of earthquakes on both the natural environment and the building stock. This situation seems to have changed after the first half of the 20th century, as evidenced by the plethora of recorded landslides caused by the 1953, 1983 and 2014 earthquakes.



Based on the rich record of ETL developed, it was possible to validate the result of landslide susceptibility analysis in terms of spatial distribution. In the course of this analysis, we used not only morphological and geological variables as the causative factors, but also seismological, hydrometeorological and environmental parameters, in order to effectively identify and precisely map the most susceptible zones in the island. Both from the landslide susceptibility map individually and from the comparison of the historical and landslide susceptibility maps, it was found that the spatial distribution of the studied effects in Cephalonia is not random. They were mainly generated in certain zones with high to critically high susceptibility to landslide triggering in the case of strong earthquake ground motion. These zones include the following from north to south:




	
The northern margins of Pylaros valley, located between Kalon Mt to the north and Ayia Dynati to the south, constitutes one for the most susceptible zones. Along the southern slopes of Kalon Mt, the Ayia Efimia oblique slip reverse fault occurs, which has formed a highly fractured and deformed rock mass, susceptible to slope failure from earthquakes. This situation is highlighted not only by the slope failures generated during the 1953 earthquakes at Lekatsata, Logarata and Karousata villages (Figure 4), but also by similar impressive effects that have taken place further west, in the coastal area of Myrtos bay during the occurrence of the devastating earthquakes of 1953, 1983 and 2014 [10,62,64], which resulted in damage and destruction of adjacent sections of the road network and temporary traffic disruption. It is important to mention that the coastal area of Myrtos is particularly prone to slope failures, caused not only by earthquakes, but also during extreme hydro-meteorological events. A typical example for the later events is the case of the “Ianos” Mediterranean cyclone (medicane) in mid-September 2020, which affected several areas in Greece and especially Lefkada, Cephalonia, Ithaki and Zakynthos Islands, causing flooding, mudflows and debris flows with severe impacts on networks and infrastructure of Cephalonia (Assos area in the Erissos peninsula, and Myrtos and Ayia Efimia areas at the western and eastern ends of the Pylaros valley, respectively; [149,150]).



	
The eastern margins of Thinia valley, where the Kontogourata–Agonas oblique slip reverse fault occurs, is also among the most earthquake-triggered landslide-susceptible zones in Cephalonia. This fault places the northwestern part of Aenos Mt on the northeastern part of Paliki peninsula and is responsible for the rugged morphology, dense discontinuities and the decreased cohesion in the area. Along this susceptible zone, landslides were induced by the 1953 and 2014 earthquakes.



	
The high steep mountain slopes in the western, eastern and southern parts of Aenos Mt fault block are characterized by high to critically high susceptibility, strongly related to the eponymous fault zone, which bounds the mountain to its south and west. As a result of the presence and activity of the zone, extensive outcrops of scree and talus cones as well as fragmented limestone of the Paxi unit participated in the geological setting and led to the generation of landslides during the 1636, 1912 and August 1953 earthquakes. In particular, the slope failures of 1953 had considerable impact on settlements in the area, which were founded on the above-mentioned formations, resulting in their partial destruction and human losses.



	
Another zone susceptible to ETL is the western coastal part of the Paliki peninsula. This coastal zone has been formed and evolves under the influence of the offshore Cephalonia strike-slip fault and many smaller onshore faults. Their combined action results in the creation of extensive fault scarps and steep slopes, the majority of which are almost vertical and composed by highly fractured, brecciated and almost powdered carbonate formations.



	
An important contribution to the susceptibility of Cephalonia to landslides from earthquakes is also made by certain large inactive structures and in particular the thrust of the Ionian unit over the Paxi unit. However, the formations occurring at the front of the thrust appear particularly deformed, a fact that increases the susceptibility of both the overlying Ionian unit and the underlying Paxi unit to failure. Characteristic of this zone is the occurrence of landslides in the wider area of Sami during the 1953 earthquake sequence, with impact on adjacent settlements and parts of the road network.



	
The southern part of the Paliki peninsula is locally characterized by high susceptibility, mainly along slopes, which are made up of not very compact mineral deposits. Typical cases of landslides have occurred along slopes in the southern and eastern coastal areas near the town of Lixouri.








Concerning the ETL distribution in the fault blocks of Cephalonia, the most affected in terms of ETL is the fault block of Aenos Mt and the eastern Cephalonia followed by Paliki, Erissos and Argostoli peninsulas.




6. Conclusions


The landslide susceptibility map was classified according to the natural break method into seven classes of critically high, very high, high, moderate, low, very low, and no susceptibility (Figure 10) corresponding to 3.48%, 9.76%, 14.97%, 19.57%, 23.16%, 20.60% and 8.46% of the total study area respectively (Table 6).



Overall, from qualitative assessment of the distribution of the landslides, illustrated in the description of the aforementioned most susceptible zones, it was concluded that four factors (i.e., slope, PGA, tectonic structures and lithology) were associated in a higher degree to the locations where ETL occurred on Cephalonia Island. This supports the difference between this group of parameters and the rest in terms of weighting factors estimated in AHP.



It should be also noted that despite the limited extent of high to critically high susceptible zones in the island (28.21% of its total area based on Table 6) they host 82% of the ETL phenomena included in the inventory. This fact along with the AUC values of 80.3% reveals a fair-to-good accuracy of the landslide susceptibility assessment in the island. Furthermore, the validation results indicate that the geoenvironmental conditions and the contribution of the studied variables to the generation of the landslides were effectively detected and determined.



Such landslide susceptibility assessment approaches are interesting from the scientific viewpoint, but mostly they are useful and necessary for decision making regarding effective and responsible land-use planning and environmental development. The combined use of ETL inventories and susceptibility maps maximizes the information content provided to the involved decision-makers, planners and other stake-holders.



Such applied studies give the opportunity and the possibility to all involved parties from the research community and the risk professionals to further and in detail identify the most important landslide triggering factors, to understand the contribution of several parameters to the generation of landslides to seismically active areas and to interpret the generation mechanisms and processes of landslides. Furthermore, by taking into account the results of such studies, the authorities involved in disaster risk reduction acquire related knowledge in order to adopt preventive measures and site-specific mitigation strategies. These strategies have the potential to mitigate the adverse effects of ETL to the natural environment and the building stock and eliminate and reduce human and economic losses, respectively.



The application of similar approaches is expected to be extensive in the future as urbanization and development have already expanded and will further expand to areas prone to landslides, while the simultaneous presence of landslide causal factors will be continuous and the occurrence of landslide triggering events constantly increasing. Furthermore, it is also expected that the processes applied in the landslide susceptibility models will also be used to other fields of assessment of related hazard and disaster risk reduction.
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Figure 1. The Cephalonia Island is located at the northwestern part of the Hellenic Arc, east of the Cephalonia Transform Fault Zone (CTFZ). The island belongs to the zone III of the current Greek Building Code with a Peak Ground Acceleration (PGA) value of 0.36 g for a return period of 475 years [22]. 
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Figure 2. Flow chart showing the approach followed for the compilation of the ETL inventory and the respective landslide susceptibility assessment in Cephalonia. 
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Figure 3. The neotectonic map of Cephalonia along with epicenters of historical and recent earthquakes that triggered landslides in the island. Fault blocks are also noted (EP: Erissos peninsula, AM: Aenos Mt fault block, AP: Argostoli peninsula, PP: Paliki Peninsula) along with their marginal faults (AEF: Ayia Efimia Fault, KAF: Kontogourata–Agonas Fault, CTFZ: Cephalonia Transform Fault Zone) and other major structures (IT: Ionian Thrust). 






Figure 3. The neotectonic map of Cephalonia along with epicenters of historical and recent earthquakes that triggered landslides in the island. Fault blocks are also noted (EP: Erissos peninsula, AM: Aenos Mt fault block, AP: Argostoli peninsula, PP: Paliki Peninsula) along with their marginal faults (AEF: Ayia Efimia Fault, KAF: Kontogourata–Agonas Fault, CTFZ: Cephalonia Transform Fault Zone) and other major structures (IT: Ionian Thrust).



[image: Applsci 12 02895 g003]







[image: Applsci 12 02895 g004 550] 





Figure 4. The neotectonic map of Cephalonia along with the historical and recent ETL in the island. Legend of the geological formations in Figure 3. 
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Figure 5. The 2014 ELT in Cephalonia: (a) The landslide-prone Myrtos coastal area. (b) Water turbidity in Myrtos Bay after the 26 January 2014 earthquake attributed to rockfalls along the adjacent coastal slopes. (c) Rockfalls by the early 2014 Cephalonia earthquakes over the Myrtos beach and at Charakas site. (d) The landslide-prone eastern margin of Thinia valley, where the Kontogourata–Agonas fault occurs. Rockfalls and slides triggered in Cephalonia by the early 2014 earthquakes: (e,f) Unstable limestone boulders in Atheras village in north Paliki crushed trees and a building. (g,h) Slides in Petanoi coastal area resulting in traffic disruption. (i–k) Rockfalls close to the Kipouraioi monastery affecting its yard. 
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Figure 6. (a) Maximum distance from earthquake epicenter of disrupted slides and falls induced by historical and recent earthquakes of different magnitudes generated onshore and offshore Cephalonia versus earthquake magnitude. The dashed line is the upper bound for disrupted slides or falls by Keefer [7]. (b) Maximum epicentral distances of landslides triggered by historical and recent earthquakes of different magnitudes versus earthquake magnitude. The red subset comprises data from Cephalonia and the blue subset from around Greece published by Papadopoulos and Plessa [17]. The dashed line is the upper bound for disrupted slides or falls by Keefer [7]. 
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Figure 7. Thematic maps illustrating the morphological, geological and seismological causal factors taken into account for the landslide susceptibility calculations. (a) slope, (b) aspect, (c) curvature, (d) lithology, (e) tectonic structures and (f) PGA. 
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Figure 8. Thematic maps illustrating the environmental and hydrometeorological causal factors taken into account for the landslide susceptibility calculations. (a) NDVI, (b) yearly rainfall, (c) drainage network and (d) road network. 
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Figure 9. Ranking of weights for the 10 landslide causative factors. 
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Figure 10. The landslide susceptibility index (LSI) map of Cephalonia Island, against the recorded ETL. 
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Figure 11. ROC graph and AUC for the landslide susceptibility model applied for Cephalonia. 
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Figure 12. Pie charts showing the number and percentages of landslides triggered in Cephalonia Island by earthquakes from 1636 to 2014. The majority has been generated by the 1953 earthquake sequence. 
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Table 1. Contemporary sources comprising newspapers and magazines of local and national circulation used in this study for revisiting landslides induced by historical and recent earthquakes generated in Cephalonia.
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Archives

	
Newspapers

	
Studied Period






	
The Press Museum of the Peloponnese—Epirus—Ionian Islands Daily Newspaper Editors Association [56]

	
ETHNIKOS KIRIX

	
10–24 August 1953




	
I IMERA

	
11–29 August 1953




	
NEOLOGOS PATRON

	
11–29 August 1953




	
PELOPONNISOS

	
11–29 August 1953




	
The Digital Historical Archive of the Lambrakis Press Group [57]

	
TO VIMA

	
10–25 August 1953




	
TA NEA

	
10–25 August 1953




	
The Digital Library of Newspapers and Magazines of the National Library of Greece [58]

	
ANAMORFOSIS

	
4 February 1867




	
AVGI

	
4 February 1867




	
MERIMNA

	
4 February 1867




	
ELEFTHERIA

	
11–28 August 1953




	
EMPROS

	
11–23 August 1953




	
The Digital Library of the Greek Parliament [59]

	
ΖΙΖAΝΙOΝ

	
24 January 1912




	
TAXYDROMOS

	
12–30 August 1953
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Table 2. Focal parameters and impact on the local population of the studied earthquakes that triggered landslides in Cephalonia Island.
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Lat

	
Lon

	
Year

	
Month

	
Day

	
Mw

	
Io

	
Fatalities

	
Injured

	
Sources 1






	
37.928

	
20.885

	
1636

	
9

	
30

	
6.62

	
IX

	
520

	
1500

	
[41,54]




	
38.2

	
20.42

	
1658

	
8

	
24

	
6.7

	
IX

	
20

	
-

	
[41,54]




	
38.268

	
20.464

	
1767

	
7

	
22

	
6.65

	
X

	
330

	
-

	
[41,54]




	
38.233

	
20.424

	
1867

	
2

	
4

	
7.15

	
X

	
224

	
-

	
[41,54]




	
38.10

	
20.50

	
1912

	
1

	
24

	
6.1

	
X

	
8

	
-

	
[40,54]




	
38.24

	
20.80

	
1953

	
8

	
9

	
5.9

	
-

	
455

	
2412

	
[40,54]




	
38.35

	
20.74

	
1953

	
8

	
11

	
6.6

	
-

	
[40,54]




	
38.13

	
20.74

	
1953

	
8

	
12

	
7.0

	
X+

	
[40,54]




	
38.07

	
20.25

	
1983

	
1

	
17

	
6.7

	
VI

	
-

	
-

	
[40,54]




	
38.2113

	
20.4425

	
2014

	
1

	
26

	
6.1

	
VII

	
-

	
-

	
[65,66]




	
38.2716

	
20.4198

	
2014

	
2

	
3

	
5.9

	
VIII

	
-

	
-

	
[65,66]








1 Sources: Refs. [40,54,65] for epicenter coordinates, occurrence date and magnitude, Ref. [41] for intensities, fatalities and injured people, and [66] for intensities.
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Table 3. Thematic layers used in the study and their sources.
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Layer

	
Data Type

	
Data Source






	
Slope

	
Grid

	
DEM of Cephalonia resulted from the TanDEM-X digital data




	
Aspect

	
Grid




	
Curvature

	
Grid




	
Lithology

	
Polygon

	
Neotectonic Map of Gephalonia by Lekkas [32]




	
Tectonic Structures

	
Line

	
Neotectonic Map of Gephalonia by Lekkas [32]




	
NDVI

	
Grid

	
Sentinel (acquisition date 21.04.11)




	
PGA

	
Grid

	
Sakkas et al. [65]




	
Rainfall

	
Grid

	
The Climate Atlas of Greece by the Hellenic National Meteorological Service [88]




	
Rivers

	
Line

	
Topographic maps by the Hellenic Military Geographical Service [89,90,91,92]




	
Roads

	
Line

	
Topographic maps by the Hellenic Military Geographical Service [89,90,91,92]

OpenStreetMap [93]
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Table 4. Landslide causal factors, classes, rank values, standardized ratings and weights used in the landslide susceptibility assessment in Cephalonia.
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Causal Factors

	
Classes

	
Rank Values

	
Standardized Ratings

	
Weights






	
Slope

	
Escarpments, >35°

	
5

	
100

	
0.224




	
Steep slopes, 25–35°

	
4

	
80




	
Moderately steep slopes, 15–25°

	
3

	
60




	
Gentle slopes, 5–15°

	
2

	
40




	
Very gentle slopes, <50°

	
1

	
20




	
PGA

	
>530 cm/s2

	
3

	
100

	
0.203




	
470–530 cm/s2

	
2

	
67




	
<470 cm/s2

	
1

	
33




	
Tectonic Structures

	
<150 m from thrusts and fault zones

	
3

	
100

	
0.178




	
150–300 m from thrusts and fault zones

	
2

	
67




	
<50 m from minor faults

	
1

	
33




	
All other areas

	
0

	
0




	
Lithology

	
Scree and talus cones

	
6

	
100

	
0.136




	
Flysch and flysch-type formations

	
5

	
83




	
Series with several lithologies

	
4

	
97




	
Evaporites

	
3

	
50




	
Marine calcarenites

	
2

	
33




	
Limestones

	
1

	
17




	
Alluvial deposits

	
0

	
0




	
Roads

	
<50 m

	
1

	
100

	
0.062




	
>50 m

	
0

	
0




	
Rainfall

	
>1250 mm

	
3

	
100

	
0.058




	
1000–1250 mm

	
2

	
67




	
<1000 mm

	
1

	
33




	
Rivers

	
<50 m

	
1

	
100

	
0.043




	
>50 m

	
0

	
0




	
Curvature

	
<−1.5

	
4

	
100

	
0.035




	
−1.5–−0.5

	
3

	
75




	
−0.5–0

	
2

	
50




	
>0

	
1

	
25




	
NDVI

	
<0

	
3

	
100

	
0.033




	
0–0.1

	
2

	
67




	
>0.1

	
1

	
33




	
Aspect

	
N and NW facing slopes

	
3

	
100

	
0.028




	
W and SW facing slopes

	
2

	
67




	
all other directions

	
1

	
33




	
Flats

	
0

	
0
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Table 5. Pairwise comparison matrix regarding the landslide causative factors as required for applying the AHP method.
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	Slope
	Aspect
	Curvature
	Lithology
	Tectonic Structures
	NDVI
	PGA
	Rainfall
	Rivers
	Roads
	Weights





	Slope
	1
	4
	4
	4
	2
	4
	2
	5
	5
	3
	0.224



	Aspect
	0.25
	1
	1
	0.2
	0.2
	0.5
	0.2
	0.2
	0.5
	0.333
	0.028



	Curvature
	0.25
	1
	1
	0.2
	0.2
	2
	0.2
	0.5
	0.5
	0.5
	0.035



	Lithology
	0.25
	5
	5
	1
	0.333
	5
	0.333
	5
	5
	4
	0.136



	Tectonic Structures
	0.5
	5
	5
	3
	1
	5
	0.5
	5
	5
	5
	0.178



	NDVI
	0.25
	2
	0.5
	0.2
	0.2
	1
	0.2
	0.5
	0.5
	0.5
	0.033



	PGA
	0.5
	5
	5
	3
	2
	5
	1
	5
	5
	5
	0.203



	Rainfall
	0.2
	5
	2
	0.2
	0.2
	2
	0.2
	1
	2
	0.5
	0.058



	Rivers
	0.2
	2
	2
	0.2
	0.2
	2
	0.2
	0.5
	1
	0.5
	0.043



	Roads
	0.333
	3
	2
	0.25
	0.2
	2
	0.2
	2
	2
	1
	0.062







Consistency Ratio calculated as 0.071. Multi-Criteria Utility Function = 0.22 × [Slope] + 0.03 × [Aspect] + 0.04 × [Curvature] + 0.14 × [Lithology] + 0.18 × [TectonicStructures] + 0.03 × [NDVI] + 0.2 × [PGA] + 0.06 × [Rainfall] + 0.04 × [Rivers] + 0.06 × [Roads].
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Table 6. Areas of susceptibility map classes.
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	LSI Class
	Area (km2)
	Percentage (%)





	No susceptible
	86.40
	8.46



	Very low
	210.26
	20.60



	Low
	236.42
	23.16



	Moderate
	199.82
	19.57



	High
	152.78
	14.97



	Very high
	99.68
	9.76



	Critically high
	35.52
	3.48



	Total
	1020.87
	100
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Table 7. Distribution of the recorded historical and recent ETL in the detected landslide susceptibility zones of Cephalonia Island.
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	Landslide Susceptibility
	ETL
	Percentage (%)





	No
	0
	0.00



	Very low
	0
	0.00



	Low
	3
	4.48



	Moderate
	9
	13.43



	High
	24
	35.82



	Very high
	16
	23.88



	Critically high
	15
	22.39



	Total
	67
	100.00
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