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Gabriela Azócar de la Cruz, Gabriela Alfaro, Claudia Alonso, Rubén Calvo and Paz Orellana

Modeling the Ignition Risk: Analysis before and after Megafire on Maule Region, Chile
Reprinted from: Appl. Sci. 2022, 12, 9353, doi:10.3390/app12189353 . . . . . . . . . . . . . . . . . 207

Sotiris Valkaniotis, George Papathanassiou,Vassilis Marinos, Charalampos Saroglou,  
Dimitrios Zekkos, Vasileios Kallimogiannis, et al.

Landslides Triggered by Medicane Ianos in Greece, September 2020:  Rapid Satellite Mapping  
and Field Survey
Reprinted from: Appl. Sci. 2022, 12, 12443, doi:10.3390/app122312443 . . . . . . . . . . . . . . . . 225

vi



About the Editors

Spyridon Mavroulis

Dr. Spyridon Mavroulis is a Geologist with an MSc in the Prevention and Management of

Natural Hazards, MSc in Environmental, Disasters and Crises Management Strategies and a PhD

in Geology and Earth Sciences. His research interests focus mainly on the fields of neotectonics,

tectonic geomorphology, hazard and risk assessment, disaster prevention and management of

natural hazards and their effects on public health and on various elements of the built and the

natural environment. He has participated in research projects on the integrated management of the

geoenvironmental impact from natural hazards and related disasters. He has participated in over 20

scientific missions in Greece and worldwide in areas affected by earthquakes, landslides, tsunamis,

volcano eruptions and megafires, to study the generation mechanism, assessing and mapping the

impact on the geoenvironment and the built environment and evaluating actions and measures for

disaster risk reduction. He has published articles on mapping, monitoring and assessing disasters in

national and international scientific research journals and conferences.

Efthymios Lekkas

Dr. Efthymios Lekkas is a Professor of Dynamic, Tectonic, Applied Geology and Natural

Disasters Management in the National and Kapodistrian University of Athens (NKUA) and the

President of the Earthquake Planning and Protection Organization of Greece (EPPO). He is also

Director of the Postgraduate Studies Program of “Environmental, Disasters and Crises Management

Strategies” of the NKUA. He has participated as Principal Investigator and Lead Researcher in

more than 300 applied research projects on earth sciences and disaster prevention and management.

He has published books on natural and technological hazards and related disasters and scientific

research publications in peer-reviewed journals and national and international conferences dealing

with dynamic, tectonic, and applied geology, seismotectonics, earthquake engineering and the

management of natural and technological disasters. He has participated in and/or coordinated over

70 scientific, operational and humanitarian missions for major disasters during the last 30 years in

Greece and worldwide in order to assist local authorities and Civil Protection agencies and to offer

scientific and technical assistance not only to the authorities of the affected countries but also to search

and rescue teams and volunteers.

vii





Preface to ”Mapping, Monitoring and Assessing

Disasters”

The detection, mapping and monitoring of disasters and assessing their impact play a key role in

disaster management and disaster risk reduction. In the past, the acquisition of disaster data from the

disaster-affected area, the rapid extraction of disaster information and the disaster situation reporting

was a time consuming process, the results of which were available long after the completion of the

immediate response phase.

In recent decades, the rapid scientific and technological developments and especially their

synergy have contributed to the progression and evolution of the field of disaster prevention and

management with significant results in disaster risk reduction. The geospatial technological advances

have contributed significantly to the early detection of upcoming disasters, the automatic delineation

of affected areas, the accurate mapping of disaster impact and the real-time or near-real-time

monitoring of their evolution. Furthermore, they have enabled scientists to acquire related data in

real time, to quickly analyze available information and timely disseminate critical information to the

scientific community, the disasters and crises management agencies and the general public, aiming at

the more effective mitigation of adverse effects on all sectors of human activity and on the majority

of elements of the natural and built environment.

The purpose of this Special Issue “Mapping, Monitoring and Assessing Disasters” is to collect

research advances in this scientific and operational field. It comprises 10 research articles addressing

various issues of mapping and monitoring disasters and assessing their impact.

The phenomena studied by the authors comprise the seismic activity in the Ionian Islands

(Western Greece) from 2014 to 2018, which included four earthquakes with magnitudes ranging from

Mw=5.9 to 6.8, the seismic sequence of Thiva (Central Greece) from 2020 to 2021, the destructive 2021

Arkalochori (Crete, southern Greece) Mw=6.0 earthquake, landslides triggered by earthquakes in the

Ionian Islands from historical times to the present day, the landslides caused by the Medicane Ianos

that occurred in mid-September 2020 in western and central Greece, the fires in the wildland–urban

interface (WUI) zones in the Attica Region (central Greece) during the 2021 spring and summer

season (May-August), the megafire in the Maule region (Chile) during the 2021 summer season

(January–February), which was one of the largest megafires in the history of the south central zone of

the country, and the historic 1917 Samoa tsunami in the Pacific Ocean, which constituted the second

most deadly recorded tsunami event in this area after the fatal 2009 event.

Joint pre-, co- and post-seismic ground deformation and seismological analysis was performed

for the analysis of the seismicity in the Ionian Islands from 2014 to 2018. It was based on geodetic

data from the commercial and institutional continuous Global Navigation Satellite System (GNSS)

networks in the area, as well as seismological data from the Hellenic Unified Seismic Network

(HUSN).

Double-difference relocation was utilized to assemble a high-resolution earthquake catalogue

and to examine, in detail, the distribution of hypocenters and the spatiotemporal evolution

of the 2020–2021 Thiva (central Greece) sequence. The local deformation was delineated by

applying instrumental and imaging geodesy, and the long-term trends or anomalies that could have

contributed to stress loading were identified.

Interdisciplinary research was conducted for the analysis of the 27 September 2021, Mw=6.0

Arkalochori (Crete, southern Greece) earthquake. It comprised synergistic geological mapping,

tectonic analysis, fault photorealistic model creation by unmanned aerial system (UAS) data
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processing, as well as post-seismic surface deformation analysis by differential interferometry

synthetic aperture radar (DInSAR) image interpretation coupled with accurately relocated epicenters

recorded by locally established seismographs.

UAS-aided photogrammetry and terrestrial laser scanning (TLS) was applied to high-visit

coastal areas in the western part of the Lefkada Island (Ionian Sea, western Greece), often affected by

earthquake-triggered landslides (ETL). This application aimed to explore how the capabilities of these

cutting-edge methodologies contribute to the improvement of our understanding and monitoring of

the structural integrity of slopes. This approach allowed the initial identification of high-risk zones

and the subsequent prioritization of measures and strategies for risk-mitigation-driven development.

Scientific publications and numerous contemporary sources were reevaluated for the

compilation of the inventory of earthquake-triggered landslides (ETL) in the Cephalonia Island

(Ionian Sea, western Greece). The related landslide susceptibility was examined by exploiting

10 landslide causal factors in the frame of a geographic information system (GIS)-based analytic

hierarchy process (AHP). The comparison of the ETL inventory and the landslide susceptibility index

(LSI) map highlight the high to critically high susceptible zones.

UAS photogrammetric survey guidance was developed for accurate landslide mapping

and monitoring in steep terrains based on identical tests within landslide areas with different

characteristics, with high-resolution orthophotos and digital surface models (DSMs) emerging from

the UAS imagery processing through structure-from-motion (SfM) photogrammetry.

Landslides triggered by the September 2020 Ianos medicane were identified in Greece by using

early remote sensing data and by conducting a series of post-event field surveys for verification. The

rapid landslide recording was then compared with new methods of automated landslide mapping

through the detection of changes in satellite imagery. All applied methods captured large events in

mountainous areas and landslides with significant dimensions and/or long outflow distances.

The 1917 Samoa tsunamigenic earthquake was modeled from its origin to produce outputs of

tsunami inundation extent and depth at a spatially flexible grid resolution, which were validated

using available run up observations and tide gauge records. Then, the first detailed 1917 tsunami

inundation model was combined with the digital distributions of buildings to produce exposure

metrics to evaluate the likely impacts on present-day coastal assets and populations if a similar

tsunami were to occur.

The effects of the 2021 wildfires in the Attica region (Greece) were examined based on Earth

observation and GIS-based techniques for the development of a web app that included the derived

knowledge. Sentinel-2 satellite imagery was used for extracting the burned area extent and severity

using a normalized burn ratio (NBR)-based method. The erosion risk was modeled on a pre- and

post-fire basis with the revised universal soil loss equation (RUSLE).

Several variables comprising human activity, geographic, topographic, and land coverage were

used to develop a model of ignition risk in Maule (Chile), a large zone with a Mediterranean climate,

which was affected by a megafire in 2017. The derived information should be integrated into

decision-making processes.

The authors who contributed to this Special Issue come from universities, research centers,

observatories and ministries in Greece, New Zealand and Chile. They are typical examples of

countries that, from ancient times to the present day, have faced a multitude of disasters from

geophysical hazards including earthquakes and their induced hazards (landslides, liquefaction,

tsunami), to hydro-meteorological hazards (floods and fires among others), and have developed a

culture of risk prevention.

This Special Issue is specifically addressed to scientists working in relevant scientific fields and
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to the staff of operational actors involved in each of the stages of the disaster management cycle,

from prevention to recovery, and generally to those interested in effective environmental, disaster

and crises management strategies.

Through its applications and examples, this Special Issue aims to provide the latest high-level

knowledge on the above scientific fields and to update knowledge on relevant issues. Furthermore,

it aims to inspire the further development of this scientific and operational field and the effective

applications for disaster mapping and monitoring, and disaster impact assessment.

The Guest Editors of this Special Issue congratulate all the authors for their valuable

contributions and all the reviewers for their valuable time and constructive comments that helped

to improve the overall merit of this Special Issue. The Editorial Office of “Applied Sciences” is

acknowledged for the collaboration and the Section Managing Editor for the excellent cooperation

and continuous support throughout the preparation of this Special Issue.

Spyridon Mavroulis and Efthymios Lekkas

Editors
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Special Issue on Mapping, Monitoring and Assessing Disasters

Spyridon Mavroulis * and Efthymios Lekkas

Section of Dynamic Tectonic Applied Geology, Faculty of Geology and Geoenvironment, School of Sciences,
National and Kapodistrian University of Athens, Panepistimiopolis Zografou, 15784 Athens, Greece
* Correspondence: smavroulis@geol.uoa.gr

Mapping, monitoring, and assessing technologies and related studies and applications
play a significant role in disaster management and disaster risk mitigation. In recent years,
synergies of modern and innovative methodologies have augmented the efficiency of
disaster mapping shortly after their advent and made it possible for involved scientists
and researchers to acquire and analyze related data and to disseminate critical information
to first responders during emergencies, authorities involved in disaster management and
recovery processes, the affected population, and the general public.

This present Special Issue comprises 10 research papers addressing various issues
of mapping and monitoring disasters and assessing their impact. They highlight recent
advances in the field and are valuable for understanding the complexity of the generated
phenomena. The phenomena and their effects included in this Special Issue can be divided
into: (i) earthquakes and related ground deformation [1–3], (ii) earthquake-triggered
landslides (ETL) [4–6], (iii) landslides triggered by hydrometeorological hazards comprising
medicanes [6,7], (iv) tsunamis [8], and (v) wildfires [9,10].

Sakkas et al. [1] present the results of monitoring seismicity and ground deformation in
the Ionian Islands (western Greece) during a period of intense seismic activity (2014–2018)
with destructive earthquakes. Joint pre-, co-, and post-seismic ground deformation and
seismological analysis is performed based on geodetic data from the commercial and
institutional continuous Global Navigation Satellite System (GNSS) networks in the area, as
well as seismological data from the Hellenic Unified Seismic Network (HUSN), respectively.

Kaviris et al. [2] monitored the 2020 to 2021 Thiva (Central Greece) earthquake se-
quence. They utilized double-difference relocation to assemble a high-resolution earthquake
catalogue and examine, in detail, the distribution of hypocenters and the spatiotemporal
evolution of the sequence. By applying instrumental and imaging geodesy, they delin-
eated the local deformation and identified long-term trends that could have contributed to
stress loading.

Vassilakis et al. [3] monitored the 27 September 2021, Mw = 6.0 Arkalochori (Crete,
southern Greece) earthquake. They conducted interdisciplinary research comprising geo-
logical mapping, tectonic analysis, fault photorealistic model creation by unmanned aerial
system (UAS) data processing, as well as post-seismic surface deformation analysis by
differential interferometry synthetic aperture radar (DInSAR) image interpretation coupled
with accurately relocated epicenters recorded by locally established seismographs.

Mavroulis et al. [4] applied UAS-aided photogrammetry and terrestrial laser scanning
(TLS) to high-visit coastal areas in the western part of Lefkada Island (western Greece), often
affected by ETL. This application aims to explore how the capabilities of these cutting-edge
methodologies contribute to the improvement of our understanding on and monitoring of
the structural integrity of slopes. This approach allows the initial identification of high-risk
zones and the subsequent prioritization of measures and strategies for risk-mitigation-
driven development.

Mavroulis et al. [5] studied ETL from historical times to present in Cephalonia Island
(western Greece). Based on scientific publications and numerous contemporary sources,
they compiled an inventory of sites affected by ETL, several of which caused human losses

Appl. Sci. 2023, 13, 963. https://doi.org/10.3390/app13020963 https://www.mdpi.com/journal/applsci1
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and injuries. The study further examines the ETL susceptibility, exploiting 10 landslide
causal factors in the frame of a geographic information system (GIS)-based analytic hierar-
chy process (AHP). The comparison of the ETL inventory and the landslide susceptibility
index (LSI) map highlights the high to critically high susceptible zones and reveals that the
majority of ETL was generated within the highlighted susceptible zones.

Nikolakopoulos et al. [6] focused on developing a UAS photogrammetric survey
guidance for accurate landslide mapping and monitoring in steep terrains. They conducted
four identical tests within landslide areas with different characteristics. High-resolution
orthophotos and digital surface models (DSMs) emerge from the UAS imagery processing
through structure-from-motion (SfM) photogrammetry. Accuracy assessment is carried
out using quantitative and qualitative comparative approaches, and a strong relation is
revealed between UAS acquisition geometry and landslide characteristics.

Valkaniotis et al. [7] identified the landslides triggered by the 2020 Ianos medicane
by using early remote sensing data and conducting a series of post-event field surveys
for verification. The rapid landslide recording is then compared with new methods of
automated landslide mapping through the detection of changes in satellite imagery. All
applied methods captured large events in mountainous areas and landslides with significant
dimensions and/or long outflow distance. In terms of comparing the compiled inventory
with past events, they concluded that the Ianos landslides were triggered along roughly the
same locations of historical occurrences, revealing a relationship with long-term climatic
and lithological/geomorphological conditions.

Sischka et al. [8] modeled the 1917 Samoa tsunamigenic earthquake from its origin to
produce outputs of tsunami inundation extent and depth at spatially flexible grid resolution,
which are validated using available run up observations and tide gauge records. Then, they
combined the inundation model with digital distributions of buildings to produce exposure
metrics for evaluating the likely impacts on present-day coastal assets and populations if a
similar tsunami were to occur. They provided the first detailed 1917 tsunami inundation
model, supporting an appreciation of the regional risk to local tsunamis.

Falaras et al. [9] examined the effects of the 2021 wildfires in the Attica region (Greece)
based on Earth observation and GIS-based techniques for the development of a web app
that includes the derived knowledge. The effects of wildfires are estimated with the use
of Sentinel-2 satellite imagery concerning burned area extent and burn severity using a
normalized burn ratio (NBR)-based method. In addition, the erosion risk is modeled on a
pre-fire and post-fire basis with the revised universal soil loss equation (RUSLE). This study
highlights the importance of assessing the effects of wildfires with a holistic approach to
produce useful knowledge tools in post-fire impact assessment and restoration.

Azócar de la Cruz et al. [10] used several factors, such as human activity, geographic,
topographic, and land cover variables to develop a model of ignition risk. The study area
corresponds to Maule region (Chile), a large zone with a Mediterranean climate, affected
by a megafire in 2017. Wildland fire management requires integrating this information into
decision-making processes if we consider that the impact of climate change persists.

Funding: This research received no external funding.
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and to all reviewers for their valuable time and constructive comments that helped improve the
overall merit of this Special Issue. We also thank the Editorial Team of “Applied Sciences” for the
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Abstract: Coastal areas constitute a very dynamic environment, balancing between numerous natural
and anthropogenic processes liable to sometimes hazardous geomorphic phenomena. Especially in
tectonically active coastal regions and areas of high economic value, slope failures can have significant
impacts and therefore need careful and detailed examination. This work uses Unmanned Aerial
System (UAS)-aided photogrammetry and Terrestrial Laser Scanning (TLS) in tectonically active
segments of the coastal zone of the Ionian Islands in Greece, to explore how their capabilities can
help to improve our understanding of the structural integrity of the slopes. Results show that the two
approaches are able to extract large numbers of discontinuity facets, in a more practical, rapid and
safe way than conventional methods of rock slope stability analysis extending to unreachable yet
important parts of the slope. Through this holistic record of the structural condition of the slope the
two applications allow the identification of segments that are more prone to instability and failure. In
this way, they improve our understanding of the prioritization of interventions aiming to enhance
the prevention of slope failures, mitigating the associated risk and improving local development in
these high-value locations.

Keywords: coastal areas; landslides; lidar; UAS; remote sensing; coastal development; TLS; Ionian

1. Introduction

Globally coastal areas balance in a highly dynamic regime formed by a variety of com-
plex natural processes [1] and human intervention [2]. The evolution of these constantly
changing environments is affected by numerous natural geomorphic mechanisms such as
erosion, mass wasting, deposition, wave action, as well as tectonic and volcanic activity [3].
Despite these processes and the risks associated with them, coastal areas contain a large
part of the world’s population [4] and an important portion of socio-economic activities [5],
including trade, tourism, transportation and others. This activity heavily influences [6]
some segments of the coastline. Coastal zones are home to many interests including eco-
nomic (ports, fishing, navigation), recreation, water quality and nature conservation. Assets
developed in coastal areas can be very valuable [7] and the disruption of some of the
activities can be very costly [8]. There are examples where the interests and exploitation
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schemes of these areas are conflicting with each other or lead to expansion into areas of high
risk [9–11]. Thus, coastal zones are often characterized by both high exposure of valuable
assets [8], as well as high hazard levels as a result of the various dynamic processes that
take place.

Particularly, in seismically active areas, high inclination, deformation of geological
formations and strong earthquakes lead to instability phenomena [12–14] that are often
associated with significant damage to property and infrastructure [15,16] and loss of human
lives [17,18]. On many occasions, these failures can become a very significant threat in
coastal areas. The complexity of the processes together with the high risk caused by such
mass-movement events create a demand for in-depth knowledge and understanding of
the mechanisms (both natural and anthropogenic) that drive them [19]. For example, it
is crucial to understand the role of discontinuities in geological formations that affect
their integrity and stability, acting as catalysts in various geomorphic processes, including
landslides. Monitoring this and other structural properties of rock formations is important
to predict slope behavior in coastal areas.

Coastal slope failures are a significant source of hazard and a constraint for human
activities in rocky coastal areas [20]. The most prevalent process responsible for the high
risk of coastal cliffs is slope mass movements [21].

The extent and economic impact of this problem tend to increase over time, due to the
general increasing trend in the use of coastal areas, especially steep and rocky coastlines,
which correspond to one-third of the coasts worldwide [22,23]. The value of land in these
locations is constantly increasing due to the high demand for exploitation, especially
beaches of special beauty, which are often formed at the base of cliffs and are a tourism
product of high value. There are also issues related to the presence of urban areas and
archaeological and historical heritage sites close to the top of the cliffs [24,25].

In this context, coastal evolution and its processes have been examined through a
variety of techniques, some of which belong to the field of remote sensing [26]. New tech-
niques, such as photogrammetry and laser scanning, have shown interesting capabilities in
studying changing terrain and particularly geomorphic processes, including slope stability
and structural integrity [27,28].

For example, unmanned aerial systems (UASs) and UAS-aided photogrammetry
have been used before in applications in coastal areas including surveying topographical
changes [29], cliff erosion [30], coastline changes [31], and coastal floods [32–34]. In the
field of mass movement, previous studies [35,36] have demonstrated that UAS, with the
proper processing of data, can provide fairly accurate results [37,38].

Similarly, Terrestrial Laser Scanning (TLS) has demonstrated its capabilities in slope stabil-
ity [39] including applications in coastal zones [40,41]. TLS has been used in numerous works
to study landslides [42–44], cliff erosion [45–47] and rock formation discontinuities [48–50].

Despite the demonstrated capabilities of these technologies and their high-resolution
imaging aptitude, there are very limited applications in highly visited areas or areas of high
value that combine active tectonics and frequent instability phenomena. In addition, there
are few applications that exploit outcomes of these techniques regarding slope stability to
improve risk mitigation and enhance development.

Given that, in many cases, decisions on the exploitation of coastal zones are made
with a poor understanding of the evolutionary processes and functioning of the coastal
environments, in the case of high-value and highly active areas, it is considered crucial to
gain an improved understanding of dangerous instability phenomena. Any sustainable and
responsible effort of development on these types of zones requires a deep understanding
of the complexity of geomorphic processes and the roles of influencing and instability-
triggering factors [51–53], including tectonic and earthquake dynamics, mass wasting,
erosion, deposition, land-use changes, human intervention, and others.

In this context, the aim of this work is to exploit innovative techniques such as UAS-
aided photogrammetry and TLS to improve our understanding of the processes taking
place, segments of the coastal zone of the Ionian Islands in Greece and, in particular, the
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island of Lefkada. The two study sites are situated in an earthquake-prone area, with
frequent strong earthquakes leading to various mass-movement and slope failure phe-
nomena, enhanced by active tectonics, but also subject to high-intensity storms (including
Medicanes) that have also contributed to the high landslide risk. The present study aims to
apply the two techniques at the Egremnoi and Porto Katsiki beaches, two highly visited
tourist attractions both characterized by noteworthy economic and ecological value. The
study aims to determine the zones of higher risk through the two applications and discuss
the outcomes in relation to local development, considering that Lefkada is a typical example
of a Mediterranean busy coastal zone, home to hundreds of thousands of visitors each year.

The study is organized as follows. First, we present the broader area and the study
site, in terms of its geodynamic characteristics, then we describe the methodology for the
UAS and the TLS applications, followed by the results. Then we discuss the practical
implications of the findings and describe the most important conclusions in the last section.

2. Study Area

2.1. Geological and Seismotectonic Setting

Lefkada Island is located in the southern Ionian Islands (Western Greece), in the front
of the Hellenides orogenic belt, in a region dominated by the presence of the Cephalonia
Transform Fault Zone (CTFZ) [54,55]; (Figure 1). The latter is a 140-km long right-lateral
fault zone, as evidenced by a large number of focal mechanisms [56–59]. The study area
lies in the transition zone between the subduction of Tethys beneath the Aegean microplate
to the south and the continental collision to the north (Figure 1). The CTFZ consists of two
major segments, i.e., the Cephalonia Segment (CS) to the south and the Lefkada Segment
(LS) to the north.

The proximity of Lefkada to the CTFZ is the main reason the island is among the
most seismogenic areas in Europe. Regarding the historical era, large and destructive
earthquakes have occurred during the last six centuries [60,61] (Figure 2a). Most of these
events mainly affected the western coast of the island, such as the 1704 (M = 6.3), 1769
(M = 6.7), 1783 (M = 6.7) and 1869 (M = 6.4) earthquakes [62–64], (Figure 2a). Thirteen
disastrous events that took place at the western onshore area of Lefkada occurred between
1612 and 1869 [64,65]. On the contrary, the 1723 (M = 6.7) earthquake was the sole historical
event that occurred at the southwestern part of Lefkada Island [58].

Intense seismic activity has been recorded in the Lefkada region during the 20th cen-
tury, characterized by the frequent occurrence of destructive events [66]. More specifically,
87 events with Mw ≥ 4.1 occurred between 1911 and 1998, 36 of which with Mw ≥ 5.0 and
5 with Mw ≥ 6.0 (Figure 2a). Both of the largest events of the 20th century, with Mw = 6.5,
occurred in 1948. The first event of 22 April destroyed the southwestern part of the island,
whereas the second on 30 June caused damage to the northwestern part [66].

Two large events occurred in the vicinity of Lefkada Island during the 21st century.
The first was the Mw = 6.3 on 14 August 2003, located northwest of the island at a depth of
9 km. Its focal mechanism indicated dextral strike-slip faulting (e.g., [58,67,68]).

The most recent destructive event occurred on 17 November 2015 (Mw = 6.4) close
to Athani, at the southwestern coast of Lefkada, on an almost vertical dextral strike-slip
fault [55,69]. Most aftershocks were aligned parallel to the western coast of Lefkada Island,
along an NNE-SSW direction, with another group of epicenters located close to the northern
part of Cephalonia Island [63]. The seismogenic layer ranged from 3 to 16 km in depth,
whereas more than one fault plane with different strike and dip values were activated [64].
Despite its larger magnitude, this event caused less damage than the 2003 earthquake,
proving the structural efficiency of the local buildings [69].
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Figure 1. Map of the Hellenic Arc showing the location of Lefkada Island at the northwesternmost
part of the Hellenic Arc along with the prominent morphological features of the Hellenic Arc and the
major morphoneotectonic features based on Mariolakos and Papanikolaou [70,71] and the seismic
risk zones of Greece. Lefkada belongs to 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.

The geological structure of the southern Ionian Islands is characterized by the occur-
rence of alpine formations of the Ionian and Paxoi geotectonic units and post-alpine deposits
lying unconformably on the alpine basement [72–77]. Similarly, Lefkada is composed of (a)
alpine formations that belong to Ionian and Paxoi geotectonic units, (b) molassic formations
and (c) recent deposits that lie unconformably on the previous formations [74,78] (Figure 2a).
Ionian formations are observed in the largest part of the island, while Paxoi formations are
only observed in the southwestern part of the island and more specifically in the Lefkata
peninsula (Figure 2a). As regards the tectonic structure, the faults dissecting the island are
mainly normal or strike-slip with a sinistral or dextral sense of shear [77,79,80]. The active
structures are major faults detected mainly along the margins of fault blocks [72,77].

In particular, Lefkada is composed of the following 8 fault blocks [78] (Figure 2a):

1. The fault block of Lefkada town, located in the northeastern part of the island and
bound to the south by the Frini-Apolpaena fault zone (FAFZ).

2. The Tsoukalades-Katouna fault block, located to the south of the previous fault block
and bounded to the north by the FAFZ, to the south by the Pigadisanoi-Fraxi fault
zone (PFFZ) and to the west by the Tsoukalades-Agios Nikitas fault zone (TANFZ).

3. The Agios Nikitas fault block, located in the northwestern part of the island and
bounded to the east by the Agios TANFZ and to the west by an almost N–S striking
fault zone parallel to the coast.

4. The Drymonas fault block, located east of the Agios Nikitas fault block and bounded
to the west by the Agios Nikitas fault zone (ANFZ), to the east by the N–S striking
Drymonas fault zone (DFZ) and to the south by the NW–SE striking Kalamitsi-
Exantheia fault zone (KEFZ).

5. The Mega Oros-Skaroi fault block, located east of the Drymonas fault block and
bounded to the north by the NW–SE striking PFFZ and to the south by the NE–SW
striking Sivros-Nidri fault zone (SNFZ).
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6. The Vlicho-Poros fault block located in the southeastern part of the island and
bounded to the northwest by the NE–SW striking SNFZ and Vassiliki fault zone
(VFZ) and to the southeast by the NW–SE striking Syvota-Sivros fault zone (SSFZ).

7. The Sykeros-Achrada fault block, located in the southern-central part of the island
and bounded to the northwest by the NE–SW striking VFZ and to the northeast by
the NW–SE striking SSFZ.

8. The Lefkata fault block located, in the southwestern part of the island and bounded
to the north by the NW–SE striking KEFZ and the Ionian thrust on to Paxoi unit, to
the east by the NE–SW striking VFZ and to the west by the dextral strike-slip Athani
fault zone (AFZ).

Some of the aforementioned main fault blocks are composed of smaller fault blocks.
The most characteristic case is the Dragano-Athani graben within the fault block of the
Lefkata peninsula. This graben is bounded to the west and east by NNE-SSW striking
faults. Its western margin is defined by the AFZ with a total horizontal displacement of
approximately 860 m corresponding to a Quaternary slip rate of about 8 mm/year [81] and
similar geometric and kinematic characteristics with the Lefkada segment of the Cephalonia
Transform Fault Zone [79].

 
Figure 2. (a) The neotectonic map of Lefkada Island from Lekkas et al. [77]. The Egremnoi and Porto
Katsiki coastal areas are located in the southwestern part of the fault block of Lefkata peninsula
and are composed of Jurassic–Miocene limestones of the Paxoi geotectonic unit. (b) Based on the
landslide susceptibility map of the Ionian Islands compiled by Mavroulis et al. [82], these slopes are
formed in coastal areas highly susceptible to failure.
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2.2. Study Sites

In the frame of susceptibility and hazard assessment in the Ionian Islands for high-
lighting sites of earthquake-related hazards, Mavroulis et al. [82] studied the landslide
susceptibility of the Ionian Islands by applying the Analytical Hierarchical Process (AHP)
used along with the Weighted Linear Combination (WLC) method in the context of multi-
criteria decision analysis for the calculation of the Landslide Susceptibility Index (LSI).
Based on the applied methodology and the respective results, it is concluded that the abrupt
coastal slopes and scarps in the western part of Lefkada are characterized by high and very
high susceptibility to earthquake-triggered landslides (Figure 2b).

Indeed, the western coastal part of the island has been heavily affected by landslides
triggered by historical and recent earthquakes [64,79,83]. In particular, landslides compris-
ing mainly rockfalls have been triggered by earthquakes on:

• 22 November 1704 (M = 6.3, I = IX).
• 22 and 23 March 1783 (M = 6.7, I = X for the event on 23 March).
• 14 December 1885 (Ms = 5.7, Mw = 5.1).
• 27 November 1914 (M = 6.3, I = IX).
• 22 April 1948 (Mw = 6.5, I = IX).
• 30 June 1948 (Mw = 6.4).
• 14 August 2003 (Mw = 6.2, Ms = 6.4, I = VIII).
• 17 November 2015 (Mw = 6.4, I = VIII).

Among the areas affected by earthquake-triggered landslides are the coastal areas of
Egremnoi and Porto Katsiki (Figure 3), located in southwestern coastal Lefkada [64,84,85].
They constitute typical cases of extensive coastal slopes, where the change in morphological
slope is so abrupt that almost vertical planes are formed. In addition to faults and joints, the
continuous marine and terrestrial erosion processes play an important role in the evolution
of these coastal slopes.

The geological structure of Egremnoi and Porto Katsiki is similar, as both are composed
of Jurassic-Miocene limestone of the Paxoi unit. They are intensively faulted resulting in their
disintegration and brecciation, while locally completely pulverized and extremely unstable.
They are extremely susceptible to landslides, a fact that has been revealed not only by the
landslide susceptibility assessment of Mavroulis et al. [82], but also by the triggering of
landslides not only by nearby earthquakes but also by distant earthquakes (Figure 3).

Typical examples of landslides induced by nearby earthquakes are the rockfalls and
slides caused by the earthquake on 17 November 2015 (Figure 3). In the Egremnoi area, a
large mass comprising loose limestone blocks, semi-cohesive scree with limestone breccia
and red clay was mobilized during the 2015 earthquake and rolled down towards the
adjacent beach, which was almost entirely covered by landslide material [78] (Figure 3a–c).
Furthermore, the part of the road network leading to the beach was completely destroyed,
and some buildings found on the edge of the slope were at risk of total collapse [86,87].
As regards the presence of residents and tourists in this area, it was fortunate that the
earthquake was generated during the winter season and the beach was empty.

In Porto Katsiki, loose brecciated limestone blocks were detached from the abrupt
limestone slope and fell on the narrow beach [78] (Figure 3f). It is significant to note
that both beaches are amongst the most beautiful and visited in the Mediterranean with
thousands of locals and tourists attracted during the summer season staying close to
the steep limestone slopes or inside coastal caves. Fortunately, the 2015 earthquake was
generated during the winter season with very limited tourist flow in Lefkada and both
beaches were totally empty.

A typical example of landslides induced in these areas by distant earthquakes com-
prises the rockfalls triggered in the large coastal slope of Porto Katsiki by the 8 June
2008, Mw = 6.8, Andravida (NW Peloponnese, Western Greece) strike-slip earthquake [88]
(Figure 3d). The epicenter was reported at a distance of 110 km southeast of the affected
slope. Due to this large distance from the epicenter and due to the absence of similar
phenomena in the intermediate areas with similar geological and morphological properties,

10



Appl. Sci. 2022, 12, 2193

these rockfalls were considered to be far-field earthquake environmental effects, attributed
to the combined effect of the rugged morphology, the intensively faulted and eroded lime-
stones and the pre-existing instability conditions along the abrupt coastal slopes in the
western part of the Lefkata peninsula [88].

 

Figure 3. Views of the Egremnoi (a–c) and Porto Katsiki (d–f) slopes in the southwestern part of
Lefkada Island. (a) The Egremnoi slope and the adjacent impressive beach were heavily affected by
the 2015 Mw = 6.4 Lefkada earthquake. Extended landslides were induced (b) and covered almost
the entire longitudinal narrow beach (c) leaving only small parts intact and inaccessible after the
earthquake. Due to the fact that the shock occurred in November, the beach was empty, and no effects
were reported to people. However, the road leading from the upper parts of the slope to the beach
was totally destroyed and houses founded on the slope were found on the edge of the cliff and on
the verge of collapse. (d) The Porto Katsiki slope has been affected not only by nearby earthquakes
but also by distant earthquakes. The 8 June 2008, Mw = 6.8 earthquake with the epicenter located
110 km southeast of Porto Katsiki triggered rockfalls in the southern segment of the slope, while
the mobilized material ended up on the adjacent part of the beach fortunately without fatalities and
injuries. (e) Boulders and smaller fragments are concentrated mainly in the southern part of the beach.
(f) Rockfalls triggered by the 17 November 2015, Mw = 6.4 Lefkada earthquake. They were mainly
generated in the southern segment of the slope, while they were limited or absent in the central and
the northern segment respectively. Since 2015, protection marking on the beach with poles and ropes
(red dashed line) and rockfall warning signs have been placed for the safety of visitors.
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3. Methodology

In this context, the coastal morphology evolution, including short-term onshore
changes and processes, has been examined through several remote sensing techniques
based on data acquisition with the use of state-of-the-art equipment. The swift development
in sensor technology and geomatics during the last decade has improved the acquisition
and processing of remotely sensed information, especially regarding the monitoring of
infrastructure as well as medium-sized territorial zones due to geological risks [89]. Rather
prominent techniques include the generation of point clouds of the areas of interest, which
can be composed either directly by using surveying equipment such as Terrestrial Laser
Scanners (TLSs) or indirectly by processing numerous photographs taken by Unmanned
Aerial Systems (UASs). Both Light Detection and Range (LiDAR) and Structure from Mo-
tion (SfM) processing techniques can provide large amounts of digital data of very high
resolution from which point clouds of similar quality can be generated. High-resolution
3D point clouds and 3D meshes are the fundamental types of data for any quantitative
structural analysis afterwards.

Laser scanning is an optimized technique for obtaining 3D surveying data. Usually,
TLS has a spatial resolution ranging from millimeters to centimeters. Regarding this, the
widespread use of UASs, together with SfM and Multi-View Stereo (MVS) technologies, has
improved the flexibility of topographic surveys and structural analysis. In fact, nowadays,
due to swift technological development, it can be used rather easily under adverse condi-
tions, as nadiral, oblique, or frontal images can be acquired with minimal effort. Therefore,
cliffs, steep slopes, hanging rocks, and morphological discontinuities in general, are either
being scanned or photographed for the generation of a basement dataset on which further
processing will be applied. The mapping of structural failures and rock discontinuity
density at coastal cliffs proves to be very critical concerning the safety regime in the beaches
beneath them, especially the popular ones [90].

During the last few years, there has been an ongoing debate as to whether the direct
TLS point clouds are more accurate and precise than the indirect data constructed after
photogrammetric processing [91–93]. In this context, more attention has been given to
the latter, which can also generate high-resolution 3D models of slopes, focusing on the
advantage of low costs, flexible oblique view sensing and photo-realistic vision information
when compared with terrestrial LiDAR point clouds [94], which are produced by rather
expensive equipment. On the other hand, the accuracy of these is much more adequate,
not to mention the data density, which is also difficult to be obtained with UAS flights at a
reasonable elevation (e.g., 75 m).

Furthermore, the use of UASs is a practical way of mapping areas larger than TLS
can provide, and it has been proved to be optimal for landslides and rockfalls that often
cover areas that range from less than one square kilometer up to a few square kilometers.
Additionally, the limitations of beach width where in situ observations or the use of
other techniques such as TLS are unattainable can be overcome via UAS and restrictions
associated with LiDAR instrumentation (e.g., high weight and occlusion areas), since the
final product is very similar, as mentioned above.

In this context, we chose to apply the two different approaches at the two case studies
of Egremnoi and Porto Katsiki, taking into consideration the most appropriate technique
for each case. A point cloud derived from SfM processing was utilized for creating the
basement datasets (Digital Surface Model and ortho-photograph) for the Egremnoi coastal
zone, whilst LiDAR scanning was used for direct point cloud acquisition at the popular
Porto Katsiki beach. The flowchart below illustrates the main steps of the methodology
along with the software solutions used for each one of them (Figure 4).
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Figure 4. Basic steps of the applied methodology.

3.1. UAS-Aided Survey at Egremnoi

The raw image data acquisition was conducted with a rotor-wing UAS (DJI Phantom
4 RTK) equipped with a stabilized, built-in 20M camera (of 8.8 mm focal length) bundled
on a two-axis gimbal. This unmanned platform has been chosen due to its relatively
reasonable cost and easy on-site operation in combination with the equipped miniaturized
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Geodetic Navigation Satellite System (GNSS) antenna, which provides sufficient precision,
particularly for the horizontal positioning required to facilitate proper alignment of the
images captured during the survey [95]. Although ground control points (GCPs) are a vital
tool for ensuring geolocation accuracy, in this case study, in which the morphology of the
area consists of very steep slopes with limited accessibility, the use of the RTK antenna with
which the drone is equipped is efficient enough for highly accurate results. Nevertheless,
we used the GNSS receiver in the Network Real-Time Kinematic (NRTK) mode, connected
to the SmartNET provider accuracy service [96] for obtaining subjective geolocation, which
is also necessary for the comparison between independent surveys [49].

The UAV flight survey was designed to cover an area of 0.3 km2, of a 160 m steep
slope consisting of fragmented limestones that fall on the coastal zone, especially after the
occurrence of earthquakes [78]. The take-off point was placed at an elevation of 190 m, and
the UAV was programmed to fly along four transects almost parallel to the coastline, at the
absolute height of 230 m. The camera was set pointing 30 degrees off nadir, with an image
overlap value of 75%. This resulted in the acquisition of 592 images that were processed
within Agisoft Metashape photogrammetry software, to produce (a) DSM (0.12 m resolu-
tion), (b) a vertical ortho-mosaic image of the coastal zone (0.06 m resolution) and (c) an
ortho-mosaic image normal to the steep morphological discontinuity (0.06 m resolution)
(Figure 5), based on a dense point cloud that consisted of 31 million points. Regarding
accuracy, the processing resulted in a root mean square error (RMSE) of 0.08 m on the
xy-axes and 0.18 m on the z-axis, which are rather acceptable values.

 

Figure 5. The SfM technique led to the construction of several high-resolution products such as
(a) DSM, (b) ortho-image and (c) vertical photo-mosaic of the Egremnoi steep slope.
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3.2. TLS-Aided Survey at Porto Katsiki

A series of reasons led us to use a TLS instead of a UAV for the point cloud generation
at the Porto Katsiki white limestone steep slope, which bounds the beach zone and increases
the rockfall risk, especially during the tourist season. The crowd presence during the data
acquisition and the unstable NRTK signal due to the bad reception of the cellular network
prevented the surveying team from using a UAV at this site. Thankfully, the morphology
of the surrounding area provided us with a rather ideal place for establishing the LiDAR
equipment and using it as a base for the tripod on which the TLS was placed (Figure 6).

 

Figure 6. (a) Spatial location of the TLS point clouds acquired from two base stations (in red and
blue colors). The black dots delineate the common scanned area of the steep slope with the minimal
shadowing effect. (b) Panoramic view of Porto Katsiki beach during the fieldwork. Note the scanning
equipment established at the bottom right (TLS base 2).
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The state-of-the-art, long-range Terrestrial Laser Scanner, Leica P50, was used, with
the ability to acquire high-precision point data at distances up to 1 km. According to its
specifications, the point accuracy may reach the order of 3 mm over the range that it was
used at Porto Katsiki, since the TLS base was established at a distance between 120 and
430 m opposite the steep slope. This resulted in a rather dense point cloud as the laser beam
adds a point almost every 0.9 cm at a distance of 120 m or every 3.6 cm at the furthest slope
areas, producing a rather reliable and valuable dataset for further processing. For the latter,
in addition to the xyz coordinates, RGB values (using the internal 4MP camera) are included
along with intensity laser signal values as well. We acquired two point clouds from two
different TLS bases, with known coordinates, 25 m away from each other (Figure 6) in
order to change the acquisition angle towards the slope as much as possible and therefore
reduce the shadowing during the scanning. Both point clouds were processed together and
merged, after co-registration and geolocation.

The final dataset consisted of 90 million points, and after the cleaning procedure, a point
cloud of 65.5 million was generated for further interpretation (Figure 7). The latter includes
several types of point classification and meshing, leading to detailed morphotectonic analysis
of the rock slope and calculation of structural discontinuities’ orientation (Figure 7).

 

Figure 7. (a) The point cloud of the cliff uphill from the Egremnoi beach, cleaned from the noise
caused by the vegetation, which might alter its steep topography. Classification of the extracted
facets according to their calculated dip in degrees (b) and each one’s dip direction that is color-coded
regarding the statistical analysis (c). The cliff was segmented into three segments (North, Middle and
South) and below each one, the wedge-sliding kinematic analysis is presented.
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4. Results

The point clouds that were generated at both areas were used for further analysis,
which was rather common for both datasets, with no restrictions concerning their origin
(UAS and TLS, respectively).

The structural analysis was carried out using the facets/fracture detection and more
specifically following the Kd-tree method [97] of the freeware CloudCompare [98]. The
Kd-tree method is a kind of high-dimension binary tree, and by using it, one can search
the nearest neighbor points in a relatively quick way [99] based on splitting the space of
the mesh into two parts. The top node splits the space in one dimension, and the next
nodes spilt the space in another dimension. The splitting causes approximately half of the
points to be stored in the left subtree, and the other half is stored in the right subtree. It
stops splitting when the points in one node achieve the given maximum count [99]. In this
case study, the Kd-tree method has been used for the extraction of the orientation at each
discontinuity located on the slopes under investigation [100,101]. Since the original data
are points, the Kd-tree was used to organize them in k-dimensional space, searching for the
neighboring points. Afterward, this point organization is used for dividing the cloud into
small planar patches, which are then grouped into facets.

The Egremnoi Beach dataset consisted of the final point-cloud, which was generated after
the application of the SfM method, followed by the construction of a 3D model using Agisoft
Metashape software in mesh format (i.e., Triangular irregular network—TIN) with almost
25 million facets, after excluding large parts of the slope that were covered by vegetation,
which altered the slope morphology (Figure 7a). The vegetation removal succeeded after
classifying the points of the cloud, due to relatively high values of green in the Red–Green–
Blue color model. The resulting dataset was used at the next stage for the structural analysis of
the steep slopes along the coastline, considering that a large accumulation of debris occurred
at certain locations next to the slope’s prone base. The dip of every facet was calculated by
using CloudCompare [98] algorithms (Figure 7b), and the patterns that were identified at
the dip profile map proved to be more than helpful for the prone segmentation, as it was
quite large for further processing. Therefore, it was divided into three segments and the
discontinuity planes were statistically interpreted individually (Figure 7c).

The average geometric characteristics of the topography of the northern segment are
55/275, and the orientation of 4141 discontinuity planes that were extracted from the point-
cloud processing was concentrated in two main groups at 24/289 and 43/237. The kinematic
analysis of the discontinuity poles using Dips software v.7.0 [102], in the context of the wedge-
sliding risk, indicated that 29% of the facet pairings are under serious rockfall potential,
considering that the friction angle is set at 30◦ [87,103]. The 3259 facets identified at the
southern segment are concentrated more or less in the same orientations (42/302 and 43/246)
and the morphology is approximately identical (55/273). The kinematic analysis for wedge
sliding showed that 25% of the discontinuity pairings could lead to failure, especially after an
earthquake occurrence. The respective percentage of potential rockfall at the median segment
of the Egremnoi cliff is lower (23%), even though the statistical significance of one of the
main facet groups was dramatically decreased and substituted from a new, almost vertical
one, with E-W trending (87/358). The latter is the result of the kinematic analysis of 4058
discontinuity planes and the second pole concentration is at 39/301, which is very similar to
those concentrations identified at the other two segments’ interpretations.

A similar processing methodology was followed with the Porto Katsiki cliff TLS data,
even though it was based on more objective management of the mesh product, due to higher
point density and a lack of any kind of vegetation altering the slope morphology, which led to
impressive and much more clear results (Figure 8a). A large number of facets (23,380 records)
were identified, each one characterized by dip and dip-direction measurements, among other
location and precision information, which was extracted following the above-mentioned
methodology. Several groups of oriented facets were recognized and classified according to
their dip (shown with color coding in Figure 8b). The facets were grouped based on their dip
direction in six categories shown with different colors in Figure 8c. Each classification con-
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tained classes that were assigned different colors, providing images where sectors with similar
rock mass characteristics regarding the discontinuity orientation were defined (Figure 8d). At
the next stage, the prone area was segmented into each one of those sectors, which seem to
behave homogenously in the context of safety due to rockfalls. The average slope orientation
characteristics were calculated using tools provided by CloudCompare freeware [98], and the
facet list was filtered by excluding the morphology facets and keeping the facets that coincide
with rock fracture discontinuities (6175 records). The latter was used at the next step of the
kinematic analysis related to the wedge-sliding risk along the prone.

 

Figure 8. The geometrically corrected point cloud of the Porto Katsiki cliff, above the beach, in real
color (a). The generated mesh file was classified according to each facet’s dip in degrees (b) and each
one’s dip direction (c). The latter led to (d) a cliff segmentation into three generic morphological
planes; Blue (81/244), Green (68/287) and Red (63/301).

Specifically, at the northern morphological segment (Blue plane at Figure 8d) where the
plane of the average slope is calculated at 81/244, no more than 21.5% of the discontinuity
plane combinations would lead to wedge sliding (Figure 9), which is the most common in
this prone area, considering that the limestone friction angle is set at 30◦. The percentage
rises to 27% for the median segment (Green plane at Figure 8d), where the average slope
is oriented at 68/287 and almost reaches 32% for the southern segment (Red plane at
Figure 8d). Therefore, it is apparent that the factor of safety in the context of visiting this
beach is rather critical, but it is significantly increased while moving to the southernmost
segments of the beachfront. Additionally, a back analysis indicates that the rock mass
sensitivity to failure increases at the intersection of the three segments since several fallen
blocks are found adjacent to these locations.

Taking into account the results from the UAV and TLS surveys in Egremnoi and Porto
Katsiki coastal areas, respectively, as well as the data obtained from the statistical analysis
of the slope discontinuities, we can draw important conclusions about the condition of the
slopes and their response to a possible strong earthquake in the future.

As emerged from the statistical analysis of the discontinuities and the kinematic analy-
sis of the wedge-sliding risk for the Egremnoi slope, the percentages of facet pairings, which
are under serious rockfall potential in the case of an earthquake occurrence, vary from 23 to
29%. Based on this small difference from section to section of the slope, as well as its overall
response during the Lefkada earthquake in November 2015, as shown in Figure 3b,c, it is
concluded that the slope is characterized by a uniformity in the discontinuities’ orientation
and its response to strong shocks.
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Figure 9. Wedge-sliding risk analysis for the three individual segments of Porto Katsiki beach (B
for blue morphological plane, G for green morphological plane, R for red morphological plane
of Figure 8d).

However, nothing similar emerges for the coastal slope in Porto Katsiki. Although
particularly susceptible to earthquake-triggered rockfalls, effects that have already occurred
during both nearby and distant earthquakes, the Porto Katsiki slope has not been shown in
the past and is not expected to show a uniform response to a future earthquake, regardless
of the distance from the epicenter. From the statistical analysis of the discontinuities and
the kinematic analysis of the wedge-sliding risk for the slope in Porto Katsiki, it is found
that the parts more susceptible to falls are located along the intersection of the three generic
morphological planes (blue plane—northern segment, green plane—middle segment and
red plane—southern segment in Figure 10). This fact, in combination with the generation
of failures and the increased presence of boulders and smaller fragments from previous
earthquakes (2003 and 2015 Lefkada and 2008 Andravida events) in the southern part of the
slope and the beach, respectively, indicates that this part presents the highest susceptibility
to slope failures. On the contrary, this does not apply to the middle and northern parts of
the slope. In the middle part, large rock fragments resulting from failures are very limited,
while in the northern part, they are entirely absent. This indicates the best response of these
segments during the applied earthquake loads. Therefore, it is concluded that the rockfall
risk during earthquakes in the southern part of Porto Katsiki is high.

The effects on people staying in the adjacent narrow beach are inevitable when rockfalls
occur unless special care and preventive measures are taken for their mitigation by the
bodies and municipal authorities involved in the prevention and management of disasters
caused by earthquakes and earthquake-related hazards. Even before the 2015 Lefkada
earthquake, the beach had been divided into two zones of safe and unsafe, the distinction of
which was made by placing protection poles and ropes, while there are also visible rockfall
warning signs for visitors. However, the monitoring and updating of measures must be
continuous, always taking into account all the factors that can affect the slope and increase
the potential for slope failures and impact on the adjacent beach.
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Figure 10. The three morphological planes detected from the TLS survey in the Porto Katsiki coastal
area. The blue plane corresponds to the northern segment, the green to the middle and the red to
the southern. The discontinuities detected along the planes’ intersection create conditions favorable
to failure. Taking into account the presence of boulders and other smaller fragments along the
beach, it is concluded that the southern segment of the slope (red plane) is characterized by the
highest susceptibility to large rockfalls with impact on the adjacent beach. Please note the colors used
correspond to the three generic morphological planes detected through the TLS application and are
shown in Figure 8d.
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5. Discussion

This work used UAS-aided photogrammetry and TLS in tectonically active segments
of the coastal zone as a tool to improve our understanding of the mass-movement processes
and the spatial dimension of landslide risk through a highly localized lens, as an approach
that improves our capabilities in coastal management in slope-failure-prone areas.

The outcome of the two applications at Egremnoi and Porto Katsiki beaches is a strong
indication these cutting-edge technologies have the capabilities to produce valuable results
in the field of slope failures, allowing the identification of higher-risk zones and relative
prioritization of any interventions.

Given the significance of slope failures as a hazard in coastal cliffs and the extent of its
impact acknowledged in the introduction of the present study, rock slope stability analysis
is considered very important for reducing the effects of instabilities and increasing the
safety of adjacent or neighboring areas, while preserving the value of the sites in question.
However, the classical survey methods comprising conventional data collection, which
have been proposed and applied in various environments and settings (e.g., [104,105],
present significant problems. These problems have to do with the time and cost needed for
implementing fieldwork, the safety of researchers during data acquisition and the coverage
of the data collection [43,106–108].

The visual inspections close to steep slopes, scarps and cliffs and direct measurement
conducted by the researchers, who act as rock climbers, affect their safety during the field
survey by exposing them to potential failure impacts. Furthermore, some discontinuities
cannot be directly observed during visual inspections and are partially recorded and
mapped, unless suitable aerial or satellite imagery is used. Consequently, a limited number
of manual compass data measurements of dip and dip direction can be collected during
the implementation of the classical survey methods in steep slopes, affecting the results as
discontinuities measured in small areas are not representative of the whole rock masses.
If an effort is made to fully cover the slopes, then field data acquisition may be a time-
consuming and expensive procedure.

In the case of rock slope stability analysis on the coastal slopes of Egremnoi and Porto
Katsiki, the classical methods, which include surveys with a geological compass measuring
dip and dip direction directly on the discontinuity, face many problems, which are strongly
related and attributed to the geological and geomorphological structure.

These issues are strongly related to the current geological and geomorphological set-
ting of western Lefkada. Its tectonic structure is characterized by active and seismic faults,
which, in combination with other morphological discontinuities, form a geotechnically
unstable area with high and steep slopes composed of highly fractured, brecciated, un-
supported and almost powdered geological formations, mainly limestones of the Paxoi
geotectonic unit with secondary welding and extensive semi-cohesive scree with limestone
breccia and red-clay-filled fractures as well as similar geometries of beds and discontinuities.
These intense tectonic processes have a great impact on the geomorphology of the study
area. They have increased the height and inclination of slopes resulting in almost vertical
slopes with maximum elevation larger than 100m in several sites. In addition, the combined
action of (i) endogenous processes, including deformation, which has caused lithological
heterogeneity and mechanical anisotropy of the alpine formations and post-alpine deposits,
and (ii) surficial processes including repeated cycles of mechanical, chemical and organic
weathering and marine and aeolian erosion, have contributed to decreased cohesion and
formation loosening along the steep coastal slopes.

All the aforementioned factors make it excessively difficult or even impossible to fully
apply conventional methods for rock slope stability analysis in sites such as Egremnoi and
Porto Katsiki. They would be time-consuming and expensive due to the equipment that
must be used for the researchers’ safety during field survey, while the results will only
refer to accessible parts of the slopes as most of them will be excluded due to inaccessibility.
On the contrary, the application of UAS-aided photogrammetry and TLS surveying offer
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examination of the Egremnoi and Porto Katsiki slopes, through a highly localized lens
across all parts of the surfaces under study.

Furthermore, the large number of planes identified in the studied slopes (14,849 dis-
continuity planes from UAS in Egremnoi and 23,380 facets from TLS in Porto Katsiki) is at
first essential for the thorough study of the deformation and then for the determination
of the potential for failures along the slopes, either by one structure or by the synergy of
two or more structures, which in turn reveals individual parts of the slopes susceptible to
failures in the case of important external loads applied during an earthquake. The large
number of data recorded during the application of these methods as well as the speed with
which these data are processed is a significant advantage over conventional methods [109].

In addition, it should be noted that the UAS- and TLS-derived datasets are available
for capturing on-demand data in the sense that the surveyor chooses the exact desired
time of recording the study area and all of its features. This is an advantage compared to
other image-exploitation approaches (e.g., satellite imagery analysis), especially when it
comes to disaster management, in which capturing the natural processes is time-sensitive.
In addition, UAS and TLS data capturing do not have the limitations of cloud cover.
Furthermore, the capabilities of the UAS and TLS surveys fit the opportunistic nature of
surveying a geomorphic phenomenon in the sense that the required equipment can be
rapidly deployed in the field to collect information (e.g., after morphological changes),
within the short time window that it is available (i.e., slopes affected by cleanup works).

With respect to the field data gathering process, the suggested approaches have
important benefits. Firstly, the segment of the coast under examination can be revisited
virtually (back at the lab) at a later time, as the geometrical data captured are stored and
can be reused, which is also essential for multi-temporal processing. This is particularly
useful in the case of remote sites or unsafe areas. This availability of terrain data for a part
of the coastal cliffs/zone allows the processing of multiple parts, permitting a more holistic
study of the conditions. In this way, the captured scarp information in the form of a DSM
offers increased flexibility and provides the opportunity to perform different trials on the
study site, depending on the prevalent risk (e.g., a housing complex on top of the hill or an
area filled with visitors).

The very high resolution provides a description of the slope in very high detail, with
nodes every few centimeters. This is a strong advantage of this approach, as it increases
practicality, reduces time and personnel needs and minimizes safety concerns, especially
considering steep slopes and inaccessible areas that would otherwise be surveyed using
handheld instruments, putting surveyors at risk.

In highly touristic areas of special natural beauty, such as the coastal areas in the
western part of Lefkada, the interpretation of data originating from either UAS-aided
photogrammetry or LiDAR scanning is not only an important scientific innovation for
assessing the landslide susceptibility of slopes, but also a significant tool in the direction
of responsible and effective management of coastal areas through the cooperation of
authorities involved in the prevention and management of disasters from natural hazards.
This effectiveness is achieved through the adoption of invasive measures to reduce and
eliminate the adverse effects of the occurrence of such phenomena on infrastructure and
visitors. These measures may require prohibiting access to the adjacent beaches until their
completion, thus imposing enormous constraints on the socio-economic development of
the highly touristic areas. However, landslide risk mitigation measures could be of low cost
and without major interventions in the landscape. They do not presuppose a total ban on
access to susceptible areas and therefore they do not cause any disruption to tourism and
socio-economic activities of the areas where they are applied, in addition to the enhanced
safety that they provide.

The most suitable approach for the beaches adjacent to the Egremnoi and Porto Katsiki
slopes is their division into access zones. This distinction mainly takes into account the
results of the UAS and TLS survey and especially the landslide-susceptible parts of the
slopes, which are adjacent to the beaches. Additional elements that are evaluated are the
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presence of unstable fragments on slopes with a high potential to detach and fall on or slide
to the beaches in the case of a strong earthquake, as well as the location of the fragments,
which have ended up on the beach from previous earthquakes or other episodes that also
triggered landslides, such as heavy and rapid rainfall. After evaluating these data, the
beaches could be divided into three zones: (1) The free-access zone of low landslide risk,
(2) the restricted-access zone of moderate risk and (3) the prohibited-access zone of high
risk. The boundaries of the zones can be modified at any time depending on whether the
conditions that favor the occurrence of landslides are aggravated or not. Thus, prohibited-
and restricted-access zones can be merged into a single access zone of high risk after the
occurrence of a major earthquake, during a prolonged aftershock sequence, as well as
during or after a prolonged period of heavy rainfall.

This high-spatial-resolution mapping of slope deformations can be used as a landslide pre-
cursor, assisting prevention measures. This zonation enables stakeholders to reduce the adverse
effects of potential landslides without, however, barring access to beaches for long periods of
time, which are required by the implementation of large-scale projects and interventions.

Additionally, in the context of the multi-temporal approach, repeated data acquisitions
could be scheduled at regular time periods or after triggering episodes, which might
potentially disrupt the slope stability. A comparative process could quite easily be merged
into an automated procedure, and an alert might be generated for the re-establishment of
the safety zones.

Even though the point-cloud differences are not crucial, regardless of their origin,
a matter of point density arises. TLS scanning provides denser datasets, with higher
accuracies (depending on the specifications of the LiDAR) provided that there are suitable
steady spots for establishing the equipment, at small distances, opposite the monitored cliff
behind the beachfront. The latter adds credit to continuous multi-temporal observation
and the quantification of any displacement, which might spur strong objections when it
comes to the exact positioning of UAS imagery and therefore the overall model accuracy.
Moreover, restrictions for UAS flying admittance due to safety may apply in no-fly zones
or in areas with a human presence.

A strong argument for preferring UAS photogrammetry products instead of directly ac-
quired data from TLS scanning would be the presence of vegetation cover on the cliff slopes.
Even though its existence is an objective parameter that might affect both point-cloud
datasets by—sometimes—hiding important fractures, its removal during the photogram-
metric processing seems to be rather more harmless. That is due to multiple angles of
imagery acquisition, which allows for information of point generation to be available even
after the removal of points that are classified as vegetation. On the contrary, the canopy at
the vegetated areas that are scanned with TLS does not permit laser penetration, and rather
large areas of “no-data” appear, with no participation in further processing.

6. Conclusions

This study applies two cutting-edge methodologies that enhance our capabilities to
understand slope stability and monitoring in tectonically active coastal areas. The two sites
studied in the present work are a very common setting in the scenic coastline of the highly
touristic Ionian Islands and other parts of the Mediterranean, where slope failures and
instabilities threaten high-value locations and their visitors.

The application demonstrates that the UAS- and TLS-aided surveys are able to provide
a very detailed description of the structural condition of the slopes, in terms of discontinu-
ities, using large numbers of measurements in a more practical, reliable and safe way in
comparison with conventional surveys.

Evaluation of the outcome of the surveys allows the identification of specific segments
more prone to slope failures, improving the understanding of risk in the study sites and
creating circumstances for the prioritization of interventions. This improved understanding
is feasible because of the applied technologies. Regarding future research in the field,
it will be interesting to further explore the combined use of UAS and TLS applications
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and the evaluation of the respective outcomes, as these first results show that it has the
potential to maximize the information content provided to stakeholders and decision-
makers. In this way, the synergy of the two applications has the potential to provide related
knowledge in order to adopt site-specific mitigation measures and strategies and can be an
effective and responsible method for risk-mitigation-driven development of high-value
coastal areas. Further research could also explore how these applications would compare in
terms of performance against conventional rock slope stability analysis and ground-based
slope-failure monitoring techniques.

The approaches presented can be a useful, efficient and transferable tool that would
benefit risk-mitigation efforts and the design of protection measures by expanding applica-
tions to other sites with similar geological and geomorphological properties worldwide.
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Abstract: Seismicity in the Ionian Sea (W. Greece) is mainly generated along the Cephalonia–Lefkada
Transform Fault Zone (CLTFZ) in the central Ionian, and on the northwestern termination of the
Hellenic subduction margin in the south. Joint pre-, co- and post-seismic ground deformation
and seismological analysis is performed at the broad Ionian area, aiming to homogeneously study
the spatiotemporal evolution of the activity prior to and after the occurrence of strong (M > 6)
earthquakes during the period of 2014–2018. The 2014 Cephalonia earthquakes (Mw6.1 and Mw5.9)
were generated on a faulting system adjacent to CLTFZ, causing local ground deformation. The
post-seismic sequence is coupled in space and time with the 2015 Lefkada earthquake (Mw6.4), which
occurred on the Lefkada segment of the CLTFZ. Co-seismic displacement was recorded in the broader
area. Seismicity was concentrated along the CLTFZ, while its temporal evolution lasted for several
months. The 2018 Zakynthos earthquake (Mw6.7) caused regional deformation and alterations on
the near-velocity field, with the seismicity rate remaining above background levels until the end of
2021. In the northern Ionian, convergence between the Apulian platform and the Hellenic foreland
occurs, exhibiting low seismicity. Seismic hazard assessment revealed high PGA and PGV expected
values in the central Ionian.

Keywords: Ionian Islands; Cephalonia–Lefkada Transform Fault Zone; seismicity; ground deformation;
GNSS; seismic hazard

1. Introduction

The area of the Ionian Islands in western Greece plays an important role in the kine-
matic processes of the eastern Mediterranean. This tectonically complex area is by far
the most seismically active region in Greece and among the most seismogenic regions in
Europe. It is characterized by the frequent occurrence of destructive large earthquakes and
undergoes intense ground deformation. The central Ionian Islands constitute part of the
Eastern Mediterranean lithosphere that is subducted beneath the Aegean lithosphere along
the Hellenic Arc.
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The Ionian Sea (Figure 1) hosts areas with different fault geometries and kinemat-
ics. The prevailing tectonic structure is the NNE–SSW-trending, right-lateral Cephalonia–
Lefkada Transform Fault Zone (CLTFZ), which is the most seismically active structure not
only in the Ionian Sea, but also in Greece. This zone is a major boundary in the kinematic
field of the region, as it separates the Ionian Margin into two different areas. The North
Ionian Islands, comprising the Diapontia Islands, Corfu, Paxoi and Antipaxoi Islands,
move slowly northward and northwestward at rates lower than 5 mm/year with respect to
Eurasia. The South Ionian Islands, comprising Lefkada, Cephalonia, Ithaca and Zakynthos,
move rapidly southwestward with velocities of 6–30 mm/year [1–3].

The CLTFZ is composed of two segments: the 40 km-long, NE–SW-striking, ESE-
dipping, right-lateral Lefkada segment, extending from the northwestern offshore part of
Lefkada Island to the northern offshore part of Cephalonia Island [4,5], and the 90-km-
long Cephalonia segment, close to the western offshore part of Cephalonia, with similar
geometry and kinematic properties to the other segment [6,7].

 

Figure 1. Seismotectonic background of the Ionian Islands region. Focal mechanisms of stronger
events (M ≥ 5.5) are presented (see Data Availability Statement for references). Historic seismicity
is presented by gray squares (SHEEC database, [8,9]) Principal stress axes S1 (blue) and S3 (red)
after [10]. Fault lines after [11–19]. CLTFZ: Cephalonia–Lefkada Transform Fault Zone, WAFZ:
Western Achaia Fault Zone.

The South Ionian Islands (Zakynthos and Strofades) are located close to the north-
westernmost tip of the Hellenic Arc, a few kilometers east of the Hellenic Trench in the
southern Ionian Sea. The trench represents the active plate boundary where the eastern
Mediterranean lithosphere is being subducted beneath the Aegean one. This subduction
zone terminates against the Cephalonia segment of the CLTFZ.
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The CLTFZ is not the only major right-lateral fault zone in the Ionian Sea. A few kilo-
meters south of Zakynthos, another structure occurs. It constitutes the southward extension
of the seismic NE–SW-striking, right-lateral Western Achaia Fault Zone (WAFZ), which
extends from the northwestern part of the Peloponnese to offshore southern Zakynthos [20].
The epicenter of the 8 June 2008, Mw6.4 Andravida earthquake [21,22] and its aftershock
sequence were distributed along the onshore part of the WAFZ, at the northwestern part of
the Peloponnese. It is worth noting that the earthquake did not induce direct expression of
primary surface faulting [23]. Furthermore, the onshore part of the WAFZ has no direct
surficial morphotectonic or geological evidence onshore of the Western Peloponnese. On
the contrary, its offshore extension is linked with an offshore pull-apart basin NE of the
Strofades Islets [24,25].

The part of the Ionian Sea located south of Zakynthos constitutes a downthrown block
of the External Hellenides at the northern end of the Hellenic Trench. Flat thrusts, strike-slip
and normal faults are detected [25], with thrusting prevailing over strike-slip or normal
faulting [7,26]. The prominent feature of this area is a 46 km-long, NW–SE-trending thrust
system [27], responsible for the generation of the 1997 Mw6.6 [28] and the 26 October 2018
Mw6.7 [29] Zakynthos earthquakes.

The intense seismicity on the southern part of the Ionian Sea is attributed to the
proximity of this area to the CLTFZ, the Hellenic Trench and many onshore faults in the
South Ionian Islands. These islands have been formed either on the margins or within fault
blocks. At Lefkada Island, typical cases are the fault zones in the western coastal part [15],
along which extensive environmental effects were generated from the two strong Lefkada
earthquakes on 14 August 2003 (Mw6.3) [30,31] and on 17 November 2015 (Mw6.4) [32],
triggering many rockfalls and landslides in the western coastal part of the island [17,33].
In Cephalonia, several active faulting zones at the northern, western and southwestern
parts of the island are susceptible to triggering of earthquake environmental effects, with
the most typical example being the numerous rockfalls and slides due to the August 1953
earthquakes [34]. In Zakynthos, typical cases of active faults are the Volimes fault zone in
the north part of the island, which has been formed in the transition from the Northern
Zakynthos fault block to the Central Zakynthos one. Similar active faults are also located at
the eastern and southern parts of Zakynthos Island [16].

Regarding the North Ionian Islands, a NNW–SSE-trending system, with a relatively
extended shelf width represents the convergence (continental collision) between the Apu-
lian Platform and the Hellenic foreland, with Corfu lying on the northwestern edge of the
Hellenic Fold and Thrust Belt. The E–W-striking Southern Salerno–North Corfu fault zone
is a major right-lateral structure that crosses Corfu from coast to coast [35] and which has
resulted in the displacement of N–S-trending fold axes and thrusts [36]. This part of the
Ionian Sea is characterized by lower seismicity than the southern one. The North Ionian
Islands have suffered damage from earthquakes generated in adjacent areas, such as the
20 February 1743 Salento peninsula (Apulia, southern Italy) earthquake with Mw7.1 and
I0 = IX, which triggered landslides in Corfu [37] and severe structural damage, including
building collapses in Corfu town [38], attributed to very efficient strong propagation with
NW–SE preferential directivity [39].

The complex geotectonic status of the area resulted in the high seismic activity that
occurs in the broad Ionian area. However, during the last decade, and mainly during
the period between 2014 and 2018, increased seismicity was observed, and strong events
(M > 6.0) shocked the central Ionian Islands. Early 2014, two earthquakes (Mw5.9 and
Mw6.1) occurred on Cephalonia Island, while in November 2015 and in October 2018
two earthquakes of Mw6.4 and Mw6.7 took place at South Lefkada and offshore south of
Zakynthos, respectively. The regional crustal motion along the entire Ionian Sea and
western Greece, as well as the local deformation on the central Ionian Islands, have
been studied and monitored with local dense Global Positioning System (GPS) networks
[13,40,41] and continuous Global Navigation Satellite System (GNSS) stations [42,43]. Pre-
vious work focused on the seismological analysis and interpretation of each of these
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strong earthquakes [15,29,32,44–49], on the study and modeling of the co-seismic defor-
mation during every event [50–58] and on the geological impact close to the epicentral
areas [14,15,17,59,60].

The purpose of the present work is to study and present in a unified and homogeneous
approach an overview of the seismicity and the ground deformation in the broad area
of Ionian Sea, extending from Corfu Island to the north to Strofades Islet in the south.
The time span of the data covers the period before, during and after the occurrence of
the strong earthquakes of 2014–2018. The spatiotemporal evolution of the seismicity
involving these significant events is analyzed. Pre-, co- and post-seismic deformation is
quantitatively described, aiming to understand the pattern of the ground motion associated
with the recorded seismicity. The regional implications of joint seismological and geodetic
analysis are also considered and discussed with respect to the geotectonic status of the area.
Seismological data from the Hellenic Unified Seismic Network (HUSN) and geodetic data
from the commercial and institutional continuous GNSS networks in the area were used in
the framework of this study.

2. Seismological Data and Results

In the Ionian Islands there are historical reports of 94 earthquakes from the years 358 to
1898 [9,61]. A significant number of historical earthquakes are located onshore, most possibly
due to the limitations that arise from the use of historical sources. Instrumental seismicity,
since 1900, is concentrated around the islands of Lefkada, Cephalonia and Zakynthos [28]. As
described above, epicenters in Lefkada and Cephalonia are linked to local faults and mainly
to the CLTFZ, whereas seismicity offshore and close to Zakynthos is related to the border
between the Eurasian and African plates. Focal depths are limited to the upper 30–40 km of
the crust, while foci at greater depths are related to the submerged African plate. The high
seismicity rate is reflected in the high seismic hazard of the central Ionian Islands that belong
to the highest category (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 [62].

Since the implementation of the HUSN in 2007 [63], the monitoring of seismic activity
in Greece has been enhanced, with increased detectability and improved location accuracy.
This was particularly important for the region of the Ionian Islands, as it is situated at the
western margins of the network and a significant part of its intense seismicity is located
offshore. Herein, a catalogue of ~62,000 earthquakes was compiled. These events have
occurred in the broad Ionian Islands area, including part of mainland western Greece.
The seismological data were collected from the database of the Geodynamics Institute of
the National Observatory of Athens (GI-NOA) for the period from February 2011 to May
2018. For the consecutive period from June 2018 to November 2021, the seismological
data were extracted from the database of the Seismological Laboratory of the National
and Kapodistrian University of Athens (SL-NKUA). Furthermore, in the present analysis,
relocated seismicity catalogues were incorporated for the 2014 Cephalonia, 2015 Lefkada
and 2018 Zakynthos aftershock sequences [29,32,64–67].

2.1. Seismicity Results

After visual inspection, the seismicity of the study area during the last decade was
divided into 12 spatial groups (Figure 2), to enable the description of its spatiotemporal
evolution. Seismicity marginal to the area of interest was placed in the miscellaneous group
#13 (white). The magnitude of completeness is estimated at Mc = 2.0 ± 0.2, with variations
depending on the method used for its determination or the time period of a selected subset.
At times, it reaches lower values, e.g., 1.5, whereas during the occurrence of significant
earthquakes that produce series of large aftershocks, the magnitude of completeness may
temporarily surpass 2.5. The cumulative number of events per spatial group (Figure 3a) and
the spatiotemporal projection (Figure 3b) along the A–B profile of Figure 2a are drawn after
the application of the magnitude threshold (M ≥ Mc = 2.0). The herein referred magnitudes
are ML, unless otherwise stated.
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Figure 2. (a) Seismicity in the region of the Ionian Islands during the period February 2011–November
2021 from the databases of GI-NOA and SL-NKUA, including relocated catalogues for the three main
aftershock sequences [29,32,64,65]. Colors and numbers correspond to different spatial groups. The
north–south-oriented profile A–B is used for the spatiotemporal projection of Figure 3b. (b) Close-up
of the seismicity in the region of Cephalonia–Ithaca–Lefkada Islands. (c) Close-up of the seismicity in
the region of Zakynthos Island.

Starting in early 2011, scattered seismicity was observed throughout the Ionian Islands
region. An M4.5 earthquake occurred near the northern tip of Cephalonia Island on
16 March 2011, an M4.1 event occurred just offshore south of the island on 5 December 2011
and an M4.2 event near the northwestern part of the Paliki peninsula (Atheras area) on
23 April 2013. The background seismicity rate with M ≥ 2.0 was ~0.4 events/day, occurring
mainly onshore of the island (group #1, red) and in Myrtos Gulf (group #2, orange). Overall,
very few events are located near to or onshore of Ithaca Island during the study period.
Background seismicity was also recorded along the SW extension of the CLTFZ, at a rate
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of 0.1–0.2 events/day. Further south, near Zakynthos Island, clustered seismicity was
recorded following events of magnitude around 4 at group #4 (indigo; ~0.3 events/day)
and group #8 (yellow; ~0.5 events/day), which extended from the area between Zakynthos
and Cephalonia to the NW Peloponnese. An M5.0 event occurred at the westernmost
end of group #4 on 19 July 2011, triggering seismicity along SW–NE-trending streaks. It
should be noted that such delineations of epicenters in that area have been argued to be
affected by the large azimuthal gap, causing location biases along this direction [29], so
they should not be overinterpreted. The southernmost group #6 (cyan) near the Strofades
Islets has a background rate of ~0.2 events/day. On Lefkada Island (group #3, green; with a
background rate of 0.1–0.2 events/day), seismicity often occurs in spatiotemporal clusters,
whereas the background seismicity on Cephalonia Island tends to be more randomly
scattered. Significant earthquakes that took place during the study period also include an
M4.5 event on 23 October 2012 offshore north of Lefkada and west of Preveza, and an M4.7
event on 23 May 2013 at the southern tip of the island.

Figure 3. (a) Cumulative number of events per spatial group of Figure 2 (different colors), for events
with M ≥ Mc = 2.0. The larger events (M ≥ 4.0) are marked by circles. (b) Spatiotemporal projection
along the north–south-oriented profile A–B of Figure 2a, for events within a range of ±50 km from
the profile and M ≥ Mc = 2.0. Symbol size is proportional to magnitude. Events with M ≥ 5.0 are
marked with stars. Close-ups for the periods January 2014 to September 2017 and August 2016 to
November 2021 are presented in Figures A1 and A2 of Appendix A, respectively.
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Group #9 (black), near the eastern shore of Amvrakikos Gulf, with a background rate
of ~0.1 events/day, contains an M5.2 event that occurred on 24 October 2014, producing a
small cluster. Further north, Corfu Island is characterized by very low seismicity onshore
throughout the study period. Sparse seismic activity was recorded offshore to the south and
a bit denser distribution of epicenters is identified to the north, near the shores of Albania
(group #5, purple; with a background rate of 0.1–0.2 events/day), related with events of
magnitude 4.0 ≤ M < 5.0. West of Corfu Island, at NW Epirus, group #10 (blue; background
rate of 0.2–0.4 events/day) included an M = 5.6 thrust event that occurred on 21 March 2020
near Kanallaki [68,69]. Group #11 (beige; background rate of 0.1 events/day) contains an
M5.3 event that occurred on 15 October 2016 near Ioannina. At the northern edge of the
study area, group #12 (gray; background rate of 0.1 events/day) near the Greco-Albanian
border, contains an M5.3 event that occurred on 1 June 2019. The most significant bursts
of earthquake activity at the Ionian Islands region during the study period comprise the
2014 Cephalonia (groups #1 and #2), the 2015 Lefkada (groups #3 and #2) and the 2018–2019
Zakynthos mainshock–aftershock sequences (group #4), which are described in more detail in
the following subsections.

2.1.1. The 2014 Cephalonia Sequence

The 2014 Cephalonia sequence was initiated by an Mw6.1 mainshock that occurred
on 26 January 2014, ~2 km NE of the city of Lixouri, on the Paliki peninsula [44–46,60,64].
About one week later, on 3 February 2014, another significant earthquake of magnitude
Mw5.9 occurred at the NW part of Paliki. The seismicity on Cephalonia Island during 2014
was relocated using the double difference method (HypoDD; [70]) and a minimum 1D
velocity model [64,65]. The aftershock distribution extended ~32 km in a N20◦ E direction,
covering the entire Paliki peninsula (group #1), but seismic activity was also triggered
in a spatially separated cluster inside Myrtos Gulf (group #2). The southern half of the
onshore seismicity, related mostly to the first major earthquake of 26 January 2014 at a
depth of 16 km, appeared more complex, being distributed between 5 and 17 km and
extending to a width of 15 km in a N110◦ E direction, whereas the northern half, mostly
related to the second major earthquake, was more linearly distributed (width ~5 km) and
shallower, at focal depths between 5 and 12 km [65]. Seismicity after the first earthquake
was mainly concentrated near its hypocenter during the first hours, but quickly spread
throughout the aftershock zone. Some clusters further south, offshore Cephalonia, were
triggered at a later stage. A significant cluster occurred south of group #1 after an M5.0
event on 8 November 2014, soon followed by clustered activity in Myrtos Gulf (group
#2). The focal mechanisms of the two major events and most of the major aftershocks
indicate dextral strike-slip faulting along SSW–NNE-trending, subvertical faults. However,
seismicity inside the Myrtos Gulf is characterized by several smaller clusters trending
E–W, i.e., transverse to the axis of the CLTFZ, which suggests antithetic sinistral faulting.
The 2014 sequence temporarily increased the seismicity rate of the neighboring groups
#7 and #8. The temporal evolution of the post-seismic activity in Cephalonia (group #1)
shows a long relaxation period that lasted up to July 2017, considering a relatively high
background seismicity level (0.3 events/day) for M ≥ Mc = 2.0 (Figure 4). In the northern
area of Cephalonia (group #2), with a smaller background seismicity rate (0.1 events/day
prior to 2014), increased activity was observed up to September 2017, due to its reactivation
after the 2015 Lefkada mainshock, which is presented in the following Section 2.1.2.

35



Appl. Sci. 2022, 12, 2331

 

Figure 4. Temporal evolution of the seismic sequence on Cephalonia Island (group #1), for events
with M ≥ Mc = 2.0. The upper panel shows the cumulative number of events, with the occurrence of
M ≥ 4.0 events depicted by stars, while the lower panel describes the seismicity rate on a semi-
logarithmic scale, measured for sliding windows of various lengths (5 days to 100 days).

2.1.2. The 2015 Lefkada Sequence

A few months after the Cephalonia events, on 17 November 2015, an Mw6.4 earth-
quake struck Lefkada Island, with its epicenter located near the mid-southern part of the
western coast. The seismicity during the period from 17 November to 3 December 2015,
relocated with the double-difference method [65], revealed a very different distribution
than that of the 2014 Cephalonia sequence. The aftershocks were divided in distinct clusters,
distributed at focal depths between 5 and 15 km. The aftershock zone extended to ~60
km in a N16◦E direction, mainly onshore of the island. Very few events occurred south of
the mainshock, suggesting that a major fault patch was ruptured, leaving only few small
unbroken asperities. The largest aftershock was an M5.0 event that occurred on the same
day as the mainshock and close to its vicinity. The densest cluster was located just north
of the mainshock, in the same region that was activated during an M5.1 event that had
occurred on 29 November 1994 [71], and also triggered after an Mw6.3 earthquake that
struck the northern part of the island on 14 August 2003 [30,31]. Notably, the mainshock
of 2015 at Lefkada Island, which mainly involved group #3, also triggered seismicity in
group #2, between Cephalonia and Lefkada, and even inside the Myrtos Gulf. Furthermore,
these offshore southern clusters presented similar characteristics as those in the gulf of
Myrtos, i.e., east–west alignment, likely related to antithetic sinistral faulting, transverse
to the CLTFZ. The earthquake rate of group #3 that increased since the occurrence of the
17 November 2015 earthquake, remained higher than the background level (0.1 events/day;
for M ≥ Mc = 2.0) as late as September–October 2017. To exclude possible biases due to the
increase of event detectability, setting a higher magnitude threshold of 2.3 (Figure 5) indi-
cated a return of the seismicity rate to its background level around October 2016, dropping
to very low levels in May–July 2017.

36



Appl. Sci. 2022, 12, 2331

 

Figure 5. Temporal evolution of the seismic sequence on Lefkada Island (spatial group #3) for events
with M ≥ 2.3. Panels are similar to Figure 4.

2.1.3. The 2018–2019 Zakynthos Sequence

The most recent significant seismic occurrence in the region of the Ionian Islands during
the study period is the 2018–2019 Zakynthos mainshock-aftershock sequence [29,49,72]. An
Mw6.7 offshore earthquake occurred on 25 October 2018, 45 km SW of Zakynthos Island, at an
estimated depth of ~12 km. The focal mechanism of the mainshock indicates dextral strike-slip
on a low-angle (25◦), east-dipping plane. The relocated catalogue of over 4000 aftershocks in
the period between 25 October 2018 and 31 March 2019 reveals an extensive aftershock zone,
~80-km-long in a N110◦ E direction and ~55 km wide [29]. The largest aftershock was an
Mw5.5 event that occurred on 30 October 2018, 15 km NNW of the mainshock, with a similar
focal mechanism, albeit with a steeper dip angle. The distribution of epicenters permits the
distinction of some sub-clusters within the seismicity cloud. A large group in the vicinity of
the mainshock presented a smoothly diminishing seismicity rate. On the other hand, other
clusters, particularly at the northern part of the aftershock zone, but also at the southern end,
presented outbreaks, some related with the occurrence of significant aftershocks. The most
persistent activity was observed at the northern subclusters of group #4, with intense activity
that lasted until October 2019. A last burst of seismic activity occurred between March and
July 2020 and was triggered at the southern end of the 2018 aftershock zone, after an M4.3
event on 26 March 2020, followed by a few more M > 4 events. A final significant M5.2 event
occurred on 21 October 2020 in the same region, after a period of quiescence.

The 2018 Zakynthos mainshock–aftershock sequence was preceded by several fore-
shocks since the beginning of the year in the vicinity of the mainshock. An M4.8 event had
occurred at the northern end of group #4 on 21 February 2018 and another Mw4.8 event was
recorded half an hour before the mainshock. Earlier activity was also documented near the
mainshock’s region between September 2016 and March 2017, in at least three outbreaks,
while a smaller one occurred in August 2017. Focal mechanisms of the 2018 Zakynthos
aftershock sequence involved both low-angle and steeper strike-slip faulting [29]. The
latter is mainly related with the northern subclusters, which also present a form of SW–NE-
trending streaks, similar to the cluster at the southern end of group #4. The kinematics of
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the mainshock and many of the major aftershocks are consistent with SW–NE-trending
compression occurring in this region that is found in a transition zone between strike-slip
faulting in the north (CLTFZ) and to the east (WAFZ in the NW Peloponnese, e.g., the 2008
Andravida earthquake [21,22]) and the northwestern end of the Hellenic Arc subduction
zone. The temporal evolution of the post-seismic activity indicates that even towards the
end of 2021 the seismicity rate had still not returned to its background level, despite the
magnitude threshold being set as high as 2.5, quite above the average Mc = 2.0 (Figure 6).

 

Figure 6. Same as Figure 4, but for the temporal evolution of seismicity south of Zakynthos Island
(group #4), for events with M ≥ 2.5.

2.2. Seismic Hazard

The intense and large magnitude seismic activity in the broad area of the Ionian Islands
makes the assessment of seismic hazard crucial in the urban planning, as well as in the
construction of critical infrastructure. Additionally, the tourism industry in the Ionian
Islands is a major concern for the local and national economy that requires enhancing its
earthquake resilience.

The strong earthquakes that occurred in the area have yielded high values of Peak
Ground Acceleration (PGA). At Cephalonia, the two events of 2014 induced shakings
reaching ~560 cm/s2 and 735 cm/s2, respectively [73]. At Lefkada, PGAs of ~412 cm/s2

were recorded in the 2003 event [74] and 363 cm/s2 during the 2015 earthquake [67]. Finally,
the Mw6.7 earthquake of Zakynthos led to a recorded PGA of ~382 cm/s2 [75], on the
island.

On the framework of this study, the seismic hazard of the Ionian Islands was evaluated,
aiming to estimate the maximum anticipated ground motion values in this highly active
seismogenic area. A probabilistic seismic hazard assessment (PSHA) method has been
applied. Based on the regional character of this study, a source-zone approach was selected.
Zone boundaries were obtained from the SHARE project [76,77]. However, the b-value,
earthquake rate and maximum magnitude for each area were re-estimated, from the
catalogue compiled in the context of the current study. To account for time periods of
incomplete data, the modified b-value (β) was determined using a maximum likelihood
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method [78]. The ground motion prediction equations (GMPEs) of [79], which have been
successfully applied in seismic hazard studies in Greece [80–82], were used to obtain PGA
values in the final PSHA model. A reverse/strike-slip focal mechanism type and a rock
basement were considered in the GMPE, for all areas. Finally, the seismic hazard was
assessed using the R-CRISIS software [83]. The software can calculate the expected hazard
value (in this case, PGA and the Peak Ground Velocity; PGV) for estimated earthquake
occurrence probabilities at specific timeframes, for the given distribution of sources and the
event magnitudes within the limits of each zone. The PGA and PGV values were computed
for a 10% exceedance probability level in 50 years (return period of 475 years) (Figure 7).

Figure 7. Maps showcasing the spatial distribution of PGA (a) and PGV (b) for a return period of 475
years. Major cities in the Ionian complex are marked by gray boxes.

The two hazard quantities follow similar distributions. Highest values are observed
at Cephalonia and the nearby Ithaca Island. The high seismic activity on these islands
fully complied with the obtained hazard values. Similarly, increased values are observed
at the NW edge of Zakynthos. The hazard quantities decrease towards the central part
of Zakynthos, in accordance with the lack of strong events in this area. The high hazard
zone is terminated at the southern part of Lefkada Island. The lowest hazard values in
the area are observed in the north Ionian Islands (Paxoi and Corfu); as expected, since no
large-magnitude events (M ≥ 6.0) have occurred in this area during the past 120 years [28].

The Greek Building Code [62] classifies the Ionian islands into two zones: Zone II
(with PGA of 235 cm/s2) and Zone III (with a value of 353 cm/s2). Lefkada, Cephalonia,
Ithaca and Zakynthos Islands are in Zone III, with Corfu and Paxoi classified in Zone II.
While the code provides wide ranges, the current analysis indicates that there may be a
need for a more detailed approach. The expected PGA at Corfu and Paxoi was found to
be the lowest in the Ionian Islands, being less than 353 cm/s2. However, it was observed
that for Zone III islands, a much finer distribution could be extracted (Figure 7a). Moreover,
Cephalonia and Ithaca seemed to feature PGA values much higher than that of the Seismic
Code. Making this distinction by introducing a new Zone with stricter building guidelines
could prove to be a useful approach to reduce seismic vulnerability—and therefore, risk—in
a financially significant area of the Ionian prefecture. Revising the national code would
also offer the opportunity to rethink local actions for improving the seismic resilience of
older and historical buildings in cities and towns (e.g., Argostoli in Cephalonia) that teem
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with them. Other seismic hazard studies, albeit Greece-wide, also find PGA values that
well exceed those proposed by the building code [80,84].

3. GNSS Data and Results

Daily GNSS data from stations located in the Ionian Islands and western mainland
Greece and the Peloponnese were processed for the period from 2009 to 2021. The analysis
intended to determine the crustal velocity field of the broad area, detect possible pre-
seismic displacements and study co- and post-seismic deformation. The continuous GNSS
stations extend from the northern Corfu Island to the Strofades Islets, south of Zakynthos.
In western mainland Greece and the Peloponnese, the stations are located in the broad
area of Patras Gulf and in the city of Pyrgos in the western Peloponnese (Figure 8). Sites
KASI, SPAN, PONT, KIPO, VLSM, ZNTE, STRF, KTCH and RLSO belong to the National
Observatory of Athens (NOA network) [42,43]. The commercial network of METRICA SA
(HexagonSmartNet) [85] provided data for stations KERK, PAXO, ARGO, ZAKY, AGRI and
PYRG. In Cephalonia Island, the sites SISS, KARA and SKAL are part of the National and
Kapodistrian University of Athens network (NKUA net) [54]. Meanwhile stations EXAN
and DRAN in Lefkada Island and FISK and ASSO in Cephalonia are part of the GNSS
network of the Corinth Rift Laboratory (CRL GNSS net) [86], which is the only international
Near-Fault Observatory (NFO) of the European Plate Observing System. Finally, PAT0
station in the city of Patras is a European Reference Frame (EUREF) station [87].

 

Figure 8. Horizontal velocity vectors (black arrows) for the continuous GNSS sites (blue triangles) of
the broad Ionian Islands area. Red arrows indicate the horizontal velocity component estimated for
the period after the strong (M > 6) earthquakes in the area (ITRF 2014).
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The raw GNSS data were processed using the Bernese v5.2 software [88]. Several
GNSS stations of the EUREF and IGS were included in the processing together with the local
GNSS sites, while auxiliary files were introduced in the procedure. The absolute antenna
phase center corrections were used, together with precise orbital solutions from the Center
for Orbit Determination in Europe (CODE) and the Vienna Mapping Functions for the
tropospheric modeling. The FES2004 model (http://holt.oso.chalmers.se/loading; accessed
on 11 January 2022) was used for the tide-loading corrections. The precise double-difference
method was used for static-mode solutions. Several ambiguity-resolution strategies were
applied, based on the length of the formed baselines between the GNSS stations. The daily
calculated coordinates for the GNSS stations were evaluated for the repeatability error on
a weekly basis, and solutions were excluded in cases of large deviations from the weekly
solution. The processing resulted in the estimation of high-precision station coordinates.
Time series were formed, annual velocities were calculated (Figure 8; Tables 1–5) and
co-seismic displacements were determined (Appendix B). The daily coordinates of the
Ionian GNSS stations were estimated on the global ITRF2014 reference frame.

Table 1. Velocity components for the GNSS stations on Corfu and Paxoi Islands (ITRF 2014).

Site
Latitude

(o)
Longitude

(o)
Period

VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

KASI 39.7464 19.9355
1 January 2013–6 May 2017 20.91 ± 0.04 13.75 ± 0.04 0.39 ± 0.09

4.35 years

KERK 39.4937 19.8734
1 March 2017–31 October

2021 22.15 ± 00.3 14.57 ± 0.03 −2.07 ± 0.11

4.67 years

PAXO 39.2108 20.1639
1 November 2019–31 October

2021 24.96 ± 0.07 16.08 ± 0.11 −3.1 ± 0.30

2.00 years

Table 2. Velocity components for the Lefkada GNSS stations (ITRF 2014).

Site
Latitude

(o)
Longitude

(o)
Period

VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

SPAN 38.7813 20.6736

1 January 2009–16
November 2015 20.86 ± 0.02 3.83 ± 0.02 −0.50 ± 0.05

6.88 years
18 November 2015–31

October 2021 18.97 ± 0.04 1.37 ± 0.03 −0.95 ± 0.07

5.94 years

EXAN 38.7540 20.6186
25 November 2015–16 May

2021 19.46 ± 0.07 4.06 ± 0.12 −5.90 ± 0.51

5.48 years

DRAN 38.6838 20.5746
24 November 2015–17 June

2018 18.10 ± 0.13 4.59 ± 0.11 −5.06 ± 0.36

2.56 years

PONT 38.6190 20.5852

1 January 2009–16
November 2015 20.45 ± 0.03 6.81 ± 0.02 −0.71 ± 0.08

6.88 years
18 November 2015–6

August 2016 5.28 ± 0.81 −17.31 ± 0.65 18.52 ± 2.06

0.72 years
6 August 2016–31 October

2021 18.27 ± 0.05 4.61 ± 0.04 −0.63 ± 0.13

5.24 years
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Table 3. Velocity components for the Cephalonia GNSS stations (ITRF 2014).

Site
Latitude

(o)
Longitude

(o)
Period

VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

FISK 38.4597 20.5771
15 March 2017–17 August

2020 17.14 ± 0.08 3.32 ± 0.07 1.01 ± 0.28

3.49 years

ASSO 38.3778 20.5417
15 March 2017–18 May

2021 19.81 ± 0.07 4.79 ± 0.04 −2.03 ± 0.19

4.18 years

VLSM 38.1768 20.5886

1 January 2009–25 January
2014 17.10 ± 0.04 4.27 ± 0.03 −0.70 ± 0.09

5.07 years
8 February 2014–4

September 2016 14.07 ± 0.13 −1.49 ± 0.07 0.44 ± 0.25

2.57 years
5 September 2016–31

October 2021 16.10 ± 0.03 3.15 ± 0.03 −1.20 ± 0.09

5.16 years

ARGO 38.1690 20.4925
1 May 2016–31 Ocotber

2021 17.08 ± 0.02 5.78 ± 0.02 −2.27 ± 0.27

5.50 years

KARA 38.1308 20.5843
6 May 2014–16 November

2015 16.78 ± 0.19 2.17 ± 0.18 2.48 ± 0.71

1.53 years

SISS 38.1009 20.6594
6 February 2016–31

October 2021 16.97 ± 0.03 1.59 ± 0.0.03 −3.57 ± 0.10

5.73 years

SKAL 38.0746 20.7937
4 March 2015–13 August

2021 14.69 ± 0.02 −1.80 ± 0.02 −1.52 ± 0.07

4.45 years

Table 4. Velocity components for the Zakynthos—Strofades GNSS stations (ITRF 2014).

Site
Latitude

(o)
Longitude

(o)
Period

VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

ZAKY 37.7792 20.8850

2 December 2013–25
October 2018 12.83 ± 0.03 −2.5 ± 0.03 −0.31 ± 0.08

4.90 years
27 October 2018–5 July

2019 2.37 ± 0.42 −1.34 ± 0.42 6.40 ± 1.24

0.69 years
6 July 2019–31 October

2021 11.21 ± 0.10 −2.68 ± 0.09 −0.88 ± 0.32

2.32 years

ZNTE 37.7176 20.7308

23 November 2018–31
May 2019 −8.30 ± 0.83 20.61 ± 0.51 −3.39 ± 2.18

0.52 years
1 June 2019–31 October

2021 10.17 ± 0.08 −0.48 ± 0.08 0.10 ± 0.025

2.42 years

STRF 37.2454 21.0156
6 October 2016–25

October 2018 3.87 ± 0.08 −5.31 ± 0.09 −0.46 ± 0.24

2.05 year

3.1. Corfu–Paxoi Islands

At the North Ionian Islands, three GNSS stations were processed (Table 1): two in
Corfu, KASI and KERK; and the PAXO station located at Paxoi Island. The linear type
of motion in all three components for the whole-time span is evident in these stations.
There was no static deformation due to the seismic activity that occurred in the south,
i.e., related to the 2015 Lefkada or the 2014 Cephalonia events (Figure S1). The calculated
velocity vectors are similar to the ones that are presented in [68,89]. For the two Corfu
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stations (KASI and KERK), the horizontal velocity components are almost parallel, with the
southern site exhibiting a slightly increased eastward motion. The most noticeable aspect is
the significant subsidence that occurs at the KERK and PAXO stations.

Table 5. Velocities of GNSS stations in western Greece and the NW Peloponnese (ITRF 2014).

Site
Latitude

(o)
Longitude

(o)
Period

VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

AGRI 38.6240 21.4090
5 January 2011–12

February 2019 12.54 ± 0.01 6.96 ± 0.01 −0.30 ± 0.04

8.11 years

KTCH 38.4116 21.2469
20 November 2013–31

October 2021 14.12 ± 0.01 −3.94 ± 0.01 −1.25 ± 0.03

7.95 years

PAT0 38.2837 21.7868
27 January 2009–31

October 2021 7.20 ± 0.01 −6.82 ± 0.01 −0.46 ± 0.02

12.77 years

RLSO 38.0558 21.4647

3 June 2011–26 February
2017 8.45 ± 0.03 −7.53 ± 0.03 0.34 ± 0.07

5.74 years
1 March 2019–31 October

2021 10.03 ± 0.08 −10.95 ± 0.06 −2.27 ± 0.16

2.67 years

PYRG 37.6788 21.4622

2 December 2013–25
October 2018 5.03 ± 0.02 −12.51 ± 0.02 −0.40 ± 0.06

4.90 years
27 October 2018–12 July

2019 −6.47 ± 0.29 −17.74 ± 0.29 −0.91 ± 1.03

0.70 years
13 July 2019–31 October

2021 3.86 ± 0.06 −13.79 ± 0.08 −0.94 ± 0.23

2.30 years

3.2. Lefkada Island

On central Lefkada Island, data from two GNSS stations (SPAN in the north and PONT
in the south) were processed for the period from 2009 to 2021 (Figure S2). Partial data from
two other sites, EXAN and DRAN, were available after the strong (Mw6.4) 2015 earthquake
(Table 2). For the two stations—SPAN and PONT—which operated prior, during and after
the November 2015 event, a linear type of motion was observed for the pre-seismic period.
There was no clear evidence of any kinematic changes or any alterations on the pattern of
motion, in any of the three components, prior to the earthquake. Baseline changes between
the two sites calculated for the pre-seismic period (2009 to 2015) indicated shortening of
the distance, with a rate of V = (−2.50 ± 0.03) mm/year. The latter is indicative of the
compressional status that occurred along the island during the pre-earthquake period.

The co-seismic displacements at the two sites (SPAN and PONT) were quite significant,
mainly in the southern PONT station, which is located in the near vicinity of the epicenter
(Appendix B). Static co-seismic displacements, which were smaller but not negligible, were
also observed at stations located in Cephalonia (VLSM, KARA and SKAL), in Zakynthos
(ZAKY) and in western Greece (AGRI) (Appendix B).

During the post-seismic period, the kinematic status of the area was characterized by a
long relaxation process, expressed as a non-linear motion on the stations. This post-seismic
kinematic behavior was observed at the two Lefkada stations, but mainly in PONT [90], as
well as at sites of northern Cephalonia (FISK, ASSO). The slow relaxation was also evident
at the two new sites that were established on the island, EXAN and DRAN (CRL GNSS
net). The relaxation period on the PONT station was estimated to last up to August 2016,
exhibiting a non-linear type of motion during that period. The estimation was performed with
an average moving window of 5–60 days in length. The relaxation process was characterized
by a significant southward motional component and a strong uplifted tension, following the
significant co-seismic subsidence. For the subsequent period (from 2016 to 2021), the time
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series of the two stations showed an analogous motion to the pre-seismic period, but with
slightly smaller horizontal amplitudes (Figure 8). Similar velocity vectors for the post-seismic
period were also estimated for the EXAN and DRAN GNSS sites. Calculation of the baseline
changes between SPAN and PONT sites after August 2016 shows that the shortening of the
distance between these two sites remains, as was the case for the pre-seismic period, but with
a slightly decreased amplitude (−1.81 ± 0.05 mm/year).

3.3. Cephalonia Island

Regarding the island of Cephalonia, most GNSS stations were established after the
2014 intense seismic activity. For the period prior to 2014, data were available only from
the VLSM station. The time series of this station (Table 3) showed an ENE linear type of
motion with small seasonal fluctuations, mainly in the north component, and a subsiding
pattern (Figure 9).

 
Figure 9. Time Series of VLSM Cephalonia GNSS station. Red lines mark the dates of the strong
earthquakes in the Ionian Islands.

The two strong events of Mw6.1 in late January and Mw5.9 in early February 2014,
recorded on the VLSM and KIPO stations, caused measurable static displacement (Ap-
pendix B). KIPO station, located on the western part of the Paliki peninsula, closer to the
earthquakes’ epicenters, revealed the most significant displacement. VLSM station, to the
southeast of the epicentral area, situated on the limestone unit of central Aenos Mountain,
exhibited smaller co-seismic motion. The co-seismic displacement vectors in these two
GNSS sites indicated a right-lateral activated faulting zone [50]. Nevertheless, these events
have not caused any displacement to GNSS stations located at the neighboring islands or
in western Greece (Appendix B).

The GNSS velocity vectors for the sites located at Cephalonia Island after the seismic
activity of 2014 exhibited a gradual rotation on the horizontal component from ENE in the
north to ESE motion to the southern part of the island (SKAL station) (Figure 8). Most stations
showed linear type of motion since 2014, with a subsiding vertical component (Table 3).
The motional behavior of the VLSM station is, however, also worth noting. The time series
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of VLSM (Figure 9) show irregular motion, in both the north and vertical components, for
the period from February 2014 to September 2016. During that period, the station shows a
non-linear ESE horizontal motion and uplifting behavior. The station acquired the pre-seismic
ENE and subsiding motional character in the subsequent period (from September 2016 to
present). This long-lasting irregular behavior—which may be described as a post-seismic
relaxation period and also encompassed the 2015 Lefkada earthquake—has not been observed
at any other site in the Ionian Islands. Calculating for the post-seismic period (from 2017 to
2020) the baseline changes between the stations in Cephalonia, extension occurred between
the northernmost (FISK) and the southernmost (SKAL) stations (V = 4.66 ± 0.10 mm/year).
Meanwhile, in the central part of the island the distance between the ARGO and VLSM
stations remained almost stable (V = −0.44 ± 0.04 mm/year), for a similar period (from
September 2016 to October 2021).

3.4. Zakynthos–Strofades Islands

In the southern part of the Ionian Islands, GNSS data from three stations were pro-
cessed (Table 4). For the sites of ZAKY and STRF, located in the city of Zakynthos and at
the islet of Strofades, respectively, data were available prior to the strong 2018 earthquake
(Mw6.7). Both stations exhibited a linear type of ground motion. ZAKY station revealed an
ESE horizontal motion, with a negligible subsiding pattern, while STRF station showed
an SE motion with lower amplitude (Figure 8). Baseline change calculation between these
two sites for the pre-earthquake period showed a lengthening of the distance with an
estimated velocity of V = 3.50 ± 0.10 mm/year. ZAKY station’s pre-seismic kinematic
behavior indicated shortening relative to the GNSS station PYRG, located in the western
Peloponnese (V = −5.12 ± 0.09 mm/year). Likewise, the baseline distance between the
STRF and PYRG stations decreased with a similar velocity, V = −4.52 ± 0.08 mm/year.
These observations revealed a compressional regime between the Peloponnese and the
South Ionian Islands, while extension occurred between Zakynthos and Strofades.

The 2018 earthquake, southwest of Zakynthos, caused strong ground displacement
in both Zakynthos and Strofades. Regarding GNSS stations at the island of Cephalonia,
significant ground displacement was recorded at the central ARGO and the southern
SISS and SKAL stations (Appendix B), but not at the VLSM site. Moreover, static ground
displacement was observed at stations located in the western (PYRG) and northwestern
(PAT0) Peloponnese, even in the southwestern part of mainland Greece (KTCH).

After the occurrence of the mainshock, a new continuous GNSS station was established
in the island (station ZNTE). The two sites that operated in Zakynthos after the Mw6.7 event,
together with the PYRG station, revealed an almost eight-month-long post-seismic relaxation
period. During this period, the kinematic behavior of ZAKY and PYRG stations showed a
significant alteration of motion with respect to the pre-seismic one (Figure 10). A distinctive
alteration of the east motional component was observed at PYRG station, where the eastward
pre-seismic pattern reversed to a westward post-seismic motion. The post-seismic relaxation
period was estimated to last up to early July 2019. During the following period (from July
2019 to the end of 2021), both ZAKY and PYRG stations again presented a pre-seismic motion
pattern, with small alterations in the horizontal components (Figure 10). Similarly, the ZNTE
station indicated a velocity vector significantly different compared to that of the post-seismic
period, with a pattern of motion consistent to that of ZAKY.

3.5. Neigboring Stations–Overall Image

Together with the continuous GNSS stations in the Ionian Islands, stations located
in western mainland Greece (AGRI, KTCH) and western and northwestern Peloponnese
(PAT0, RLSO, PYRG) were also processed (Table 5). The goal was to study the velocity
field, ground deformation and differential motions in the broad region of the Ionian Sea,
focusing on the area close to the highly activated central Ionian Islands.
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Figure 10. Time series for the two GNSS stations in Zakynthos (ZAKY) and the western Peloponnese
(PYRG). Red lines are the same as Figure 9.

The deduced velocity field of the area shows the differentiation of the motion between
western Greece and the Peloponnese, resulting in the opening of the Patras Gulf with an
estimated rate of about 8.0 ± 0.5 mm/year. As previously described, the seismic activity on
Cephalonia has not caused any displacement to the broad area, as co-seismic deformation
was observed only at local sites. The Lefkada 2015 event affected only the northern AGRI
station, located in western Greece. It was only the strong 2018 Zakynthos event that caused
noticeable static displacement in both western Greece and the Peloponnese (Appendix B).
The most distinct co- and post-seismic deformation was recorded at PYRG station. A small
displacement was also observed at KTCH station (Figure S3). The strong events in the
Ionian Islands did not appear to affect the velocity field of these stations, which exhibited
a linear type of motion throughout the processed period. The only noticeable alterations
were observed in the vertical component of PAT0 station (NW Peloponnese) (Figure S3). In
this station, the vertical component shows a non-linear motion. Initially, up to the end of
2015, an uplift pattern was observed, which since the beginning of 2016 has reversed to a
subsiding motion. A similar pattern also was observed at the neighboring RLSO site.

The overall image of the velocity field in the broad Ionian Islands area shows a
gradual rotation of the horizontal velocity vectors (Figure 8). GNSS stations located to
the north exhibited a NW horizontal motion, while towards the south, the horizontal
vector component shifted to a SW motional direction. The latter has been combined with a
decrease in the amplitude of the horizontal velocity from ~26 mm/year in the northern
Ionian Islands, to ~13 mm/year in Zakynthos Island and ~7 mm/year in Strofades Islet,
respectively. The transition from a northward to southward motion pattern occurs in
Cephalonia Island. A similar rotation pattern is also observed at the stations located in
western Greece and the NW Peloponnese, with the transition occurring between AGRI and
KTCH stations, roughly at the same latitude as Cephalonia.

Analyzing the baseline-length changes for GNSS stations located on different Ionian Is-
lands, as well as between stations in Ionian and western Greece, information about the tectonic
status of the area can be extracted (Appendix C). In the northern Ionian Sea, the distance between
Corfu and Paxoi has remained almost unchanged (VKERK-PAXO = −0.60 ± 0.11 mm/year). In-
tense lengthening was calculated between the northern islands (Corfu, Paxoi) and Lefkada
(i.e., VPAXO-SPAN = 7.55 ± 0.11 mm/year). The latter indicates an extensional regime be-
tween the northern and the central Ionian Islands. Extension with a lower rate is also
observed by the baseline changes between the stations located in the central and southern
Ionian Islands. Fluctuations in the baseline velocity rates were detected before and after
the strong seismic events that occurred in the area during the years 2014–2018. According
to the baseline velocity between stations on the islands of Lefkada and Cephalonia, length-
ening was taking place during the period before the 2014 seismic events at Cephalonia
(i.e., VPONT-VLSM = 2.91 ± 0.04 mm/year). For the period following the 2015 Lefkada earth-
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quake, up to late 2016, the observed intense shortening (VPONT-VLSM = −13.61 ± 0.73 mm/year)
could be attributed to the post-seismic process. Re-establishment of the pre- 2014 lengthen-
ing character then gradually took place. Negative baseline velocity changes between the
central Ionian Islands and stations located in western Greece and the Peloponnese imply
compressional forces in this area which were not affected by the intense seismic activity.
The latter is supported by the small variations on the velocity values before and after the
strong earthquakes (Appendix C).

4. Discussion

Three major tectonic features in the Ionian Islands define the regional kinematic field
and control the seismic activity: the convergence of the Apulian Platform and the Hellenic
foreland in the north; the long NNE–SSW Cephalonia–Lefkada Transform Fault Zone
offshore and west of the respective islands in the central part; and the northwestern tip of
the Hellenic Arc in the southern Ionian Sea. These major structures, together with smaller
local faults, create a complex tectonic environment generating intense seismic activity and
strong ground deformation. In the present study, seismological and geodetic data from
the area of the Ionian Islands were combined for the periods before, during and after the
occurrence of strong earthquakes in 2014–2018. In the following, the results of the joint
analysis are discussed in terms of the overall tectonic status of the study area.

4.1. North Ionian Sea

The northern Corfu and Paxoi Islands located at the Hellenic foreland present the
largest amplitude regarding the horizontal velocity vectors (with respect to ITRF), but the
recorded seismicity is by far the lowest in the region. The seismicity in this area is located
mainly west of Corfu and Paxoi Islands, in mainland Greece and north of Corfu, close
to the shores of Albania. The estimated horizontal velocities for the local GNSS stations
match with the ones calculated by [68], although the datasets cover slightly different time
periods. Considering that the horizontal velocity amplitude of the Apulian Platform is
~31.1 mm/year (VEast = 25.1 mm/year, VNorth = 18.4 mm/year) [68], the Paxoi Island shows a
similar horizontal amplitude of ~29.7 mm/year, while Corfu stations have smaller average
velocity ~25.8 mm/year. The latter may indicate that, kinematically, Paxoi is controlled by the
Apulian motion, as [68] has suggested, although the baseline change between stations KERK
and PAXO is estimated to be rather small (about −0.6 ± 0.1 mm/year). The subsiding pattern
observed in the southern Corfu and Paxoi stations (KERK, PAXO), though they could be
attributed to local geological setting, may also reflect the continental collision that occurs in the
area. The absence of significant seismic activity along the NNW–SSE-trending boundary of the
Apulian Platform and Hellenic foreland—not just in the limited period of the present study
but also during the past (Figure A3 in Appendix A)—indicates a nearly aseismic convergence
process, mainly owed to the relatively low motion rate (~5.5 ± 0.7 mm/year; that is, the
average converge velocity of the two Corfu stations towards Apulian Platform, similar to the
velocity estimated by [89]).

4.2. Central Ionian Sea

The two strong earthquakes in early 2014 on Cephalonia Island triggered a long-lasting
aftershock sequence, partially overlapping with that of the 2015 Lefkada mainshock. Prior
to the 2014 events, the background seismicity occurred along the regional CLTFZ and
onshore at the northern part of the island, likely associated with the local major faulting
features. The baseline change between the VLSM station and the southern PONT site
in Lefkada indicated that extension occurred between the two islands. The 2014 events
occurred on a faulting system adjacent and parallel to the CLTFZ on the Paliki peninsula.
Strong co-seismic deformation occurred mainly at the western part of the island, as has been
detected from local GPS network measurements [50]. However, ground displacement was
observed only on Cephalonia; none of the continuous GNSS stations in the near vicinity of
the island, either on Lefkada or western Greece, showed any deformation, proving the local
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character of the activated seismogenic faulting zone. The post-seismic activity expanded
mainly along Paliki, towards the north, but seismic clusters were also observed at the
southern part of the activated zone. Seismicity in the area of the Myrtos Gulf indicated
activation of structures transverse to the axis of the CLTFZ, oriented with local faults,
e.g., the Agia Efimia fault (Figure 1), as the major thrust fault that separates the northern
Erissos peninsula from the main island is called. It is important to notice that a similar
cluster, on the northern part of Cephalonia, was also formed after the Mw6.3 2003 northern
Lefkada earthquake [13,30]. The seismicity rate remained at a high level (above the back-
ground level) for the whole period until the occurrence of the November 2015 event on
Lefkada. This long post-seismic period is correlated with the ground deformation observed
on the GNSS VLSM station, where different pattern of motion was exhibited with respect
to the pre-seismic era. Analytically, a southward motion with uplift tension occurred, and
increased lengthening of the baseline distance between PONT and VLSM was observed.

The late 2015 Mw6.4 Lefkada earthquake was the second strong event to occur in less
than two years in the central Ionian Islands. However, this earthquake occurred on the
Lefkada segment of the major CLTFZ or a sub-parallel structure. The regional character of
the event reflected on the ground deformation observed in the broad area, extending to
Zakynthos Island to the south and to AGRI station in western Greece. The post-seismic
activity expanded onshore of Lefkada Island, but also triggered clustered activity on the
northern part of Cephalonia, in an area previously activated after the 2003 Lefkada event
and, more recently, after the 2014 Cephalonia events. The increased seismicity rate (above
the background level) after the strong earthquakes, marks a long relaxation period (up to
October 2017), indicative of the activated area (Figures 4 and 5).

The recorded motion at the PONT GNSS site, near the epicentral area, as well as to
other neighboring GNSS sites at Lefkada and Cephalonia, confirmed the long relaxation
period after the earthquake [90]. Based on the geodetic data, the kinematic field of the area
returned to its pre-seismic pattern during August–September 2016, for both Lefkada and
Cephalonia. However, the amplitude of the velocity vector at the sites on Cephalonia and
Lefkada show small but noticeable differentiation (~15%) with respect to the pre-seismic
period from 2009 to 2014.

Regarding the possibility that the 2014 seismic sequence caused or triggered the 2015
earthquake, previous studies [48,91] claimed that the southern Lefkada event was a contin-
uation of the seismic process of the 2003 earthquake in the northern part of CLTFZ. The
seismological data in the present study reveal that after the occurrence of the 2014 earthquakes,
seismicity propagated northwards, while it has been shown [48] that the 2014 main events
caused Coulomb stress changes in the epicentral area of 2015, where the 2003 earthquake also
induced stress transfer. The GNSS data, for the inter-seismic period from February 2014 to
November 2015, showed motional changes on the VLSM station (southward pattern), while
the PONT Lefkada site maintained its kinematic status. The latter resulted in increased veloc-
ity (lengthening character) of the baseline change between these two stations, doubled during
that period (Appendix C). Assessing the spatiotemporal expansion of the 2014 Cephalonia
seismic sequence, together with the geodetic evidence presented in this study, it may be
argued that the occurrence of the anticipated event after the 2003 earthquake in southern
Lefkada Island may have been accelerated—and even triggered—by the 2014 Cephalonia
events. It is likely that the cause of the activity, in both the Cephalonia and Lefkada epicentral
areas, was the 2003 event on the major CLTFZ structure [48], expressed as a local-scale activity
in Cephalonia, and as a regional one in Lefkada.

4.3. South Ionian Sea

The last strong earthquake (Mw6.7) in the Ionian Sea occurred south of Zakynthos Is-
land, three years after the major event at Lefkada. The source of this earthquake was located
on the northwestern end of the active plate boundary between the eastern Mediterranean
lithosphere and the Aegean one. Geodetic data from the broad area prior to the earthquake
show extensional status between Cephalonia and Zakynthos, as well as between Zakynthos
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and Strofades. Compression occurred between Zakynthos–Strofades and the Peloponnese,
as depicted by the baseline change between the GNSS sites (Appendix C). The earthquake
was preceded by a number of intermediate events (~M5.0) in the near vicinity of the epicen-
tral area. Detailed seismological and geodetic work by [58] has suggested slow-slip events
in the area, with transient signals on the surface deformation. This earthquake resulted in
the longest and most intense seismic sequence of the study period (Figure 6), accompanied
by significant ground deformation and motional alterations in the affected area.

The Mw6.7 event caused strong ground deformation on a broad area, extending to
Cephalonia Island, to Patras city (NW Peloponnese) and to western mainland Greece
(KTCH GNSS station). The extent of the co-seismically deformed area highlights the
regional character of this event. The post-seismic activity is concentrated offshore, north
and east of the epicenter. It is worth noting the limited activity on the northern onshore
part of the island. The latter observation, which may indicate a differentiation between the
northern and southern parts of the island, has also been observed on the kinematic field
detected by local GPS measurements [41].

Post-seismic evolution of the ground deformation suggests a significantly shorter
period until the area returns to the pre-seismic kinematic pattern. This period extended
up to July 2019, as revealed by the horizontal component of the three closer sites to the
epicenter. The orientation of the seismic clusters on the northern extent of the Zakynthos
sequence (group #4; Figure 2c) in a SW–NE-trending direction, coincide with the direction
of the 2008 activated zone in NW Peloponnese [21]. This is an area where the geodetic data
show a differential motion between the PAT0, RLSO and the PYRG GNSS stations.

4.4. The Broad Ionian Sea Area

The overall image of the seismic activity in the broad area of Ionian Islands is domi-
nated by the three seismic sequences generated after the large-magnitude events (M > 6)
in Cephalonia, Lefkada and Zakynthos Islands (Figures 2 and 3). The Lefkada sequence is
mainly aligned and concentrated along the north Lefkada segment of the regional CLTFZ
structure, expanding offshore and west of the northern part of Cephalonia. The 2014 Cephalo-
nia sequence occurred on a local faulting zone, associated with the Cephalonia segment of
the CLTFZ but not comprising part of it. It is distributed spatially on a wider zone, along
the western Paliki peninsula, and extends offshore, west of the northern Erissos peninsula.
These two sequences appear to be coupled to each other in both time and space and linked
with the earlier 2003 Lefkada earthquake. The southern Zakynthos sequence also has regional
characteristics and is spatially distributed in a region much larger than anticipated for the
magnitude of the mainshock [29]. This is an area affected by the transition of the northwestern
end of the Hellenic Arc subduction zone to the CLTFZ major faulting structure.

The geodetic data clearly depicted the kinematic pattern of the broad area, with
respect to major tectonic formations and seismic activity (Figure 11). Comparing the
regional velocity field on the northern Ionian Islands with the one of the central islands, a
clear kinematic boundary emerges between these two areas. The northern islands show a
uniform motional pattern, while the velocity field at the central and southern Ionian Sea
shows a clockwise rotation around an axis located on Cephalonia Island (calculating the
horizontal velocities with respect to VLSM station). Based on the results of this study, a
rotation rate of 6.9 ± 2.1 degrees/Myr was estimated. This agrees with previous regional
studies [92,93], as well as with local geodetic studies on Cephalonia [13]. Baseline changes
between several GNSS sites reveal the extensional regime along the Ionian Islands, which
is gradually reduced from north to south, while compression occurs between the central
Ionian Islands, and western Greece and the Peloponnese. Extension is also observed
between western Greece and the Peloponnese, as well as across the NW Peloponnese.
The strain regime alternates the periods after the strong earthquakes, marking the post-
seismic relaxation process. The spatial extension of the co-seismic displacements reflects the
regional or local character of the activated area. The Lefkada and Zakynthos earthquakes
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caused static displacement in the broad area, while the Cephalonia events affected only the
local GNSS sites.

 

Figure 11. Overview of the Ionian Islands area showing the main tectonic structures together with
seismic activity (M > 4) (black circles), and strong (M > 6) events (yellow stars). Black arrows show the
relative Eurasia–Africa motion in the SW [94], and the motion of the Hellenic foreland with respect to
the Apulian Platform (estimated herein) in the north. The extensional (red arrows) and compressional
(blue arrows) pattern calculated based on baseline changes between GNSS stations (green triangles)
is qualitatively presented.

The temporal and spatial joint analysis of the seismological and geodetic data revealed
that the 2014 and 2015 seismic sequences are connected, while the Zakynthos one is part
of the tectonic process in the western termination of the Hellenic subduction margin.
The expansion of the seismic activity after the 2014 and 2015 events offshore of northern
Cephalonia is the spatial link. In this area, previous work [52] identified a seismic gap,
indicating that a segment of the CLTFZ has not ruptured yet and may generate a strong
event in the future. The present analysis shows that seismicity in this region is clustered in a
large number of small segments oriented almost in an E–W direction, transverse to the axis
of the CLTFZ. The latter may indicate the transition between the Cephalonia and Lefkada
segments of CLTFZ, and the increased seismicity may relieve the accumulated stress. Thus,
the occurrence of a strong event in this region seems less likely, but cannot be excluded.
Meanwhile, the area between Cephalonia and Zakynthos is characterized by low seismic
activity. It is a region whose kinematic status is affected by the CLTFZ in the north and the
subduction process in the south. The last major earthquake in the area dates to 1983, with
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an Mw6.8 earthquake [52] occurring offshore SW of Cephalonia and NW of Zakynthos. It
may be argued that this is an area that has the potential to generate another strong event.
However, the geodetic data show small changes in the baseline length between the SKAL
GNSS site in southern Cephalonia and Zakynthos station, ZAKY (Appendix C), and a
similar pattern of motion, in both direction and amplitude. Another area where low seismic
activity was observed during the study period is Ithaca Island. Although the general
seismic activity in this area is relatively low (e.g., Figure 2b), a few strong earthquakes have
occurred in the past (Figure A3). Previous GPS campaign results [54] showed a differential
motion between the northern and southern parts of the island, and compression between
Cephalonia and Ithaca, compatible with the regional field [93]. The area is considered to
have the potential to generate a significant earthquake in the future, taking into account
the strong events in its vicinity, but more data are required to assess such a scenario.

The strong earthquakes and large co-seismic ground deformation recorded in the
study area clearly exhibit the necessity for seismic hazard analysis in such a seismically
active area. As expected, large earthquakes yield violent shaking that coincides well with
the expected PGA from the probabilistic analysis. The latter confirms the definition of the
SHARE seismic source zones. However, future studies in the area should focus on much
smaller scales and identify potential hazards from specific active fault zones in an area as
tectonically complex as the broad Ionian Sea. The process of seismogenesis, as described by
statistical laws in any PSHA approach, should also be revised according to fault-specific
knowledge. Finally, a detailed survey of local site conditions would be crucial in better
refining PSHA results and offer greater accuracy of the estimations.

5. Conclusions

Seismological analysis and geodetic results from continuous GNSS stations were
combined to study the spatiotemporal evolution of seismic activity and ground deformation
in the Ionian Islands during the period from 2014 to 2018, characterized by the occurrence
of strong earthquakes in Cephalonia, Lefkada and Zakynthos Islands.

Low seismicity was observed in the north Ionian Sea, where the collision between the
Apulian platform and the Hellenic foreland is taking place. The velocity field of the area,
deduced by stations on Corfu and Paxoi Islands, shows horizontal NW motion, transverse
to the collision front. The vertical component reveals a subsiding pattern, compatible with
the convergence process in the area.

The CLTFZ feature offshore of the central Ionian Islands of Cephalonia and Lefkada
is the prevailing structure, generating the strong and intense seismic activity observed
in the region. The 2014 Mw6.1 and Mw5.9 earthquakes occurred on an adjacent local
faulting zone, causing strong ground displacement on the island but not in the broader
area. The seismic sequence following these two events expanded in the vicinity of the
activated area along the Paliki peninsula, and offshore northwards. Few months later,
on 17 November 2015, another strong earthquake (Mw6.4) occurred on or parallel to the
Lefkada segment of the CLTFZ. Co-seismic displacement was recorded in almost all the
southern Ionian Islands, highlighting the regional character of the seismogenic source.
The post-seismic activity expanded along the CLTFZ and southwards in the same area as
the 2014 sequence. The temporal evolution of the post-seismic activity and the ground
deformation show a long relaxation period. However, the motional pattern obtains its
pre-seismic character earlier (August 2016) compared to the respective seismic excitation.
The seismic activity reaches its background levels (0.1–0.2 events/day) after a longer period,
between late 2016 and mid-2017. The two seismic sequences are linked in space and time,
with the 2014 activity likely accelerating the 2015 event.

The October 2018 Mw6.7 Zakynthos earthquake occurred close to the northwestern
tip of the Hellenic Arc. Strong ground displacement took place on the near-field GNSS
stations, as well as on Cephalonia Island and the Peloponnese. The seismic sequence
expanded in the vicinity of the epicentral area, but mainly offshore south and west of
Zakynthos. The motion field of the stations in Zakynthos and the western Peloponnese
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showed significant alterations with respect to the pre-seismic period, on both north and
east motional components, which regained its anticipated pattern about eight months after
the mainshock. However, the seismicity rate has remained at higher values, compared to
the background activity (0.2 events/day), for more than three years.

Probabilistic seismic hazard assessment was performed in the Ionian Islands to esti-
mate PGA and PGV for a return period of 475 years. The smallest values were obtained, as
anticipated, for the northern Ionian Islands, corelating with the low seismicity of the area.
However, the calculated PGA values in Cephalonia and Ithaca are significantly higher and
well exceed the ones proposed by the current Greek Building Code. Based on the herein-
performed PSHA analysis, a finer, more detailed zonation of the area and re-evaluation of
the PGA values provided by the Building Code must be considered in the future.
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Appendix A

Close-up diagrams of the spatiotemporal distribution in the areas of Cephalonia–
Lefkada Islands and Zakynthos Island.
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Figure A1. Close-up of Figure 3b in the region of Cephalonia–Lefkada between January 2014 and 12
September 2017.

Figure A2. Close-up of Figure 3b in the region of Zakynthos between August 2016 and November
2021.
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Figure A3. (Left) Historic seismicity [8,9] and (right) significant earthquakes (Mw ≥ 5.9) during the
instrumental era (1900–present) (from [28] and the databases of GI-NOA and SL-NKUA) in the broad
region of the Ionian Islands.

Appendix B

The co-seismic displacements on the continuous GNSS stations processed in this study
are presented in Table A1. The co-seismic displacement and its error were estimated based
on the average value of each coordinate seven days prior to the earthquake and one to
seven days after its occurrence, depending on the proximity of each site to the epicentral
area. Results are presented only for the stations where the co-seismic displacement was
larger than its error, otherwise it is considered that no displacement occurred.
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Table A1. Co-seismic displacements on the continuous GNSS stations.

Site Component

Cephalonia Eqs
January–

February 2014
Mw6.1 & 5.9

Lefkada Eq
November

2015
Mw6.4

Zakynthos Eq
October 2018

Mw6.6

Le
fk

ad
a

Is
la

nd SPAN
DEast (mm) No

displacement

−76.90 ± 2.47 No
displacementDNorth (mm) −56.44 ± 2.62

Dup (mm) −2.83 ± 5.53

PONT
DEast (mm) No

displacement

−218.01 ± 1.93 No
displacementDNorth (mm) −370.07 ± 2.85

Dup (mm) −55.71 ± 6.24

C
ep

ha
lo

ni
a

Is
la

nd

KIPO
DEast (mm) 1.89 ± 2.42

No dataDNorth (mm) 73.91 ± 2.42
Dup (mm) 55.23 ± 6.19

VLSM
DEast (mm) −25.49 ± 2.22 4.17 ± 1.36 No

displacementDNorth (mm) −12.01 ± 2.14 −16.61 ± 1.43
Dup (mm) −7.07 ± 5.19 2.67 ± 5.44

ARGO
DEast (mm)

No data
−2.34 ± 0.93

DNorth (mm) 0.91 ± 1.91
Dup (mm) −3.77 ± 5.00

KARA
DEast (mm)

No data
1.37 ± 1.54

No dataDNorth (mm) −12.81 ± 1.57
Dup (mm) −3.14 ± 6.78

SISS
DEast (mm)

No data
−4.22 ± 2.65

DNorth (mm) −2.28 ± 2.44
Dup (mm) 0.62 ± 6.88

SKAL
DEast (mm)

No data
4.12 ± 1.58 −4.55 ± 1.57

DNorth (mm) −9.17 ± 1.62 −4.16 ± 2.00
Dup (mm) 2.27 ± 7.59 −2.91 ± 6.59

Z
ak

yn
th

os
–S

tr
of

ad
es ZAKY

DEast (mm) 2.43 ± 3.49 −30.86 ± 1.34
DNorth (mm) No data 5.20 ± 2.78 −38.68 ± 1.69

Dup (mm) −0.60 ± 3.83 −4.12 ± 3.14

STRF
DEast (mm)

No data
22.21 ± 1.05

DNorth (mm) −42.47 ± 0.63
Dup (mm) 5.03 ± 2.84

W
es

te
rn

G
re

ec
e

–P
el

op
on

ne
se

AGRI
DEast (mm) No

displacement

−6.70 ± 2.15 No
displacementDNorth (mm) 0.56 ± 1.80

Dup (mm) 3.94 ± 4.75

KTCH
DEast (mm)

No displacement
No

displacement

3.70 ± 1.40
DNorth (mm) −5.63 ± 1.48

Dup (mm) 1.20 ± 5.63

PAT0
DEast (mm)

No displacement
No

displacement

−4.05 ± 1.60
DNorth (mm) −1.43 ± 1.29

Dup (mm) −2.73 ± 5.29

PYRG
DEast (mm)

No displacement
No

displacement

−17.24 ± 0.88
DNorth (mm) −7.46 ± 0.95

Dup (mm) −2.04 ± 3.93

Appendix C

The baseline change between two stations was estimated based on the daily coordi-
nates of the selected sites. Baselines were formed only when data were available for both
sites and for a period exceeding 24 h. The following Table A2 lists some characteristic
formed baselines between the Ionian Islands, as well as between GNSS stations in Ionian
Sea and western Greece and the Peloponnese.
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Table A2. Baseline velocity between continuous GNSS stations.

Baseline Period Velocity (mm/Year)

KASI–SPAN
1 January 2013–15 November 2015 8.00 ± 0.10

18 November 2015–6 May 2017 11.97 ± 0.22

KERK–PAXO 1 November 2019–31 October 2021 −0.60 ± 0.11
KERK–SPAN 1 March 2017–31 October 2021 8.26 ± 0.04
PAXO–SPAN 1 November 2019–31 October 2021 7.55 ± 0.11

PONT–VLSM

1 January 2009–25 January 2014 2.91 ± 0.04
8 February 2014–16 November 2015 6.21 ± 0.18

18 November 2015–4 September 2016 −13.61 ± 0.73
5 September 2016–31 October 2021 1.64 ± 0.05

VLSM–ZAKY

8 February 2014–16 November 2015 2.67 ± 0.16
17 November 2015–4 September 2016 −1.05 ± 0.465

5 September 2016–25 October 2018 0.42 ± 0.10
27 October 2018–31 October 2021 1.82 ± 0.07

SKAL–ZAKY
4 March 2015–16 November 2015 −0.72 ± 0.51

18 November 2015–25 October 2018 −1.31 ± 0.08
27 October 2018–13 August 2021 0.32 ± 0.08

ZAKY–STRF 6 October 2016–25 October 2018 3.46 ± 0.09
STRF–PYRG 6 October 2016–25 October 2018 −4.52 ± 0.07

SPAN–AGRI
5 January 2011–16 November 2015 −8.65 ± 0.04
18 November 2015–28 April 2018 −5.46 ± 0.14

SPAN–KTCH
20 November 2013–16 November 2015 −0.97 ± 0.15

18 November 2015–31 October 2021 0.51 ± 0.02

PONT–KTCH
23 November 2013–15 November 2015 −3.29 ± 0.22

17 November 2015–31 October 2021 0.28 ± 0.04

VLSM–KTCH 22 November 2013–31 October 2021 −4.24 ± 0.05

VLSM–PAT0
27 January 2009–25 January 2014 −10.41 ± 0.05
8 February 2014–31 October 2021 −10.60 ± 0.03

VLSM–RLSO
1 January 2009–25 01 2014 −5.32 ± 0.08

8 February 2014–31 October 2021 −5.68 ± 0.03

ZAKY–PYRG
2 February 2013–25 October 2018 −5.12 ± 0.03

27 October 2018–5 July 2019 −0.91 ± 0.18
6 July 2019–31 October 2021 −4.47 ± 0.09

ZAKY–RLSO
8 February 2014–27 February 2017 −5.54 ± 0.11

28 02 2019–31 October 2021 −4.93 ± 0.11

PAT0–AGRI 5 January 2011–12 February 2019 7.62 ± 0.02

PAT0–KTCH 20 November 2013–31 October 2021 −5.91 ± 0.02

PAT0–PYRG
2 December 2013–25 October 2018 6.29 ± 0.04
27 October 2018–31 October 2021 8.66 ± 0.08
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47. Sokos, E.; Kiratzi, A.; Gallovič, F.; Zahradnik, J.; Serpetsidaki, A.; Plicka, V.; Janský, J.; Kostelecký, J.; Tselentis, A. Rupture process
of the 2014 Cephalonia, Greece, earthquake doublet (Mw6) as inferred from regional and local seismic data. Tectonophysics 2015,
656, 131–141. [CrossRef]

48. Papadimitriou, E.; Karakostas, V.; Mesimeri, M.; Chouliaras, G.; Kourouklas, C. The Mw6.5 17 November 2015 Lefkada (Greece)
Earthquake: Structural Interpretation by Means of the Aftershock Analysis. Pure Appl. Geophys. 2017, 174, 3869–3888. [CrossRef]
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Abstract: We investigate an earthquake sequence involving an Mw = 4.6 mainshock on 2 December
2020, followed by a seismic swarm in July–October 2021 near Thiva, Central Greece, to identify the
activated structures and understand its triggering mechanisms. For this purpose, we employ double-
difference relocation to construct a high-resolution earthquake catalogue and examine in detail the
distribution of hypocenters and the spatiotemporal evolution of the sequence. Furthermore, we apply
instrumental and imaging geodesy to map the local deformation and identify long-term trends or
anomalies that could have contributed to stress loading. The 2021 seismic swarm was hosted on a
system of conjugate normal faults, including the eastward extension of the Yliki fault, with the main
activated structures trending WNW–ESE and dipping south. No pre- or coseismic deformation could
be associated with the 2021 swarm, while Coulomb stress transfer due to the Mw = 4.6 mainshock of
December 2020 was found to be insufficient to trigger its nucleation. However, the evolution of the
swarm is related to stress triggering by its major events and facilitated by pore-fluid pressure diffusion.
The re-evaluated seismic history of the area reveals its potential to generate destructive Mw = 6.0
earthquakes; therefore, the continued monitoring of its microseismicity is considered important.

Keywords: seismic swarm; seismology; geodesy; double-difference relocation; Coulomb stress
transfer; Thiva; Greece

1. Introduction

Greece is located at the southeastern margin of Europe, a region with rich localized
seismotectonic phenomena, a result of the convergence between the Eurasian and African
tectonic plates. These processes are expressed through intense deformation and high
seismicity along thrust, strike-slip, and normal faults [1,2]. Geodetic, geological, and
seismological surveys have revealed that the N–S to NE–SW extensional tectonic regime of
Central Greece in the Quaternary is a result of the back-arc extension between the Hellenic
arc and the transtensional tectonic regime of the North Aegean [3–5].

Thiva (Central Greece) is located at the transition zone between two major WNW–ESE-
and NW–SE-striking rifts: the Corinth Gulf in the south and the Euboekos Gulf in the east
(Figure 1). The Gulf of Corinth is an area characterized by high seismicity [6,7] expressed
through the frequent occurrence of seismic swarms [8–12].
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Figure 1. Seismotectonic map of part of Central Greece showcasing Thiva (Boeotia) and the Corinth
and Euboekos gulfs. The study area is marked by the blue rectangle. Focal mechanisms of signifi-
cant earthquakes obtained from the catalogue of the Seismological Laboratory of the National and
Kapodistrian University of Athens (SL-NKUA) and the compilation in [13] are shown, along with the
locations of seismological stations of the Hellenic Unified Seismic Network (HUSN; red triangles)
and GNSS stations (inverse yellow triangles). Green stars indicate epicenters whose parameters
were estimated through macroseismic data in the present study. Yellow stars are epicenters of events
adopted by the SHEEC catalogue [14]. Faults, after [15,16], are also shown (black lines). Inset: Greece
and its main geotectonic features. The area of the larger map is marked by a red rectangle. NAT:
North Aegean Trough; NAF: North Anatolian Fault.

The broad Thiva area is characterized by normal faulting (Figure 1). It is worth
noting that recent strong and destructive earthquakes in Greece have occurred on normal
faults, such as the Lesvos 2017 [5,17,18], Kos 2017 [5,19,20], Samos 2020 [21–24], Thessaly
2021 [25–30], and Arkalochori (Crete) 2021 [31,32] earthquakes. Fault segmentation is
common near Thiva, with the presence of a multitude of smaller normal faults all around
the area. One of these segments is the 6 km long Kallithea fault, striking between N 80◦ E
and N 115◦ E, with a probable eastward extension [33]. North of Thiva, a denser fault
network with smaller south-dipping ruptures dominates the area around Yliki Lake. Due
to the small length of the mapped faults, the occurrence of an earthquake with a magnitude
(M) of at least 6.0 seems unlikely [34,35].

On 2 December 2020, 10:54:56 UTC, an Mw = 4.6 earthquake occurred east of Thiva [36].
Moment tensor inversion yielded a normal focal mechanism with strike N106◦ E, dip 31◦,
and rake −81◦ [36]. The analysis of both geodetic and seismological data indicated an
uncommonly shallow depth of approximately 2 km for the main event. The mainshock
and its aftershock sequence, which lasted until 3 January 2021, were triggered by ruptures
on or adjacent to the Kallithea fault [36]. A few kilometers to the west and 7 months later,
a new earthquake sequence was initiated, characterized by high productivity, lasting for
over 6 months. The whole activity led to the recording of over 2500 earthquakes.

In this study, we present a detailed analysis of the seismic crises in the Thiva area
between late November 2020 and mid-October 2021 through high-resolution double-
difference relocation. The spatiotemporal evolution of the various outbreaks composing
the 2021 seismic swarm is presented, along with the activated structures at depth and their
relation to surface traces of mapped faults. The triggering mechanisms of the 2021 Thiva
seismic swarm are investigated, such as stress redistribution due to the 2 December 2020
mainshock or possible aseismic factors, including fluid-induced pore-pressure diffusion,
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through the migration of seismicity, as well as deformation transients. The deformation
study resulted from the joint analysis of local GNSS data and satellite aperture radar
interferometry (InSAR) products.

2. Past Earthquakes

The study area has had a mild-to-moderate seismic footprint since antiquity. There are
ancient reports of various incidents in the broad area of Thiva that could be interpreted as
geotectonic in nature [37]. Limited archaeological evidence suggests earthquake activity,
which has had an impact on Thiva between 1350 and 1230 BCE without any substantial
proof regarding the epicentral area [38]. Many centuries later, in 1321–1323 CE, the eyewit-
ness Jordanus reports collapse and damage of many houses in Thiva [14,39]. In [40] it is
noted that, in general, the areas of Boeotia, Locris, Fokis, and Fthiotis have suffered from
catastrophic earthquakes, such as the 427 BCE Orchomenos earthquake sequence, which
shook Boeotia, Euboea, and Athens and was perhaps a forerunner of the large Maliakos
Gulf 426 BCE earthquake [39].

After another long period of seismic quiescence, significant activity was observed
in the 19th century. On 13 December 1833, [41] reports a local earthquake was felt in
Thiva. On 18 August and 29 September 1853, two destructive earthquakes struck Thiva,
affecting the area between it and Yliki Lake, a few kilometers to the north. The first
shock destroyed the northern outskirts and caused considerable damage to the rest of
the urban environment, leading to 11 fatalities and 60 injuries. The second one caused
the collapse of the already-damaged houses and ruined the rest, causing one casualty. At
least 3 felt aftershocks occurred up to 1854 [14,39]. Thiva, with a population of 4000, was
rebuilt by 1860, with wider spaces between houses. On 26 September 1872, a rather strong
event occurred, preceded by a few foreshocks, causing nonstructural damage [39]. The
earthquake of 23 May 1893 was also preceded by damaging foreshocks, ruining Thiva
and nearby places [39]. The earthquake of 17 October 1914 occurred without a foreshock
and caused heavy damage in Thiva and nearby villages. A strong aftershock, a few hours
later, extended the damage area with a westward migration of seismicity [14,39,42,43]. This
earthquake was recorded by the two seismographs of the National Observatory of Athens,
of Mainka and Agamemnone type, followed by a series of aftershocks. All recorded events
were located at a distance of 45 km from Athens, assuming their epicenters approximately
at 6 km SE of Thiva, in agreement with the epicenter of the mainshock derived from the
isoseismals drawn from a significant number of direct macroseismic observations [40,44].
The Annales de l’Observatoire National d’Athènes reported another damaging earthquake
near Thiva on 23 September 1917, preceded by two foreshocks and followed by at least
37 recorded aftershocks lasting up to the end of the year. This information is passed on to
the catalogues of Galanopoulos [45], Kárnik [46], and Shebalin et al. [47]. However, the
event is not reported in the catalogue of Makropoulos et al. [6].

For the three events with I > 8, information on coseismic effects is also reported.
More specifically, regarding the 18 August 1853 event, in the S. Euboekos gulf successive
waves were observed and the sea flooded the coast without any damage. In Kopais Lake
(artificially drained in 1880, approximately 25 km NW of Thiva) the banks were flooded.
Rockfalls fell from a mountain near Thiva and from Mt. Ptoon (18 km to the north).
Liquefaction near Atalanti was also reported. No ground cracks or surface ruptures were
observed [39]. For the 23 May 1893 earthquake, ground cracks were reported near Thiva
and Mulki, a settlement near Aliartos (Figure 1). Rockfalls and ground cracks, triggered
by landslides, were reported from localities in the vicinity of Thiva. No information about
ground deformations was reported [39]. For the 17 October 1914 earthquake, no ground
cracks or any kind of ground ruptures was found [40].

For the pre-1900 events, macroseismic intensities were collected from [48], whereas for
those in the 20th century, intensities were assigned using EMS98 (European macroseismic
scale) [49] from the reports of the Annales de l’Observatoire National d’Athènes [40,44], as
well as from Ambraseys’s unpublished material. The latter was donated to SL-NKUA and
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consists of notes, earthquake lists, slides, maps, and books. Having this information, we
compiled the seismic history of Thiva, that is, a distribution of EMS98 intensities, I, over
time, for events in the study area between 1893 and 1934 (Figure 2a). The apparent clus-
tering of damaging (I ≥ 6) and felt earthquakes is associated with two periods (1914–1917
and 1923–1927) of the 20th century, the first related to the two most damaging shocks in
this period (1914 and 1917). The activity in 1914–1917 is almost continuous, including fore-
and aftershocks of the major events. However, at least five subclusters can be identified
in the year 1915 (Figure 2b). This activity resembles the recent 2020–2021 activity in the
vicinity of Thiva regarding its duration. It is noted, however, that the 1915 events represent
the long aftershock activity of the 1914 event, a fact also mentioned in [40,44].

Figure 2. Seismic histories of the area (a) between 1893–1934 and (b) 1915 in terms of EMS98
(macroseismic scale). The red rectangle in panel (a) marks the window presented in panel (b).

The significant number of available intensity data points allowed for the macroseismic
estimation of earthquake parameters (MEEP) using the MEEP software [50], described in
detail in [51]. The software calculates four types of epicenters (Centroid, MEEP, Bakun–
Wentworth, and Pairwise). The first is based on the [52] “boxer” method, while the
second is the MEEP procedure with iterations adopting the point of lowest RMS [50]. The
other two procedures are the methods in [53,54], respectively. The uncertainties of the
parameters are calculated via a bootstrap resampling routine of the intensity data points
(IDP) data set [55], repeating the procedure 1000 times, from which a standard deviation
is calculated. However, the final uncertainties concerning both the epicenter coordinates
and the magnitude are obviously significantly larger compared with the respective ones
obtained through analysis of recent instrumental data, depending on the number and
distribution of the available IDPs. Table 1 and Figure 1 (green stars) present the results of
MEEP software applied to the four most damaging earthquakes in the study area, with
updated, in comparison with previous studies, parameters due to the increased number of
IDPs (Table 1). It is observed that, within a period of 65 years, Thiva has experienced three
events of equivalent moment magnitude, Mw, ranging from 6.0 to 6.2. Figure A1 presents
the spatial distribution of macroseismic intensities assigned in this study and the calculated
macroseismic epicenter of the 1914 earthquake derived from 62 IDPs. Our analysis yielded
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an epicenter between Thiva and Kallithea (site of the December 2020 activity). For the 1917
event, the epicenter is located in Thiva, where the sole maximum intensity is observed.

Table 1. Estimated macroseismic parameters in comparison with previous studies for the four
damaging earthquakes in Thiva (Figure 1, green stars). I0: epicentral intensity; ϕ: latitude of
estimated epicenter; λ: longitude of estimated epicenter; Uepi: epicentral uncertainty; Mw: equivalent
moment magnitude (macroseismic); D: focal depth; IDPs: number of intensity data points.

Source
Date

(yyyy/mm/dd)
I0 ϕ (◦N) λ (◦E) Uepi (km) Mw D (km) IDPs

This study 1853/08/18 9 38.347 23.261 8.5 6.2 ± 0.1 - 41
[14] 9–10 38.319 23.317 20 6.7 ± 0.3 - 8

This study 1893/05/23 9 38.306 23.275 5.7 6.2 ± 0.3 5 13
[14] 8 38.310 23.250 5 6.2 ± 0.3 - -

This study 1914/10/17 8–9 38.306 23.388 6.7 6.0 ± 0.1 8 ± 1 62
[6] - 38.20 23.50 - 5.9 8 -

This study 1917/09/23 7–8 38.319 23.317 0.0 4.5 2 3
[47] 7 38.200 23.500 33 4.5 4 1

3. Seismological Data and Methods

Here, we study the seismicity in the area of Thiva between 25 November 2020 and 16
October 2021. During that time, P- and S-phase arrivals for over 2000 earthquakes were
manually determined at the Seismological Laboratory of the National and Kapodistrian
University of Athens (SL-NKUA). The catalogue data were enriched with additional events
and manually picked arrival times from the database of the Geodynamics Institute of the
National Observatory of Athens (GI-NOA). The compiled catalogue contains a total of
~2800 events for the study period. The sequence was recorded by the regional Hellenic
Unified Seismic Network [56], complemented by the deployment of temporary local sta-
tions, which play a significant role in constraining the focal depths and increasing the
detection threshold. Specifically, two stations (AMPE and THIV; Figure 3) were installed by
SL-NKUA, and three stations (THVA, THI1, and THI2; Figures 1 and 3) were installed by
GI-NOA in the immediate area of Thiva.

Figure 3. Seismicity in the area of Thiva between 25 November 2020 and 16 October 2021. (a) Initial
locations with HypoInverse and (b) after double-difference relocation with HypoDD. Fault lines are
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from [35] and the NOAfaults database [15,16]. Local seismological and GNSS stations are marked
with red triangles and a yellow inverted triangle, respectively.

3.1. Location and Relocation of Seismicity

Initial locations for the earthquake sequence were acquired using the HypoInverse
code [57], employing the P-wave velocity model of [58] for the neighboring Eastern Gulf
of Corinth, as well as for Boeotia, obtained from recordings of the local CORNET net-
work [59–61]. Other velocity models that were tried out (e.g., regional models for Central
Euboea or Atalanti; [62]) provided similar results and comparable uncertainties; however,
the [58] model was preferred for consistency with previous results for the 2020 Kallithea
sequence, where the same model was used [36]. The importance of local velocity models for
earthquake location has recently been demonstrated in the case of the 2019 Constance Lake
(Central Europe) seismic sequence [63]. Regarding the present study, the Vp/Vs ratio was
confirmed to be ~1.79 with the Chatelain [64] method (Figure A2), as in the original model
of [58]. The initial locations are presented in Figure 3a. The average root mean square (RMS)
travel-time residual for the dataset is 0.19 s, with average horizontal and vertical location
uncertainties, as reported by HypoInverse, at 0.38 and 0.80 km, respectively (Figure A3).
The average focal depth is 9.4 km, although much shallower hypocenters (a median focal
depth of 4.2 km) are resolved for the eastern group, related to the 2020 Kallithea sequence,
previously presented by [36]. The magnitude of completeness for the dataset is Mc = 1.6,
determined by the entire magnitude range (EMR) method [65].

As this sequence involves a large number of events that occurred in a series of out-
breaks clustered in space and time within a limited area, it is important to reduce the
relative location uncertainties in order to better distinguish the activated structures. For this
purpose, we employed the double-difference relocation code, HypoDD [66]. This algorithm
minimizes the double difference between calculated and observed P- and S-wave travel
times for pairs of neighboring events, resulting in the reduction of location uncertainties due
to unmodeled velocity structure. Waveform cross-correlation data are also incorporated in
the relocation scheme to enhance the hypocentral distribution of strongly correlated events
by reducing relative location uncertainties due to arrival-time picking inconsistencies.

To facilitate the relocation procedure, the dataset was divided into subsets, each
one with a smaller number of events. This was performed after examining the initial
locations and separating the sequence into groups, roughly based on their spatiotemporal
distribution. Several outbreaks were distinguished in time related to both temporal and
spatial clustering of the occurring earthquakes. The Thiva earthquake sequence was
divided into 9 temporal groups, each covering a different period and beginning with an
abrupt increase in the seismicity rate.

The event waveforms were initially examined in terms of waveform similarity using
reference stations located in the vicinity of the epicentral area and operational during the
whole study period. For this purpose, waveforms of the station VILL (Figure 1) at a distance
of ~16 km from Thiva were mainly employed, while additional data were also used from
the temporary station THVA (Figure 3), deployed by GI-NOA at Thiva, 1 day after the 2
December 2020 Mw = 4.6 Kallithea event, and the station STFN at an epicentral distance
of ~16 km from the 2020 Kallithea sequence (Figure 1). The full event waveforms (both P
and S waves) were cropped and band-pass-filtered between 2 and 8 Hz for the stations
VILL and STFN and in the range of 2–15 Hz for the station THVA. The waveforms of all
combinations of event pairs were cross-correlated, and the RMS values of cross-correlation
maxima from each component were registered in a correlation matrix. Nearest neighbor
linkage was applied, and multiplets were formed with an optimal threshold value of
Cth = 0.88, which maximized the difference between the size of the largest cluster and the
sum of clustered events [67]. A total of 1948 events were classified in 163 multiplets. Next,
for each of the temporal groups, the P- and S-wave windows of events belonging to the
same multiplets were cross-correlated at each station with available arrival-time data, and
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their cross-correlation maxima with their respective time lags were registered as input
for HypoDD.

The double-difference relocation procedure was performed separately for each one
of the 9 temporal groups. The parameterization of the procedure for each group varies
slightly due to the different numbers of events, travel-time data, and clustering properties.
However, a similar scheme was employed for all cases, favoring stronger a priori weights
for catalogue data during the first steps, followed by stronger weights for cross-correlation
data during the last stage. A total of 2700 events were successfully relocated, representing
96.4% of the initial catalogue (Figure 3b).

3.2. Spatiotemporal Evolution of the Sequence

To examine the spatiotemporal distribution of the 2020–2021 Thiva sequence in detail,
the dataset was divided into spatial groups, permitted by the achieved reduction of relative
location uncertainties with the application of the double-difference relocation. Ward’s
linkage was applied to the matrix of 3D hypocentral distances between all combinations
of relocated event-pairs, and a large number of spatial clusters were formed. After visual
examination, some smaller clusters were merged, and a final subdivision into 12 spatial
groups was adopted (Figure 4). An exception to this procedure is group #1, which is related
to the 2 December 2020 event, but is also covering all seismicity that occurred during the
first period of the seismic crisis, that is, before 10 July 2021, which mainly took place at the
eastern part of the study area. In the following, we examine the spatiotemporal evolution
of the sequence with reference to the 12 spatial groups, distinguished by different colors
and numerical labels (Figure 4).

Figure 4. (a) Map of relocated epicenters with different colors and numbers representing the 12 spatial
groups to which the sequence was divided. Events with M ≥ 3.5 are depicted as stars. The profile
line A–B is used for the spatiotemporal projection of Figure 5. (b) Cumulative number of events with
M ≥ Mc = 1.6 per spatial group represented by different colors and numbers (at the right end of each
curve) for the period between July and 16 October 2021. The occurrence of events with M ≥ 3.0 is
marked with circles with size proportional to magnitude. Major events related to outbreaks at certain
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groups are labeled with their date and largest event magnitude. Group #1 is presented in an alternate
version of this plot in Figure A4, covering the entire study period, starting 25 November 2020.

Figure 5. Spatiotemporal projection of relocated epicenters along the N 110◦ E-oriented profile A–B in
Figure 4a for the period between 9 July and 16 October 2021, with colors and numbers corresponding
to different spatial groups. Events with M ≥ 3.5 are depicted as stars. The red lines indicate possible
fluid-driven seismicity triggering fronts with a hydraulic diffusivity of 0.20 m2/s (dashed line) or
0.25 m2/s (solid line). The dashed blue line is drawn for reference, representing a seismicity migration
speed of 70 m/day towards ESE.

The sequence commenced in late November 2020, with a small cluster of earthquakes
occurring near Kallithea (eastern group #1, blue), including an ML = 3.0 on 25 November.
Then, on 2 December 2020, 10:54:56 UTC, an Mw = 4.6 earthquake struck near Kallithea. This
earthquake apparently had a very shallow focus at a focal depth of 1.5 km after relocation
in agreement with the results in [36]. The shallow focal depth of this event is evidenced by
the fact that, despite its small magnitude, the deformation field was clearly identified by
InSAR, exploiting Copernicus Sentinel-1 data in both ascending and descending orbital
directions [36]. This sequence was short-lived, as it practically ceased after 17 December
2020, with a few earthquakes happening until January 2021, and was followed by a long
period of quiescence (Figure A4 in Appendix B).

The seismic activity at the western part of the sequence started on 10 July 2021, with
several events of 3.1 ≤ ML ≤ 3.4 (red group #2 and cyan group #3), which compose the
western half of the 2021 swarm, also initiating seismic activity at group #6 (dark gray)
at the midnorthern part with a rate of 0.3–0.2 events/day. A stronger event of Mw = 4.2
occurred on 11 July, 00:00:17 UTC, in the group #2 area, followed by another event of similar
magnitude on 20 July in the same area. The latter earthquake increased the seismicity rate
of groups #2 and #3, but also triggered seismicity towards other areas, mainly group #4
(purple) and, secondarily, group #5 (green), while a few events were located at groups
#7 (yellow) and #11 (beige). Minor outbreaks, causing abrupt increase in the seismicity
rate, occurred on 25 July (group #2, including an ML = 3.6 event, and group #3), 28 July
(including an ML = 3.5 event at group #2), 4 August (group #5), 6 August (groups #2 and
#5), and 12 August (group #7). A small isolated cluster of deeper events (~12 km; group
#9) occurred on 29–30 August, ~4 km ESE of group #1, at the eastern end of the study area,
initiated by an ML = 3.2 earthquake.

On 1 September 2021, an increase in the seismicity rate was observed in the group
#6 area (dark gray), followed by an Mw = 4.1 event on 2 September in the same area. The
latter also caused an increase in the seismicity rate, mainly at groups #2, #4, and #5 and less

68



Appl. Sci. 2022, 12, 2630

at groups #3 and #11, while events began occurring at group #10 (light gray). An abrupt
increase in the seismicity rate of group #11 followed the occurrence of two ML = 3.5 events
on 10 and 11 September in the same group, which also triggered events at group #10. A
small cluster was triggered between 16 and 19 September at group #3, including four events
with 2.5 ≤ ML ≤ 2.8. Another outbreak at group #11 occurred on 20 September, including
an ML = 3.2 event on 21 September and an ML = 3.4 event on 22 September. A significant
burst of seismicity at group #10 was triggered by an ML = 3.4 event on 23 September. Lastly,
group #12 (brown) at the eastern end of the main part of the 2021 sequence increased
seismic activity after 3 October without any major event. The strongest event since then
was an ML = 2.8 earthquake on 10 October 2021 at group #11.

The spatiotemporal projection in Figure 5, along the WNW–ESE-oriented profile A–B
in Figure 4a, roughly parallel to the main direction at which the epicenters are aligned,
reveals the complex evolution of the 2021 Thiva earthquake sequence. The swarm was
initiated on 10 July 2021 at the western end of the activated zone, spanning along groups #2
and #3, with a few events belonging to the neighboring group #6 at the eastern edge of the
activated patches. On the outbreak of 20 July, the major Mw = 4.2 event occurred at group
#2, but seismicity was also triggered eastwards to group #4, while seismic activity began
at group #5, which presented some more bursts between 28 July and 8 August. The small
isolated cluster #7, north of the main seismic cloud and slightly to the west of group #5,
was activated between 12 and 15 August. A 2-week period of relative quiescence followed.
Then in September, the outbreak at group #6 began with some foreshocks, followed by
an Mw = 4.1 event on 2 September, mainly triggering aftershocks to the eastern half of the
activated zone, including group #5 and a few events at group #2, at which the activity ceased
later. Seismicity continued to spread eastwards, with few events at group #4. The next
seismic burst occurred at groups #10 and #11 between 10 and 13 September. A last temporal
cluster at group #3 took place between 16 and 19 September, followed by reactivation of
groups #11 on 20 September and #10 on 23 September. Lastly, cluster #12 occurred at the
easternmost end of the 2021 Thiva swarm.

Overall, the seismicity presents a general tendency for spatiotemporal migration
towards ESE. This is not straightforward, as the early outbreaks are mainly confined at
the western half, between groups #2 and #3, then spread suddenly to group #4 and later
group #5. Since September 2021, however, seismicity mostly occurs at the eastern half of
the activated zone. Foreshock seismicity near the origin of the Mw = 4.1 event of group #6
spreads towards WNW at a distance of ~1.5 km within 1 day, where it triggered an ML = 3.5
event at group #2. However, a slower seismicity triggering front can also be observed,
spreading towards the east, including some events at group #4, then passing by the eastern
edges of group #11 and later group #12, at a migration speed of ~70 m/day (Figure 5).
Considering the possibility that this part of the seismicity is induced by the fluid-driven
diffusion of pore pressure through the fracture network, a parabolic seismicity triggering
front can be drawn according to the relation of [68]:

r(t) =
√

4πDt (1)

where r(t) is the distance from the beginning of fluid injection at the origin and t the time
elapsed since then, while D is the hydraulic diffusivity. This front would begin on ~1
September near the origin of the Mw = 4.1 event at group #6 and spread eastwards through
mid-October, with a hydraulic diffusivity value between 0.20 and 0.25 m2/s (Figure 5).
It can be observed that most of the eastward migrating seismicity is located behind the
proposed parabolic triggering-front envelope, although some sparse events, mainly those of
groups #4 and #8, are located on the outside, possibly triggered due to pore-fluid diffusion
following paths of higher hydraulic diffusivity values.

3.3. Focal Mechanisms and Activated Structures at Depth

Focal mechanism data for the 4 larger events of the sequence (Mw > 4.0) are available
from routine waveform modelling and moment tensor inversion analysis performed at
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SL-NKUA and GI-NOA. The fault-plane solution of the 2 December 2020 Mw = 4.6 Kallithea
event is adopted from [36]. In addition, first-motion polarities (FMPs) were manually picked
for 20 significant events of smaller magnitude (2.8 ≤ ML ≤ 3.6) from visual inspection of
their recordings at local and regional stations of HUSN (Table A1 in Appendix B and Excel
File S2 in the Supplementary Material). For each event, taking into account the relocated
foci and the respective azimuth and angle of incidence corresponding to each station, a
grid search was applied in the whole range of strike, dip, and rake (ϕ, δ, λ) values to
find solutions compatible with the observed FMPs. In cases where no such solution was
available, solutions with a lower percentage of compatibility with the FMPs were sought,
considering the analyst’s quality estimate of each FMP, with a lower weight applied to
measurements of emergent P arrivals or uncertain polarities. Each individual solution
compatible with a minimum percentage of polarities was converted into a unitary double-
couple moment tensor from the respective ϕ, δ, and λ parameters, and their sum provided
an average focal mechanism for each event. Then, the RMS angular difference between
average and individual solutions was measured in terms of their Kagan [69] angle, and
solutions with an RMS < 25◦ were retained. The accepted focal mechanisms have at least
13 FMP measurements with over 90% compatibility.

The fault plane solutions of the major events, presented in Figure 6, indicate dominant
normal faulting in an E–W to WNW–ESE direction, with few events presenting oblique-
normal kinematics. The spatial distribution of the relocated hypocenters and the acquired
focal mechanisms were examined in a series of cross sections, oriented N200◦ E (Figure 7).
This direction is roughly perpendicular to the general trend of the mapped faults on
the surface, which are in line with the focal mechanisms and with the main axis of the
distribution of epicenters (i.e., N 110◦ E-oriented profile line A–B in Figure 4a). Starting
from the westernmost cross section, a1–a2, groups #2 and #3 appear to correspond to
the deeper and shallower parts, respectively, of a steep, south-dipping structure. This
is represented by the red dashed line, which is the cross section of a least-squares plane
determined from the joint distribution of groups #2, #3, #5, and #10 (see also the 3D model
of Interactive Matlab Figure S1 in the Supplementary Material). The same pattern persists
in section b1–b2, where, in addition, a few events of group #5 appear below group #2. The
small isolated cluster #7 is also presented, with a dashed line showing the cross section of
the least-squares north-dipping plane determined from this group and extrapolated a few
km updip.

Figure 6. Map of relocated epicenters of the 2020–2021 Thiva earthquake sequence and focal mecha-
nisms of the major events. The labeled (a1–a2 to h1–h2) dashed rectangles indicate the boundaries
and orientation (N 200◦ E) of the respective cross sections of Figure 7. The red dashed line is the
proposed eastward extension of the Yliki fault.

70



Appl. Sci. 2022, 12, 2630

Figure 7. Vertical cross sections drawn in a N 200◦ E direction along the profiles in Figure 6. Dashed
lines at depth are inferred planes from the distribution of relocated hypocenters, whereas dashed
lines at the top indicate the planes of known faults on the surface, that is, the eastward extension of
Yliki fault (red dashed line in Figure 6) and Kallithea fault. See also Interactive Matlab Figure S1 in
the Supplementary Material for a 3D model of the earthquake sequence and the activated structures.

In the cross section c1–c2, the distribution of hypocenters becomes more complex,
with the introduction of more spatial groups. The dark green dashed line, at a lower dip
angle than the red one, represents a least-squares plane determined from the distribution
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of groups #5, #6, and #10. This plane seems to be consistent with the eastward extension of
the Yliki fault when extrapolated downdip at an angle of 65◦. Sparse seismicity belonging
to group #4 can be observed in this slice. The cross section d1–d2 marks the beginning of
the eastern half of the 2021 sequence, mainly activated after September. The dashed green
line is consistent with the distribution of groups #6 and #10, as well as the remaining events
of group #5, whereas groups #2 and #3 are not present in this slice. In the cross section
e1–e2, a dense cluster of group #4, activated on 20 July 2021, can be observed, apparently
belonging to a north-dipping structure (purple dashed line). The brown dashed line is
the cross section of a least-squares plane determined from the distribution of groups #11
and #12, also north-dipping, but at a steeper dip angle. The latter structures can also be
observed in the cross sections f1–f2 and g1–g2. The plane determined from groups #11 and
#12 is oblique to the direction of the cross sections, increasing its distance from the plane of
group #4 toward the east.

Finally, the cross section h1–h2 shows the distribution of group #1, which is related to
the shallow 2 December 2020 Mw = 4.6 event associated with the south-dipping Kallithea
fault. The relocated epicenters of the mainshock and most aftershocks (Figure 6) are
clustered south of the Kallithea fault trace with the hypocentral distribution at depths
shallower than 4 km being roughly subvertical but apparently favoring a south-dipping
structure when considered together with the mainshock in agreement with [36]. The
absence of a local seismological network in the area during the occurrence of the 2020
sequence limits our capacity to constrain the hypocentral depths for this group; however,
the shallow depth of the rupture (or deformation source) is supported by the observed
surface displacements given that almost two fringes are visible in Sentinel-1 coseismic
interferograms [36].

4. Coulomb Stress Transfer Due to the 2 December 2020 Mainshock

In the following, we calculate the effect of the 2 December 2020 Mw = 4.6 earthquake
at Kallithea on the redistribution of stress in the study area to examine possible stress load
to the zone that was activated after 10 July 2021 near Thiva. For this purpose, we adopt
the geodesy-favored fault model in [36], determined through modeling of the observed
surface deformation together with seismological data, which associated the earthquake
with a shallow rupture of the Kallithea fault. Taking into account the abovementioned
fault geometry and kinematics, with strike = 120◦, dip = 48◦, rake = −74◦, and net slip of
240 mm, homogeneously distributed on the fault plane with a rupture top at 0.70 km and
bottom at 1.44 km (fault length L = 2 km, width W = 1 km), we calculate the Coulomb stress
transfer using the Coulomb 3.3 code [70] with an effective coefficient of friction μ′ = 0.4.

The Coulomb stress transfer model, determined for optimally oriented normal faults
according to the regional stress field, which is dominantly extensional with a subhorizontal
S3 axis oriented ~N186◦ E [71], is presented in Figure 8. The calculations indicate that a
stress load greater than +0.1 bar is mainly confined at depths shallower than 6 km, whereas
no significant stress transfer can be inferred at the seismogenic depths of the 2021 seismic
swarm, which are between 7 and 12 km (Figure 7). Even at shallower depths, where
the main rupture occurred, the +0.1 bar contour hardly reaches the eastern edge of the
2021 seismic sequence epicentral area. Furthermore, the nucleation of the 2021 sequence
occurred at its western edge, that is, groups #2 and #3 (e.g., white star with blue outline
in Figure 8), located at an even further distance from the Kallithea fault. This suggests
that static stress transfer due to the 2 December 2020 mainshock could not have possibly
triggered the 2021 seismic swarm.
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Figure 8. Coulomb stress transfer due to the 2 December 2020 mainshock at Kallithea (yellow star
with red outline), following the fault model in [36], marked with a red rectangle, for normal faults
optimally oriented to the regional stress field, at different depths Z: (a) Z = 0 km, (b) Z = 3 km,
(c) Z = 5 km, and (d) Z = 8 km. Gray circles represent the relocated epicenters of the 2020–2021 Thiva
seismic sequence, with the white star with blue outline marking the location of the 11 July 2021
Mw = 4.2 event. The dashed line shows the trace of the fault plane (extended downdip) at the depth
of the respective horizontal slice. Black lines are fault traces after [35], the NOAfaults database [15,16],
and the eastward extension of Yliki fault (Figure 6, dashed red line).

5. Instrumental and Imaging Geodesy to Map Local Deformation

Over the past 30 years, Interferometric Synthetic Aperture Radar (InSAR) and in
particular Multi-temporal InSAR (MT-InSAR), as well as Global Navigation Satellite Sys-
tem (GNSS) networks, have been established as methodologies capable of monitoring
surface deformations in urban and rural environments with millimeter resolution [72–77].
However, a GNSS network provides information only about a few points, but is charac-
terized as a dynamic real-time monitoring system of high precision in all three motional
components. On the other hand, spaceborne SAR interferometry provides a large number
of measured points over long time periods. Moreover, GNSS systems have a big eco-
nomic cost. In addition, SAR interferometry has the capability to remotely monitor areas
much wider than traditional surveying techniques without the necessity to install in situ
ground instrumentation.

The pre- and coseismic deformation of the Thiva area was investigated based on
MT-InSAR results using interferometric data from the Sentinel-1 A and B satellites of the
Copernicus program. Copernicus Sentinel-1 A and B SAR scenes are freely available from
the Sentinel Hub portal [78] and can provide improved SAR SLC (Single Look Complex)
data, ensuring (a) continuous, all-weather, day and night imagery; (b) rapid revisit period
in the same imaging mode (6 days); (c) constant and regular acquisition to build a large
global archive; and (d) wide area coverage, thanks to the 250 km image swath width.
Satellite geodetic data (GNSS) were used to calibrate and validate the interferometric
results, while the location of the geodetic device acted as a reference point during the
interferometric processing.
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5.1. GNSS Geodetic Data to Map Local Deformation

GNSS data from continuous stations (Figure 1, inverted yellow triangles) were pro-
cessed for the period of January 2017 to November 2021. The available data cover the time
prior to the outbreak of the seismicity, as well as the coseismic period. One of the analyzed
stations, THIV (Figure 3), belonging to the HexagonSmartNet commercial network by
Metrica S.A. [79], is located at Thiva and was operating continuously during the 2020–2021
earthquake sequence. Partial data from two more sites in Thiva were processed for the year
2018 and for the period 2019 to 2020 (belonging to the Uranus network by TreeComp [80]).
The processing of the raw GNSS data was performed using the precise double-difference
method with the Bernese v5.2 GNSS software [81]. The precise orbital solutions from
the Center for Orbit Determination in Europe (CODE) were introduced in the estimation
of the station’s coordinates. The time series of all three components of the daily coordi-
nates of the station THIV on the global ITRF2014 reference frame area are presented in
Appendix C (Figure A6). The velocity vector of the THIV station was estimated to be
VNorth = −8.97 ± 0.04 mm/yr, VEast = 9.29 ± 0.04 mm/yr, and VUp = 1.16 ± 0.08 mm/yr.
For the two other GNSS sites in Thiva, a similar velocity vector was estimated, although
they refer to a slightly different time period. These velocity values are in accordance with
previous estimations for the station THIV [5,82]. Based on the continuous daily solutions
of the site THIV, it appears that the increased seismicity in the area in 2021 has not caused
any observable static ground deformation or alteration of the velocity vector. The only
noticeable change that was identified was a small alteration (changing point of the rate)
on the vertical component since May 2019. More specifically, a slightly increased uplift
motion was detected, from 0.09 ± 0.23 mm/yr prior to May 2019 to 1.18 ± 0.39 mm/yr,
for the rest of the period. Moreover, a distinctive seasonal signal is emerged in the vertical
component that could be associated with the seasonal fluctuations of the groundwater
horizon. Calculation of the baseline changes between the THIV GNSS site and stations
located in Chalkida (~30 km NE from Thiva) and Corinth (~54 km SW of Thiva), with
both sites belonging to HexagonSmartNet, showed a linear increase during the whole time
period of the distance between Thiva and Chalkida, as well as between Thiva and Corinth,
equal to 0.8 ± 0.1 mm/yr and 4.0 ± 0.1 mm/yr, respectively. These results are compatible
with the extensional regime of the broad area that has been previously described [5,82].
The time series of the Uranus stations was similar to the one presented here. These data
were acquired at a high rate (1 Hz). A close examination during the occurrence time
of the three earthquakes with Mw ≥ 4, with their epicenters located 2.8 km NE, 1.1 km
NNE, and 0.6 km NW of the THIV GNSS station, respectively, yields that they caused no
displacement waveform.

In an effort to define the source of the fluctuations in the vertical component, a joint
interpretation of the local rainfall data and the geodetic data was performed. Rainfall data
were recorded from a local meteorological station within Thiva. This station is operated
by the METEO unit at the National Observatory of Athens and is part of the NOAAN
network, consisting of 430 automatic surface weather stations in Greece, which monitors
all basic meteorological variables, including rainfall, at 10 min intervals [83]. In Figure 9,
the accumulated rainfall time series is shown upon the vertical THIV GNSS displacement
time series, the latter being temporally shifted, after visual inspection, by 3 months towards
the past, in order to minimize the difference between the rainfall variation and its impact
to the ground observation. That is why the date of the alteration shown was previously
mitigated from May 2019 to February 19 of the same year. In the diagram, a correlation of
the peaks and valleys between the two time series within ±2 months is observed. Moreover,
a similar correlation of the amplitudes of the two time series can be identified until October
2019. Then, there is no clear connection between the two datasets, except in October 2020.
Towards the end of the examined period, we observe an intense decrease in the values
of both curves. Thus, the vertical component of GNSS seems to be driven mainly by the
water withdrawal to recovery equilibrium. From this, it can be inferred that the uplift
observed after May 2019 can be attributed to the increase in the rainfall. The latter indicates
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that the observed vertical ground deformation is mainly controlled by the changes on the
groundwater level horizon in the broad Thiva area and cannot directly be associated with
the recorded seismic activity or be considered as a tectonic result.

Figure 9. Two-month moving average time series of the vertical component of the THIV GNSS station
(black) temporally shifted by 3 months towards the past and detrended accumulated rainfall time
series (orange) after removal of its linear regression. The origin times of the Mw > 4.0 earthquakes are
depicted with dashed red lines.

5.2. Imaging Geodesy

For the InSAR analysis, 177 acquisitions of Copernicus European Sentinel-1 SAR
SLC over Thiva were used, available on the Copernicus Open Access Hub [78]. For the
processing, a 90 m/pixel digital elevation model (DEM) was used [84]. The Sentinel-1
products were acquired in interferometric wide (IW) swath mode consisting of three sub-
swaths with a series of bursts covering a swath of 250 km. Specifically, 89 acquisitions
on ascending (track 102) and 88 images on descending (track 09) were used, covering the
period from January 2018 to September 2021.

The Multi-temporal InSAR data processing was carried out following the Small BAse-
line Subset (SBAS) MT-InSAR approach [85] due to the characteristics of the study area
(mostly covered by rural areas) using the ENVI SARscape® software (L3Harris Geospatial,
Boulder, CO, USA). The preprocessing phase includes the orbit correction of every image,
the burst selection over the study area, and the image coregistration using a master image
in order to generate interferometric pairs. On the main processing, wrapped interferograms
were generated with a multilook range and azimuth (5 × 1), and 90 m/pixel DEM was
used to subtract the topographic phase. The wrapped interferograms were unwrapped
using the minimum cost flow (MCF) method [86] and converted into line-of-sight (LOS)
displacement. The reference for both tracks was set up in the location of the GNSS station
THIV. Considering that InSAR displacement in LOS only measures the path length differ-
ence between the earth surface and the satellite, displacement decomposition was carried
out, exploiting the ascending and descending sensing trajectories to recover the vertical
(up–down) and horizontal (east–west) deformation.

The vertical displacement map over the study area (Figure 10) shows mainly subsiding
sites with a maximum cumulative displacement of about −40 mm. Nevertheless, there
are areas where localized uplift took place with maximum values of 20–30 mm. On the
time series plot (Figure 10, inset panel), 12 scatterers were selected to observe the vertical
deformation pattern during the period of satellite acquisition (June 2018 to September
2021). As observed in the plot, the scatterers that were located inside Thiva (9, 11, and
12) are relatively stable, compatible to the GNSS result. The same pattern is followed
by those that are located south of Thiva (2, 3, and 4), while scatterers 1 and 5 show a
subsidence trend, especially after the 2 December 2020 mainshock, up to −10 and −19 mm,
respectively. The highest uplift deformation is observed on scatterer 4, up to 15 mm, not
associated to the earthquake (Mw > 4.0) occurrences. A different pattern is recorded in the
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vicinity of Kallithea (scatterers 6, 7, 8, and 10) characterized by subsidence trends. The
deformation pattern in these scatterers is altered significantly after the occurrence of the
Mw > 4.0 earthquakes during the processing period, as can be seen in Figure 10 (red lines).
Scatterers 6, 7, and 8 show an increased rate of subsidence caused by the 2 December 2020
event, while scatterer 10 is characterized by a smaller subsidence rate.

Figure 10. (Map) Vertical cumulative displacement inferred by the SBAS method. The relocated
epicenter of the 2 December 2020 earthquake is presented with a white star, while black stars depict
the relocated epicenters of major events (M ≥ 3.5) of the 2021 seismic swarm. Faults (dashed black
lines) after NOAFAULTS [15,16] as Sr: Soros; Ka: Kallithea; K8: Kallithea 8. (Lower-right inset panel)
Diagram of the cumulated vertical SBAS time series for 12 points distributed over the study area (red
dots with numbers on the map). Red vertical lines mark the origin time of the major events (Mw > 4)
of the 2020–2021 sequence, also marked on the map as follows: a: 2 December 2020; b, including
b1: 11 July 2021 and b2: 20 July 2021; and c: 2 September 2021. The reference point for both the
displacement and the inset time series is the GNSS Station THIV (black triangle).

6. Discussion

The 2020–2021 seismic sequence at Thiva, Central Greece, is a peculiar case of an
Mw = 4.6 earthquake (on 2 December 2020) occurring at a relatively small distance (6–12 km)
from a quite productive seismic swarm, which started ~7 months later. The 2 December
2020 event was interesting on its own, given that it was an unusually shallow earthquake,
with its rupture expanding downdip, which produced observable deformation of about
two fringes, on Sentinel-1 interferograms, on the surface, permitting its association with
the Kallithea fault [36], despite its relatively small magnitude. It is worth noting that earth-
quakes with similar shallow depths have been reported worldwide, as the 2014 Mw = 5.1
La Habra earthquake in California at a depth of 2 km [87], a Mw = 4.9 earthquake in France
at a depth of 1 km [88], and a Mw = 5.0 earthquake in Ecuador at a depth of 1.5 km [89].
At the time, there was no indication that this earthquake would be followed by an intense
swarm near Thiva, as previous seismicity in the area was generally low and no increase
in the seismicity rate could be observed until July 2021 (Figure A4). In the seismic cata-
logue in [6] for the periods of 1900 to 2009, only few events with Mw ≥ 4.0 are located
in the broad area of Thiva; few sparse epicenters to the south are mainly related to after-
shocks of the major earthquakes of 1981 in the eastern Gulf of Corinth owing to significant
location uncertainties.

In this work, the parameters of four destructive events that have affected Thiva in
the period of 1853–1917, all without any surface fault traces, were recalculated using
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macroseismic data (Table 1). These indicated seismic activation a few kilometers west
of Thiva in 1853 and 1893, both of equivalent moment magnitude of Mw = 6.2, as well
as an Mw = 4.5 event near Thiva in 1917. The epicenter of the Mw = 6.0 1914 event is
located between Thiva and Kallithea, possibly within the area covered by the recent 2021
spatial groups in Figure 4. Coseismic effects, including ground effects, were reported for
previous earthquakes with I > 8 in Thiva and its vicinities, in accordance with the estimated
macroseismic parameters presented in Table 1. A series of small shocks, of intensity I < 5,
originating from the study area throughout 1915 (Figure 2b) were also recorded, likely
attributed to a seismic swarm or to aftershocks triggered by the 1914 mainshock. Such
activity, characterized by small events of intensity I < 5, has similarities to the recent
seismicity. Since the beginning of the enhanced monitoring by the HUSN in 2007, only
sparse seismic activity has been detected near Thiva with magnitudes mainly ML < 3, with
the largest event (Mw = 4.0) occurring near Yliki Lake on 25 June 2017 (see also the New
Seismotectonic Atlas of Greece [13] for an overview of previous activity in the area).

The application of double-difference relocation in this study produced a high-resolution
catalogue that permitted the distinction of several clusters within the seismicity cloud of
the 2021 swarm (Figure 4). The spatiotemporal distribution of the sequence suggests that
these spatial groups also exhibit strong temporal clustering, with a series of outbreaks
related to the larger events of the sequence. The resolved focal mechanisms indicate mainly
normal dip-slip and, to a lesser extent, oblique-normal faulting (Figure 6), compatible with
the regional stress of the area [71]. Through detailed cross sections and a 3D model of the
spatial distribution of hypocenters (Interactive Matlab Figure S1 in the Supplementary
Material), it was possible to identify the likely geometries of the activated structures at
depth. In contrast to the shallow 2 December 2020 mainshock, which is associated with the
Kallithea fault by straightforward interpretation of the observed displacement pattern [36],
the deformation due to the 2021 swarm did not reach the surface. This is explained by the
larger focal depths of the major events of the swarm, combined with their low magnitudes.
Furthermore, the epicentral area of the 2021 swarm is void of mapped faults (Figure 1).
Specifically, the traces of known south-dipping faults in the east, including Kallithea fault,
having a WNW–ESE trend, compatible with the focal mechanisms and general geometry of
the structures involved in the 2021 seismicity, are terminated ~1–2 km before reaching the
first epicenters of the swarm. The same is true for the mapped faults west of the swarm,
which are less compatible in terms of their strike. To the south, a south-dipping fault is
mapped near the edge of the southern cluster #4, which is associated with a north-dipping
structure. To the north of the epicenters, there is a plain of agricultural land without
mapped faults or any apparent anomaly in the topography. The only likely candidate fault
that could be associated with some of the activated structures at depth is the south-dipping
Yliki fault at the southern coast of Yliki Lake. Even so, the fault trace would have to be
extended by a few km towards ESE (Figure 6) in order to match the updip extension of some
of the activated structures at depth, particularly those related with the major (Mw > 4.0)
events of the sequence. Other identified structures at depth seem to correspond to steeper
faults that would outcrop south of Yliki fault. Two of the identified planes at the eastern
part of the swarm suggest a north-dipping fault. The latter cannot be associated with any
of the mapped faults on the surface.

The initiation of the 2021 seismic swarm took place near its western extreme, about
10 km WNW of the 2 December 2020 mainshock’s relocated epicenter. In the constructed
Coulomb stress transfer model for this earthquake, it became apparent that, even with
a fault model derived by geodetic data [36], which produced a slightly overestimated
moment magnitude (Mw = 4.7), stress loading for optimally oriented normal faults under
the concurrent regional stress regime drops below +0.1 bar, which is regarded as the lower
threshold capable for stress-trigger earthquakes [90], near the eastern margins of the swarm
(Figure 8). Given that the nucleation of the 2021 sequence took place at its western end, with
an Mw = 4.2 event on 11 July 2021, the Coulomb stress transfer due to the 2 December 2020
mainshock is not considered sufficient to trigger the 2021 swarm. This is further justified by
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the shallow depth of the 2 December 2020 event, but the result, concerning stress transfer at
the seismogenic depths of the 2021 swarm, would be the same even if the 2020 mainshock’s
fault model was placed ~5 km deeper. Therefore, despite seeming counterintuitive, there
appears to be no causative link between the 2 December 2020 mainshock and the occurrence
of the 2021 swarm; that is, there is no evidence that the former accelerated the occurrence
of the latter.

To further examine other possible triggering mechanisms, we employed instrumental
and imaging geodesy to investigate pertinent local deformation transients that may have
played a role in the stress loading of the area. As in reported cases in the literature, a slow
slip event (e.g., [91]) or uplift/subsidence due to groundwater level changes (e.g., [92])
could have increased the applied stresses to the faults of the area, including Kallithea fault
and the fault system that hosted the 2021 swarm. This would have the potential to induce
seismicity at both places and indicate a common cause for their seismic excitation. How-
ever, no significant anomalies in the displacement components of the GNSS station THIV,
located at Thiva, could be detected (Figure A6), with the station presenting the anticipated
regional horizontal motion and a steady long-term uplift at a slightly increased rate of
1.18 ± 0.39 mm/yr since May 2019. It is noted that the variability of vertical displacement
at THIV was found to partially correlate with the detrended variability of accumulated
rainfall at a local meteorological station with a lag of ~3 months (Figure 9). This likely
indicates a delayed response of the vertical ground displacement due to the groundwater
equilibrium, but the uplift trend prevails. Similar cases of uplift incidences due to recharg-
ing of the aquifer after near-record rainfall were documented by [93] using both GNSS
and InSAR, supported by well level signals. The seismic swarm was initiated at the time
of a highly decreased rate of the detrended accumulated rainfall that started declining
1 year before. This observation alone cannot support the groundwater level changes as a
triggering cause of the seismic activity.

By employing InSAR data and through the application of the SBAS method, downlift
or uplift, cumulated through the period between 2018 and September 2021, with reference
to the GNSS station THIV, were detected at several localities in the study area. The exami-
nation of the temporal variation of vertical displacement at selected scatterers (Figure 10)
showed subsidence associated with the Mw = 4.6 2 December 2020 earthquake in the vicinity
of Kallithea fault. On the other hand, no significant anomalies in the vertical displacement
were recognized at scatterers near or south of Thiva, that is, the epicentral area of the 2021
swarm. Although coseismic displacements on the surface were not expected to be detected
for the major events of the 2021 swarm, due to the small magnitudes and larger focal
depths compared with the 2 December 2020 mainshock, the lack of preseismic deformation
indicates no detectable changes that could be associated with slow slip or groundwater
level changes, affecting the local stress.

Although the initiation of the 2021 swarm could not be explained by Coulomb stress
transfer due to the 2 December 2020 mainshock, its evolution can be partly attributed to
stress triggering. The major earthquakes of the swarm in July 2021 occurred at its western
end, and the swarm progressed eastward in a cascade of outbreaks related to major events.
Following a small interval of low seismic activity in the second half of August 2021, a
second stage of the swarm was initiated by an Mw = 4.1 event on 2 September. However,
part of the continuing eastward migration of seismicity could possibly be attributed to pore-
pressure diffusion, as seismicity is roughly bounded by a parabolic envelope of hydraulic
diffusivity D = 0.25 m2/s (Figure 5). On a larger temporal scale, seismicity tends to spread
eastward at a rate of ~70 m/day since August 2021. During the continued monitoring of
earthquake activity in the study area at SL-NKUA, after 16 October 2021, that is, the end
of the period studied in this work, the seismic swarm gradually diminished. Fewer than
300 events of ML ≤ 2.6 occurred until the end of January 2022 east of Thiva, where seismic
activity was already observed in the first half of October 2021.

Both the abovementioned hydraulic diffusivity and the migration rate are comparable
with the respective values previously measured in fluid-associated earthquake triggering at

78



Appl. Sci. 2022, 12, 2630

the Western Corinth Gulf (e.g., [9,10,12,94,95]). Seismic swarms are commonly observed in
areas related to volcanic activity, involving magmatic or hydrothermal fluids (e.g., the 2008–
2009 swarm at Yellowstone Lake [96] or the 2008 swarm at Vogtland/NW Bohemia [97]),
or induced by water injection in geothermal fields (e.g., the 1993 swarm in Soultz-sous-
Foret, France [98]). In tectonic environments, where seismic swarms are less frequent,
the fluids that drive seismicity can be of meteoric origin, as has been suggested for cases
such as the 2003–2004 swarm in the Western Corinth Gulf [99] or the 2011 swarm in
Oichalia, Southern Greece [100], as well as for the 2002 swarm in Hochstaufen Mountain, SE
Germany [101], and the 2003–2004 swarm in the Ubaye-Argentera area in the southwestern
French–Italian Alps [102]. Another possible source could be the subducting oceanic slab
through dehydration, with fluids migrating upwards (e.g., [103]). The intrusion of fluids
through fissures or the fracture network can induce seismicity either by localizing stress or
by increasing pore pressure, reducing the effective normal stress, and facilitating aseismic
creep. During the evolution of fluid-driven swarms, small asperities embedded within the
faults are breaking, as creeping of the surrounding surface proceeds, generating multiplets,
caused by repeated slip on the same fault patch. Larger asperities may generate the major
events of a swarm, transferring static stress to neighboring fault patches where aftershocks
are triggered, causing the seismicity rate to increase abruptly, then to gradually decay
following Omori’s law. Therefore, swarms evolve as a consequence of both fluid intrusion
and stress transfer, as has been suggested for the case of the seismic swarm of 2000 in
Vogtland/NW Bohemia [104], and even involve episodes of aseismic slip, as in the October
2015 seismic swarm in Malamata, in the Western Corinth Gulf [12]. Spatial leaps in the
triggering of earthquake clusters (e.g., group #4 of the 2021 Thiva swarm) or delayed
major events (e.g., the 2 September 2021 event in group #6) could also be explained by
subcritical crack growth due to stress corrosion attributed to chemical action at the crack
tips (e.g., the earthquake swarm at Hida Mountains, Central Japan [105]). Another possible
mechanism for gradual fault weakening is the erosion of the fault walls by fluids, which
has been suggested for the 2008 swarm in Vogtland/NW Bohemia [106]. The short time
period of relative seismic quiescence between 15 and 31 August in the Thiva area suggests
that stress-transfer-related triggering effectively ceased in the western part of the swarm,
but stress-induced corrosion, fluid erosion, or another aseismic factor, such as creeping
or intrusion of subsurface fluids, were undermining the faults of the eastern half. The
signature pattern of fluid-driven pore-pressure diffusion is the observed parabolic envelope
in the spatiotemporal projection of Figure 5, indicating an expanding triggering front,
starting from an injection point that roughly coincides with the location of the 2 September
2021 event. It is likely that the latter earthquake created a new pathway for the propagation
of pressurized fluids, which caused seismicity to migrate further eastwards.

As evidenced by historical data, Thiva has experienced destructive Mw ≥ 6.0 earth-
quakes in the past. Even though there are no significant recent events in either Kallithea
or Thiva, macroseismic data suggest a past activation of the area in between. This points
out that the 2020–2021 earthquake sequence does not reflect the full seismic potential of
the study area. The local densification of the seismological network has permitted the
detailed mapping of the activated structures at depth and the enhancement of the detection
threshold. The fault segmentation, leading to a cascade of small outbreaks, and the b-value
of the Gutenberg–Richter law of the 2021 seismic swarm, which is near or slightly above
unity (b ≈ 1.07 by the least-squares method, or b ≈ 1.14 by the maximum likelihood method
for a magnitude of completeness of Mc = 1.6; Figure A5), indicates that this particular
seismogenic volume is unlikely to produce a large event at this time. However, other
neighboring fault zones could possibly be triggered due to the cumulative stress transfer
caused by the major events of the sequence. This could have potential implications to the
seismic hazard of the area, as several seismogenic sources have been recognized in the
vicinity of Thiva (e.g., [107]).

It is also worth noting that the evolution of a seismic swarm is not always similar to the
one of the present study. Recently, on 27 September 2021, while the Thiva swarm was still
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active, a destructive earthquake (Mw = 6.0) occurred in Arkalochori in central Crete [31,32].
In Arkalochori, the seismic activity was initiated about 4 months before the mainshock,
in early June 2021, as an earthquake swarm. However, the evolution of the Arkalochori
sequence was dramatically different, culminating in the Mw = 6.0 mainshock that caused
one fatality and hundreds of damaged buildings. In that instance, the seismic swarm
was characterized, retrospectively, as a foreshock sequence. It is, therefore, important
to continue monitoring the microseismic activity of the area of Thiva, in case seismicity
migrates to neighboring structures.

7. Conclusions

We performed a detailed seismotectonic analysis of the 2020–2021 earthquake se-
quence in Central Greece involving a mainshock–aftershock sequence in December 2020
at Kallithea fault and a seismic swarm in July–October 2021 near Thiva. Through high-
resolution double-difference relocation of the earthquake catalogue, we identified a system
of conjugate WNW–ESE-trending normal faults below Thiva with several fault segments
being triggered at different times, producing a complex seismic swarm that evolved in
a series of bursts. Seismicity mainly migrated from west to east, with triggering mainly
attributed to stress redistribution due to the larger events of the sequence.

The swarm could be divided in two stages, the first concerning its western half,
initiated by an Mw = 4.2 event on 11 July 2021, and the second triggered by an Mw = 4.1
event on 2 September 2021, activating its eastern half. In the former stage, the seismic
activity can be partly related to the, inferred, eastward extension of the south-dipping Yliki
fault at the southern margin of Yliki Lake, north of Thiva. However, activity at more steeply
dipping structures could also be identified. The second stage, likely related to the eastern
termination of Yliki fault, also generated seismic activity on some conjugate north-dipping
structures with some indications of triggering by overpressurized fluids, with seismicity
migrating eastwards following a pore-pressure diffusion front.

We applied a multidisciplinary approach to investigate possible triggering mechanisms
of the swarm. Coulomb stress transfer due to the Mw = 4.6 2 December 2020 earthquake
was considered insufficient to trigger the July–October 2021 swarm near Thiva, as stress
loading much lower than +0.1 bar was measured at the nucleation site. Furthermore,
surface deformation measurements through GNSS and InSAR did not show any significant
anomalies, which could be related to phenomena such as subsidence due to groundwater
withdrawal or slow slip, which could have triggered the 2021 seismic swarm. Despite the
apparent association of the December 2020 event with the July–October 2021 swarm, due
to their proximity in both space and time, no causal relation could be derived between the
two sequences. Subsurface fluids under pressure seem to have played a significant role
in the evolution of the 2021 seismic swarm, either causing local stress concentrations or
facilitating slip by lowering the effective normal stresses or weakening the faults’ walls
through erosion. The rich seismic activity in the conjugate normal fault system below Thiva
likely released the accumulated stress in this particular area. However, considering the
previous historic records of major M > 6 events in the vicinity, the occurrence of a significant
earthquake at the unruptured downdip extension of Kallithea fault or in the seismic gap
between Kallithea and Yliki faults cannot be excluded.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12052630/s1, Excel File S1: Relocated catalogue of the 2020–2021 earthquake sequence
in Thiva; Excel File S2: Focal mechanisms determined by first-motion polarities (FMPs); Interactive
Matlab Figure S1: 3D model of the 2020–2021 earthquake sequence at Thiva.
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Radar Topography Mission (SRTM) 3 arc-second (90 m/pixel) database (https://srtm.csi.cgiar.org/10;
accessed on 10 October 2021) [84]. The GNSS data used in this study are provided by the private
sector and are not available.
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Appendix A. Additional Macroseismic Data

Macroseismic intensity data points (IDPs) were re-evaluated to determine the macro-
seismic epicenter using the MEEP software [50].
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Figure A1. EMS98 intensity data points (IDPs) of the 17 October 1914 earthquake and the calculated
macroseismic epicenter (star).

Appendix B. Seismological Methods

Statistics and additional information concerning the seismological data.

Figure A2. Chatelain [64] diagram for the determination of the average ratio Vp/Vs = 1.79 using P
and S travel-time data from the 2020–2021 Thiva earthquake sequence.
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Figure A3. Histograms of location statistics and uncertainties for the 2020–2021 Thiva earthquake
sequence: (a) root mean square (RMS) travel-time residuals, (b) horizontal (ERX, ERY) and vertical
(ERZ) formal uncertainties reported by the location algorithm HypoInverse, (c) focal depths from the
relocated catalogue with the HypoDD code, (d) azimuthal gap, (e) epicentral distance to the closest
station, and (f) number of P- (blue) and S-wave (red) arrival times.
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Figure A4. Cumulative number of events with M ≥ Mc = 1.6 per spatial group, represented by
different colors and numbers, for the period between 25 November 2020 and 16 October 2021. The
occurrence of events with M ≥ 3.0 is marked with circles with size proportional to magnitude. A
close-up of the period between July and 16 October 2021 is presented in Figure 4b.

Figure A5. Gutenberg–Richter law of the 2021 earthquake swarm (groups #2–#12, excluding group
#9; Figure 4) with blue dots showing the log10 number N of events with magnitude M > m, whereas
red dots show the reverse relation. Open triangles show the number of events with magnitude M
in the range m − 0.05 ≤ M ≤ m + 0.05. The straight red line shows the linear fit corresponding to
a b-value of 1.072. The magnitude of completeness is Mc = 1.6. The b-value determined from the
maximum likelihood method is bMLE = 1.14. The red dashed line is the extension of the linear fit to
log10N = 0, with m* = 4.51 the largest expected magnitude according to the modified Bath’s law [109].
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Table A1. Focal mechanisms of major events determined by first-motion polarities (FMPs). CLID is
the spatial group number. For more details, see Excel File S2 in the Supplementary Material.

Origin Time Latitude
(◦N)

Longitude
(◦E)

Depth
(km)

ML
Strike1

(◦)
Dip1

(◦)
Rake1

(◦)
CLID

2 December 2020 12:37:37.7 38.3001 23.4327 3.4 3.3 240.2 46.6 −142.6 1
10 July 2021 12:54:17.7 38.3233 23.3276 9.8 3.2 293.9 37.1 −94.6 2
20 July 2021 07:36:20.4 38.3233 23.3254 10.0 2.9 298.1 31.5 −50.1 2
21 July 2021 03:54:53.9 38.3286 23.3064 9.9 3.1 238.3 38.3 −122.6 2
25 July 2021 19:12:44.1 38.3273 23.3055 10.9 3.6 261.8 41.2 −120.7 2

29 August 2021 18:15:23.0 38.2942 23.4932 11.8 3.2 317.1 44.3 −48.9 9
30 August 2021 06:08:12.1 38.2876 23.4836 13.0 2.9 325.7 67 −13.1 9

2 September 2021 09:03:54.2 38.3222 23.3335 10.9 3.0 248.7 39.7 −125.5 5
2 September 2021 14:46:15.8 38.3248 23.3370 9.5 3.3 286.9 34.7 −99.7 6
3 September 2021 05:13:51.6 38.3260 23.3263 8.2 3.5 290.8 32.9 −95.5 2

10 September 2021 13:51:33.0 38.3211 23.3439 9.6 3.5 287.1 36.6 −117.5 11
11 September 2021 05:28:16.0 38.3226 23.3545 9.7 3.5 279.3 35.6 −95.4 11
11 September 2021 09:42:38.8 38.3233 23.3503 10.7 3.3 293.8 32.5 −95.2 11
11 September 2021 17:45:48.8 38.3220 23.3427 10.6 3.2 278.7 38.6 −110.8 10
21 September 2021 01:50:54.8 38.3207 23.3564 11.1 3.2 248.5 42.4 −130.5 11
22 September 2021 01:03:07.7 38.3187 23.3574 9.3 3.4 295.3 28.9 −93 11
23 September 2021 19:28:56.2 38.3145 23.3376 11.3 3.1 279.6 38.6 −94.2 5
28 September 2021 11:41:55.0 38.3180 23.3442 10.3 3.1 98.4 36.6 −93.8 10
29 September 2021 00:20:39.0 38.3176 23.3433 11.3 2.9 238.1 48 −138.2 10

10 October 2021 05:37:41.1 38.3252 23.3513 10.6 2.8 242.5 48.7 −137.1 11

Appendix C. Geodetic Methods

Daily data from the continuous GNSS station THIV located in Thiva were processed
over a period of 5 years, 2017 to 2021. Time series were produced, and the velocity vector
was calculated.

Figure A6. Time series of the three components for the THIV GNSS site. The fit (red line) produced
by the software in [110].
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Featured Application: Field validation of combined remote sensing and seismological data after

a large earthquake.

Abstract: The Arkalochori village in central Crete was hit by a large earthquake (Mw = 6.0) on
27 September 2021, causing casualties, injuries, and severe damage to the infrastructure. Due to
the absence of apparent surface rupture and the initial focal mechanism solution of the seismic
event, we initiated complementary, multi-disciplinary research by combining seismological and
remote sensing data processing, followed by extensive field validation. Detailed geological mapping,
fault surface measuring accompanied with tectonic analysis, fault photorealistic model creation by
unmanned aerial system data processing, post-seismic surface deformation analysis by DInSAR
image interpretation coupled with accurately relocated epicenters recorded by locally established
seismographs have been carried out. The combination of the results obtained from these techniques
led to the determination of the contemporary tectonic stress regime that caused the earthquake in
central Crete, which was found compatible with extensional processes parallel to the Hellenic arc.

Keywords: Arkalochori; Messara Basin; Heraklion Basin; Kastelli fault zone; supra detachment basin;
fault segmentation; double-difference relocation; DInSAR

1. Introduction

The broader area of central Crete represents a neotectonic structure in the vicinity of
the Hellenic Trench, which comprises two post-orogenic basins with trending orientations
normal to each other, forming a uniform basin complex [1]. The northernmost part of the
latter, the Heraklion Basin (HB), trends approximately N-S, whereas adjacent to its southern
margin, the Messara Basin (MB) developed trending E-W [2,3]. We refer to this area as
the Heraklion–Messara Basin complex, as it is covered by the same Miocene formations,
implying that it shares a common paleo-environmental history, even though there are
significant structural differences between the two basins.
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In particular, MB (Figure 1) acts as a supra-detachment basin [2,4] which lies on top of the
hanging wall of the south Cretan extensional detachment [3]. The latter is located at the active
margin of the rapidly southwestwards-moving Aegean micro-plate [5–7]. It is an extensional,
south-dipping structure, similar to the north-dipping Cretan Detachment [8–10].

Figure 1. (a) Location of Crete (red rectangle) in southern Greece. Bold lines marked with dents or
arrows indicate major tectonic structures in the vicinity of the Hellenic Arc; ACZ: Apulian Collision
Zone, CTFZ: Cephalonia Transform Fault Zone, NAT: North Aegean Trough, NAF: North Anatolian
Fault. Lines indicate the traces of seismogenic sources from the Euro-Mediterranean Seismic Hazard
Model 2013 (ESHM13; [11]). The NNE-pointing vector at the lower-left indicates the direction and
convergence rate of the Nubian plate [12]. (b) Seismotectonic map of Crete (red rectangle in panel
(a). Black lines are active faults from the NOAfaults v3.0 database [13]. Beachballs indicate focal
mechanisms of earthquakes (Mw ≥ 4.0) from the compilation of [14] and sources referenced therein
(see also Data Availability). Circles (M < 5.0) and stars (M ≥ 5.0) represent past seismicity of years
1000–1899 (SHEEC; [15]) and 1900–2009 [16] for events with focal depths down to 70 km. The
maximum (S1) and minimum (S3) principal stress axes of the regional crustal stress field [14] are
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depicted by blue and red arrows, respectively, with arrow length proportional to the cosine of the
plunge angle. The epicenter of the Arkalochori earthquake is presented by a star within MB and
HB areas.

MB has been considered an E-W-trending, typical graben structure [17]; however,
it is characterized by the absence of classic continuous bounding faults at the north and
south margins of the basin. Its northern margin is probably covered with Miocene and/or
Pliocene sediments. Therefore, the exact boundaries between MB and HB can hardly be
observed and, consequently, several studies, with different arguments [18–20], implicate
arc-parallel extension dynamics, trending along the local Hellenic trench axis (Figure 1).

Intense historical and recent seismicity reveal the continuous contemporary tectonic
activity of the entire Cretan territory (e.g., [21]). Destructive earthquakes have occurred
in the broader Crete region since antiquity and during the pre-instrumental era, until
1900 AD. The earthquake of 8 August 1303 [15,22], with an estimated magnitude of 8.3 [23],
is one of the largest that has ever been reported in the entire Mediterranean region. This
earthquake also caused a large tsunami that was observed at Crete, Rhodes, Peloponnese,
Egypt, Syria, the Adriatic Sea, and along the eastern Mediterranean coast. In the vicinity of
the study area, two major historical earthquakes have been reported (Figure 1). The first
is the 1 July 1494 (M = 5.4) earthquake [15] that occurred close to Heraklion and caused
damage to church towers and private buildings, while large waves were observed in the
harbor [22]. One century later, on 26 November 1595, another earthquake (M = 6.4) took
place a few kilometers off the Heraklion city, causing severe damage and destruction in
the entire Crete island [15,22]. It is worth noticing that no large events (M ≥ 6.0) occurred
in the study area during the instrumental period (after 1900), with the nearest one being
recorded on 23 May 1994 (Mw = 6.1) and that was an intermediate depth (60–70 km) event
(Figure 1b) located approximately 40 km WNW of Heraklion [16]. Tsapanos [24] assessed
the seismic hazard for the three largest cities of Crete and obtained maximum peak ground
acceleration (PGA) values for Heraklion between 0.130 g and 0.165 g for rock and soft soil
conditions, respectively.

One of the major structures that seem to control the HB-MB complex is the NNE-SSW
fault zone that controls its eastern margin, located only a few kilometers east of Arkalochori
village (Figure 2). It bounds the easternmost post-Alpine sediment outcrops of the HB-MB
in a morphologically clear way, even though several active structures seem to intersect. It
was only recently (27 September 2021) that the lethal “Arkalochori earthquake” occurred in
this area, causing one fatality, and resulting in hundreds of damaged buildings, mainly of
old stone-built masonries. As the authorities reported, more than 6150 houses have been
declared uninhabitable due to excessive damage in the mainly affected municipality of
Minoa Pediadas (Figure 1), as a result of the mainshock and the major aftershocks.

The earthquake of 27 September 2021, 06:17:21 UTC, occurred near Arkalochori, Cen-
tral Crete, ~25 km SSE of Heraklion city [25,26]. Its focal mechanism is characterized by an
SSW-NNE to SW-NE-trending, nearly dip-slip normal faulting. Considering the solutions
proposed by different agencies (Table S1), except for a few outliers, its strike generally
ranges N200◦ E–N230◦ E and its dip angle varies between 40◦ and 60◦. The magnitude
of the main event was initially determined as ML = 5.8 by the Seismological Laboratory
of the National and Kapodistrian University of Athens (SL-NKUA) and the Geodynamic
Institute of the National Observatory of Athens (GI-NOA), but later measurements of
seismic moment upgraded its value to Mw = 5.9–6.0. The largest aftershock (Mw = 5.3)
occurred on 28 September 04:48:08 UTC, one day after the mainshock, with a similar focal
mechanism. According to the report of ITSAK [27], the recorded PGA at station ARK1 in
the epicentral area (Arkalochori) was 609 cm s−2 in the horizontal component (N-S) and
806 cm s−2 (~0.82 g) in the vertical one, with the duration of strong ground motion (>0.1 g)
being 6 s. The horizontal to vertical spectral ratio reached 8 at the dominant frequencies
of 0.65Hz and 1.4 Hz. The accelerometric recordings at station ARK1 far exceeded the
provisions of the National Building Code [28] for effective PGA = 0.24 g at the epicentral
region in the seismic hazard zone II and for soil classes A and B.
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Herein, we present a multi-disciplinary work, based on extensive fieldwork and
detailed geological mapping of the affected area at central Crete, combined with results from
seismological and geodetic imaging techniques. Our aim is to understand the contemporary
seismotectonic regime of a densely populated area close to the active Hellenic arc and
provide useful data for a realistic model concerning the neotectonic evolution of Crete. We
intend to examine whether arc-parallel extension is a temporal phenomenon that is related
to the Arkalochori earthquake or a dominant contemporary stress component.

Figure 2. Close up of the study area, marked with a red rectangle in Figure 1b. Black lines show the
mapped tectonic structures. Seismicity of the period from 2008 to May 2021 is from GI-NOA. The
Arkalochori earthquake is represented by a star with bold outline. Note the offset beachball linked
with a dashed callout line representing its focal mechanism solution from GI-NOA (see Table S1 at
Supplementary Materials) and the faults, described in this work, are drawn in red (KF: Kastelli Fault,
NF: Nipiditos Fault, LF: Lagouta Fault). Additional focal mechanisms are from [29].

2. Geological Setting

The study area is located at central Crete (Figure 1b) and, specifically, at the eastern-
most part of the supra-detachment MB, which is bounded by active fault systems producing
high relief landscape [3]. It is the area where HB shares significant structures with MB
and, consequently, it is quite complex to distinguish the margin between these Neogene
basins with a single discipline method. In the following sections, we present interpre-
tations on the geological setting of the study area, based on geomorphology, lithology,
and seismotectonics.
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2.1. Geomorphology

The general morphology of the wider area is rather mountainous, with steep slopes
which very often exceed the order of 45◦, due to active tectonic structures that divide it
into fault blocks that move either independently or in groups, depending on the local
dominant tectonic regime [3]. The latter seems to have been changing since Miocene and is
either expressed with the change of sediment facies or imprinted on the drainage network
patterns, which are developed within a hilly area, with tilted monocline blocks, between
higher relief mountains, implying a listric geometry of the involved faults (e.g., [30–32]).
The highest mountain is Dikti Mt which exceeds an elevation of 2100 m and bounds both
HB to the east and MB to the N-NE (Figure 2). The much lower elevation E-W-trending
Asteroussia mountain chain (~1200 m) is the geomorphological structure that acts as the
southern margin of MB (Figure 2).

2.2. Lithology

The geology of the area consists of Alpine (mainly Triassic to Late Jurassic lime-
stones/dolomites, flysch, marbles, and ophiolites) and post-Alpine formations (silts, clays,
conglomerates, and sandstones of Middle-Upper Miocene). In many places, they are cov-
ered by Quaternary alluvial sands and conglomerates of small consistency, as a result of
the erosion of the aforementioned formations. More specifically:

• The Alpine basement formations can be distinguished into two major groups, regard-
ing their tectonic emplacement on the Cretan nappe pile [1]. They are members of the
tectono-stratigraphic succession which builds the island of Crete as a stacked pile of
10 geotectonic units with a total thickness of about 10–12 km [33]. The upper part of
the pile consists of five units (Pindos, Arvi, Miamou, Vatos, and Asteroussia) which
are tectonically emplaced beneath the ophiolites, that is the uppermost nappe, whilst
the lower four units (Mani, W. Crete, Arna, and Tripolis) comprise the basement of
Crete [1,33]. At the study area of easternmost MB, the Alpine basement outcrops are
limited to the following rocks:

◦ Limestones and Dolomites (Mani Unit). Carbonate rocks consisting of thin-
bedded crystalline marbles with layers of siltstones (L. Jurassic—L. Eocene).
They appear heavily folded with isoclinal asymmetric folds.

◦ Limestones and Dolomites (Tripolis Unit). Intercalations of unbedded to
thick-bedded neritic dark-colored and partially bituminous Limestones and
Dolomites, with sparse appearances of evaporites.

◦ Flysch (Pindos Unit). It consists of heavily folded layers of Sandstones, Schists,
and Conglomerates, with the characteristic appearance of large carbonate
olistoliths that originated from inner units.

◦ Ophiolitic nappe. Limited appearance at the top of E. Asteroussia Mt, emplaced
between the Flysch and the Viannos formation sediments as its basement rock.

The entire nappe pile behaves homogenously till after the Middle Miocene, when
the compressional, almost N-S-trending, orogenic stress field is converted into an
extensional one due to the African plate slab roll-back [9,34–36], which happened at
the edge of the Aegean microplate [37]. Within this context, Crete is a large part of the
Mid-Miocene Southern Aegean core complex exhumation that took place between 24
and 15 Ma [9] which hosts several supra-detachment depositional areas [3,4], with MB
being one of them.

• The Cretan nappe pile is segmented by many faults and covered by sedimentary
formations representing different paleo-environments, as follows (from deeper to
shallower):

◦ Viannos Formation (Mid. Miocene). Sandy/silty deposits of lacustrine origin,
coexisting with alluvial conglomerates. The average thickness of the formation
is about 400 m. Its outcrops may be found at most of the eastern MB margin,
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either covering unconformably the basement rocks or in tectonic contact with
them through ruptured fault zones.

◦ Skinias Formation. It is a transitional succession consisting of Middle Miocene
silts, with a thickness of ~200 m, yielding the sea intrusion within the MB
area. At the area between Skinias and Martha villages, the Skinias silts were
deposited in a deep (over 200 m) marine environment. The base of the de-
posits consists of Pelites, whereas layers of conglomerates and sand have been
observed in the area close to Martha village.

◦ Ampelouzos Formation. It is deposited unconformably above both afore-
mentioned formations. The lower part of the formation includes a variety
of sedimentary, well-layered deposits, transitioning gradually from shallow
to deeper (fan conglomerates to homogenous continental shelf sandstones).
According to fossils found in the continental and shallow-marine deposits, the
formation is dated as Middle to Upper Miocene [38].

◦ Alluvial deposits. Unconsolidated sands and conglomerates with pebbles
originated from all the above formations, mainly along riverbeds.

2.3. Seismotectonic Setting

The vast majority of the large events affecting Crete, before the 2021 Arkalochori
sequence, have occurred offshore, either to the north or to the south, with the latter
probably related to the intra-crustal graben system, i.e., the Ptolemy and Pliny trenches [39]
(Figure 1b). The only knowledge regarding the local seismic activity in the study area comes
from a temporary seismological network, which consisted of 10 analog stations, installed in
the area of Heraklion during the period of September to December 1995 [29]. Data recorded
by this network revealed the existence of shallow onshore activity. During that period,
the seismicity was mainly concentrated along the eastern margin of the Heraklion Basin,
decreasing from east to west, with epicenters also located in the vicinity of Arkalochori.
Furthermore, a W-E-trending decrease in the sedimentary cover has been identified offshore,
north of Crete [40].

In a broader view frame, the location of Crete Island, north of the Hellenic Arc
(Figure 1a), comprises an area of complex geodynamics, with transpressional tectonics
dominating the south of Crete, in contrast with normal and oblique-slip faulting onshore,
yielding a heterogeneous stress field [14,41]. On the other hand, an extension has been
observed to the north, between Santorini and Crete [42–45]. The latter reveals extension
in a general E-W direction, with NNE-SSW shortening observed in western Crete [46].
According to [14], the sub-horizontal S1 axis is in an SW-NE (in the east) to the N-S direction
(in the west), likely affected by the proximity of the region to the subduction interface
and compression parallel to the direction of convergence, which becomes more oblique
to the arc towards the east. However, the sub-horizontal S3 axis also reveals E-W (in the
west) to WNW-ESE (in the east) extension onshore, even in the region where the 2021
Arkalochori earthquake occurred, in accordance with the observed normal fault scarps,
trending in a general N-S direction [19]. The resulting regional shear stress favors SW-NE
left-lateral faults, mainly offshore, in agreement with [41,47]. On the other hand, fault
sources, determined by [11], indicate mainly E-W normal faulting to the north and south
of Crete, incompatible with the resolved stress. It should be taken into account that the
aforementioned stress field was determined using offshore earthquakes at crustal depths,
both to the north and the south of Crete, as no large onshore events were located onshore
until recently. The stress field in the region of Crete was characterized as transpressional
by [14] due to the involvement of shallow events related to strike-slip (primary stress state)
or reverse faulting (secondary state). In central Crete, due to the absence of focal mechanism
data for shallow onshore events, the stress field is largely a result of interpolation from
resolved nodes of neighboring regions. The stress shape value of 0.5 indicates instability
in both S1 and S3 axes. However, the direction of S3 seems to be generally stable in a
WNW-ESE direction in the region from central Crete to the volcanic arc in the north.
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This complex stress regime is also revealed by the focal mechanisms, as all types
(normal, strike-slip, and reverse) can be observed offshore, either to the north or to the
south (Figure 1). Focal depths increase towards the north, due to the African slab rollback
phenomenon. Onshore focal mechanisms at shallow depths are few. De Chebalier et al. [48]
worked on the western edge of Crete and obtained fault-plane solutions of shallow events,
revealing either approximately N-S normal or strike-slip faulting. Delibasis et al. [29]
constrained 29 fault-plane solutions close to the 2021 Arkalochori earthquake sequence,
which also indicate normal or reverse motion with, in some cases, a significant strike-
slip component.

3. Materials and Methods

We combined data from different sources, performing a multidisciplinary study, to
further understand the geotectonic regime that caused the 2021 earthquake activity and
possibly reveal its association with the mapped fault pattern. Therefore, our methodol-
ogy included field mapping accompanied by the necessary laboratory work (e.g., GIS
techniques for tectonic geomorphology, photogrammetric processing of unmanned aerial
system images), seismological data analysis and interpretation, as well as SAR interferome-
try processing.

3.1. Field Mapping

The fieldwork included detailed mapping of the outcrops, especially the post-Alpine
sediments, as well as of the fault surfaces that crosscut the stratigraphic contacts be-
tween them. At several places, a drone was used for image acquisition, followed by
photogrammetric processing and the generation of high-resolution digital surface models
and ortho-photographs.

A quite clear marginal structure, trending NNE-SSW, which delineates the eastern
side of the MB-HB, can be identified, even on a medium resolution shaded relief of the
study area in central Crete (Figure 2). This represents the major Kastelli fault zone, which
constitutes the western boundary of Dikti Mt that lies to the east [3]. One of its segments,
just uphill the new international Kastelli Airport (Figure 2), was captured by the UAS
and modeled through structure-from-motion techniques, aiming to map its trace with
the highest possible detail, especially at areas where the morphology is relatively smooth.
About 320 images were processed and a point cloud of more than 100 million points was
generated for the construction of a photorealistic 3D model, with a spatial resolution of
2.5 cm (Figure 3).

Figure 3. Photorealistic 3D model of a Kastelli fault segment, which, at some places, can be clearly
identified by a morphological discontinuity (white arrows) or is quite difficult to distinguish where
the morphology has been smoothened by the erosion.

97



Appl. Sci. 2022, 12, 2815

The mapped faults were measured along with the kinematic indicators that were found
on their surfaces and interpreted within the frame of kinematic analysis. The classification
and clustering of the field measurements were performed using algorithms and methods
already published and incorporated in software packages, such as M.I.M. v.4.0.1 [49].

3.2. Seismological Data and Methods

The 2021 seismic crisis in the wider area of Arkalochori began in the form of an
earthquake swarm in early June 2021. The situation, however, changed dramatically
after the occurrence of the Mw = 6.0 mainshock of 27 September 2021. Although several
permanent stations of the Hellenic Unified Seismological Network operate on the island of
Crete, at the time of the mainshock, the closest station to the epicentral area was KNSS of
the Hellenic Mediterranean University (HC network at formerly Technological Educational
Institute of Crete [50]), at a distance of about 12–22 km (Figure S1). As a result, the
seismicity of the first stage of the sequence (foreshock swarm) could not be determined
with high precision, due to the lack of data from stations at local distances, which would
help constrain the focal depths. Resolving hypocentral locations with data from more
distant stations is further problematic due to the inhomogeneity of the velocity structure,
because of the proximity of the area to the Hellenic subduction zone. The day after the
mainshock, four temporary seismological stations (CRE1-4) were deployed by GI-NOA
(HL Network [51]) around the aftershock zone (Figure S1b). The inclusion of data from
these stations drastically improved the hypocentral locations, even with the use of a generic
velocity model. We collected the available catalogues, including manually analyzed phase
data from SL-NKUA and GI-NOA at all operational stations, and compiled a dataset of
~2500 events for the period between 1 June and 18 October 2021. We divided the data to
be processed in two periods, one before (Period A) and one after (Period B) 28 September,
when the temporary local network was deployed.

We used the HypoInverse code [52] to locate the sequence, initially with a generic
model used by routine analysis at SL-NKUA, as well as with the local velocity model
of [29] for Central Crete. The latter model was preferred, as it yielded lower root mean
square (RMS) travel-time residuals and locations errors, while providing a better general
image regarding the distribution of epicenters, in terms of scattering, especially between
events that form spatial clusters. Another issue concerns the distance weighting parameters
for the two periods, i.e., the maximum epicentral distance of stations to be used. After
several tests, the maximum distance was set to ~280 km for the first period and ~120 km
for the second one. A VP/VS ratio of 1.78 was measured using the Chatelain [53] diagram
for the first period, whereas a VP/VS = 1.76 was preferred for the second period with
the shorter distance limit. The application of station corrections, especially for the first
period, plays an important role to reduce artifacts of the initial epicentral distribution,
where spurious epicenters of small magnitude events seemed to spread northwards of the
main seismicity cloud.

To further improve the hypocentral distribution, with emphasis on the second pe-
riod, we applied a relocation procedure using the HypoDD code [54]. The algorithm
works by minimizing the double difference between calculated and observed travel times
in combinations of event pairs with neighboring hypocenters, at inter-event distances
much smaller than their respective hypocentral distance from a station. This method en-
hances the hypocentral distribution by minimizing relative location uncertainties between
correlated events, caused by discrepancies between the velocity model and the real struc-
ture. Furthermore, waveform cross-correlation data are used to minimize uncertainties
due to arrival-time reading inconsistencies in groups of events with similar waveforms,
called multiplets.

We used station KNSS (Figure S1b) as the main reference station for the identification
of multiplets, as this is the closest station that was operational during both periods, with the
exception of its N-S component that was damaged after the occurrence of the 27 September
mainshock. Recordings of the temporary station CRE1 (Figure S1b) were also used to
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enhance the reference cross-correlation measurements, particularly those of smaller events,
during the second period. The waveforms were band-pass filtered in the range 2–8 Hz,
for KNSS, and 2–15 Hz, for CRE1, before cross-correlation was calculated for the full P
and S waveform signals in all combinations of event pairs with available data. The cross-
correlation maximum (XCmax) of every pair was registered in a matrix for every component.
The matrices produced for different reference stations and components were then combined,
retaining the RMS value of the XCmax determined for each pair. The nearest neighborhood
linkage was applied and a Cth = 0.81 optimal threshold was selected, maximizing the
difference between the size of the largest multiplet and the sum of clustered events [55].
This procedure created 234 multiplets containing a total of 1725 events. The P- and S-wave
windows for each pair of events within the same multiplet were then cross-correlated for
all stations with available picks, measuring the XCmax and its respective time lag to be used
as input for HypoDD.

The relocation procedure was applied separately for the two periods, acknowledging
issues due to the different network geometry, so as not to degrade the data quality of
the second period. On the other hand, we chose to relocate the mainshock and its early
aftershocks (roughly a hundred), which occurred before the deployment of the temporary
local stations, together with events that were located with data from the local network. This
manages to improve the relative locations of the first aftershocks by exploiting their links
with the rest of the events of the second period. Each relocation procedure was mainly
divided into two types of sets, one with stronger a priori weights to the catalogue data and
the other with stronger weights to the cross-correlation data.

3.3. SAR Data and Interferometric Processing

Space-born synthetic aperture radar (SAR) imagery is routinely utilized for measur-
ing co-seismic surface displacements based on the DInSAR technique. DInSAR allows
mapping the co-seismic motion by using two satellite images taken before and after an
earthquake [56–58]. The systematic availability of SAR data from the Copernicus Sentinel-1
mission, with a revisiting time of 6 days over Europe (12 days globally), as well as the wide
swath coverage of 250 km, enables the near-real-time response to seismic events [58–63].

The contribution of platform-based solutions in the early response phase of an earth-
quake has been well demonstrated [64,65]. The Geohazards Exploitation Platform (GEP;
https://geohazards-tep.eu, accessed on 23 January 2022) focuses on mapping hazard-prone
land surfaces and monitoring terrain motion, providing access to several Earth Observation
(EO) missions and a broad range of relevant online services and development on cloud
processing resources [66].

The present work utilized Sentinel-1 data acquired during the period from 23 Septem-
ber to 1 October 2021, with different viewing geometries to optimize the displacement
map generation. For the interferometric processing, the GEP DIAPASON service was
exploited, considering precise orbit state vectors and SRTM Digital Elevation Model 3-
arcsecond (≈90 m) data to remove the topographic phase. Interferometric measurements
correspond to movements detected along the Line-of-Sight (LoS) of the satellite, i.e., the
oblique direction between the satellite and the Earth’s surface. Positive LoS values indicate
uplift or motion towards the satellite, whereas negative ones correspond to subsidence
or motion away from the sensor. The DInSAR processing scheme implemented herein
is described in detail in [67,68]. Four differential interferograms were generated for the
descending 036 (D036) and 109 (D109) orbital tracks, as well as for the ascending 102
(A102) and 029 (A029) ones, with temporal separation of 6 to 12 days and spatial resolu-
tion of approx. 45 m. Figure 4 and Figure S2 in the Supplementary Materials show the
obtained displacement fields, while Table 1 details the interferometric pairs considered for
the various geometries. Based on their temporal coverage, it is important to note that each
co-seismic displacement map is affected by a different contribution of post-seismic motion.
The interferograms for tracks A102 and D036 represent those with the smallest and largest
post-seismic contribution, respectively (Figure 4).
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Figure 4. Co-seismic LoS displacement maps, as derived using GEP DIAPASON service, for ascending
track A102 (23 September 2021–29 September 2021) and descending D036 (25 September 2021–1
October 2021) (c,d) and the corresponding wrapped differential interferograms (e,f). The spatial
extend of Sentinel-1 acquisition frames for both geometries are also indicated (a,b). The difference in
the temporal span following the mainshock (27 September 2021) for the two opposite geometries is
worth noting. While A102 spans approx. two days, D036 extends over five days after the earthquake,
denoting larger contribution of post-seismic motion. Black lines correspond to fault zones (after [3]).
The relocated epicenter of the 27 September 2021 mainshock is marked with a star.

Table 1. Overview of the interferometric pairs considered in DInSAR processing, including the LoS
incidence angles of the measurements. The time span of each DInSAR pair following the mainshock
is also indicated.

Mission Orbit Track
Incidence Angle

(Degrees)
Observation

Period
Span after
Mainshock

Sentinel 1B-Sentinel 1A Ascending 102 43.8 23 September 2021–29 September 2021 2 days
Sentinel 1A-Sentinel 1B Descending 036 43.8 25 September 2021–1 October 2021 5 days
Sentinel 1B-Sentinel 1B Ascending 029 33.8 18 September 2021–30 September 2021 3 days
Sentinel 1B-Sentinel 1A Descending 109 33.8 24 September 2021–30 September 2021 3 days

Furthermore, due to the opposite geometries, independent LoS measurements were
decomposed into vertical (Up) and E-W-motion components, to facilitate the optimal in-
terpretation of motion patterns. The horizontal and vertical components were calculated
using both Sentinel-1 geometries in a comprehensive decomposition scheme [69], consid-
ering the variability of the incidence angles within the scenes. In order to simplify the
geometrical assumptions, only measurements of similar incidence angles were considered
in the decomposition (i.e., orbital tracks A102—D036 and A029—D109) (see Table 1).

4. Data Analysis and Results

The combination of data from various and heterogeneous sources is a complex task
that needs to be evaluated and prioritized to examine their compatibility grade. The
field data analysis provides us with strong arguments for establishing plausible planes of
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movement, which host the hypocenters of an earthquake. Therefore, it offers a tool for
filtering them with higher relevance to the contemporary tectonic regime. In addition, the
field data were used to validate the surface deformation detected through DInSAR data
and attribute it to specific geological structures (e.g., active faulting).

4.1. Field Data Analysis

The length of the Kastelli fault zone exceeds 30 km since it can be traced from the
northern coast of Crete to Asteroussia Mt to the south, within the recent sediments of MB.
It was mapped and measured at several places, especially where the Alpine basement
outcrops hosted the fault plane. It was quite frequent that striations along with other
kinematic indicators were overprinted on the calcite coating of the fault plane (Figure 5).

Figure 5. Fault plane of a Kastelli fault segment measured at 74/263, on which striations measured at
61/220 were found (parallel to the pen), confirming the oblique normal movement with left-lateral
component. Measurements at several places are plotted in the inset diagram.

The fault slip data recorded in the field were used as inputs within the stress inversion
method TRM [70] and a stress tensor with S1: 90/079, S2: 00/349, and S3: 00/079 (R = 0.25)
was defined. The resolved stress tensor, although calculated with fault planes that do not
deviate strongly from each other, is rather compatible with the E-W-trending extension,
which in turn agrees with the Arkalochori earthquake focal mechanism.

During the fieldwork, it was rather obvious that the morphological discontinuity,
which the Kastelli fault zone has generated through its activity, is gradually eliminated
and finally disappeared within the early Miocene lacustrine sediments of the Viannos,
Skinias, and Ampelouzos units [71] and, hence, the fault trace which comprises its southern
segment (Lagouta fault, according to [3]) is not very clearly delineated.

Despite this, a significant number of smaller fault traces that were mapped around
Lagouta and Kassani villages (Figure 6a) yield that the Kastelli fault zone continues to the
south and ends up to an E-W-trending fault, almost parallel and antithetic to the south
Cretan detachment [3]. In addition, a pair of conjugate syn-sedimentary faults was located,
measured, and analyzed (Figure 6b) from a kinematic and dynamic perspective. The
measurements of the two faults (p1 88/114, p2 72/150) and the sliding directions recorded
on them (s1 27/025, s2 19/066), respectively, were found to be compatible—after tectonic
analysis—with left-lateral strike-slip faulting and, specifically, with a stress field which is
defined by the axes S1: 24/046, S2: 63/200 and S3: 11/311 [3].
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Figure 6. Field photographs of (a) the Lagouta normal fault, which comprises the southern segment of
the Kastelli fault zone, and (b) a pair of conjugate syn-sedimentary faults, within Tortonian deposits,
compatible with left-lateral strike-slip faulting.

The left-lateral component of this movement is in agreement with the en-echelon
formation of numerous faults found along the previously activated E-W-trending, MB
marginal fault zone, at the southern edge of this segment at Asteroussia Mt [3]. The
monoclinal stratigraphy of the area yields that the same west-dipping fault zone has also
a strong normal component. This conclusion is based on the fact that the outcrops of the
older post-alpine sediments (Viannos formation) are found beneath more recent successions
that have been mapped in detail on the western fault block and simultaneously at higher
altitudes at the eastern one, yielding that the latter has been relatively uplifted (Figure 7).

Figure 7. Simplified 3D block diagram of the eastern marginal area of MB. Arkalochori village is
located at the hanging wall of Lagouta fault but also at the hanging wall of Nipiditos fault, which is
segmenting the Kastelli fault zone.

4.2. Seismological Results

Regarding the initial locations of earthquake hypocenters (Figure 8a) of the first period,
before 28 September 2021, focal depths remain uncertain, due to the lack of local stations,
mainly ranging between 3 and 20 km (Figure S3c), with the majority of events being
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concentrated near a discontinuity of the velocity model at ~6 km [29]. On the other hand,
more constrained focal depth values, between 5 and 13 km (Figure S3d), are determined
for the second period. Location statistics for the two periods are presented in Table 2 and
Figures S3 and S4. Average vertical location errors are nearly halved during Period B and
horizontal location errors are reduced by ~26%, as a result of the deployment of stations at
local distances, which also reduced the azimuthal gap (Figure S4).

Figure 8. Seismicity of the study region for the period between 1 June and 18 October 2021. (a) Initial
locations with HypoInverse, (b) results of double-difference relocation with HypoDD. Colors and
numerical labels in panel (b) represent the foreshock swarm activity (group #1, red) and the three
spatial aftershock groups: #2 (cyan) middle, sparse group, #3 (blue) northern cluster near Kastelli
airport, #4 (green) southern group, including the mainshock. Major events (M ≥ 4.5) are depicted as
stars. Profile line A-B in panel (b) is used for the spatiotemporal projection of Figure 9. The location
of Arkalochori village is marked with a black square.

Table 2. Initial location statistics for Period A (1 June–27 September 2021, VP/VS = 1.78, long-distance
weighting) and Period B (28 September–18 October 2021, VP/VS = 1.76, short-distance weighting). ERH,
ERZ are horizontal and vertical location errors, “min.stat.dist” denotes the epicentral distance of the closest
station with available arrival-time data (see also Figures S3 and S4 in the Supplementary Materials).

Period A Period B

Number of events 843 1657
Mean RMS error (s) 0.219 0.128
Median ERH (km) 0.530 0.390

Mean ERZ (km) 3.471 1.064
Median ERZ (km) 2.180 0.900

Median Depth (km) 7.120 8.370
Median min.stat.dist. (km) 17 6.3

Mean azim. gap (◦) 138 110

In order to assess the 2021 Arkalochori earthquake sequence in more detail and to
identify the activated tectonic structures, a relocation procedure was applied, as previously
described in Section 3.2, to both periods (Figure 8b). The events distribution was divided
into four groups. Group #1 (red) is a temporal cluster that concerns the first period of the
foreshock swarm activity, whereas groups #2, #3, and #4 (cyan, blue, and green, respectively)
were determined by spatial clustering of the events of the second period. This was achieved
by applying Ward’s linkage to the matrix of inter-event epicentral distances of the relocated
hypocenters [72]. This procedure of agglomerative hierarchical clustering, also known as
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the “minimum variance method”, fuses two clusters into a new one, provided that the
resulting increase in the sum of squares (i.e., its objective function) between the objects of
the new cluster is minimized, compared to the outcome of any other potential combinations
of cluster fusions. After creating the clustering hierarchy with Ward’s linkage by setting
an appropriate threshold to the fusion level, we divided the spatial distribution into three
clusters (i.e., groups #2, #3, and #4) to aid the description.

Figure 9. (Top) Stacked histogram of the number of seismic events per day in the study area between
1 June and 18 October 2021. (Bottom) Spatiotemporal projection along the SW-NE-oriented profile
A-B of Figure 8b. Colors and numbers (CLID) represent groups 1–4 of Figure 8b. Events with M ≥ 4.5
are depicted as stars.

The evolution of the earthquake sequence is examined through the spatiotemporal
projection of Figure 9, along the SW-NE-oriented, 16 km-long profile A-B of Figure 8b. The
foreshock swarm began in June 2021 with a few small events (ML ≤ 3.0) and an ML = 4.2
event on 4 June which did not, however, cause any significant outbreak. Minor bursts
occurred on 8 June and then on 18 July including three ML = 4.1–4.2 events. During that
period, a slow migration of seismicity towards the southwest can be observed in Figure 9.
Then on 24 July 02:07:37 UTC, an ML = 4.8 occurred, triggering a subsequence. Afterwards,
apart from a few more minor bursts, the seismicity rate gradually diminished, notably to the
point where only 17 events were located in the period between 16 and 25 September, with a
complete absence of detectable events for about 41 h preceding the Mw = 6.0 mainshock of
27 September 2021, 06:17:21 UTC. The whole foreshock group #1 is roughly distributed in
an area of 3.0 km × 1.7 km, elongated in an N-S direction, with its centroid ~2.5 km WNW
of Arkalochori. The main event’s epicenter is located adjacent to the foreshock swarm, near
its eastern edge.

The occurrence of the mainshock, near the middle of profile A-B, caused seismicity
to spread rapidly nearly through the whole length of the aftershock zone, both towards
the southwest (group #4) and the northeast (group #3). The aftershocks appear to have
little overlap with the foreshock zone, specifically with the sparser middle group #2 (cyan)
and the northern margin of the southern group #4 (green). The two major groups, #4
south-west of the foreshocks and group #3 (blue) towards the NE, the latter with epicenters
near the Kastelli airport, are separated by the less populated group #2 (cyan). This deficit
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of aftershocks between groups #3 and #4 is likely associated with an area of maximum
coseismic slip during the mainshock. The rupture of a large asperity in that region appar-
ently caused redistribution of stress towards the northern and southern margins of the
main fault, while the central part was relaxed due to stress drop. The largest aftershock
was an Mw = 5.3 event that occurred on 28 September 04:48:08 UTC, about 4 km west of
the mainshock. The epicenter of the main event is located at the NE edge of group #4,
whereas the largest aftershock occurred towards its western part, near the southwestern
tip of the foreshock group. The major aftershocks include 11 more events with ML ≥ 4.0
between 27 and 29 September, with only smaller events being detected through the rest
of the sequence during the period of study (up to 18 October 2021). Regarding the period
after 18 October, routine monitoring of seismicity at SL-NKUA detected five more events
with 4.0 ≤ ML ≤ 4.5 between 20 and 22 of October, two associated with cluster #3 and three
with cluster #4, while another ML = 4.2 event occurred on 29 December associated with the
latter cluster. However, no significant changes in the overall spreading of the aftershocks’
distribution were observed, besides a small, isolated cluster that was detected ~10 km
NNW of Kastelli, activated between 16 and 18 January 2022, with the largest event having
ML = 3.6.

The three groups of the relocated aftershocks, if considered as a whole, appear to be
well distributed on a plane, striking ~N216◦ E and dipping ~45◦ (Figure 10, red-dashed
line), as determined by the least-squares fit on the hypocenters. This is quite compatible
with focal mechanism solutions for the mainshock reported by most agencies, taking into
account the WNW-dipping nodal plane (Table S1). Regarding specific spatial groups of
the aftershock sequence, the best-fit plane for the northern cluster #3 strikes N181◦ E and
dips 49◦ westwards (Figure 10, blue dashed line in profile c1-c2), whereas the mid-southern
part (groups #2 and #4) has a least-squares plane that trends N216◦ E and dips 53◦ WNW
(Figure 10, green-dashed line in profiles a1-a2 and b1-b2). The more north-southwards
orientation of the northern cluster’s plane makes it more compatible with the Kastelli
fault. The fault is steeply dipping at the surface (74◦), but the aftershocks’ distribution
indicates a lower dip angle at the hypocentral depths of 6–9 km, implying listricity of the
fault. Cluster #3 is fairly more concentrated than group #4 in the south, which appears
to include several smaller sub-clusters, some of which may be related to the activation of
antithetic structures (e.g., Figure 10, black-dashed lines with a question mark in profile
a1–a2). Normal faulting is indicated for the mainshock, the major aftershock, and several
other aftershocks and foreshocks. However, oblique and strike-slip faulting is also observed
for several events, including some foreshocks (Figure 10). Although the mainshock’s focal
mechanism is in line with the rest of the aftershocks, it is noted that its hypocenter, along
with those of aftershocks that occurred before the deployment of the local network, is not
well constrained at depth. Hence, it is reasonable to assume that its true focal depth should
be deeper, i.e., between 6 and 14 km, which is an estimated range for its centroid (Table S1).
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Figure 10. Map and cross-sections of the relocated 2021 Arkalochori aftershock sequence (period
27 September–18 October 2021). Colors and numbers correspond to the aftershock spatial groups
2–4 presented in Figure 7b. The cross-section profiles are drawn in an N103◦ E direction, roughly
perpendicular to the strike of the mapped Kastelli and Lagouta faults, whose downdip extension
is presented in the cross-sections with gray-dashed lines. The red dashed line is the section of the
least-squares plane fitted to the relocated hypocenters of period B, whereas the green (a1–a2, b1–b2)
and blue (c1–c2) dashed lines are the planes fitted to groups #2 and #4 (green), and group #3 (blue),
respectively. The possible antithetic structures are marked with black-dashed lines (a1–a2). Focal
mechanisms of the mainshocks and other major events of the sequence, including foreshocks (red
beachballs, on the map only) are from the database of GI-NOA. The location of Arkalochori village is
marked with a black square on the map.

4.3. DInSAR Analysis

In terms of satellite observations, the systematic acquisition strategy of the Copernicus
Sentinel-1 mission ensured the availability of SAR data to investigate the earthquake
sequence. Interferometric coherence levels for 6- to 12-days pairs are maintained, allowing
for the extraction of reliable DInSAR ground motion measurements.

Independent results from four different satellite tracks (Figures 4 and S2) are consistent,
indicating co-seismic downthrow of the epicentral area, extending over an area of about
38 km2 to the east of the Lagouta and Kastelli faults. The ground displacement patterns
are comparable, retaining an elliptical shape of the co-seismic fringes within the epicentral
area. The increased ellipticity of the fringes for pairs covering a larger time span after the
mainshock (tracks D036, A029, and D109) implies the contribution of post-seismic motion,
compared to the more concentric fringes of the A102 track, containing only 2 days of post-
seismic activity. In addition, the direction of the major axis of the elliptical fringe pattern
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is following the aftershock distribution, retaining roughly an NE-SW trend. The spatial
continuity of the interferometric fringes yields that the rupture did not reach the surface.
The higher density of fringes at the eastern part of the epicentral area implies higher ground
displacement gradients, and thus, proximity to the upper part of the activated rupture zone
(i.e., NNE striking, west-dipping fault).

However, examining in more detail the DInSAR displacement fields for the various
independent measurements, variability arises both in terms of magnitude and location
of ground motion maxima (Figure 4). Specifically, for the pair with the shortest temporal
extent (2 days) after the mainshock (A102, 23 September 2021–29 September 2021), LoS
ground displacement is located in the vicinity of the relocated mainshock epicenter, with
values reaching −18 cm. On the contrary, for the pair with the largest temporal extent
(track D036, 5 days), the location maximum has been shifted approx. 2.5 km towards
ENE and the observed ground displacement increased to −20 cm (Figure 4). The other
two displacement pairs (A029 and D109), spanning 3 days within the post-seismic period,
show comparable motion (downlift of about −20 cm) with the 5-days D036 pair (Figure S2).
The shift of the displacement maxima can be attributed to the amount of post-seismic
motion contained in the DInSAR measurements (see Table 1), and it is consistent with
the seismological observations indicating migration of aftershocks towards the northern
margins (cluster #3) of the mainshock epicentral area. It can also be assumed that no surface
deformation occurred, or at least with a magnitude detectable by DInSAR, after three days
of post-seismic activity.

In fact, a few centimeters of variation of LoS displacement measurements (still within
the error budget of the conventional DInSAR technique) might also be related to the differ-
ence in viewing the angle between the ascending and descending satellite observations,
and the contribution of the horizontal (mainly E-W) motion component. Therefore, the
interpretation of the observed LoS displacements is in advance favored by the decomposi-
tion of the ascending and descending interferograms (Figures 11 and S5). The estimated
vertical motion indicates down throw reaching −22 cm (Figure 11a), concentrated within
the mainshock epicentral region, whereas a more complex pattern, with a maximum of
+8 cm, is presented by the E-W horizontal component (Figure 11b).

Figure 11. Vertical (a) and E-W (b) ground displacement maps as decomposed using Sentinel-1
DInSAR LoS observations from ascending A102 and descending D036 tracks (see Table 1). Black lines
correspond to fault zones (after [3]). The relocated epicenter of the 27 September 2021 mainshock is
marked with a star.
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5. Discussion and Conclusions

The recent Arkalochori earthquake sequence, which was recorded before and after the
mainshock (27 September 2021), seems to be a quite prominent opportunity to discuss the
contemporary tectonic regime of MB. The latter has a very significant geotectonic placement
in the context of the African plate subduction that takes place under the Aegean microplate,
as it is an onshore post-orogenic basin in the vicinity of the active Hellenic Arc [4,73]. Crete
is at a crucial location right above the subducting slab and it is more than certain that the
impact of the plate convergence is imprinted on the island, at all scales [74].

The fault pattern that was mapped in detail revealed the different generations of
fault-block movements, as a result of the stress field changes since the integration of the
Alpine nappe pile buildup [1]. Several direction changes of the main stress axes have
been imprinted on the fault structures and the surface morphology [3]. It seems that the
easternmost area of MB had been under N-S-trending compression during the orogen
buildup, followed by an N-S-trending extension during the slab rollback and the orogen
collapse through the detachments’ operation (either north or south dipping) [1,8,10,75].

From an evolutionary point of view, we argue that after the generation of the nappe
pile on Crete and the south-dipping detachment fault, several almost E-W-trending fault
zones were activated (as segments of the south-dipping detachment) since they crosscut
rocks that belong to different Alpine units. These fault zones remained active until after
the end of late Serravallian, when the deposition of the lacustrine Viannos sediments was
completed, as large fault blocks comprising Serravallian age successions are found tilted
towards NNE.

A transtensional geotectonic regime, which seems to be dominating the entire Aegean
microplate [76], is expressed on the Cretan territory by nearly NNE-SSW-trending strike-slip
fault zones [20,77] and one of them crosscuts the central area of the island and simultane-
ously was acting as the marginal structure of the HB-MB system [2]. It should be mentioned
that the main fault zones that were found along the eastern margin of MB are striking
NNE-SSW, NW-SE, and E-W. The kinematic analysis of these data showed that most of the
faults that were activated after the Early Miocene were either normal or strike-slip faults
with left-lateral movement components [3]. According to this analysis, the NNE-SSW-
trending shear zone was also affecting the previously generated E-W-trending fault zones,
which were inherited by the Early Miocene N-S extensional period, when the south Cretan
detachment was still active [1]. The impact on these E-W-trending structures is crucial as
they seem to have been segmented and some of the segments have been reactivated during
or shortly after the Pliocene (e.g., Nipiditos fault).

Specifically, during Tortonian, while the sediments of the Ampelouzos formation were
still depositing, the dominating stress field had a strong left-lateral component, which is
evidenced by the syn-sedimentary structure analysis (Figure 6b). The stress field seems
to be active during the Tortonian since the syn-sedimentary faults were deforming the
Ampelouzos unit strata (see Section 2.2 for lithology description), which were deposited
before 10 Ma in a coastal to shallow depth marine environment [78]. A strong case scenario,
considering both tectonic and stratigraphic data, is that the same fault zone seems to have
a larger left-lateral component during Tortonian and the stress field gradually changed
during Messinian, when the normal component dominates, increasing the compatibility
of the stress field with arc-parallel extension. The latter seems to be active up to the
contemporary era and is tectonically responsible for the Arkalochori earthquake.

The tectonic analysis of the collected measurements during the fieldwork provided
strong arguments of stress field changes along the NNE-SSW-trending fault zones, as two
groups of structures were found on fault surfaces revealing lateral movement and extension
along the NW-SE direction. As explained above, the lateral movement on the same fault
surfaces is older than the normal one, which in turn coincides with arc-parallel extension.

Finally, we refer to the Kastelli fault zone and in particular its southernmost segment
(Lagouta fault), which is a west-dipping structure hosting a normal displacement move-
ment with a strong left-lateral oblique component inherited by the dominating stress field
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during Tortonian. It was exactly this structure that was activated during the Arkalochori
earthquake, as the hypocenters of the sequence clearly delineate the above-mentioned fault
surface. It is obvious that the two hypocentral clusters that have been described, form
two discrete segments that belong to the same fault zone. It is the WNW-ESE-trending
Nipiditos fault that seems to be the structural reason for this segmentation. The northern
cluster is formed on the surface of the Kastelli fault and the southern cluster on the Lagouta
fault (Figure 10). Even though all events belong to the same sequence, it is rather clear that
the northern cluster is located at more shallow depths compared to the southern cluster.

Concerning the seismological data, the 27 September Mw = 6.0 mainshock was a
reminder that strong earthquakes do occur onshore Crete. It was preceded by a rich
sequence of over 700 foreshocks that was considered a swarm, due to its largest event
occurring halfway through 24 July. However, it did not cause much concern at the time, as
similar swarms have been known to occur elsewhere in Greece, without leading to a strong
event of Mw ≈ 6.0, unlike the case of the Arkalochori earthquake. The herein analysis
highlights the importance of local seismological networks to the reduction in location
uncertainties. The applied double-difference relocation has managed to improve the
relative locations of the foreshock epicenters, which are concentrated in the vicinity of the
27 September mainshock, although their hypocenters could not be adequately constrained.
The mainshock apparently broke a large asperity of a west-dipping normal fault and
distributed stresses towards its northern and southern edges, triggering aftershocks mainly
at two large groups, separated by a spatial gap, where the asperity was located. Similar
cases have been previously reported in other significant earthquakes on normal faults in
Greece, including the 1999 Athens [79,80], the 2017 Kos [81,82], and the 2020 Samos [83–86]
earthquakes. The herein presented relocation analysis of the sequence during its second
period, i.e., with data from the temporary local network that was deployed by GI-NOA,
permitted the detailed delineation of the main activated structures which could be related to
mapped faults on the surface, allowing for a small degree of listricity, as well as contingent
smaller antithetic, conjugate faults at depth. The spatiotemporal evolution of the sequence
indicated triggering of seismicity throughout most of the aftershock zone soon after the
mainshock, attributed to coseismic stress transfer, followed by slower migration towards
its outer edges, indicating possible after slip.

Based on the post-earthquake fieldwork, both activated fault segments (Kastelli and
Lagouta) did not show any signs of surface raptures along their traces, which agrees with
the interferometric findings. A straightforward interpretation of horizontal motion patterns
derived from the DInSAR analysis points out that the observed migration of motion during
the post-seismic period (interferograms of different temporal spans) is mainly in agreement
with the aftershock distribution and clustering, and to a lesser extent linked to actual
co-seismic motion patterns. This is more evident by the collocation of the horizontal motion
lobes to the aftershock clusters #3 and #4, as well as the absence of motion in the central
part of the epicentral area where the mainshock nucleated. The vertical down-throw at the
Arkalochori village area is also in accordance with the local stress field, being attributed to
the hanging wall of the normal westward dipping Lagouta and Kastelli faults (Figure 6).

The activation of the specific fault zone is also implied by the increased displacement
gradients at the easternmost part of the epicentral area. However, the −22 cm of vertical
motion, based on the decomposition of opposite DInSAR geometries (Figure 10), appears
to be contaminated by post-seismic deformation. A more conservative estimate would
attribute −18 cm of LoS motion to the main earthquake event, as calculated by the interfer-
ometric pair of the shortest temporal span after the mainshock. Additional displacement
detected by other DInSAR pairs, also present in the decomposition, is attributed to the
migration of motion towards NE, in accordance with the clustering and the shallower
aftershocks’ depth nearby the northern Kastelli fault segment.

In conclusion, the 2021 Arkalochori earthquake is a characteristic implication of the
contemporary existence of a local arc-parallel extensional regime adjacent to major arc-
normal strike-slip zones on the forearc region of the Aegean microplate. The consistency
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between seismological, geodetic, and field observations has been well demonstrated, high-
lighting the complementarity of multi-disciplinary approaches. The availability of dense
seismological recordings and the contribution of Earth Observation platform-based so-
lutions, validated, when possible, with field observations ensure proper mapping and
tectonic interpretation of seismic events.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12062815/s1, Table S1: Fault plane solutions for the mainshock
of the 2021 Arkalochori sequence, as determined by different agencies. Figure S1: Seismological and
accelerometric stations of the Hellenic Unified Seismological Network (HUSN) with available data
during the study period (1 June–18 October 2021). (a) Stations in the broader area of Southern Greece,
(b) zoom in the area marked with a red rectangle in panel (a), showing stations at distances less than
60 km from the epicenter of the 27 September 2021, mainshock at Arkalochori, Central Crete, marked
with a star. Figure S2: Co-seismic LoS displacement maps, as derived using GEP DIAPASON service,
for ascending track A029 (18 September 2021–30 September 2021) and descending D109 (24 September
2021–30 October 2021) (c,d). The spatial extend of Sentinel-1 acquisition frames for both geometries
are also indicated (a,b). Black lines correspond to fault zones (after [3]). The relocated epicenter
of the 27 September 2021, mainshock is marked with a star. Figure S3: Initial location statistics
(as reported by HypoInverse). (a,b) RMS travel-time residuals, (c,d) focal depth, (e,f) horizontal
(ERX, ERY) and vertical (ERZ) formal location uncertainties, (a,c,e) for Period A, between 1 June
and 27 September 2021, and (b,d,f) for Period B, between 28 September and 18 October 2021. Figure
S4: Initial location statistics. (a,b) Distribution of distance from the closest station with available
data, (c,d) azimuthal gap, (a,c) for Period A, between 1 June and 27 September 2021, and (b,d) for
Period B, between 28 September and 18 October 2021. Figure S5: Vertical (a) and E-W (b) ground
displacement maps as decomposed using Sentinel-1 DInSAR LoS observations from ascending A029
and descending D109 tracks (see Table 1 in manuscript). Black lines correspond to fault zones
(after [3]). The relocated epicenter of the 27 September 2021, mainshock is marked with a star. File E1:
Relocated earthquake catalogue (1 June–18 October 2021). References [50,51,87–89] are cited in the
Supplementary Materials.
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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.

Keywords: earthquake-induced landslides; landslide inventory; event inventories; rockfalls;
contemporary sources; landslide susceptibility; earthquake-induced landslide susceptibility; Analytic
Hierarchy Process; Ionian Sea; Cephalonia

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 [2–5]. 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
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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., [8–10]). 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 classifica-
tion 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).
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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].

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 mitiga-
tion 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 respon-
sible 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 de-
tect 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).
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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.

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 [25–33] (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).
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Figure 3. The neotectonic map of Cephalonia along with epicenters of historical and recent earth-
quakes 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).

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 se-
quence, observed in an elevated coastal area with width ranging from 2 to 10 km, especially
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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 continen-
tal 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 Cephalo-
nia. 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 off-
shore 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 [37–39] (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]).
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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 [45–49] 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
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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 earth-
quakes 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 earth-
quakes 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: Eθνικóς Kήρυξ; lit. National Herald, abbreviated by EK)
• I IMERA (in Greek: H Hμέρα; lit. The Day, abbreviated by IM)
• NEOLOGOS PATRON (in Greek: Nεoλóγoς Πατρών; lit. Patras Neologist, abbrevi-

ated by NP)
• PELOPONNISOS (in Greek: Πελoπóννησoς; 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)
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• TA NEA (Greek: TA NEA, lit: The News, abbreviated by TN)

Table 1. Contemporary sources comprising newspapers and magazines of local and national cir-
culation used in this study for revisiting landslides induced by historical and recent earthquakes
generated in Cephalonia.

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]
ZIZANION 24 January 1912

TAXYDROMOS 12–30 August 1953

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: Aναμóρϕωσις, lit: Reform, abbreviated by AN)
• AVGI (Greek: Aυγή, lit: Dawn, abbreviated by AV)
• MERIMNA (Greek: Mέριμνα, lit: Concern, abbreviated by ME)
• ELEFTHERIA (Greek: Eλευθερία, lit: Freedom, abbreviated by EL)
• EMPROS (Greek: Eμπρóς, lit: Ahead, abbreviated by EM)

The information retrieved from the AN, AV and ME newspapers refers to the 1867 earth-
quake 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: Eλπίς, lit: Hope, abbreviated by EL).
• ZIZANIO (Greek: Zιζάνιo, lit: Pest, abbreviated by ZN).
• Taxydromos (Greek: Tαχυδρóμoς, 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 envi-
ronment [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
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destructive events in the recent history of Greece. In particular, the latter study recon-
structed 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 contempo-
rary 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.

 

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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Table 2. Focal parameters and impact on the local population of the studied earthquakes that
triggered landslides in Cephalonia Island.

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.

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 destruc-
tion of 500 houses, resulting in 20 fatalities [67–69]. 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 [72–74]. 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].
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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 earth-
quake. The human losses were minimal compared to the 1867 disaster, comprising seven
fatalities in Asprogerakas village, located between Eleios and Anninata villages in south-
eastern 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 Cephalo-
nia 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.
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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 vil-
lage [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), Kat-
apodata [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,
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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 sub-
vertical 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 earth-
quake 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.
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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.

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 trig-
gered in the limestone quarry situated west of Vlachata village. These rockfalls temporarily
blocked the road leading from Argostoli to Poros port.
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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.

 

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].

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.
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In the case of the assessment of landslide susceptibility in Cephalonia, the follow-
ing 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) hy-
drometeorological parameters, such as the spatial distribution of rainfall and the distance
from the drainage network (rivers and streams) (Figures 7 and 8; Table 3).

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.

132



Appl. Sci. 2022, 12, 2895

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.

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 [24,82–84] 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 fail-
ures due to lower temperatures and more shade, factors that favor soil moisture retention.
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Table 3. Thematic layers used in the study and their sources.

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 [89–92]

Roads Line

Topographic maps by the
Hellenic Military

Geographical Service [89–92]
OpenStreetMap [93]

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 [95–97]. 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 susceptibil-
ity, the bedding of formations [100,101], the presence of faults and especially the presence
of active faults in seismic active areas [102–106] 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.
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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 [49,113–115].

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., [123–125]). 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 [129–132]. The rationale behind incorporating vegetation into land-
slide 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 in-
dex 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 Meteoro-
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logical 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 [89–92] (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 [89–92],
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.

Table 4. Landslide causal factors, classes, rank values, standardized ratings and weights used in the
landslide susceptibility assessment in Cephalonia.

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

0.203470–530 cm/s2 2 67
<470 cm/s2 1 33

Tectonic Structures

<150 m from thrusts and fault
zones 3 100

0.178150–300 m from thrusts and fault
zones 2 67

<50 m from minor faults 1 33
All other areas 0 0
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Table 4. Cont.

Causal Factors Classes Rank Values Standardized Ratings Weights

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

0.0581000–1250 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

0.0330–0.1 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

Table 5. Pairwise comparison matrix regarding the landslide causative factors as required for applying
the AHP method.

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].

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
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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.

 

Figure 9. Ranking of weights for the 10 landslide causative factors.

Figure 10. The landslide susceptibility index (LSI) map of Cephalonia Island, against the
recorded ETL.
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Table 6. Areas of susceptibility map classes.

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

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 sus-
ceptibility 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 suscepti-
bility map with an inventory map, which includes landslide events in the study area
(e.g., [110,111,140–142]). The second approach involves the use of the receiver operating
characteristic (ROC; [143–145]). 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).

Table 7. Distribution of the recorded historical and recent ETL in the detected landslide susceptibility
zones of Cephalonia Island.

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

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.
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The AUC was calculated as 0.803 (Figure 11), which reveals fair to good model prediction
accuracy.

Figure 11. ROC graph and AUC for the landslide susceptibility model applied for Cephalonia.

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.
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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.

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
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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 sus-
ceptible 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
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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. Further-
more, 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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Abstract: The 1917 Samoa tsunamigenic earthquake is the largest historical event to impact this region.
Over a century later, little is known about the tsunami magnitude and its implications for modern
society. This study reconstructs the 1917 tsunami to understand its hazard characteristics in the
Samoan region and assesses the risk implications of tsunamis sourced from different locations along
the subduction zone bend of the Northern Tonga Trench (NTT). We model the event from its origin to
produce outputs of tsunami inundation extent and depth at spatially flexible grid resolution, which
are validated using available runup observations and Apia harbour tide gauge records. We then
combine the inundation model with digital distributions of buildings to produce exposure metrics for
evaluating the likely impacts on present-day coastal assets and populations if a similar tsunami were
to occur. Results exhibit recorded and modelled wave arrival time discrepancies in Apia harbour of
between 30–40 min, with runup underestimated in southeast Upolu Island compared with the rest
of the country. These differences could reflect complexities in the tsunami source mechanism that
are not represented in our modelling and require further investigation. Nevertheless, our findings
suggest that if a characteristic 1917-type event were to occur again, approximately 71% of exposed
people would reside in Savai’i. Overall, this study provides the first detailed inundation model of
the 1917 tsunami that supports an appreciation of the regional risk to local tsunamis sourced at the
subduction zone bend of the NTT in Samoa.

Keywords: tsunami inundation; historical records; hazard risk exposure; Pacific; BG-Flood; RiskScape

1. Introduction

More than 700 million people live in island states, most of them developing countries,
and low-lying areas at the coast are under constant risk from tsunamis, storm surges,
or severe fluctuations of sea levels. In the Pacific, small island developing states (SIDS)
represent a collection of remote island communities with developing economies that are
often at elevated risk from climate change, sea level rise, coastal erosion, and both natural
and anthropogenic hazards [1,2]. It is often the case that due to their geography and the rel-
atively small size of these islands, a significant proportion of the population, infrastructure,
and commercial and industrial activity are concentrated in low lying areas, typically in a
strip close to the coasts, which render them at considerable risk from coastal inundation
from tsunamis [3].
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The central south Pacific region is frequently affected by tsunamis generated from
earthquakes centred on the Tonga Kermadec Trench, including 39 events between 1837 and
2009 that included the 1917 and 2009 tsunamis that affected the Samoan islands [4]. These
two nearly identical events suggest that tsunamis in this region are relatively common,
and, as a consequence, the SIDS in this area are exposed not only to global tsunamigenic
events, but also to frequent locally derived tsunamis triggered by earthquakes, volcanic
eruptions, and submarine landslides [5]. Indeed, the recent submarine volcanic eruption of
Hunga-Tonga Hunga-Ha’apai (HTHH) in Tonga on 14 January 2022 [6,7], and the resulting
tsunami along with potential inferred predecessors (e.g., [8]), illustrate that there is a high
degree of residual risk to these islands from local tsunami generating events.

Local tsunamis with less than 30 min impact time are extremely hazardous to the
island communities, due to the limited warnings and response times between the trigger-
ing event (earthquake or eruption, for example), and the tsunami wave making landfall.
Consequently, when trying to understand current tsunami risks and the nature and extent
of exposure to these islands, it is common to use data or records from historical events to
constrain the likely intensity (inundation extent and flow depths, for example), and then
use this within a scenario-based context to understand the present-day exposure if such an
event was to occur today.

The focus of this study is to reconstruct the 1917 tsunami that struck the islands of
Samoa, which was the second most deadly tsunamigenic event on record to affect this
region after the fatal 2009 tsunami that devastated the southeast coast of Upolu [9,10]
(Figure 1). Although the 2009 event provides a benchmark to help plan for and mitigate
the impacts of local tsunamis sourced at the Northern Tonga Trench (NTT) in Samoa, areas
that experienced little or no impact give rise to a public perception that these areas are at
minimal threat from tsunamis. This is particularly the case for coastal areas in Savai’i island
to the west of Upolu. However, very little is known about the impacts of the 1917 tsunami
predecessor, despite the earthquake source magnitude being the largest ever recorded in
this region [11].

 
Figure 1. Location of the 1917 earthquake epicentre (star) and 2009 earthquakes (circles) relative
to Samoa.
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The 1917 earthquake epicentre was located along the transform segment of the NTT
margin about 100 km south of west Savai’i, and approximately 150 km west of the 2009
earthquake. Preliminary modelling by Okal et al. (2011) [12] suggests a focusing of tsunami
flux northwards toward the west and southern areas of Savai’i. This implies that these areas
would have been severely impacted compared with what they had experienced in the 2009
event. Paradoxically, the evidence presented in [12] does not seem commensurate with the
lack of documented impacts for the event, which led them to hypothesize that the scale
of impacts was masked by the impacts of the 1918 influenza pandemic, which occurred
approximately 1 yr later. The 1918 pandemic is Samoa’s deadliest disaster in history, which
saw the loss of between 20 and 25% of the country’s population at the time [13,14], most of
whom were adults or knowledge holders. This is a gap in our current understanding of
the scale and magnitude of the 1917 tsunami disaster within the context of regional hazard
risk resilience planning. To help elucidate this enigma, we model the tsunami from source
to inundation and use this scenario to evaluate the exposure characteristics of a similar
event-type on present-day distributions of buildings and people.

We provide an overview of the geographical and historical event context in Section 2,
and describe the data and analytical methods in Section 3. Findings of the analysis are
presented in Section 4, which includes a comparison with observations of the 2009 event.
The uncertainties and implications of our results in understanding the regional hazard
characteristics that tsunamigenic-earthquakes occurring on different segments of the NTT
have on the distribution of exposed areas are discussed in Section 5, with conclusions and
suggestions for future research provided in Section 6.

2. Geographical and Historical Context

Samoa consists of two main islands, Upolu and Savai’i, with several smaller inhabited
and uninhabited islands between them (e.g., Manono and Apolima), as well as east and
south of Upolu (e.g., Fanuatapu, Namu’a, Nu’utele, Nu’ulua, and Nu’usafe’e) (Figure 1).
Comprising part of a larger archipelago encompassing the geologically younger islands of
American Samoa to the east, the island chain originated from hotspot volcanic activity and
is fringed by coral reefs [15–17]. The geology of Samoa largely consists of mafic material
(e.g., basalt and gabbro), due to its oceanic intraplate volcanic hotspot origins [18]. Savai’i
is the bigger island with an area of 1820 km2, whereas Upolu has an area of 1114 km2 and
accommodates over 67% of the total population of approximately 200,000 people [19]. Apia,
the capital of Samoa, is located in the central north of Upolu.

In 1902, a temporary geophysical observatory was established in Apia on the then-
German administered island of Upolu, whereby it was initially set up to obtain baseline
earth observations to compare with the British and German south polar expeditions of
1902–1903. Meteorological instruments and seismographs were installed in 1902 and
magnetic instruments in 1905. These enabled studies in geomagnetism, seismology, meteo-
rology, tidal variations, and atmospheric electricity and were so productive that in 1908 the
observatory was established on a permanent basis.

In August 1914, troops of the New Zealand Expeditionary Force seized control of
German-controlled Samoa and the observatory. Its operations were much curtailed during
the World War 1 (WW1) years, but the German Director (G. Angenheister) continued
observatory operations until it was formerly taken over by the New Zealand government in
1921 [20–22]. New Zealand administration of the observatory continued until the handover
in 1963, shortly after Samoa achieved political independence and control of the observatory.

Between 1917 to 1919, four tidal waves were recorded by the observatory on con-
tinuously recording tidal gauges that correlated with four earthquakes recorded by the
seismograph installed at the observatory, with observations reported in [23].

Situated approximately 100 km north of the Tonga Trench, Samoa is exposed to a
range of local geophysical hazards (e.g., earthquakes, volcanoes, landslides, tsunami). For
example, the subaerial volcanic eruption from 1905 to 1911 on northeast Savai’i caused
displacement/relocation of affected villagers to neighbouring Upolu [24] and generated
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several small tsunamis during this period, with the most damaging occurring in 1907 [4].
Indeed, the recent 2009 complex earthquake sequence [25] and consequent tsunami that
resulted in severe casualties and livelihood destruction in southeast Upolu reinforces this
vulnerability [26,27].

The lesser known predecessor to the 2009 event, the 26 June 1917 UTC (local time
in 1917 = UTC-11) earthquake and tsunami that originated in a proximal source region
northwest of the 2009 epicentre (Figure 1), is arguably considered the largest earthquake
to have occurred in this region in terms of magnitude (i.e., Mw 8.3 compared with Mw
8.1 for the 2009 earthquake sequence) [11,28]. However, the scale of impacts from the
resulting tsunami appear to have paled in comparison with the devastation observed in
the 2009 event (e.g., [12,29,30]). Although anecdotal records indicate that the 1917 tsunami
inundation had flooded several villages and caused damage to buildings and infrastructure
(e.g., Satupaitea in southeast Savai’i and Lotofaga in southeast Upolu) [4,31,32], there are
virtually no accounts of any casualties. Available modern interpretations assume at least
two people lost their lives based on generic descriptions of damage recorded after the event
(e.g., [32]). Here, we use our inundation model for the 1917 tsunami along with present-day
patterns of inundation exposure as a proxy to discuss and offer alternative views to help
elucidate this enigma.

3. Methods and Data

The methods used in this study are described in two sections: (1) tsunami modelling,
which describes the process from the initial earthquake to the benchmarking process and
inundation on land; and (2) tsunami exposure and damage analysis used in quantifying
the hazard exposure on present-day buildings and population.

3.1. Tsunami Modelling
3.1.1. Model Setup and Configuration

This tsunami modelling analysis adapts a similar approach used by Bosserelle et al.
(2020) [27] to model the inundation of the 2009 event. For generation of the tsunami from
the initial earthquake through to propagation and inundation, the BG-Flood software was
used. BG Flood (Block-adaptive on Graphics processing unit Flood model) is suited for
the simulation of flooding and/or inundation caused by rivers, rain, tides, or tsunamis.
It is based on the formulation of Basilisk as well as on the memory structure on the
GPU of block uniform quadtree of Vacondio et al. (2017) [33]. The block uniform quadtree
structure enables various resolutions with the same memory size but with different physical
sizes [33].

For tsunami initialization, we used the earthquake parameters for the 1917 event
presented by [12] to configure the source model. To start generating the initial earthquake,
the following values were needed: fault parameters (strike, dip, rake, slip), the dimensions
of the rupture (length and width), the hypocenter of the earthquake (coordinates and
depth), and the timing of the rupture. The rupture length was 150 km with a rupture width
of 50 km. The earthquake epicentre was located at 15.13◦ S and 173.28◦ W on 26 June 1917 at
05:49 UTC (i.e., 25 June 1917 at 18:49 local time) at a depth of 10 km. After applying vertical
deformation to the fault, the initial water displacement was calculated as a theoretical
visco-elastic fault displacement using the formulation of [34].

Figure 2 displays the water displacement after the 1917 earthquake. For the tsunami
modelling, a fault length of 150 km was used to match the runup observations. As the
model uses an adaptive grid (more than one resolution), three output NetCDF files were
created with resolutions of 10 m, 20 m, and 40 m.
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Figure 2. Tide gauge records for the 1917 tsunami in Apia harbour. (a) Original maregram taken from
Angenheister (1920) [23]; (b) inverted and reprojected maregram for digitization; (c) digitized tide
record (grey solid line) and predicted tide (black dashed line). The maregram shows the fluctuations
of the sea in Apia harbour arriving only a few minutes after the earthquake. The earthquake occurred
at 05:49 UTC (dashed red line), with the first noticeable sea level peak at 06:03 UTC. The maregram
record prior to the earthquake better matched the predicted tide when shifting the record by 20 min
(black solid line), which also produces more consistent arrival time for the tsunami.

3.1.2. Tide Gauge and Runup Observations

Available tide gauge records from Apia harbour as well as runup observations from
different parts of Upolu and Savai’i were used to validate the inundation modelling and
subsequent assessment of present-day exposure and impacts in the runup zone. Tide
gauge readings for the 1917 event measured in Apia harbour were digitized using the
analog maregraph provided in [23]. The maregram in Figure 2 shows the fluctuations of
the tsunami waves within the harbour. The digitized maregram generally matches the
predicted tide at Apia (predicted by analyzing tide constituent from recent tide record).
However, the tide time reference given in [23] cannot be reconciled with an expected
30–40 min travel time for the tsunami to reach Apia. Therefore, either the tide time reference
or earthquake time/location is inaccurate. Moving the tide time reference given in [23] to
20 min later improves the correlation between predicted and measured tide and resolves the
arrival time inconsistency. Although there is no clear evidence that the tide time reference
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from [23] is incorrect, it appears to be the simplest explanation of the inconsistency, and it
still provides the first indication of the likely tsunami arrival time in Apia.

Runup observations derived from historical records of eyewitness accounts docu-
mented in [4,30,31] provided benchmarks to infer the extent of wave runup onto land.
These observations were digitized to help validate the tsunami runup modelling.

3.2. Tsunami Exposure and Damage Analysis
3.2.1. Building and Population Exposure Data

Buildings on Savaii and Upolu that were located within the maximum tsunami inun-
dation extent were remotely digitized from aerial and Google satellite imagery captured
between 2016 and 2020. Buildings were manually digitized in GIS software, using roof
outlines to create a vector polygon layer. Physical and non-physical attributes including use
category and construction frame were assigned to each building object (Table 1). Samoan
building construction frame typologies defined by [9] were attributed to features based
on their size (i.e., outline area), roof shape, and use category. In the absence of resources
such as Google street view to visually validate use category and construction frame, these
attributes were confirmed by local engineers and disaster risk management experts. The
outline area (m2) for confirmed buildings was calculated in GIS software (Esri, Redlands,
CA, USA).

Table 1. Summary of attributes represented in the building exposure data.

Primary Attribute Secondary Attribute Metric or Value

Construction Frame Masonry, Steel, Reinforced Concrete, Timber Text
Usually Resident Population - Floating

Outline Area - m2

Use Category
Commercial; Community; Education; Fale;

Hotel, Resort; Industrial; Outbuilding;
Religious; Residential Dwelling; Tourist Fale

Text

Samoa’s usually resident population was obtained from the 2016 national census [13].
Descriptive statistics for ‘usually-resident population’ at their residence on census day are
aggregated and publicly available at national, district, and village levels. Here, we apply
usually resident population at village levels (VPop) to determine a residential building-object
population rate (BPRate) as follows:

VBarea =
ni

∑
j=1

BAi (1)

VBPRate = VPj /VBarea (2)

BPRate = VBPRate /BAi (3)

where BAi is the outline area (m2) for a residential building located in village j, with ni, the
number of residential buildings within village j. The variable VBarea is the total residential
building outline area within village j. Residential building-object VBPRate is the per m2

residential building population based on the usually resident population (VP) of village j.

3.2.2. Building Fragility Model

Fragility functions relate tsunami hazard intensity (e.g., flow depth) to the conditional
probability of a building reaching or exceeding a given damage state [35]. Here, phys-
ical building damage is measured from empirical fragility curves representing Samoan
buildings damaged in the 2009 SPT [9]. The fragility curves apply a cumulative lognormal
function for ‘timber’, ‘masonry’, and ‘reinforced concrete’ construction frame buildings to
determine the conditional probability (0–1) of “light”, “minor”, “moderate”, “severe”, and
“collapse” damage states (DS) being reached or exceeded for a maximum tsunami inun-
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dation depth (Table 2). In the absence of representative fragility curves for some building
typologies, ‘masonry’ curves are applied for ‘steel’ construction frame buildings, and DS1
and DS2 fragility curves are applied for timber and reinforced concrete building typologies.

Table 2. Building fragility model parameters applied in this study.

Damage State (DS)

Construction Frame

Damage DescriptionTimber Masonry Reinforced Concrete

μ σ μ σ μ σ

DS0 None - None
DS1 Light - 0.29 0.46 - Non-structural damage only

DS2 Minor - 0.46 0.4 - Significant non-structural and
minor structural damage

DS3 Moderate 1.15 0.38 1.28 0.35 1.38 0.56 Significant structural and
non-structural damage

DS4 Severe 1.26 0.4 1.86 0.41 3.45 0.54 Irreparable structural damage,
will require demolition

DS5 Collapse 1.62 0.28 2.49 0.4 7.3 0.94 Complete structural collapse

3.2.3. Tsunami Inundation Exposure and Damage Model

A deterministic model is applied to quantify the present-day building and population
exposure as well as damage from tsunami inundation. To this end, we use RiskScape, an
open-source software that provides a multi-hazard risk modelling framework for determin-
istic analysis of tsunami impacts [36]. Here, a deterministic model ‘pipeline’ is developed
to analyze the exposure and damage based on the tsunami model, exposure inventory,
and fragility model components described in Sections 3.2.1 and 3.2.2. These components
formed the ‘input data’ for the model pipeline used, which sequences a series of steps and
step-functions to sample and analyze deterministic tsunami impacts (Figure 3).

Figure 3. A schematic representation of the RiskScape model pipeline steps and functions applied in
this study.

The 1917 event input hazard data layer represented at the adaptive grid resolutions
10 m, 20 m, and 40 m were segmented using a geoprocessing step-function (i.e., ‘cut
by segment’) to extract all tsunami inundation grid cells within the exposure data layer
(building outlines). Extracted grid cells were then spatially sampled (i.e., ‘all intersections’)
to determine the maximum inundation flow depth (MaxD) at each building location. The
consequence analysis applies MaxD to determine: (1) building and population exposure to
tsunami inundation; and (2) building damage state. Individual building exposure (Bldexp)
to inundation is quantified using a simple binary function:

Bldexp =

{
1, MaxD < 0 m
0, MaxD ≥ 0 m

(4)
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When inundation is present or not at a building location, the corresponding binary
value is assigned to the building in the ‘event impact table’ (EIT). Where inundation is
not present (i.e., ‘0’), no damage (DS0) is assumed. Where inundation is present (i.e.,
‘1’), conditional probability (i.e., 0–1) of damage states DS1 to DS5 based on fragility
curves from [9] is calculated in response to the independent variable MaxD. Fragility curves
scripted in Python using nested statements apply a lognormal function for each curve based
on the dependant variables shown in Table 2 for the corresponding building construction
frame in Table 1. The conditional probability determined from each fragility curve is then
reported in the EIT for each building exposed to tsunami inundation.

The resulting EIT contains tsunami exposure and damage information for model
output reporting. In this study, the EIT includes attributes, hazard intensity (i.e., MaxD),
exposure (i.e., Bldexp), and damage state information for each building object. The ‘output
data’ pipeline step-function ‘group results by attribute’ is applied here to report descriptive
statistics of model results. Building ‘count’ and population ‘sum’ exposure to tsunami
inundation is enumerated and reported at national and village scales and by hazard
intensity (flow depth) bins of 0.5 m. Building damage states are also reported by building
count for 0.1 conditional probability bins between 0 and 1. The step-function ‘results output
file format’ outputs this information as spatial file formats (e.g., GIS shapefile, comma-
separated value) for national and sub-national spatial analyses of present-day building and
population exposure, as well as damage from the 1917 tsunami event.

4. Results

4.1. Tsunami Inundation and Validation

Figure 4 shows the modelled maximum tsunami wave heights for the 1917 tsunami
event. Of particular note is that the southwest side of Savai’i is mostly affected where
wave heights of 2 m appear to have impacted the coast. Interestingly, the arrival of the
simulated wave in Apia harbour suggests that it took approximately 34 min travel time to
this location. This is consistent with the observed tide gauge record (Figure 5) when using
a 20 min shift in the reference time.

Figures 6 and 7 show which parts of Upolu and Savai’i were most affected by the
tsunami, which are generally consistent with available runup observations [4,31] as well
as sedimentary evidence presented in [30]. Inundation on Savai’i mostly affects the south
western side of the island with much higher flow depths compared with eastern parts of
the island including Upolu. Northern Upolu appears unaffected except in areas near Apia.
Observed runup points derived from historical records identified in Savai’i (Figure 6) and
Upolu (Figure 7) highlight the limited runup observations available for this event.

4.2. Damage to Present-Day Buildings and Population Exposure

If a characteristic 1917-tsunami event scenario were to occur in the near future, we
estimate that approximately 2295 buildings would be affected by the inundation (based
on present-day building stock). Most exposed buildings on both Savai’i and Upolu are
subjected to flow depths >0.0 m to ≤0.5 m (Figure 8). As flow depth increases, the number
of buildings in each category decreases. However, it is worth noting that 206 buildings on
Savai’i are exposed to flow depths >3.0 m, which generally means these buildings are most
likely to experience moderate to severe damage. Construction frames made of timber have
a higher probability of suffering from severe damage or undergoing complete collapse
(Figure 8b).
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Figure 4. Maximum wave height offshore for the modelled 1917 tsunami.
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Figure 5. Detided water level recorded in Apia (black line) and simulated (red line). Earthquake time
is also given.

 

Figure 6. Inundation on Savai’i in close-ups (10 m horizontal resolution). The map shows the 10 m
resolution run-up on Savai’i (a) and close-up of inundation in Satuiatua (b), and in Palauli and
Satupa’itea (c).
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Figure 7. Inundation on Upolu in close-ups (10 m res.). The map shows the 10 m resolution run-up
on Upolu (a) and in Apia (b), with the most severe inundation in Upolu close to Gagaifo’olevao (c).

The total number of people living in residential buildings within the modelled 1917
tsunami inundation zone are exhibited in Figure 9. In total, approximately 7919 people
across 1074 residential buildings (71% of which are in Savai’i) would be affected by the
tsunami, which amounts to approximately 4% of the total population in 2016 [37].

It is worth noting that on Savai’i, 13% of the affected inhabitants live in buildings that
are estimated to sustain damage states of DS5 (i.e., complete building collapse). This is
particularly the case for the district of Palauli West. On Upolu, more than half of the affected
population live in buildings estimated to sustain damage states DS0 (i.e., no damage). The
more inundated part of Upolu in the west of the island exposes approximately 77 people
who live in buildings likely to sustain damage state DS3 or greater.

4.3. Comparison with the 2009 Tsunami

The 2009 event is the most devastating tsunami to have affected Samoa in recent
history. Occurring on 29 September, at 06:48 a.m. local time, two earthquakes only minutes
apart shook the ground and caused large waves to travel quickly through the ocean,
which caused major destruction and loss of life in less than 30 min after the earthquake
rupture [26,38,39]. As the 1917 event can be considered a historical predecessor to the 2009
event in terms of source region [12], a comparison between the two events is made.

Apart from the obvious differences in instrumental monitoring quality in 1917 com-
pared with 2009 [26,40], the main differences between the two events in terms of the
distribution of affected coast are highlighted in Figure 10. The main energy beam for the
1917 tsunami was focused towards west and south Savai’i, whereas for the 2009 event,
energy was focused towards American Samoa and southeast Upolu, which reflects the
proximal epicentral locations of the generating earthquakes, respectively, which were about
150 km apart.

159



Appl. Sci. 2022, 12, 3389

 

 

Figure 8. Cont.
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Figure 8. (a) Present-day buildings categories on Savai’i and Upolu. (b) Exposure of buildings in
Savai’i and Upolu to the 1917 modelled scenario event. (c) Close up of Sala’ilua village on southwest
Savai’i showing the modelled tsunami inundation and exposed buildings.

These hazard characteristics help to explain the observed variations in exposure impact
distributions between the modelled 1917 and benchmark 2009 events. A larger proportion
of people would be exposed in Savai’i island (71% of the total exposure) compared with
Upolu island if a characteristic 1917-type event were to occur. In contrast, coastal areas
in southeast and east Upolu were most severely affected in the 2009 event, which reflects
the epicentral location of the generating earthquake at the subducting bend of the NTT
terminus and main direction of tsunami flux east/northeast towards southeast Upolu. The
1917 epicentre 150 km to the west at the transform segment of the NTT results in the main
direction of tsunami flux northward towards Savai’i. This implies that the distribution of
the relative exposure of elements at risk to NTT-sourced tsunamis depends on the location
of earthquake origin along the subduction zone bend of the NTT.

Notwithstanding the spatial differences in exposure relative to the location of tsunami
origin at the NTT, of note is the time of day that each event occurred. Both events struck
either in the morning (2009 tsunami) or in the evening (1917 tsunami) during times when
the residential population was not at maximum capacity. Had they occurred in the middle
of the night, for example, then the scale of human losses might have been significantly
greater in each event; this is a key consideration in resilience planning for future NTT
sourced tsunamis.
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Figure 9. Number of people affected in residential buildings in the six damage states on: (a) Upolu,
and (b) Savai’i.
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Figure 10. Epicentres of the 1917 and 2009 earthquakes and corresponding extents at the coast
that were predominantly affected by each respective tsunami according to the models. The red
crosses indicate the 1917 runup benchmarks shown in Figures 5 and 6 showing locations that should
be inundated.

5. Discussion

Our results suggest that the south coast of Savai’i including parts of south Upolu were
affected by the 1917 tsunami. A comparison of the historic evidence with the modelled
inundation shows some inconsistencies. For example, observations of runup in the village
of Lotofaga in southeast Upolu indicate that half of the village was submerged [4,31], which
suggests significantly greater inundation extent and flow depth in Lotofaga than what
our model reproduces. That is, the modelled inundation suggests that Lotofaga was not
severely impacted. This inconsistency likely reflects the simplicity in our tsunami source
model in the light of recent evidence of complex behaviour at ‘subduction-zone bends’, as
is the case at the northern Tonga Trench [26].

In addition, records of the maregram of Apia harbour indicated initial water level fluc-
tuations only 5–10 min after the earthquake compared with approximately 34 min modelled
wave arrival time in Apia. The observed fluctuations of 5–10 min in Apia after earthquake
initiation is highly unlikely if considering that the tsunami was generated/influenced by
the earthquake source alone, which was located further west of the 2009 epicentre and
farther away from Apia. However, the maregram accurately recorded the normal tides
at the time of the event, which were within 14 min of tide predictions. This suggests that
either the recorded timing of the tsunami or earthquake were inaccurate, or that there is
more complexity in the tsunami source mechanism than what is currently captured in
our modelling. For example, the possibility of complex near-simultaneous faulting source
comparable with that seen for the 2009 event [25,38,39] has not been assessed in this study.
It is also probable that the earthquake could have caused co-seismic submarine landsliding
close to or along the north coast of Upolu, which might explain the early fluctuations
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observed in Apia harbour that cannot be accounted for using our current earthquake source
mechanism (e.g., [41]). Further investigations are needed to unravel this dilemma.

Of particular note is the comparison in total number of casualties between the two
events. In the 2009 tsunami, 146 people lost their lives [26] and several thousand were
displaced, compared with only two casualties inferred from damage descriptions in the
1917 event [32]. In contrast, the extent of inundation inferred from our modelling of the
1917 tsunami, particularly on Savai’i, suggests that damage to property, threat to life, and
displacement would have been more severe than what is currently inferred from the histor-
ical records. It is plausible that loss of life may have been minimal based on the modern
analogy presented by the devastating Hunga-Tonga Hunga-Ha’apai volcano-generated
tsunami where three casualties along with major destruction to property, homes, and
businesses, and displacement of approximately 1500 people were observed [42]. However,
it is equally plausible that loss of life and human displacement far exceeded that which has
been documented in historical records.

Nevertheless, the hazard risk patterns presented in this study when compared with
the 2009 event indicate that the 1917 tsunami would have been more severe on the island of
Savai’i compared with Upolu. However, the absence of verifiable records pertaining to loss
of life in the 1917 event suggest that either: (1) inundation from the 1917 event, on balance,
was less destructive than the inundation caused by the 2009 event; (2) the occurrence of
the 1917 tsunami in the evening meant that people who felt the earthquake shaking might
have been more aware of the potential tsunami threat and self-evacuated, which helped
to minimize/avoid loss of life; or (3) potential casualties from this event were simply not
accurately reported and documented in the historical literature. The latter likely reflects
a probable association with the 1918 influenza pandemic that overwhelmed Samoa and
resulted in the loss of close to 25% of the population, most of them adults and knowledge
holders [13,14]. Coupled with the impact of post-WW1 colonialism in Samoa and a shift in
political administration could have resulted in the inaccurate reporting of total loses in the
event. An example where this is potentially evident is the significant mis-representation
of post-colonial population decline in Samoa of up to 80–90% compared with previous
estimates of only 20–50% [43].

6. Conclusions

This study aimed to reconstruct the 1917 tsunami in Samoa and assess the impacts of
inundation on present-day buildings and population exposure. Our findings show variable
consistency between modelled-to-observed event reconstructions, which are exemplified
by the inconsistency in the wave arrival time in Apia and underestimation of inundation
extent/intensity in southeast Upolu. The observed discrepancies are probably due to:
(1) earthquake source model and geometry configuration; (2) instrumental seismic and/or
tide gauge record uncertainties for Samoa in 1917 that might explain the 20 min anomaly in
the tidal reference time; (3) limited records of runup observations for validation; (4) uncer-
tainties in potential source and/or co-seismic mechanisms that might have exacerbated
the observed characteristics of the tsunami (e.g., in Apia harbour). These uncertainties
represent areas for further modelling investigation.

Notwithstanding these discrepancies, our modelling provides a first-order estimation
to better quantify the magnitude of impacts for the 1917 tsunami inundation in Samoa that
can support scenario-based hazard risk assessment. Our modelling suggests that the scale
of impacts, in particular on Savai’i and with regards to potential casualties and human
displacement, likely exceeded that which was recorded in historical records. However, it is
equally plausible that, although the extent of property damage and displaced peoples was
likely severe, the casualty rate may have been low comparable to the death toll observed in
the January 2022 Hunga-Tonga Hunga-Ha’apai tsunami in Tonga.

Nevertheless, comparison between the 1917 and 2009 events suggests that the extent
of present-day exposure distribution around the two main islands of Samoa from local
tsunamis originating at the Northern Tonga Trench is highly influenced on the earthquake
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epicentre and location/orientation of co-seismic displacement. That is, Savai’i Island is
more exposed to tsunamis originating along the western segment of the NTT (e.g., 1917
event), compared with Upolu in the east, which exhibits greater exposure to outer-rise
events originating along the east NTT segment.
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Abstract: Remote sensing data and techniques are widely used for monitoring and managing natural
or man-made disasters, due to their timeliness and their satisfactory accuracy. A key stage in disaster
research is the detailed and precise mapping of an affected area. The current work examines the
relationship that may exist between the acquisition geometry of Unmanned Aerial Vehicle (UAV)
campaigns and the topographic characteristics of an investigated area, toward landslide mapping and
monitoring that is as accurate as possible. In fact, this work, concerning the systematic research of the
acquisition geometry of UAV flights over multiple active landslides, is conducted for the first time
and is focused on creating a guideline for any researcher trying to follow the UAV photogrammetric
survey during landslide mapping and monitoring. In particular, UAV flights were executed over
landslide areas with different characteristics (land cover, slope, etc.) and the collected data from each
area were classified into three groups depending on UAV acquisition geometry, i.e., nadir imagery,
oblique imagery, and an integration of nadir and oblique imagery. High-resolution orthophotos and
Digital Surface Models (DSMs) emerged from the processing of the UAV imagery of each group
through structure-from-motion photogrammetry (SfM). Accuracy assessment was carried out using
quantitative and qualitative comparative approaches, such as root mean square error calculation,
length comparison, and mean center estimation. The evaluation of the results revealed that there
is a strong relationship between UAV acquisition geometry and landslide characteristics, which
is evident in the accuracy of the generated photogrammetric products (orthophotos, DSMs). In
addition, it was proved that the synergistic processing of nadir and oblique imagery increased overall
centimeter accuracy.

Keywords: photogrammetry; viewing angle; oblique; nadir; mapping; geomorphology

1. Introduction

Remote sensing has emerged as an important and valuable tool for various earth
observation applications. In particular, remote sensing data and techniques are widely used
for monitoring and managing natural or man-made disasters, due to their timeliness and
their satisfactory accuracy [1]. The development of UAVs has opened up new possibilities
in hazard assessment and disaster risk management [2–4]. In fact, these low-cost remote
sensors have proven their effectiveness in mapping hazards and disasters (earthquakes,
floods, landslides, etc.), monitoring human activity during emergencies, and protecting
and preserving cultural heritage sites affected by geo-hazards [5–10].

A key stage in disaster research is the detailed and precise mapping of an affected
area. In this framework, scientists have developed several new processing methodologies,
in which different parameters were assessed in achieving the most efficient results. Specifi-
cally, the selection of an appropriate number of ground control points (GCPs) during the
georeferencing procedure of the obtained UAV imagery was one of the primary parameters
under investigation. Thus, various photogrammetric campaigns, consisting of different
combinations of GCPs (varying from 4 to up to 20), were evaluated using root mean square
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error (RMSE) values extracted from the respective DSMs [11–13]. The results demonstrated
a clear influence of the number of GCPs on the accuracy of UAV photogrammetry. Although
the selection of about 20 GCPs (defined according to the study area) managed to reduce
the RSME by 50%, it was proved that a higher number of GCPs slightly improved the
accuracy. Moreover, other studies dealt with analyzing the distribution of GCPs within the
study area and the effect of such distribution on the accuracy of the derived DSMs, which
decreases as the distance to the nearest GCP increases [14,15]. In general, the accuracy of
photogrammetric products increases asymptotically as the number of GCPs increase, until
an optimal GCP density is reached.

The collection of GCPs is a time-consuming task. Thus, the development of UAVs with
onboard Global Navigation Satellite System Real Time Kinematic (GNSS RTK) positioning—
in which the georeferencing of the images does not require GCPs—constitutes a promising
solution [16,17]. The main disadvantage of the specific approach is the presence of sys-
tematic elevation errors, which emerge from the incorrect determination of the interior
orientation parameters estimated during bundle adjustment [18]. A recent study proposed
that a combination of two UAV flights at the same altitude, consisting of nadir and oblique
imagery, was able to reduce the systematic elevation error to less than 0.03 m [19].

Other approaches focused on evaluating the effect of different scenarios, consisting of
multi-view camera combinations, on the accuracy of UAV photogrammetry. Specifically, the
combination of non-metric oblique and vertical views, along with an appropriate collection
of GCPs, has significantly enhanced the accuracy of the photogrammetric procedure,
extracting DSMs comparable to those derived by Light Detection and Ranging (LiDAR) [20].
Indeed, this integration of nadir and oblique imagery has proven its effectiveness in
numerous studies, including the reconstruction of the surfaces and the determination of the
main geometries in a quarry environment, the geomorphological mapping of landslides,
and geotechnical/ hazard mapping [21–23]. In addition, it has been proven that the
reconstruction of a topographically complex terrain requires the synergy of oblique and
facade images to complement nadir views [24]. This synergistic use significantly improved
the geometric accuracy of topographic reconstruction, by approximately 35%.

Although the combination of multi-view UAV imagery is a very successful approach
in a variety of applications, nadir images combined with a dense distribution of GCPs
constituted an ideal solution for the reconstruction of 3D agricultural surfaces [25]. On
the other hand, oblique UAV imagery was considered particularly suitable for the three-
dimensional modeling of buildings, cities, or urban settlements, presenting an enhanced
achievable accuracy [26]. Moreover, oblique-viewing images can be utilized effectively
for the 3D modelling of historical architectures and cultural heritage research, especially
in areas characterized by limited accessibility [27]. In addition, oblique images increased
by 50% the accuracy of 3D representations of topography in areas with high and steep
slopes [28].

The current study aims to create a guideline for researchers who try to follow the UAV
photogrammetric survey method for landslide mapping and monitoring, by exploring
derived data quality (orthophotos and DSMs) in reference to data acquisition geometry.
There are previous studies on the influence of the ground control number to the horizontal
or vertical accuracy of orthophotos and DSMs, respectively [12–15]. However, the current
study is the first to conduct systematic research on UAV data acquisition methodology
applied on multiple active landslides. UAV flights were performed over four landslide areas
with different characteristics (land cover, slope, volume, dimensions, etc.), and the collected
data from each area were classified into three groups, depending on UAV acquisition
geometry: (a) nadir-only images, (b) oblique-only images, and (c) an integration of nadir
and oblique images. Moreover, a flat urban area was also surveyed for validation purposes.
The processing of UAV imagery in each category was based on structure-from-motion (SfM)
photogrammetry, leading to the creation of high resolution orthophotos and digital surface
models (DSMs). Accuracy assessment was carried out using quantitative and qualitative
comparative approaches, such as root mean square error calculation, length comparison,
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and mean center estimation. The derived results demonstrate the benefits of combining
oblique and nadir images in order to reduce systematic errors and increase the overall
accuracy of orthophotos and Digital Surface Models.

2. Materials and Methods

2.1. Case Studies

The selection of research areas was based on the criterion of heterogeneity in terms of
slope, land cover, vegetation coverage, etc. Thus, four different landslides were set as case
studies. We also surveyed a flat industrial area for validation purposes (Figure 1) (Table 1).
In order to eliminate the influence of vegetation height on DSM production, the study areas
presented, in general, with low and sparse vegetation, as described in Table 1.

Figure 1. Location of the five case studies within Greece and UAV orthophotos of each area of interest.

Table 1. Selected case studies and characteristics (topography, vegetation).

Case Study ID Locations
Topography
Description

Vegetation

1 Moira Steep slope, large extent, grassland 1 Low and sparse vegetation
2 Egkremni Steep slope, coastal area, grassland Very sparse vegetation
3 Zachlorou Steep slope, narrow gorge, grassland Low vegetation

4 Messarista Steep slope, urban settlement, narrow
roads, densely build-up area Low vegetation

5 Patras Port Flat, industrial environment No vegetation
1 Based on coordination of information on the environment (CORINE) land cover classification.
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The first landslide area is located close to the village of Moira, within Western Greece.
The landslide occurred on 20 January 2017 on a mountainous, steep slope, covering an area
of approximately 65,569.20 m2. The landslide material was spread 300 m in length and
300 m in width and it was geologically structured from flysch, limestone, and loose cherts.
It was characterized as a complex slide, based on the different lithologies—silicate and/or
silicate lithology was presented in the northwestern part, while limestones were detected
in the southeast. The occurrence of the landslide was related to geological factors (flysch
lithology), as well as to the rapid snow melting. It has been demonstrated that the increase
of the water content of clay soils (flysch) reduces the shear strength of soils, acting as a
triggering factor for the occurrence of landslides [29].

The destruction of the road connecting the village of Moira with the city of Patras,
as well as a significant change in the local landscape, were the main consequences of
the landslide.

The second landslide took place in November 2015 on the Egkremni beach on the
island of Lefkada; it was classified as a debris slide . The Ionian Islands constitute the
northwestern part of the Hellenic arc, which is considered as a site of complex continent-
continent to continent-ocean convergent plate margins. The Cephalonia Transform Fault
Zone (CTFZ) is recognized as the major tectonic structure of the site and is responsible for
the particularly active seismicity in the wider area. In addition, another fault, named Athani,
is detected ashore, shaping the west coast of Lefkada island [30,31]. The Athani fault, along
with smaller, parallel faults with similar kinematics, form steep slopes, which are an ideal
site for the occurrence of landslides during seismic events [32]. On 17 November 2015, a
6.5 magnitude earthquake struck the west coast of the island, causing a series of landslides
on the cliffs [33,34].

Another active continental region, in terms of tectonics and seismicity, is Northern
Peloponnese, due to the fast-extending rift of the Gulf of Corinth. This third area of interest
is located close to the village of Kato Zachlorou within Western Greece. The first mass
movements at the specific area occurred in April 2019, while the main event, consisting of
rock falls and earth flows, took place on 4 April 2020. The repetitive sliding episodes were
strongly associated with the increase of the water content of the clay soils, due to intense
rainfall [29].

The fourth area of interest includes a landslide located in a semi-mountainous village
of Western Greece named Messarista. Extremely heavy and prolonged rains hit the wider
region on 11 December 2021, acting as a main triggering factor for the occurrence of a
series of landslides in different places throughout the region, as well as within the village
of Messarista. The phenomenon is still ongoing and is being monitored by local authorities,
while the landslides were classified as earth slides and earth flows.

Finally, a flat industrial area, covering part of the new port of the city of Patras, was
chosen for the validation of the results, due to the past view on photogrammetry, in which
flat areas were surveyed using nadir imagery solely.

2.2. Data Collection

UAV imagery was obtained using a DJI Phantom 4, which is equipped with a built-in
GNSS system and a CMOS camera (12.4 MP) with 4000 × 3000 resolution. Each case study
consisted of three different flight grids (nadir, oblique, and nadir and oblique). During these
distinct campaigns, flight characteristics were kept the same (Table 2). Specifically, flights
were executed with a 90% along-track overlap and a 75% cross-track overlap. However,
the flight acquisition altitude was adapted to the topography of each study area, with
the aim of extracting photogrammetric products with spatial resolution between 2.3 and
3.5 cm (Table 2). The collected UAV imagery of each area was classified into three groups
of data. The first group included nadir-only images with a 90-degree gimbal pitch angle;
the second group consisted of oblique-only images with a 65-degree gimbal pitch angle;
and a synergistic use of nadir and oblique imagery was selected for the third group.
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Table 2. Characteristics and parameters of UAV campaigns.

Case Study ID
Acquisition
Geometry

Number of
Photos

Average Flight
Altitude (m)

Average GSD
(cm)

Along the Track
Overlap %

Along the Track
Overlap %

Moira
Nadir 189

110 3.5 90 75Oblique 174
Synergistic use 363

Egremni
Nadir 97

60 2.3 90 75Oblique 84
Synergistic use 181

Zachlorou
Nadir 60

70 2.5 90 75Oblique 210
Synergistic use 286

Messarista
Nadir 65

110 3.5 90 75Oblique 70
Synergistic use 135

Patras Port
Nadir 96

60 2.3 90 75Oblique 85
Synergistic use 181

In addition, GCPs were distributed throughout the survey areas in order to orient and
match the aerial imagery to data measured terrestrially. GCPs were collected using a Leica
GS08 GNSS receiver. Coded targets were created according to the general recommendations
of Agisoft Metashape software [35], and were printed on matte finish plastic boards. These
targets were used as GCPs (Figure 2). Furthermore, large rectangular aluminum targets
were placed in the survey areas for comparison and validation of the photogrammetric
outputs (Figure 3). These aluminum targets had specific dimensions and a hole in each
corner, in order to be accurately measured with a GNSS sensor.

 

Figure 2. Printed GCP pattern, distributed throughout the survey area during UAV campaigns.
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Figure 3. Aluminum targets, as captured in orthophotos during UAV campaigns over the landslide
of Zachlorou.

2.3. Methodology

The aim of the current study was to examine whether the geometry of UAV acquisition
plays a key role in the accuracy of derived photographic products that are subsequently
used as high-precision data for landslide mapping and monitoring. A schematic illustration
of the applied methodology is displayed in Figure 4.

Figure 4. A flowchart showing the processing steps of the research methodology.

In more detail, UAV surveys were conducted over five study areas, presenting different
characteristics (topography, land cover, etc.). Three UAV flights, consisting of: (a) nadir-
only acquisitions, (b) oblique-only acquisitions, and (c) an integration of nadir and oblique
acquisitions, were executed for each case study. The different UAV acquisition trajectories
of nadir- and oblique-viewing campaigns over the landslide of Messarista (case study) are
depicted in the Figure 5. It is worth mentioning that the collection of the oblique-viewing
imagery was implemented as the UAV moved forward and backward, following line paths
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that were perpendicular to the slope of each study area. Furthermore, photogrammetric
GCPs were collected during the UAV surveys.

 
Figure 5. UAV acquisitions over the landslide of Messarista. (a) Nadir-viewing acquisition trajectory;
(b) Oblique-viewing acquisition trajectory.

The processing of the collected UAV imagery was carried out through SfM photogram-
metry. The specific technique contributes to the three-dimensional reconstruction of the
topography, using the basic principles of photogrammetry along with computer vision
algorithms [36–39]. The main advantage of this functional and low-cost method is that it
allows the automatic and simultaneous determination of scene geometry, camera positions,
and orientation, without requiring pre-existing known points. Thus, multiple, overlapped
and shifted 2D images are transformed into 3D representations using an automatic, feature-
matching algorithm.

The photogrammetric processing of UAV imagery took place in Agisoft Metashape
software. The calibration and optimization of the camera took place in accordance with Ag-
isoft’s default values, as set for the DJI Phantom 4 camera. Internal orientation parameters
were estimated automatically, due to the ability of the software to recognize the model of
the camera and to specify the appropriate settings.

The high-quality option was selected for the alignment of the images, aiming at a more
precise estimation of the camera positions [40]. At the same time, the processing of UAV
imagery was implemented using the original image size. The quality option was closely
linked to the quality of the topographic reconstruction. Moreover the, ultra-high setting
was defined as the parameter during “build dense cloud” and “build mesh” procedures.

Orthophotos and DSMs emerged from the processing of the collected UAV imagery.
These products were projected into the Hellenic Geodetic Reference System 1987. Specifi-
cally, three orthophotos and three DSMs were created for each study area, corresponding to
the three different acquisition geometries (i.e., nadir-viewing images, oblique-viewing im-
ages, and an integration of nadir and oblique imagery). The evaluation of the accuracy of the
generated orthophotos and DSMs was based on qualitative and quantitative comparative
approaches, including RMSE calculation, length comparison, and mean center estimation.

3. Results

3.1. Accuracy Asssessment of Orthophotos

Three high resolution orthophotos were extracted from the photogrammetric pro-
cessing for each case study, consisting of UAV data from the three different acquisition
groups, i.e., (a) nadir-viewing imagery, (b) oblique-viewing imagery, and (c) the integration
of nadir and oblique imagery. The aforementioned orthophotos, covering the area of case
study 4 (Messarista), are depicted in Figure 6. As can be observed, a visual comparison
between the orthophotos created by data for the different groups of geometry acquisitions
is a particularly difficult task, due to apparent similarity.
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Figure 6. UAV orthophotos of the landslide of Messarista, emerging from the processing of (a) nadir-
viewing images, (b) oblique-viewing images, and (c) synergistic use of nadir and oblique images.
The scale of the orthophotos was set to 1:1500.

In this context, the evaluation of the accuracy of the derived orthophotos was per-
formed using comparison approaches in an ArcGIS environment. GIS applications have
been utilized in respective studies for the characterization of geological features and geo-
logical mapping [41]. In this study, GCPs were utilized as precise reference positions. Then,
two geodetic lines were shaped from the x-y coordinates of the GCPs of each study area.
Figure 7 displays the reference geodetic lines, as formed for each case study. It is important
to highlight that we tried to create the geodetic lines in different topographic reliefs, varying
from steep slopes to flat regions. Subsequently, we digitized the same lines in all orthopho-
tos, derived from the processing of the UAV imagery of all groups of acquisition geometry.
The digitization of the lines was based on the visual identification of the respective GCPs,
which were used to shape the reference geodetic lines. The length of each digitized and
reference geodetic line were calculated and compared (Table 3). The length variations were
significantly small, which proved the high accuracy of the photogrammetric products. In
addition, the integration of nadir and oblique viewing acquisitions displayed the smallest
length variations in eight out of ten comparisons, demonstrating the positive influence
of the specific acquisition geometry on the enhancement of the accuracy of the derived
orthophotos. Moreover, oblique-viewing geometry showed a better performance, com-
pared to nadir-viewing acquisitions. In particular, the difference in the length of line 1, in
comparison to the corresponding reference line in the case study of Zachlorou, was zero for
the orthophoto resulting from the integration of nadir and oblique imagery. In addition, the
variation for the nadir-viewing and oblique-viewing orthophotos was estimated at 0.190%
and 0.067%, respectively. In the case of Egnemni, the percentage variations in line 2 were
calculated at about 0.034% for the orthophotos that emerged from either the synergistic use
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of nadir and oblique images or the nadir-viewing imagery. In contrast, the corresponding
difference for the nadir-viewing orthophoto was obviously larger (i.e., 0.228%).

Figure 7. Reference geodetic lines as created in: (a) case study 1, (b) case study 2, (c) case study 3,
(d) case study 4, and (e) case study 5.
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Table 3. Comparison of the length of the geodetic lines of each case study in accordance with the
respective reference length.

Case Study
ID

Acquisition
Geometry

Length Line
1 (m)

Difference
(m)

Difference
%

Length Line
2 (m)

Difference
(m)

Difference
%

Reference line 226.676 129.881

Moira
Nadir 226.933 −0.257 −0.113% 129.550 0.331 0.254%

Oblique 226.745 −0.069 −0.030% 129.937 −0.056 −0.043%
Synergistic use 226.734 −0.058 −0.029% 129.725 0.156 0.120%

Reference line 32.898 23.221

Egremni
Nadir 32.861 0.038 0.112% 23.274 −0.054 −0.228%

Oblique 32.906 −0.007 −0.024% 23.229 −0.008 −0.034%
Synergistic use 32.868 0.030 0.091% 23.229 −0.008 −0.034%

Reference line 8.938 16.152

Zachlorou
Nadir 8.921 0.017 0.190% 16.179 −0.027 −0.167%

Oblique 8.944 −0.006 −0.067% 16.179 −0.027 −0.167%
Synergistic use 8.938 0.000 0.000% 16.177 −0.025 −0.154%

Reference line 60.524 23.064

Messarista
Nadir 60.577 −0.053 −0.088% 23.149 −0.085 −0.368%

Oblique 61.002 −0.478 −0.790% 23.299 −0.235 −1.018%
Synergistic use 60.539 −0.015 −0.014% 23.097 −0.033 −0.143%

Reference line 84.240 74.220

Patras Port
Nadir 84.559 −0.319 −0.379% 74.492 −0.272 −0.366%

Oblique 84.117 0.123 0.146% 73.988 0.232 0.312%
Synergistic use 84.228 0.012 0.012% 74.208 0.012 0.016%

The processing of nadir-viewing images, along with oblique imagery, enhanced the
overall accuracy in all the investigated areas. In more detail, for nine of ten cases (Table 3)
the length difference between the GNSS measurements and the measurements on the
orthophotos was less than 0.05 m (5 cm). Taking into consideration the terrain steepness
and the dense vegetation, we assume that the overall accuracy is excellent.

It is worth mentioning that even in the fifth test area (Patras Port), the combined
processing of nadir and oblique images gave results that were more accurate than the
single processing of nadir or oblique data. In detail, the length difference of the geodetic
lines for the common data set was only 0.012 m (centimeter accuracy), while the respective
accuracies for the nadir or oblique data set ranged between 0.12 m and 0.31 m (Table 3).

Another method, utilized for the evaluation of the accuracy of orthophotos resulted
from the photogrammetric processing of each acquisition geometry, was based on the
comparison of the mean center of the reference geodetic lines and the respective digitized
ones. The mean center constitutes the geographical center of a set of features resulting from
average x and y coordinates [42,43], which is calculated as:

X =
∑n

i=1 xi

n
and Y =

∑n
i=1 yi

n
(1)

where xi and yi are the coordinates for a feature i and n is the total number of features. This
approach is widely used for the identification of distribution changes or for the comparison
of the distributions of features. The mean centers of the reference geodetic lines of each case
study are depicted in Figure 7. The Near tool [44] was applied for the determination of the
distance between the reference mean centers and the respective mean center of the digitized
lines. Distance variations are displayed in Table 4. As can be noted, the multi-acquisition
geometry (nadir and oblique imagery) presented the shortest distances from the reference
mean centers in 50% of the UAV campaigns.
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Table 4. Near distances of mean centers resulting from the reference mean centers of geodetic lines 1 and 2.

Case Study ID
Acquisition
Geometry

Near Distance (m)
Mean Center of Line 1

Near Distance (m)
Mean Center of Line 2

Moira
Nadir 0.023 0.095

Oblique 0.015 0.049
Synergistic use 0.013 0.012

Egkremni
Nadir 0.020 0.022

Oblique 0.025 0.014
Synergistic use 0.038 0.021

Zachlorou
Nadir 0.006 0.016

Oblique 0.070 0.068
Synergistic use 0.023 0.010

Messarista
Nadir 0.064 0.036

Oblique 0.477 0.305
Synergistic use 0.082 0.034

Patras Port
Nadir 0.700 0.812

Oblique 0.946 0.890
Synergistic use 0.024 0.009

As a final comparison of the orthophotos derived from different acquisition geometries,
we utilized the variations of the dimensions of the aluminum targets. These dimensional
variations, regarding the orthophotos covering the landslide of Zachlorou, are presented
in Table 5. As can be observed, the synergistic use of nadir and oblique photos increase
the accuracy of the orthophoto. The true length of the aluminum target is 0.538 m and the
respective measured value from the oblique and nadir imagery is 0.542 m, meaning that
the overall difference is only 4 mm. The difference value for the nadir imagery is 8 mm and
for the oblique imagery is 10 mm.

Table 5. Comparison of the dimensions of the aluminum target between the different acquisition ge-
ometries.

Case Study
ID

Acquisition
Geometry

Length
(m)

Difference
(m)

Difference
%

Area (m2)
Difference

(m2)
Difference

%

Reference 0.538 0.150

Zachlorou
Nadir 0.546 −0.008 −1.486% 0.149 0.001 0.666%

Oblique 0.548 −0.010 −1.858% 0.148 0.002 1.332%
Synergistic use 0.542 −0.004 −0.743% 0.151 −0.001 −0.666%

3.2. Accuracy Asssessment of DSMs

The evaluation of the accuracy of the extracted DSMs was executed through the
computation of RMSE, which estimates the differences between the values of a DMS and the
reference high-precision values. The computation is performed by the following equation:

RMSE =

√
1
n ∑n

i=n

(
hre f − hi

)2
(2)

where href is the reference elevation, hi is the DSM elevation at point i, and n is the number
of GCPs. A basic condition for the performance of the calculation is that the reference data
should be an order better than the data to be evaluated. Thus, GCPs with sub-millimeter
accuracy were utilized as reference points in the current study.

The variations in the elevation values between the reference data and the respective
photogrammetric DSMs, acquired by different viewing geometries over all case studies, are
presented in Table 6. It is obvious that the synergistic use of nadir- and oblique- viewing
images during UAV campaigns managed to minimize the elevation errors in most DSMs.
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In particular, the RMSE for the DSM arising from the combined use of nadir and oblique
imagery in the case study of Egnemni, was calculated at 0.083 m, while the respective errors
for the nadir-viewing and oblique-viewing DSMs were estimated at 0.092 m and 0.085 m,
respectively. Furthermore, in the case study of Messarista, the RMSE for the DSM that
emerged from the simultaneous processing of nadir and oblique imagery was calculated at
0.090 m. The respective RMSE for the nadir-viewing DSM was computed at 0.162 m, while
the error of the oblique-viewing DSM was notably larger (i.e., 0.357 m).

Table 6. RMSE values emerging from the generated DSMs.

Case Study ID Acquisition Geometry RMSE (m)

Moira
Nadir 0.380

Oblique 0.260
Synergistic use 0.140

Egkremni
Nadir 0.092

Oblique 0.085
Synergistic use 0.083

Zachlorou
Nadir 0.506

Oblique 0.498
Synergistic use 0.475

Messarista
Nadir 0.162

Oblique 0.357
Synergistic use 0.090

Patras Port
Nadir 0.159

Oblique 0.236
Synergistic use 0.047

Although oblique-viewing images demonstrated an overall good performance in the
generation of DSMs, we noticed a correlation between the UAV acquisition geometry and
the topographic characteristics of the survey area. Specifically, nadir-viewing geometry
was considered more suitable for DSM generation in flat urban (case study 5) or densely
built-up (case study 4) areas, since it revealed smaller values in elevation variations than
oblique imagery.

4. Discussion

The capability of performing a high accuracy field campaign with excellent repeatabil-
ity is the basic demand [45–47] for landslide mapping and monitoring for assessing any
deformation, usually within a steep and possibly dangerous environment. Sub-centimeter
accuracy is a prerequisite in both horizontal and vertical axes in order to assess the activity
of a landslide. Aiming to develop a guideline for accurate landslide mapping, we con-
ducted four repeated tests within four active landslides with diverse characteristics. Both
the horizontal and the vertical accuracy of the orthophotos and the DSMs were examined.

It was proved that the combination of nadir and oblique imagery produced more
accurate results in all the studied cases. This output was in full accordance with the results
of a previous study [28] that mentioned that overall accuracy is increased by 50% when
nadir and oblique imagery are combined. The statistical comparison of the length of the
digitized geodetic lines demonstrated that the integration of nadir and oblique images
provides orthophotos with higher accuracy. Oblique imagery seems to provide more
accurate results than nadir imagery. The only exception was the Messarista case study,
where the processing of the oblique images yielded the worst results, compared to the
respective result from the nadir images. This can be justified, as Messarista is a densely
built-up village on a steep hill with very narrow backstreets. These narrow side streets
cannot be clearly mapped in oblique imagery. Furthermore, the houses are built side-by-
side and the front buildings hide the back ones. As a result, nadir imagery provides useful
information that cannot be derived from oblique imagery alone.

180



Appl. Sci. 2022, 12, 4598

Similar results were extracted from the measurements of the near distances of the
mean centers that were calculated in the ArcMap environment. In almost all the cases, the
simultaneous processing of nadir and oblique imagery provided more accurate results. The
same combination produced more accurate DSMs in all the study areas. As presented in
Table 4, in very steep environments (the four landslide areas) and in a flat area (Patras Port),
the vertical accuracy of the oblique-nadir DSM was higher in comparison to the accuracies
of either nadir or oblique DSMs.

Summarizing the overall assessment of the results, based on the application of simple
statistical calculations, it was proved that the synergistic use of nadir and oblique imagery
was considered to be the most appropriate geometry at 80% (i.e., in eight cases), according to
the comparison of the length of the two lines of the five study areas (i.e., 10 cases) (Figure 8a).
Moreover, comparing only nadir-viewing and oblique-viewing geometry, oblique acqui-
sitions provided more accurate results by 70% (Figure 8b). Figures 9 and 10 display the
corresponding evaluations using the comparison of near distances and RMSE calculation.

 

Figure 8. (a) Overall assessment of the accuracy of the photogrammetric products in accordance
with UAV acquisition geometry using length comparison; (b) assessment of the accuracy of the
photogrammetric products using length comparison between nadir- and oblique-viewing geometry.

 

Figure 9. (a) Overall assessment of the accuracy of the photogrammetric products in accordance with
UAV acquisition geometry using near distances; (b) assessment of the accuracy of the photogrammet-
ric products using near distances between nadir- and oblique-viewing geometry.

 

Figure 10. (a) Overall assessment of the accuracy of the photogrammetric products in accordance
with UAV acquisition geometry using RMSE; (b) assessment of the accuracy of the photogrammetric
products using RMSE between nadir- and oblique-viewing geometry.
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Our findings are in accordance with those of previous studies [20,21,24–26]. Specifi-
cally, nadir and oblique images were compared with TLS data for the mapping of a fault
plane [20]. The tests proved that both precision and accuracy have been increased when
the two sets of images were combined. It was marked [21] that the combined use of nadir
and oblique imagery offers a valued methodology for open-pit operations and for the
continuous monitoring of the exploitation by managers. UAV data acquired from oblique
and facade viewing angles were compared with nadir images in a steep and complex
mountainous terrain, and the produced point clouds were compared with TLS data [24]. It
was proved that the combination of oblique and façade images, compared to nadir data,
increased the geometric accuracy of the derived point cloud data [24]. In a respective
test [25], it was demonstrated that the combination of nadir and oblique images ameliorates
the accuracy of 3D surface models in an agricultural area when no ground control points
or a small number of ground control points are used. Nadir and oblique imageries were
compared for 3D building representation [26]. The results proved that oblique data amelio-
rates the obtainable accuracy of the derived point cloud and of the produced 3D model.
As described in [28], supplementing nadir image blocks with oblique images consistently
mitigates the systematic error patterns within complex topography. The results from many
scenarios proved that the combination of nadir and oblique images increased precision and
accuracy, and reduced data gaps. Those previous results are in full accordance with our
results. In all the studied areas, it was also proved that the simultaneous processing of the
nadir and oblique imagery decreases the RMSE error and increases the geometric precision.

5. Conclusions

The objective of the current study was to develop a guidance for accurate landslide
mapping in steep terrains. In this context, we performed four identical tests within four
active landslides spreading throughout Western Greece. The main conclusions that emerged
from this research included the following:

• It was proved that the acquisition of UAV oblique and nadir imagery and the synergis-
tic processing increase overall centimeter accuracy.

• In general, oblique imagery provides more accurate results in steep terrains compared
to nadir imagery. However, in areas that combine high slopes, dense urban settlements,
and narrow streets (as in Messarista village), nadir imagery could not be omitted.

• Even in flat areas, such as Patras Port, the combined use of oblique and nadir imagery
ameliorates the overall accuracy.

• A UAV flight campaign should be adjusted each time to an investigated area’s charac-
teristics and local topography.

• In steep terrains, an average flight altitude between 70 and 110 m above ground level
or a ground spatial resolution of around 3 cm are recommended for both nadir and
oblique campaigns in order to assess centimeter accuracy.
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18. Štroner, M.; Urban, R.; Reindl, T.; Seidl, J.; Brouček, J. Evaluation of the Georeferencing Accuracy of a Photogrammetric Model
Using a Quadrocopter with Onboard GNSS RTK. Sensors 2020, 20, 2318. [CrossRef]
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Abstract: The environmental effects of wildfires are a hot issue in current research. This study
examines the effects of the 2021 wildfires in the Attica region in Greece based on Earth observation
and GIS-based techniques for the development of a web app that includes the derived knowledge.
The effects of wildfires were estimated with the use of Sentinel-2 satellite imagery concerning burned
area extent and burn severity using a NBR-based method. In addition, the erosion risk was modeled
on a pre-fire and post-fire basis with the RUSLE. This study highlights the importance of assessing
the effects of wildfires with a holistic approach to produce useful knowledge tools in post-fire impact
assessment and restoration.

Keywords: wildfires; geospatial intelligence; web app; operational mapping; burn severity; soil erosion;
Attica; RUSLE (revised universal soil loss equation); NBR (normalized burn ratio); remote sensing (rs)

1. Introduction

Greece in the 2021 fire season suffered from one of the greatest ecological disasters
caused by wildfires. Especially in the first days of August, an intense prolonged heatwave
struck Greece making it the worst that the country faced in almost 34 years. During this
period of extreme conditions (27 July to 16 August 2021) in the Greek territory, many
wildfires broke out due to the drought that increased wildfire vulnerability. All the means
available, from the fire brigade to the local authorities and support from other countries,
were used to fight these fires. In addition, evacuations of settlements were performed
alongside the use of 112 to send alert messages to citizens, while the Copernicus Emergency
Management Service (EMS) was also activated for rapid mapping of the wildfires in
most cases [1].

Over the last couple of years, climate change has dramatically affected the Mediter-
ranean region. The vulnerability of this region to drought and rising temperatures has
led to severe ecological disasters annually. Specifically, Greece has been dealing with
great environmental catastrophic events due to wildfire incidents and remarkably strong
heatwaves [2]. The assessment of the wildfires’ effect spatially provides a leading role in
the documentation of vulnerable areas in different timescale evaluations [3,4].

Fire incidents constitute a dynamic process in planet Earth alteration affecting the
global climate system [5]. Lately, wildfires show an increased occurrence, especially during
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the summer months, causing a rise in the overall period of the fire season [6]. The Mediter-
ranean countries have been damaged over the last couple of years, due to extensive fire
incidents causing irreversible damage to the environment [7]. Especially, high mountain
regions characterized by Mediterranean climates seem to be more vulnerable to wildfire
incidents due to the occurrence of high rainfall intensity in sparse vegetation cover areas [8].
Fire impacts on vegetation, soil, atmosphere, and society are dependent on fire character-
istics such as severity and size [9]. Particularly, in Mediterranean ecosystems where fires
occur in summer, the increased temperatures and evapotranspiration succeeded by the
increased precipitation in autumn cause alterations to the ecosystems including increased
soil loss [10].

Geospatial intelligence (GEOINT) has as a basic principle, the collection, analysis,
and combination of all the available data, both geospatial and satellite imagery for Earth’s
geographical area, so as to utilize them in creating useful products in planning, decision
making, and emergency response [11]. The integrated use of remote sensing and GIS proved
very important in disaster management, with satellite imagery providing a synoptic view,
spatiotemporal changes monitoring, and of course sufficient spatial coverage alongside GIS,
which enables the utilization of all the geospatial information available. The capabilities of
remote sensing for this purpose can be found in their operational use and their damage
assessment after a wildfire event [12]. The use of satellite-based remote sensing in wildfires
is well-known in the literature. For the mapping of burned areas, plenty of methods have
been developed [13] with the use of multispectral data through the decades, including
spectral indices among them such as the burn area index (BAI) [14] and normalized burn
ratio (NBR) [15]. Additionally, with the use of satellite imagery, not only the burned
area but also further information regarding the impact can be retrieved, as in the case of
the dNBR [16], where burn severity can also be assessed. In addition, the combination
of remote sensing with GIS in the case of wildfires provides a wide range of geospatial
information regarding the post-fire period including the mapping of burned areas, soil
erosion estimation, and recovery of the ecosystems [17].

Soil erosion caused by land degradation affects both natural and human resources,
resulting from insufficient agricultural productivity, and is characterized as one of the most
important threats worldwide [18]. Forest fires constitute one of the most critical causes
of soil erosion due to their ability to burn large amounts of vegetation cover leading to
an increase in runoff and sediment transfer [19,20]. For this purpose, several indices have
been developed so as to assess the damage caused by wildfires on soil properties, such as
the dNBR (differential NBR), which [8] is calculated based on pre- and post-fire satellite
images [21].

Research on soil erosion has been extensively carried out over the past few decades
since it is inextricably linked to the world’s most serious environmental problems [8]. There
are a wide variety of models that have been developed throughout the years considering
soil loss assessment in several regions around the world [22]. The most commonly known
models are the Universal Soil Loss Equation [23], its revised version (RUSLE) [24], and the
Water Erosion Prediction Project (WEPP) [25]. Those models are used for the estimation of
long-term average soil erosion values based on information extracted from rainfall data,
soil properties, topography, and land cover management.

A recent study [2] assessed post-fire effects by mapping burned areas and their burn
severity and also the soil erosion for an area within the Lokroi Municipality in Central
Greece. This study made use of NBR to map the burned areas and to assess the burn
severity with the use of Sentinel-2 and Landsat-8 imagery. In addition, to this affected
area, the RUSLE was applied to estimate soil erosion. The combined use of these Earth
observation and GIS-based methodologies was important before and after the wildfire
and led to the identification of the vulnerable areas within the affected region. Another
study was conducted [26] regarding the 2021 wildfires in Greece in Attica, Evia, and
Peloponnese. In that study, the erosion vulnerability to these areas was evaluated after the
fire events with the use of a GIS Boolean logic-based model. The results of the study led
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to the erosion risk assessment of these areas, making evident the increased susceptibility
to surface runoff erosion. A similar study [27] studied southern Italy’s Basilicata region,
following an integrated approach with GIS and remote sensing regarding post-fire erosion
risk. The soil fire severity was estimated by the use of Sentinel-2 images while the RUSLE
was applied for the modeling of pre-fire and post-fire erosion for the first year after the
events. Results of the study revealed the complex relations between fire severity and soil
erosion factors while helping with soil loss estimation after the fire events.

Based on all the above-mentioned, this study aims at the assessment of the impact
that the 2021 fire season wildfires had in the region of Attica, Greece. More analytically,
four major wildfires of Schinos, Varympompi, Lavreotiki, and Vilia were mapped in an
operational way with the use of Sentinel-2 imagery with the normalized burn ratio spectral
index-based approach, thus extracting the burned area extent and assessing the burn
severity while Corine Land Cover data was also used to analyze the consequences each
fire caused. Furthermore, the soil erosion in the affected areas via the implementation
of the revised universal soil loss equation (RUSLE) was assessed to estimate the soil loss
and potential high-risk areas. In this way, to meet the purpose of this study effectively to
gain geospatial intelligence on the effects of these wildfires, the results of all the applied
methodologies were used to develop a web app that constitutes an invaluable tool in
post-disaster hazard assessment. The results of the study showed the spatial damage that
the wildfires caused in Attica in 2021 and they also demonstrated a significant increase in
soil erosion in the affected areas.

2. Wildfires in Attica Region 2021

In the region of Attica, which is located in Central Greece where the capital of Greece,
Athens, is, during the 2021 fire season four major wildfires occurred with three of them
happening in the above-mentioned August period resulting in extensive damages. To all
the four wildfires the Copernicus EMS (Emergency Management Service) was activated
with the activations EMSR51O, EMSR527, EMSR540, and EMSR542. Spatially, according to
Figure 1, these wildfires were located in western, north-eastern, and south-eastern Attica
with the closest to the metropolitan area of Athens being the fire in Varympompi [1,28,29].

 

Figure 1. Areas of study.

Starting with the May 19th, 2021 wildfire in Schinos that broke out in the evening
of that day close to the Schinos settlement in Korinthia. The fire moved from the east to
western Attica, reaching to the north of the Kineta settlement during almost five days of
activity. Damages were limited to the build-up environment and extended to the forests of
the area. The affected area includes the northern slopes of the Geraneia Mountains, which

187



Appl. Sci. 2022, 12, 7256

includes a Natura 2000 site, and the geomorphological status of the area with high slopes
aids the development of floods and other post-fire hazards to the region [28].

The next fire is that of Varympompi, which broke out on the midday of August 3rd,
2021, in the Ano Varympompi area, and lasted for the next few days. More precisely, the
northern part of the Attica region was affected from Adames in Kifisia to Ippokrateios,
Politeia, mainly within the base of Parnitha Mountain. Although the impact included
the forest vegetation of the area, an important part of the urban areas of settlements was
impacted due to the complexity of the forest and building mixture [1,26].

The wildfire in Lavreotiki started on the morning of August 16th in Markati in the
northwest of Lavreotiki. Close-to-settlement areas such as coniferous forests, natural vege-
tation, and agricultural land were affected by the wildfire. The meteorological conditions
made it difficult for the fire brigade to put the fire under control despite the smaller extent
than the previously mentioned wildfires [1,26].

Lastly, the wildfire in Vilia also broke out on August 16th at midday a few hours
after this in Lavreotiki in Pateras Mountain close to the Vilia settlement. The wildfire was
burning an area predominantly consisting of sclerophyllous vegetation and coniferous
forests for more than five days with a rapid spread day by day. The above-mentioned
conditions in that period led to the devastation of a large area between Vilia and Nea
Peramos despite the huge effort and the increased ground and aerial support [1,29].

3. Materials and Methods

3.1. Data and Software

In Table 1, the used datasets are briefly presented. Free and open accessible datasets
were selected to be used for each methodological part described in the following subsections.

Table 1. Utilized datasets.

Datasets Format
Resolution

Spatial | Temporal
Source Purpose/Use

Sentinel-2 imagery 1 Optical
Level-2A 10 m (Used) | 2021 Copernicus Open

Access Hub

Wildfire
Mapping and

C Factor

Corine Land Cover 2018 Vector
(Polygon)

- | 2018 Copernicus Land
Monitoring Service

Wildfire
Mapping and

P Factor

EU-DEM v1.0 Raster 25 m | 2000 (2016) Copernicus Land
Monitoring Service LS Factor

Meteorological data Text - | 2021
Meteo.gr of the National
Observatory of Athens

(NOA)
R Factor

Topsoil physical
properties for Europe

(based on
LUCAS topsoil data)

Raster 500 m | 2015
European Soil Data Centre
(ESDAC) of Joint Research

Centre (JRC)
K Factor

Topsoil organic carbon
(LUCAS) for EU25 Raster 500 m | 2014

European Soil Data Centre
(ESDAC) of Joint Research

Centre (JRC)
K Factor

1 The used Sentinel-2 acquisitions are presented in detail in Table 2.

For the operational wildfire mapping, optical/multispectral Sentinel-2 mission satel-
lite images of the ESA Copernicus program were utilized which are open and accessible
from the Copernicus Open Access Hub [30]. The products used were the atmospherically
corrected and scene classified Level-2A Bottom-of-Atmosphere (BOA) [31]. A key character-
istic of Sentinel-2 images important in operational purposes is the 5-day interval between
satellite acquisitions over an area and their availability on the Copernicus Open Access
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Hub a few hours after their acquisition. In Table 2, the full list of Sentinel-2 acquisitions is
given for each purpose of this study regarding the mapping of wildfires and the C factor of
the RUSLE. The image selection was redundant to the cloud-free scene availability, taking
into consideration the temporal coherence for each purpose.

Table 2. List of used Sentinel-2 acquisitions for each area and purpose.

Area Wildfire Start Date
Sentinel-2

Acquisition Date
Relation with the

Wildfire Event
Purpose

Schinos 19 May 2021 18 May 2021 Pre-event

Wildfire Mapping

23 May 2021 Post-event

Varympompi 3 August 2021 29 July 2021 Pre-event
8 August 2021 Post-event

Lavreotiki 16 August 2021 13 August 2021 Pre-event
18 August 2021 Post-event

Vilia 16 August 2021 29 July 2021 Pre-event
26 August 2021 Post-event

All the areas - 10 May 2021 Pre-event
C Factor17 September 021 Post-event

Land cover information for the affected study areas was retrieved with the use of the
Corine Land Cover 2018 (CLC 2018) in vector polygon format from vector geodatabase
open available from Copernicus Land Monitoring Service [32]. The CLC 2018 is highly
accurate (≥85% accuracy) with a minimum mapping unit (MMU) of 25 hectares and a
mapping minimum width (MMW) of 100 m, while it is detailed enough by having 44 land
cover classes at its most analytical level-3 [33]. In this study, it was used to map the affected
area of the wildfire land cover and for the RUSLE’s P factor.

Regarding the meteorological data required for the estimation of the R factor of the
RUSLE, these were retrieved from the Meteo.gr of the National Observatory of Athens
(NOA) [34]. Data regarding the precipitation for the examined period were obtained from
the respective meteorological stations of the Meteo.gr network within and around of each
area of study.

The EU-DEM v1.0 is a digital elevation model (DEM) that was obtained freely from
the Copernicus Land Monitoring Service for the application of the RUSLE’s LS factor.
With a resolution of 25 m, it was produced with the fusion of SRTM and ASTER GDEM
datasets [35].

The last dataset used refers to the topsoil properties necessary for the K factor calcu-
lation of the RUSLE. This dataset consists of 500 m rasters acquired from the European
Soil Data Centre (ESDAC) of the Joint Research Centre (JRC). More specifically, the dataset
was derived from the topsoil data collected during the Land Use and Cover Area frame
Statistical survey (LUCAS). It includes the content percentage (%) of clay, sand, silt, and the
predicted topsoil soil organic carbon content in g C kg−1 [36,37].

The software used includes the free and open ESA STEP SNAP v8.0 remote sensing
software for the processing of the satellite images and the commercial GIS suite of ESRI
that includes ArcGIS Desktop v.10, ArcGIS Pro v2.8–2.9, and ArcGIS Online with the
Web AppBuilder.

3.2. Methodology

The methods applied for the purposes of this study are described in the following
subsections. In Figure 2, the flowchart presents all the steps followed for each part of the
methodology with the mapping of the wildfires presented on the left and the implemen-
tation of the RUSLE on the right part. In the middle, the different products are presented
with the following addition of them to the web app.
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Figure 2. Methodology flowchart.

3.2.1. Operational Wildfire Mapping

The operational mapping of the previously mentioned wildfires was performed with
the use of the Sentinel-2 L2A imagery listed in Table 2. In order to have the most accurate
and timely available results, cloud-free images acquired immediately before and after each
wildfire event were carefully selected. These images were imported in SNAP and then
preprocessed with nearest neighbor resampling of the spectral bands to 10 m resolution
and then subset to the area of interest (AOI) extent to enhance processing performance. The
next steps included the creation of a cloud and water mask with band maths operations
based on the available scene classification from the L2A product and the estimation of the
water mask with the normalized difference water index (NDWI) [38] and the collocation of
the pre-fire and post-fire event imagery followed to merge them into one product.

For this study, for the wildfire mapping, the related spectral indices were applied.
More analytically, the normalized burn ratio (NBR) is the used index that utilizes the
spectral bands of near-infrared (NIR) in which burned areas present low reflectance and
shortwave-infrared (SWIR) in which burned areas show high reflectance for the mapping
of burned areas and the assessment of burn severity based on Equation (1). The index has
high values where healthy vegetation exists and low values in burned areas and areas with
low or no vegetation presence [15,16,39,40].

NBR =
NIR − SWIR
NIR + SWIR

(1)

The NBR index was calculated before (pre-fire) and after (post-fire) the fire event and
then the difference between the two, the dNBR (Equation (2)), results in a better distinction
of the burned areas while the burn severity is also assessed. Burn severity is a term used to
express the degree of a wildfire’s impact on an area’s ecosystem. The assessment of burn
severity contributes to quantifying the impact of a wildfire and aids restoration attempts
and natural disaster management. Based on the dNBR values, the burn severity is classified
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into categories as is shown in Table 3 with the higher values corresponding to higher
severity and thus the more severe impact of the wildfire on an area [40–44].

dNBR = PrefireNBR − PostfireNBR (2)

After the dNBR estimation, the relativized burn ratio (RBR) was calculated based on
Equation (3). This index aids the assessment of burn severity in a diversity of ecosystems
and regions by enhancing accuracy. Additionally, it aids the identification of the changes
after a fire in areas with low vegetation [45].

RBR =
dNBR

prefireNBR + 1.001
(3)

Table 3. Burn severity classification according to dNBR values [16,46].

dNBR Value * Burn Severity

0.100–0.269 Low severity

0.270–0.439 Moderate-low severity

0.440–0.659 Moderate-high severity

0.660–1.300 High severity
* Values ≤ 0.099 represent unburned areas.

The final RBR raster was masked using the above-mentioned cloud and water mask
in order to be not only clear from any possible clouds, but also to eliminate existing water
surfaces due to their spectral characteristics which make them attributed falsely as burned
areas. Results production followed with the masked RBR raster import to the GIS software
and its reclassification according to the Table 3 burn severity classes. Conversion to vector
polygons, burned area extraction, and clipping of CLC 2018 to the burned area extent were
the last steps including the area estimations.

3.2.2. Revised Universal Soil Loss Equation (RUSLE)

The Revised Universal Soil Loss Equation (RUSLE) model provides a widely known
and useful tool for soil erosion assessment [2,22,47,48]. Developed in the late 1970s [23],
it was formulated so as to conclude a better estimation of the initial parameters defined
by the Universal Soil Loss Equation (USLE) [49]. The derived methodology represents
the influence of topography, soil properties, meteorological parameters, and land cover
on surface and rill erosion [2,47,48]. The average soil loss assessment is enabled by the
RUSLE according to the specific study area characteristics [2] and it is based on an empirical
equation (Equation (4)), constituting of five factors [24], which can be easily implemented
through a GIS framework:

A = R × K × LS × C × P (4)

where A is the estimated mean seasonal soil loss (ton h−1 Season−1), R represents the
rainfall erosivity factor (MJ mm ha−1 h−1 Season−1), K is the soil erodibility factor (ton h
MJ−1 mm−1), LS is the slope length and steepness factor (dimensionless), C is the cover
management factor (dimensionless), and P represents the conservation practice factor
(dimensionless). These factors are of vital meaning in soil erosion assessment, and they
should be very carefully estimated in order to lead to highly accurate results (source).

R factor plays a crucial role in RUSLE modeling since it defines the possibility of
erosion risk [49] and it is estimated based on meteorological data from meteorological
stations surrounding the study areas as previously mentioned [50]. Using the empirical
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formulation (Equation (5)) developed by Loureiro and Couthino [50], monthly rainfall data
concerning seasonal time periods of 2021, were used to calculate the R factor:

R =
∑12

i=1(7.05 × r10 − 88.92 × d10)

N
(5)

where R represents the rainfall erosivity factor (MJ mm ha−1 h−1 season−1), N is the total
months calculated annually, r10 is the monthly rainfall exceeding 10 mm, and d10 is the
number of days when daily rainfall exceeded 10 mm per month. Specifically, rainfall
data acquired from each weather station were implemented using a spatial interpolation
technique, inverse distance weighting (IDW), so as to define unknown meteorological
values within the study areas.

K factor refers to the rainfall impact on soil properties resulting in soil erosion due
to sediment penetration, detachment, and transport [23,24,27]. The soil erodibility factor
is affected by soil properties such as structure, organic matter, permeability, and soil tex-
ture [48]. In this study, the estimation of the K factor was based on Equation (6) developed
by Williams and Renard [51]:

= 0.2 + 0.3 exp
(

0.0256 × Sa ×
(

1 − Si
100

))
×

(
Si

Cl+Si

)0.3 ×
(

1.0 − 0.25×C
C+exp(3.72−2.95C)

)

×(1 − 0.7×SN
SN+exp(−5.51+22.9SN)

)
(6)

where K is the soil erodibility factor (ton h MJ−1 mm−1), Sa represents the percentage of
salt, Si is the percentage of silt, Cl is the percentage of clay, C is the percentage of organic
carbon, and SN stands for SN = 1 − (Sa/100). Soil data acquisition was based on datasets
provided by the ESDAC database [37]. The resulted K values were implemented on the
spatial interpolation method Kriging to produce values covering the total surface of the
study areas.

The topographic effect on soil erosion is determined by the impact of the slope length
and steepness factor (LS factor) [27]. LS factor constitutes the result of slope length (L) and
slope steepness (S) multiplication. Increased slope steepness values determine increased
soil erosion risk due to the increase in the velocity and erosivity of the accumulated
runoff [2]. The calculation of the LS factor was based on Equation (7) of Moore and
Burch [52]:

LS = (
U
L0

)
m
×

{
[sin

(
β × 0.01745

S0

)
]
n}

× (m + 1) (7)

where LS is the topographic factor, U is the flow accumulation multiplied with the pixel
size, L0 is the slope length (22.13 m), β is the slope in degrees, S0 is the slope percentage
(9%), m is sheet erosion ranging from 0.4 to 0.6, and n is rill erosion ranging from 1 to 1.3.
The LS factor was created based on data derived from a digital elevation model (DEM)
into a GIS setting. The rill erosion values corresponded to n = 1.1 while the sheet erosion
values ranged according to the examination area each time. Specifically, for the regions of
Schinos, Vilia, and Varympompi, the sheet erosion value was set as m = 0.45, whereas for
the Keratea region the corresponding value was m = 0.5.

C factor demonstrates the cover management factor providing a measure of soil erosion
rate as controlled by the cropping and management practices within a region [23,24]. The
cover management factor was calculated based on satellite data acquisition corresponding
to specific time periods. Specifically, the satellite data consisted of Sentinel-2 images for
the regions of Schinos, Vilia, Varympompi, and Keratea, corresponding to time periods
before and after the fire. Particularly, through the acquired data, normalized derived
vegetation index (NDVI) images were generated to produce the factor’s values based on
the formulation (Equation (8)) developed by Durigon et al. [53]:

C =
1 − NDVI

2
(8)

192



Appl. Sci. 2022, 12, 7256

The support practice P factor represents the practices on agricultural land that affect
the soil erosion processes [54] P factor was estimated based on the Corine Land Cover 2018
dataset. According to Yang et al. [55], all Corine Land Cover classes were assigned the
value of 1, except in agricultural regions where the P factor was given the value of 0.5.

3.2.3. Web App Development

The final processing stage includes the preparation of the results layers to be suitable
to be published as web layers on ArcGIS Online. ArcGIS Online is a cloud-based web GIS
Software as a Service Software (SaaS) that is accessible from any device with internet access
and which is interactive and enables web map creation among other capabilities. After the
publication of the web layers, the web map needed for the web app was created. Finally, the
web app in the Web AppBuilder was then developed with the addition of the previously
mentioned map, the setting of the user interface (UI), parameters, and widgets [56,57].

4. Results

4.1. Burned Areas and Burn Severity

The total burned area of the four wildfires in Attica during the 2021 fire season reached
243.98 km2 making evident the large extent of damage caused to the region. As Figure 3
presents, the wildfire in Vilia burned the largest area reaching almost 96 km2, followed by
Varympompi with 78.95 km2, Schinos with 64.05 km2, and Lavreotiki that has a burned an
area of 5 km2.

 

Figure 3. Burn Severity of 2021 Attica region wildfires: (a) Schinos; (b) Varympompi; (c) Vilia;
(d) Lavreotiki. The burned area classification based on burn severity is illustrated including the
percentage of the burned area total of each area per class.
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Analyzing the burn severity of these wildfires, generally the impact was severe enough
with the moderate-high severity accounting for 53.69% or 131 km2 out of the total burned
area with the moderate-low (28.36%) and low (17.8%) following, while high severity covers
0.14%. More specifically, considering each area based on Figure 3, it is evident that the
moderate-high severity characterizes all the burned areas except Lavreotiki, where lower
severity levels prevail, whereas in Schinos a mostly close-to-equal distribution is observed
among burn severity levels. It should be noted that in the cases of Varympompi and Vilia,
the percentages of burn severity levels coverage in each case follow an almost identical
pattern in the moderate severity levels percentage.

Regarding the affected land cover based on CLC 2018 as presented in Figure 4 and
Table 4, the total numbers show that the third CLC category which includes forests, shrubs,
and/or herbaceous vegetation is heavily impacted by the wildfires covering 82.71% or
201.8 km2 of the total burned area, thus highlighting the ecological disaster in the region.
To put it another way, coniferous forests (72.48 km2), sclerophyllous vegetation (52.47 km2),
transitional woodland-shrub (46.13 km2), and mixed forests (24.73 km2) comprised the most
affected land cover. In Schinos, the burned area consisted of 62.80% of coniferous forests, in
Varympompi transitional woodland-shrubs and mixed forests took up 46.60%, although it
should be mentioned that a significant part of the artificial surfaces category was impacted
in the region reaching 9.56% of the total burned area, including discontinuous urban fabric.
Continuing with Lavreotiki, coniferous forests, natural grasslands, and sclerophyllous
vegetation accounted for 64.44% of the total burned area, and lastly, in Vilia Sclerophyllous
vegetation was 49.21% of the burned area.

 

Figure 4. Burned land cover of Attica region wildfires based on Corine Land Cover 2018: (a) Schinos;
(b) Varympompi; (c) Vilia; (d) Lavreotiki. The third level of Corine Land Cover 2018 was utilized and
clipped to each burned area to assess the affected land cover.
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Table 4. Burned land cover of Attica region wildfires based on Corine Land Cover 2018 (% of the
burned area total of each area per land cover category).

CLC 2018 Schinos Varympompi Lavreotiki Vilia

111: Continuous urban fabric 0.02%
112: Discontinuous urban fabric 0.42% 7.96% 0.47%

121: Industrial or commercial units 0.29%
122: Road and rail networks and

associated land 0.36%

124: Airports 0.31%
131: Mineral extraction sites 0.00%

142: Sport and leisure facilities 0.63%
211: Non-irrigated arable land 5.47% 1.29%

223: Olive groves 0.16%
231: Pastures 0.23% 0.19%

242: Complex cultivation patterns 2.42% 10.76% 8.21% 0.76%
243: Land principally occupied by
agriculture, with significant areas

of natural vegetation
10.58% 9.87% 13.06% 1.45%

311: Broad-leaved forest 4.33%
312: Coniferous forest 62.79% 15.41% 23.18% 19.73%

313: Mixed forest 0.01% 22.11% 7.58%
321: Natural grasslands 20.92% 1.57%

323: Sclerophyllous vegetation 3.04% 2.88% 20.35% 49.21%
324: Transitional woodland-shrub 14.77% 24.49% 13.81% 17.34%

333: Sparsely vegetated areas 0.16% 0.21%
334: Burnt areas

(Previous wildfire) 0.65%

411: Inland marshes 0.32%
512: Water bodies (Coast) 0.02%
523: Sea and ocean (Coast) 0.18%

The correlation between burn severity and land cover led to useful findings. More
analytically, transitional woodland-shrubs were the main land cover category characterized
by high severity along with broad-leaved forests. Moderate-high severity existed mostly
in coniferous forests (41 km2), schlerophyllous vegetation (30.96 km2), and transitional
woodland-shrub (28.65 km2). In Vilia, 28.49 km2 of schlerophyllous vegetation belonged
to this burn severity level as well as 19.3 km2 of coniferous forests in Schinos, 12.31 km2

of mixed forest in Varympompi, and 0.79 in Lavreotiki accordingly. Regarding moderate-
low severity, this was found in coniferous forests (18 km2), schlerophyllous vegetation
(15.57 km2), and transitional woodland-shrubs (11.5 km2). In each area, the following
prevailed: the schlerophyllous vegetation of Vilia (13.5 km2), coniferous forests of Schinos
(10.27 km2), transitional woodland-shrubs of Varympompi (4.26 km2), and schlerophyllous
vegetation of Lavreotiki (0.6 km2). Lastly, low severity is primarily met in coniferous
forests (13.4 km2) and it mainly characterizes coniferous forests in Schinos (10.9 km2), scle-
rophyllous vegetation in Vilia (5.14 km2), and complex cultivation patterns in Varympompi
(2.99 km2) and Lavreotiki (0.17 km2).

4.2. Soil Erosion Risk

Regarding the soil erosion risk derived from the use of the RUSLE concerning the
time periods before and after the fire incidents in the Attica region in 2021, the spatial
distribution of soil loss is presented in the following Figures 5–8. Due to the assessed areas’
heterogeneity of characteristics, the soil loss results in ton/ha/season were converted into
a universal classification based on each area as presented in Table 5. More analytically, the
5 classes (from very low to very high erosion risk) were specified on an equal interval for
each case estimated from the standard deviation average of soil loss before and after the
fire events. In this way, a comparable classification, taking into consideration each area’s
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soil loss results, was constructed which enables the identification of the change concerning
erosion risk in pre-fire and post-fire results.

 

Figure 5. Erosion Risk according to RUSLE soil loss for Schinos burned area: (a) before the fire;
(b) after the fire. The erosion risk as classified is presented including the percentage of the burned
area total of each area per class.
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Figure 6. Erosion Risk according to RUSLE soil loss for Varympompi burned area: (a) before the fire;
(b) after the fire. The erosion risk as classified is presented including the percentage of the burned
area total of each area per class.

 

Figure 7. Erosion risk according to RUSLE soil loss for Lavreotiki burned area: (a) before the fire;
(b) after the fire. The erosion risk as classified is presented including the percentage of the burned
area total of each area per class.
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Figure 8. Erosion risk according to RUSLE soil loss for Vilia burned area: (a) before the fire; (b) after
the fire. The erosion risk as classified is presented including the percentage of the burned area total of
each area per class.

Table 5. Erosion risk classification for RUSLE soil loss (ton/ha/season), presenting each class for
each area.

Erosion Risk Schinos Varympompi Lavreotiki Vilia

Very Low 0.00–122.44 0.00–235.67 0.00–42.60 0.00–1957.77

Low 122.44–244.88 235.67–471.34 42.60–85.20 1957.77–3915.54

Moderate 244.88–367.32 471.341–707.01 85.20–127.80 3915.54–5873.31

High 367.32–489.76 707.01–942.68 127.80–170.40 5873.31–7831.08

Very High >489.76 >942.681 >170.401 >7831.08

Soil loss results, in general, show a clear differentiation between the pre-fire and
post-fire states in all four areas. More specifically, the pre-fire state is characterized by very
low soil erosion risk, which is predominant in all cases. Regarding the post-fire soil erosion
risk, it was clearly increased in the four areas of interest. Very low soil erosion risk was
reduced to 45.76% whereas the low and moderate soil erosion risk constitutes a combined
40.12% of the burned areas. Moreover, the rest areas are characterized by high and very
high soil erosion risk values of almost 7% each. It has to be mentioned that the results of
the RUSLE cover a slightly reduced area than the original burned areas due to the slope
estimation in the LS factor.

To begin with, the analysis of Schinos burned areas (Figure 5). Figure 5a illustrates that
the area has a very low soil erosion risk. In the post-fire state (Figure 5b) the increased soil
erosion risk is evident in the area with a reduction of very low to almost 50% area coverage
with a main concentration in an axis from the north to the southeastern parts of the region.
To analyze more, the western part of the area is characterized by concentrations of moderate
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to very high erosion risk as well as the southern part with an important concentration
on the east–west axis. Moderate (13.04% or 7.43 km2) and low (26.19% or 14.92 km2) are
distributed over the area covering a total large extent. A further analysis associated with
the burn severity shows that moderate-high severity prevails in all erosion risk classes
while considering that land cover coniferous forests are the most affected.

Regarding the burned areas of Varympompi in Figure 6a, the area in the pre-event soil
erosion risk was very low. Analyzing the post-fire soil erosion risk as of Figure 6b, very low
erosion risk covered 52.37% of the area, especially in the southern and eastern parts. Low
erosion risk was distributed over the area characterizing 23.94% of it alongside moderate
(11.71% or 8.14 km2). The higher erosion risk categories took up the rest, almost 12% of
the area, with very high erosion risk covering important parts to the west in the Partnitha
Mountain base and around the Afidnes area in the north-central to northern parts. The
distribution of erosion risk based on burn severity followed the same trends proportionally
as the predominant moderate-high severity category. Assessing erosion risk with land
cover, very low erosion risk characterized mostly transitional woodland-shrubs and low
mixed forests alongside moderate, and high while very high was mainly spread within
mixed and coniferous forests and transitional woodland-shrubs.

Proceeding to Lavreotiki, the pre-fire state as in previous cases showed a very low soil
erosion risk (Figure 7a). In Figure 7b, the post-fire erosion risk presented an increase with
very low and low erosion risk taking up 77.63% or 3.38 km2 of the area. In the rest of the
area, the moderate risk was sparsely distributed (11.90%) while the almost equal coverage
of high and very high erosion risk was mainly located in the north-northeastern part of
the region. Concerning the burn severity, the erosion risk followed a distribution based on
moderate-low severity which covered the larger area. From the CLC 2018 perspective, the
very low and low erosion risk was found primarily in coniferous forests and schlerophylous
vegetation while moderate, high, and very high was found in natural grasslands.

In the last area, Vilia, the soil erosion risk is presented in Figure 8. During the pre-fire
period, the area was at very low erosion risk (Figure 8a). The post-fire erosion risk was
higher in all the previously mentioned areas as of Figure 8b. Starting with the very low
erosion risk it only covered 38.57% of the Vilia burned area followed by the low with
27.63%. To continue with the moderate severity which was dispersed all over the area
it encompassed 16.29% or 14.73 km2 of it. An important part covered the high (9.36%)
together with very high (8.14%) soil erosion risk with the area’s topography playing a key
role in their spatial distribution located mainly in large parts in the central part of it. As
already seen in the previous areas, the same pattern regarding burn severity was followed
with the predominant moderate-high severity in this case covering the larger part of each
risk category. Lastly, sclerophyllous vegetation, as of land cover, in every soil erosion risk
class, was the major affected land cover.

4.3. Web App

The web app is presented in Figure 9 and it includes all the above-mentioned results
layers. Within the user interface, the various widgets are visible including map navigation
ones and information, legend, layer list, and basemap selection. Others include location
retrieval, search, drawing, sharing, measuring, and swiping between layers while coordi-
nates can also be retrieved and converted. The web app is easily accessible from any device
through the link: https://learn-students.maps.arcgis.com/apps/webappviewer/index.
html?id=b55b196c8f464d28b18182809e590a33, accessed on 2 May 2022.
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Figure 9. Screenshot of the developed web app. The user interface is shown with the web map of the
affected areas and the widgets.

5. Discussion

This study achieved the target of assessing the impact of the wildfires that struck
the Attica region in 2021 by combining remote sensing and GIS techniques and free open
available datasets. The methods used led to the production of results which helped in
understanding the effects of the four examined wildfires. The operational wildfire mapping
with the use of Sentinel-2 optical imagery with the application of NBR was effective in
mapping the burned areas and assessing their burn severity on a near-real-time basis and
with a very good spatial resolution. The later soil erosion risk modeling derived from the
RUSLE was sufficient enough to trace the soil loss before and after the wildfire events
and understand the risk that each area faces after them. The highlight of this study is the
addition of all these products to the web app developed for this purpose thus enabling the
getting of an inclusive geospatial intelligence of the post-fire situation.

As mentioned above, the wildfires of 2021 constitute one of the greatest disasters
Greece has faced. The analysis that has been implemented in this manuscript was related
to the wildfires that broke out in the Attica region. Specifically, the study areas consisted
of the wildfire incidents that broke out in Varympompi, Schinos, Vilia, and Lavreotiki.
Those regions had been extensively affected by the fires with the burned areas varying from
5 km2 to 96 km2. The burn severity demonstrated some very interesting patterns spatially,
predominated by moderate-high burn severity values in all regions, except Lavreotiki,
where moderate-low severity values presented high frequency as well. Based on the
results, the fires affected mostly forestry area consisting of broad-leaved, sclerophyllous,
and mixed vegetation.

Wildfire incidents usually lead to post-catastrophic events such as the soil erosion phe-
nomenon. In this study, advanced erosion modeling was applied to the above-mentioned
regions in Attica in order to estimate the erosion risk resulting from the wildfire incidents.
Particularly, RUSLE modeling was implemented so as to calculate the soil loss rates consid-
ering the study area. According to the results, erosion mapping after the wildfire incidents
seemed to present high soil loss values in comparison to their pre-fire state. Post-fire
mapping displayed very high erosion values according to RUSLE modeling in all four areas
of interest.

Analyzing the results of the burned areas, moderate-high severity characterized the
burned areas which were also found in large concentrations in all of them except Lavreotiki.
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Within the boundaries of the affected areas, it could be observed that low severity values
were present. Assessing the severity through the land cover, areas with moderate-high
severity belong to the forest category of CLC 2018 thus making evident the ecological
disaster but also the role of fuel that those areas constituted. The burned agricultural areas
had moderate-low severity while the discontinuous urban fabric such as in Varympompi
was characterized by mixed burn severity values. Another remark should be made about
the terrain that affects the burned areas. More specifically, in most of the valley bottoms
or higher altitudes, low severity values were found, or they were unburned due to their
characteristics (e.g., low or no vegetation).

We will proceed to the erosion risk analysis over the burned areas in which the soil
loss and thus the erosion risk increased to a large extent, pinpointing areas that may face
excessive soil loss in the future. The analysis of the factors has revealed the significant
influence of topography on the erosion risk based on the LS factor, which makes clear the
higher values of soil loss to the hydrographic network. Considering the K factor’s influence,
which is a factor that does not take into consideration the post-fire state, it showed some
interesting patterns in Varympompi, where moderate to high values corresponded to high
erosion risk. However, due to the fact that soil properties hardly ever face significant
alterations over the years, the K factor is considered to contribute effectively in soil erosion
assessment offering reliable results. With regards to the P factor, it did not play an important
role in the model’s results, making it evident that it is not taken into consideration in many
studies [58]. The NDVI-based C factor before and after the wildfires clearly showed a
homogenous increase within the affected areas contributing to the soil loss increase. In the
last factor considered, the R factor, there was a moderate correlation with the erosion risk
which in some cases was related to increased soil loss.

Some comparisons can be made between burn severity and land cover with the erosion
risk. In Schinos, higher erosion risk was found in coniferous forests, transitional woodland-
shrubs, and mainly in areas of higher burn severity values. Passing to Varympompi, higher
erosion risk values were located in the burned forest areas. It is worth mentioning that in
the discontinuous urban fabric, in the north of the area, the risk was also high, presenting a
trend of higher soil loss to the higher burn severity areas. In Lavreotiki, there was not a
clear correlation between burn severity and erosion risk while the significant concentrations
in high and moderate soil erosion risk were found in sclerophyllous vegetation and natural
grasslands. Lastly, the soil erosion risk was higher in forest areas within the Vilia burned
area and areas of moderate-high values.

Lately, RUSLE modeling has been applied to several studies in the Mediterranean
region regarding post-fire assessment [2,26,27,47]. Tselka et al. [2] implemented RUSLE
modeling in Central Greece so as to detect spatial correlations regarding the erosion risk
after a fire event. Results of this study demonstrated as well that there was a rise in
soil loss values immediately after the fire incident. The outputs of this study were also
formed mostly based on the LS factor, while there was also a correlation between factors
R and C and the outputs which could be attributed to the total length of the study area.
Another interesting study is the one of Polykretis et al. [47], in which RUSLE modeling
was applied in Crete, Greece in order to evaluate the factor’s influence in soil erosion
mapping. The outputs showed that the R and C factors seemed to affect mostly the erosion
risk assessment. In addition to our study, the LS factor was characterized as a static
factor regarding its effect on soil loss mapping. Similarities were also detected in a study
published by Evelpidou et al. [26] regarding the erosion risk after the wildfires that broke
out in Greece in 2021. Results also demonstrated a significant increase in soil loss after
the fire incidents using a Boolean logic-based model. Comparable patterns to our study
have been also demonstrated in research carried out by Lanorte et al. [27], in which soil
erosion risk was assessed after wildfire events in a southern Italy region. In this research,
soil erosion risk is significantly increased after the fire, complying with the spatial patterns
of our results.
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At this point, the empirical part of the study is evaluated. In the mapping of burned
areas, satellite image availability plays an important role operationally. Sentinel-2 has
a very good temporal resolution but all the optical sensors can be severely affected by
cloud and smoke cover over an area of interest thus limiting the burned area mapping
capabilities which is a factor that affected the image selection of this study. Although,
despite the fact that the 10 m resolution of Sentinel-2 is sufficient, the availability of higher
resolution datasets could enhance the mapping’s detail. Proceeding to the burn severity, it
is important that it is assessed also by field surveys to validate the results derived from
the satellite imagery. An issue faced through the use of NBR is the misclassification of
unburned areas as burned ones. This is caused by areas having similar spectral properties
in the used spectral bands. In addition to the use of masks to minimize these effects, a
manual selection of the burned consulting the post-fire Sentinel-2 natural and false-color
images was also performed to maximize the accuracy.

Continuing with the empirical part, generally, the datasets proved adequate to meet
this study’s purposes. The land cover retrieved from the CLC 2018 dataset gave a clear
view of the affected burned areas and proved to be sufficient in in P factor estimation.
However, a more detailed dataset such as Urban Atlas 2018 could further improve them.
With regards to the used DEM, a high-resolution DEM like that of Hellenic Cadastre with a
5 m resolution [2] would have given higher detail in the RUSLE as well as a closer resolution
to the burned areas. In this context, the difference in resolution between the 10 m of burn
severity and the 25 m selected based on DEM of RUSLE soil loss creates a difference in detail.
Considering the total extent of all four wildfires, a higher resolution could have caused
processing volume-related problems. The meteorological dataset concerning rainfall data
for the creation of R factor was based on a dense network of stations for the examined time
periods. In general, dense point networks provide better outcomes in the implementation
of spatial interpolation techniques. Soil-related datasets and, more specifically, the topsoil
ones from ESDAC used in this study, led to the K factor estimation but their resolution is
very low (500 m) thus degrading detail. In addition, quality of the ESDAC raster datasets
in combination with their low resolution made it necessary to apply the kriging spatial
interpolation technique in order to improve both quality and resolution.

Finally, considering the RUSLE implementation, the C factor, which is based on NDVI,
proved very useful in the RUSLE estimation before and after a wildfire event. However, it
might present some issues in regards to distinguishing between burned and non-burned
areas. Alternatively, for the K factor, the soil erodibility dataset by ESDAC would have
been also suitable to be used instead of the previously mentioned ESDAC datasets as a
ready-to-use solution. The RUSLE modeling validation could have included fieldwork
after the fire event. Classification of the soil loss to create soil erosion risk categories
was challenging and the final selection was performed after tests with other existing
classification methods. The web app is maintained and updated through the ESRI’s ArcGIS
Online services while content updates can also be conducted if more products are added or
by updating existing ones. In addition, any update to the UI or widgets can be conducted
by taking into consideration end-users’ feedback and when new or updated features are
provided by ESRI.

6. Conclusions

Taking into consideration the future work and potential based on this study, some
remarks are presented. The use of higher resolution datasets could further improve the
wildfire impact assessment detail and accuracy, such as high-resolution satellite imagery,
DEM, more analytical land cover, and better soil properties datasets in terms of sampling
and resolution. Improvements of the utilized methods and comparisons with other related
ones could be a step forward in accuracy and validation assessment. Other steps may
include a rethinking of the RUSLE erosion risk modeling approach concept based on the
literature and a detailed analysis between burn severity and RUSLE erosion risk could aid
in finding spatial relations between them [2]. A key future step is the conduction of in
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situ surveys for the validation of the results derived with the above-mentioned methods
regarding burn severity [59] and soil loss. Finally, this work could also be expanded
by considering more parameters and it could also be implemented in a similar way for
future wildfire events constituting an important tool that not only permits post-fire impact
assessment but also creates a useful archive for future studies and decision-making.

To sum up, the findings of this study helped in gaining geospatial intelligence over the
effects that the 2021 wildfires had in the Attica region. Results regarding burn severity, land
cover, and erosion risk, combined in a usable web app, could give a significant advantage
to impact assessment research along with the decision making and planning over natural
hazards management by stakeholders over the restoration procedures as well as the needed
measures in vulnerable areas. In other words, the knowledge that this tool encompasses
could help in pinpointing problematic areas and making all the needed post-fire actions
more focused and effective. In the region of Attica, the results of this study based on the
four studied wildfires showed that in 2021, a large part of the region was burned severely
losing important parts of natural ecosystems and these areas are at an increased risk of soil
erosion. This situation highlights the need for immediate action that should be taken in
those areas by the stakeholders. Lastly, this study, with the presented innovative workflow
and holistic approach, tried to highlight the importance of assessing the effects of a wildfire
event with the use of Earth observation and GIS-based techniques using a cloud-based
platform, in an attempt to share and disseminate the knowledge gained about the impacts
on the affected environment.
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Abstract: Wildland fires are a phenomenon of broad interest due to their relationship with climate
change. The impacts of climate change are related to a greater frequency and intensity of wildland
fires. In this context, megafires have become a phenomenon of particular concern. In this study, we
develop a model of ignition risk. We use factors such as human activity, geographic, topographic,
and land cover variables to develop a bagged decision tree model. The study area corresponds to
the Maule region in Chile, a large zone with a Mediterranean climate. This area was affected by a
megafire in 2017. After generating the model, we compared three interface zones, analyzing the scar
and the occurrences of ignition during and after the megafire. For the construction of georeferenced
data, we used the geographic information system QGIS. The results show a model with high fit
goodness that can be replicated in other areas. Fewer ignitions are observed after the megafire, a high
recovery of urban infrastructure, and a slow recovery of forest plantations. It is feasible to interpret
that the lower number of ignitions observed in the 2019–2020 season is a consequence of the megafire
scar. It is crucial to remember that the risk of ignition will increase as forest crops recover. Wildland
fire management requires integrating this information into decision-making processes if we consider
that the impacts of climate change persist in the area.

Keywords: wildfire; ignition risk; model; megafire; climate change; bagged decision tree; wildland
urban interface

1. Introduction

Wildfires are an extreme phenomenon of great global concern [1]. The frequency and
intensity of these events have progressively increased in different areas of the world [2].
Studying the causes and risks of forest fires has become a field of broad interest. Various
investigations and technical reports on wildfires agree that at least 90% of these have
an anthropogenic origin [3–7]. It is not entirely clear, however, how many of the fires
caused by human actions are due to negligence and how many are intentional. Identifying
and punishing the people responsible for wildfires is a complex problem, given that the
evidence is not recordable or disappears due to the fire [8]. A series of environmental
factors favor the spread of wildfires, such as the combination of temperature, humidity, and
wind [4,9–11]. Added to this are research results on the influence of productive activities
and the characteristics of wildland–urban interface zones [6,12,13]. All the above indicates
the need to deepen the analysis of the interaction between human action and its ecological
environment to investigate the conditions that affect the fire origin and spread. In addition,
there is a need to connect this with the impacts of socio-environmental disasters.
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Climate change is a highly complex phenomenon that has become the focus of inter-
disciplinary studies on the relationship between society and the environment, particularly
disaster risks. Its link to wildfires exemplifies this evident relationship [14–18]. Due to
climate change, different areas of the world have been affected by the increase in heat
waves, the increase in the magnitude of periods of drought, the decrease and absence
of rainfall, and soil degradation [19–21]. All these phenomena are not direct causes of
wildfires, but are factors that influence their recurrence and magnitude. Heat, drought, lack
of rain, and land degradation affect the availability of fuel material, which favors the spread
of wildland fires [4,22]. These factors also affect the intensity of fires and the damage they
cause [13,23–25]. An interesting example of the interaction between climate change and
wildfires is the increase in ignition points in mountainous areas that are difficult for people
to access [26]. Lightning generated in dry electrical storms (without rain) can cause fires in
native forests in these areas, where difficult access is an obstacle to their control [27–29].

The relationship between climate change and wildland fires increases concern about
its social and environmental impacts. Wildland fires impact people’s health due to burns
or the large amount of CO2 they generate, produce irreparable damage to infrastructure
and homes located in interface areas, and affect productive activities [3,30,31]. On the
other hand, wildland fires destroy flora and fauna, generate desertification, and deteriorate
biodiversity [20,31]. The interaction with climate change increases the damage capacity of
these impacts.

In this scenario, it is necessary to generate tools that allow technical organizations and
communities to have information that enables better wildland fire risk management [20,32].
For this, it is essential to advance the study of the behavior of risk factors in particular
territorial contexts. This will allow the delivery of valuable and valid information to territo-
rial planners, risk managers, and community leaders about the prevention, preparation,
firefighting, and mitigation actions they must promote in their environments. Forest fire
risk analysis is, therefore, contextual, since it depends on the characteristics of the socio-
ecological systems in which it is carried out. We understand socio-ecological systems as
those that emerge from the relationship between biophysical and social factors, sustaining
a set of human needs and environmental conditions in interaction [33–36].

From disaster risk management, the concept of risk integrates the following two main
components: damage and future projection. Risk has been defined as the probability of
occurrence of a future event that can cause possible damage [37,38]. Therefore, the risk
of wildland fires refers to the negative impacts that these can have on communities and
ecological environments [20]. The probability of wildland fire occurrence depends on the
interaction between different geographic, topographic, climatic, land cover, and human
action variables [11,39–41]. The interaction between these factors determines the magnitude
of the projected damages [11,42].

The social theory of risk expands the analysis of this concept and its application
in disaster risk management. This integrates the decision as a relevant component of
the risk. The probability of damage is the consequence of an unwanted decision that
wants to be avoided. For decisions to manage the risk, it is necessary to know what
and how this damage is produced [43]. In the context of wildland fire risk, this means
integrating knowledge about what makes wildland fires so that the decisions adopted for
their management are those that prevent their occurrence or minimize their damage. In
this sense, risk analysis implies anticipating possible negative results of a decision [44,45].

The study of fire risk can be divided between research on propagation and the ignition
of forest fires. This work addresses the risk of wildland fire ignition due to its relevance
in developing prevention and preparedness strategies. A fire occurs when an ignition
source (human or natural) meets the available combustible material [3]. Ignition risk is
the probability that a fire will start at a given point in the territory [46]. Depending on the
conditions and characteristics of the space where the ignition point is located, the flames can
increase in intensity and propagate, developing into a forest fire [5,47]. Ignition depends
on a wide range of variables associated with the point where it occurs. These can be
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classified into (a) natural conditions, such as plant species and plantations height, humidity,
temperature, topography, and local climate, [3,4,11,47,48] and (b) anthropogenic conditions,
such as land use and cover, distance from roads, distance from urban or inhabited areas
and urban infrastructure [6,20,23,26,47,49]. The ignition risk increases when the associated
variables interact at a certain point.

Wildland urban interfaces (WUI) are areas in which these factors interact and are en-
hanced. Research indicates that the risk of wildland fires is greater when human settlements
mix with vegetation [40,50]. This acquires relevance in the context of megafires. The most
significant damage caused by wildland fires is in the ecological environment in which they
occur. The damage on urban surfaces is usually negligible if we compare it with vegetated
or forested surfaces. In megafires, however, the risk of damage in inhabited urban areas
increases [51–53]. Their high intensity characterizes megafires compared to the general
pattern of wildland fires. Other characteristics are their broad ecological and social impact,
the obstacles they impose on their management, and the danger of reactivation [19,54].
All these factors imply that these events tend to cross WUIs, affecting people and urban
infrastructure more significantly than forest fires. Along with this, a megafire can change
the land cover, reducing the ecosystem services that the land provides to the surrounding
populated areas [51,55].

In this study, we analyze the risk of wildland fire ignition by modeling and mapping
these events. Our case study is the Maule region in Chile, which was affected by the
megafire of 2017. Considering the high vulnerability that this area presents to the impacts
of climate change and the uncertainty about its future effects, we developed a model of
ignition risk from historical fire data in the region. First, we identify the variables that
best explain ignition. Based on these variable values, the model assigned a probability of
fire occurrence to points on the map. We then validated the model with data from fires
during the megafire and later years. Finally, we identify four interface areas affected by
the megafire of 2017 and compare the state of the territory before and after this event. This
last exercise aims to analyze the current fire risk conditions in a region that, due to its high
exposure to climate change, may once again be affected by events of significant magnitudes,
such as the 2017 megafire.

2. Case Background

Between January and February 2017, the south-central zone of Chile experienced one
of the largest megafires in history [56]. The amount of heat energy released during the
months that this event occurred exceeded the scales used internationally until then [57].
Official figures indicate that the fire destroyed 529,974 hectares. Although the greatest
damage occurred in forest areas, a set of WUIs was affected, with 3000 homes lost and
11 deceased persons [16,51].

Megafires are usually generated in Mediterranean landscapes, such as the affected area
in Chile. The climatic conditions and homogeneous land cover, given the vast extension of
forest plantations, were favorable conditions for this event [58,59]. These conditions are
characteristic of the Maule region, one of the most affected by the 2017 event. In this region,
the fire destroyed 252,556 hectares, equivalent to a third of the forest area of the region [51].
The mega-drought that has affected this region since 2010 led to the fire spread and a high
level of damage [57,60,61].

Due to this disaster, the resources provided for firefighting were increased in the
country, which positively increased the response capacity of specialized agencies [61].
Little has been addressed, however, in the prevention of wildland fires in science and
public policy. We believe studying the risk of wildland fire ignition will contribute to the
characterization of areas highly exposed to these fires, information that can be used in
prevention policies and actions. On the other hand, the set of conditions that increased
the chance of the development of the megafire in the Maule region has not changed in
recent years, making it necessary to analyze the risk of ignition of wildland fires and the
associated factors.
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2.1. Study Area
Region of Maule

The study area is located in the Maule Region, in central Chile, between 34◦41′ and
36◦33′ south latitude. The surface area is 30,296 km2, equivalent to 10% of the national
territory [62]. Its population is 1,044,950 inhabitants, with a density of 34.5 inhabitants per
square km, with 73% of the population living in urban areas [63]. Its topography integrates
mountains of 4000 m.a.s.l. in the Andes Mountains, an intermediate depression, and the
Coastal Mountains with mountain ranges with moderate to steep slopes. The climate
is a temperate Mediterranean climate, with a dry season of six months in the north and
four months in the south. The primary use of the land is grassland and scrubland (25%),
agricultural land (22%), and forest plantations (20%) [64]. It has an area of native forest
of 581,515 hectares and 634,893 forest hectares [65]. Given the topographical and climatic
characteristics, the forest crops are mainly located in the Cordillera de la Costa [64]. For the
analysis of the changes in the landscape after the 2017 megafire, we selected the following
three communes in the region: Constitución, Empedrado, and Cauquenes (Figure 1). The
selected communes correspond to the populations most affected by the 2017 fires [66].

Figure 1. (a) Location of the study area in Chile. (b) Location of the study area on a regional scale.
(c) Communal scale study area.

It should be noted that in Empedrado, the town of Santa Olga was entirely consumed by
the fire, becoming an emblematic case of megafires’ impact on a population in a WUI [15,67].
The incident negatively impacted the water and electricity supply and generated contamination
of water sources for human and animal consumption. In these communes, the labor sources
associated with agricultural and livestock production and the forestry industry were also
affected [67].

Constitución, located between latitude 35◦19′ south and longitude 72◦24′ west, is a
coastal city with a total area of 1344 km2 [68]. It is located on the south bank of the mouth of
the Maule River in the Pacific Ocean. The maritime influence keeps its daily temperatures
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moderate, with an annual average of around 14 ◦C. It is characterized by hot summers and
mild winters, with an average annual rainfall of 662 mm. Its population is 46,068, of which
19% reside in rural areas [63]. The main economic activity is forestry and agriculture. The
use of the land is native forest (5%), plantations (41%), thickets (34%), crops, and grasslands
(19%) [68].

In the south of the region is the commune of Empedrado, between the coordinates
35◦36′ south latitude and 72◦16′ west. Its surface is 565 km2 and is located in the coastal
mountain range. Its annual temperatures range between 10 ◦C and 33 ◦C [69]. Its total
population is 4142 inhabitants, of which 27% live in rural areas [63]. The main economic
activity is agricultural and forestry production, including agriculture, livestock, dairy
production, wines, and liquors. Land use is divided into the native forest (17%), plantations
(17%), bushes (17%), agricultural (17%), grasslands (17%), meadows (17%), grassland crop
rotation (17%) and others (17%) [69].

Between 35◦58′ south latitude and 72◦18′ west longitude is the commune of Cauquenes,
with an area of 2216 km2 [70]. Its population is 40,441 inhabitants, with a rural population
of 18% [63]. It has a main body of water, the Cauquenes River, whose flow has decreased
due to the drought affecting the region. Its climate is a Mediterranean climate, with average
temperatures of around 25 ◦C in January and 7 ◦C in July. The economy of the commune
is diverse and includes manufacturing activities (20.5%), forestry (17.3%), and electricity
production (13.2%), among others. Land use is divided into the native forest (32%), forest
plantations (32%), and thickets (31%), which together cover 95% of the surface [70].

3. Materials and Methods

We developed a model of the risk of ignition of forest fires in the Maule region through
a machine learning model. For this, we defined the ignition of forest fires as a dependent
variable and selected a set of independent variables as possible predictors of ignition.
The construction of the database was in two stages. First, spatially represented points
of the ignition variable (binary variable) were generated. Then, the values of the set of
independent variables were estimated for each of these points.

The dependent variable was generated from the Corporation Nacional Forestal (CONAF)
data, published as official data on its website (CONAF https://www.conaf.cl/incendios-
forestales/incendios-forestales-en-chile/estadisticas-historicas/ (accessed on 20 May 2022)).
From this, we obtained information on the coordinates, start date, control, cause, and magnitude,
of the fires that occurred in the Maule region between 2013 and 2015. The period defined for
collecting information was due to the need to have a rich source of available data on fire ignition
and independent variables before the megafire of the 2016–2017 season. On the other hand, we
decided to generate the model with data before the megafire to contrast it with what happened
during that event to validate its results. With this, we looked for a model that allowed us to
explain the ex-post distribution of the ignition points of forest fires, while predicting the risk of
ignition in the future.

We assigned the value 1 (one) to the points where a fire occurred in the indicated years
and a value 0 (zero) to the points where there was no ignition. The assigning points that
represented areas with no ignition of wildland fires were carried out randomly. Points
with the value 0 were assigned to located areas more than 500 m from an ignition point.
For the construction of georeferenced data, we used the geographic information system
QGIS (version 3.20.3. for Windows/Copyright © 2000, 2001, 2002, 2007, 2008 Free Software
Foundation, Inc. <http://fsf.org/>).

We obtained 3784 points, of which 1892 indicate the ignition of forest fires between
2013 and 2015 in the Maule region; these correspond to the red points in Figure 2. The 1892
blue points generated by the model represent areas with no ignition in the same period.

The independent variables selected for the construction of the model were based on
the work of Miranda et al. [40]. According to the authors, the scientific evidence indicates
that this set of variables is the one that best represents the territorial characteristics of those
places where wildland fires occur in interface areas. Based on the results of this group
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of researchers, we worked with 14 independent variables organized into the following
3 classes: (a) human activity, (b) geography and topography, and (c) land cover (Table 1).
Each variable was spatially represented in a 30-m resolution raster. To assign the values of
the independent variables at each point, we defined a zone of influence of 500 m (centered
at the point of ignition). These buffers were built by taking a circumference of a radius
of 500 m around each point of the raster. Each one was assigned the value (percentages,
averages) of each explanatory variable to avoid bias.

Figure 2. Binary dependent variable, ignition of wildland fires in the Maule region between the years
2013 to 2015.

Each of the 3784 points was assigned values for these 14 variables. Thus, the model
was trained with the values obtained between 2013 and 2015.

We seek to identify the variables that most influenced the fire’s start in the past.
With this, we estimate what factors generate a greater probability of a fire. Based on the
methodology used by Miranda [40], we use the bagged decision tree, BDT model [75]. This
ensemble machine learning method combines different “weak” classification sub-models
to obtain a “strong” one. The processing of the model was carried out using the MATLAB
R2020a (see: https://www.mathworks.com/products/matlab.html?s_tid=hp_products_
matlab (accessed on 10 April 2022)).

Bagging (which is short for bootstrap aggregating) consists of building different
submodels using random samples, with replacement, and then assembling the results.
Various subsets of the training set data are created. The model has that name, since it
trains the submodels using bagging. A model is trained with each subset, and the final
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predictions are averaged, making it more robust. An example of a bagging model is shown
in Figure 3.

Table 1. Independent variables, names, and sources.

Variables
Classes

Name Label Source

Human activity

DensPop Population density of the point
(inhabitants/census district)

Instituto Nacional de Estadísticas: https://www.ine.cl/
herramientas/portal-de-mapas/geodatos-abiertos

(accessed on 2 April 2022) [71]DistCit Distance from point to nearest city (m)

DistRoad_buff Average distance from the 500 m radius
buffer to the nearest road (m)

Ministerio de Obras Públicas:
https://ide.mop.gob.cl/geomop/ (accessed on

2 April 2022) [72]

Geography and
topography

Exposition Point exposition (indices)
Earth Resources Observation and Science Center (EROS),

https://www.usgs.gov/centers/eros/data-tools
(accessed on April 2022) [73]

Slope Point slope (grades)
Elev Point elevation (m.a.s.l.)

Land cover

Crop_buff Proportion of crops in a 500 m radius
buffer (proportion)

Zhao Y et al. 2016 [74]

Nat_buff Proportion of native forest in a 500 m
radius buffer (proportion)

ForPlan_buff Proportion of forests plantation in a 500 m
radius buffer (proportion)

Grass_buff Proportion of grassland in a 500 m radius
buffer (proportion)

Scrub_buff Proportion of scrubs in a 500 m radius
buffer (proportion)

Imper_buff Proportion of impermeable land in a
500 m radius buffer (proportion)

BareSoil_buff Proportion of bare soil in a 500 m radius
buffer (proportion)

LC Type of land cover predominant in the
point (categorical)

Figure 3. Diagram of the bagged model.
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For this work, we use the bagged decision tree, where each model is a decision tree.
The training set was built with 80% of the database, and the remaining 20% was used to
test and verify the accuracy of the results. Once the model was trained, it generated the fire
ignition susceptibility classification for each point on the 30 m × 30 m quadrant map.

Finally, a comparative temporal matrix of four WUI was built to analyze changes in the
distribution of wildland fire ignition. The matrix was elaborated through the QGIS software.
The satellite images come from the Sentinel-2 mission. These images present an atmospheric
correction at ground level, providing spectral radiance levels similar to reality. The vector layer
of the fire scar was extracted from the Landscape Fire Scars database for Chile [76]. Previous
layers corresponding to the ignition points of the 2016–2017 and 2019–2020 seasons were used
on the satellite images. It should be noted that the 2020–2021 season was not considered in the
analysis. We decided to exclude this season, since the lower number of wildland fires it registers
is associated with fewer people in transit in the interface areas, due to the confinement measures
adopted in the context of the COVID-19 pandemic.

4. Results

4.1. Model Fit

The performance of the model was estimated through the global adjustment indicator
AUC. This corresponds to the area under the curve ROC (relative operating characteristic),
which represents the ratio between the true positives (TPR, true positive ratio) and the false
positives (FPR, false positive ratio), as the model predicts values (Figure 4). When the AUC
takes a value of 1, the model has perfect prediction. When it takes a value of 0.5, it is a
model without explanatory power that does not discriminate between categories. For the
model, an AUC value of 0.85 is obtained, which means that it has a high level of fit.

Figure 4. ROC curve of the fit of the ignition model.

Another measure of the model’s effectiveness is the confusion matrix, which indicates
the level of correct and incorrect classifications. In Figure 5, we can observe that 75.8% of
values 1 (ignition) and 77.9% of values 0 (not ignition) were correctly classified.
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Figure 5. Confusion matrix.

One of the advantages of decision tree models is that their results show the explicative
importance of the variables. This importance represents the prediction model’s error
increase after the variable’s value has been permuted (separated in a branch of the tree).
This is the normalized average of how much this variable changes the final classification
result. In this model, the importance of the variables is as follows, as we can observe in
Table 2.

Table 2. Variables’ importance.

Variable Importance Variable Label Variable Name

18.9599929 Proportion of crops in a 500 m radius
buffer (proportion) Crop_buff

15.2302175 Average distance from the 500 m radius buffer
to the nearest road (m) DistRoad_buff

15.046572 Distance from point to the nearest city (m) DistCit

8.80795483 Proportion of forest plantation in a 500 m
radius buffer (proportion) ForPlan_buff

7.63480897 Proportion of grassland in a 500 m radius
buffer (proportion) Grass_buff

6.82820899 Proportion of scrubs in a 500 m radius
buffer (proportion) Scrub_buff

6.35721698 Point exposition (indices) Exposition

5.09869124 Population density of the point
(inhabitants/census district) DensPop

4.0326676 Point elevation (m.a.s.l.) Elev

4.01163185 Point slope (grades) Slope

2.78965119 Proportion of impermeable land in a 500 m
radius buffer (proportion) Imper_buff

2.31063774 Proportion of native forest in a 500 m radius
buffer (proportion) Nat_buff

1.84278487 Type of land cover predominant in the
point (categorical) LC

1.04896344 Proportion of bare soil in a 500 m radius
buffer (proportion) BareSoil_buff
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In order of importance, the variables that best explain the ignition of wildland fire
in the Maule region are the proportion of crops, the distance to the nearest road, and the
distance to the nearest city. The second group of variables with a medium explanatory
capacity integrates the proportion of forest plantations, the proportion of grassland, the
proportion of scrub, exposure, and population density.

4.2. Ignition Risk Model Map

One of the model results is the assignment of ignition risk levels to the different zones
of the study area map. This is achieved due to the georeferencing of each point. Each pixel
is classified according to its level of susceptibility to the ignition of a forest fire.

In the map of the Maule region, we classify 33,696,273 pixels of a 30 m resolution raster.
Each of these pixels is assigned the values of the independent variables of the trained model.
The result of the classification delivers values between 0 and 1. It is a continuous variable
that represents levels of probability of ignition of forest fires. This graphic representation is
built on the map of the region. Figure 6 shows the result of the classification; the blue zones
have a lower susceptibility to fire ignition, the yellow zones have a medium probability,
and the red zones have a high probability.

Figure 6. Ignition risk map in the Maule region, Chile.

4.3. Model Validation

To verify the explanatory capacity of the model, we superimposed on the map that
shows the results of the ignition risk model the ignition points recorded in the 2016–2017
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season. These account for the distribution of the ignition points of the megafire in the
Maule region (red points in Figure 7). In this comparison, it is important to consider that the
modeling of the ignition risk was carried out based on data from 2013 and 2015. Figure 7
clearly shows that most of the points where a fire started are in areas the model classified
as having a high probability of ignition. These results contribute to validating the model
and provide useful information to risk management in the future.

Figure 7. Ignition risk map and ignition points during 2016–2017 season.

In addition, we compare the model results with the real ignitions between 2016 and
2020. Table 3 shows that 85% of fires in that period occurred in points classified as medium,
high, and very high risk by the model.

Table 3. Percentage of fire ignition during 2016–2020 according to model probability levels.

Ignition Probability Risk Level Points Frequency Ignitions 2016–2020 (%)

0–20 Very low 113 3.19%

20–40 Low 424 11.99%

40–60 Medium 728 20.58%

60–80 High 941 26.60%

80–100 Very high 1331 37.63%

TOTAL 3537 100.00%

217



Appl. Sci. 2022, 12, 9353

4.4. Temporal Comparative Matrix of Interface Zones

To deepen the analysis of our model and generate guidance for decision-makers,
professionals in charge of forest fire prevention and preparedness, and communities, we
analyzed three interface zones severely damaged by the 2017 megafire (Figure 8). The
matrix shows the results of the ignition risk modeling (a), the ignition points of the 2016–
2017 season (b), the scar of the 2017 megafire (c), and the ignition points of the 2019–2020
season (d).

Figure 8. Matrix comparative of interface zones.

The results show that fire ignition in the two seasons under analysis occurred in
areas the model classifies with a high probability (see columns a, b, and d). In these areas,
crop areas of diverse composition can be observed—especially forestry—near the ignition
points by roads and cities. These characteristics correspond to the variables with the most
significant weight in the probability of ignition of our model.

Comparative analysis of satellite images indicates that the number of ignitions in each
WUI is lower in the 2019–2020 season. Changes in the territory’s characteristics can also be
observed, including a notable decrease in the density of forest crops in each of the analyzed
areas (column d). This change in the territory’s composition can be attributed to the 2017
megafire scar (column c). A large part of the forest plantations, grassland, and scrubs in
these areas was destroyed by the fires of 2016–2017. Our model classifies these variables
with a medium influence on the probability of ignition.

It should be noted that the town of Santa Olga was destroyed by the fires of 2017. As
a reparative measure, it was quickly rebuilt in the following years. The reconstruction of
the town meant an improvement in the conditions and quality of life of its population,
which received better quality housing and urban infrastructure that did not exist before
the megafire [67]. These improvements, however, do not mean a reduction in the ignition
risk in the area adjacent to this town, since it continues to be surrounded by extensive and
dense forest plantations.
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5. Discussion and Conclusions

The ignition risk model generated in this work makes it possible to identify those
sectors of the wildland urban interface zones with a higher probability of forest fire ignition.
In turn, it tells us what characteristics of the study area make it more prone to ignition.
Depending on their predictive capacity, two groups of variables allow us to understand
why ignition is more probable in these sectors. The group of variables with the most
significant predictive capacity includes the crop proportion, the distance to the nearest
road, and the distance to the nearest city. These are variables of anthropogenic origin if we
consider that they are associated with productive activities (crops) and urban characteristics
(roads and cities). The second group of variables has a medium ability to predict ignition.
Among these, we find variables of anthropogenic origin, such as the proportion of forest
plantations and population density, and variables of natural origin, such as grasslands,
scrubs, and exposure.

The results coincide with previous studies that have verified the coincidence between
forest fires’ risk and high proportions of land use destined for crops [26]. In this regard,
particular importance has been assigned to forest crops in the ignition of fires [22]. It
has been shown that the uncontrolled growth of forest species increases the combustible
material and the ignition risk [16,22,77–79]. On the other hand, it has been pointed out
that replacing the native forest with homogeneous pine and eucalyptus plantations in
the central-southern zone of Chile has led to a greater production of large-scale wildland
fires [56]. Our results help confirm the strong influence of human activities on forest fire
ignition [4,10,20,24,40]. As in our work, the proximity of ignition points to roads and
human settlements are factors that previous studies highlight as risk factors [3].

The analysis of the WUI satellite images indicates that the territory’s characteristics
changed due to the scar from the 2017 megafire. The density of forest plantations is the
most evident change. The images show that forest plantations are in the process of recovery.
On the other hand, the urban infrastructure has recovered rapidly. This maintains the
high levels of risk associated with the distance from roads and cities and population
density. In particular, Santa Olga town reconstruction shows that the repair process focuses
on restoring the urban infrastructure and improving the living conditions of the people
affected by the fires. However, integrating the ignition risk prevalent in the Maule region
into decisions is not evident.

It is feasible to interpret that the lower number of ignitions observed in the 2019–2020
season is a consequence of the megafire scar. Variables associated with crops, scrubs, and
grasslands decrease their influence on ignition, given that such combustible materials are
less dense. However, it is crucial to remember that the risk of ignition will grow as forest
crops recover. This information must be incorporated into the decisions adopted for the
prevention and preparation of forest fires. Along with this, the authorities and communities
must integrate into their decisions how climate change contributes to ignition probability.

The decrease in rainfall, soil degradation, and heat waves are impacts of climate change
related to the variables that the ignition risk model classifies with a strong and medium
influence. Previous studies have confirmed that these impacts of climate change affect soil
humidity, creating conditions for high flammability of combustible materials [4,10,11,56].
The exposure of the land to sunlight is another climate change variable that our model
associates with the ignition risk. According to Maniatis (2021), in areas more exposed to
sunlight, the vegetation loses humidity and becomes more flammable. The Maule region
has been highly impacted by climate change. This condition is not expected to vary, at least
in the short and medium term [60,61,80]. For this reason, it is imperative to consider the
variables above in wildland fire risk management, especially given the uncertainty that a
new megafire might occur in the region.

The creation of models that make it possible to understand and make visible the risk
of wildland fire ignition is necessary but not sufficient. If disaster risk is still understood
only as the future projection of damage, these models only serve to identify the risk, not
to manage it. Forest fire management requires integrating risk as a decision. This means
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improving the policies that regulate the density of forest plantations, the maintenance and
expansion of firebreaks in interface zones, land use, and post-fire cleaning of areas where
tree species’ seeds are irregularly disseminated. It also means integrating the ignition risk
into the measures to repair the damage caused by wildfires.

Developing ignition models, such as the one in this work, is undoubtedly necessary to
manage wildland fires. An example is the verification of sectors with a greater probability
of ignition that, according to the model, are strongly associated with the areas where
multiple fires occurred in 2017. This information will allow fire governance actors to
implement better strategies to prevent wildland fire ignition. Nevertheless, we must be
aware that, even so, forest fires will continue to occur. The risk of ignition is higher in
regions such as the study area, where climate change has strongly impacted territory
characteristics and conditions. For this reason, integrating the ignition risk into decisions
also means implementing campaigns and actions to improve the ability to react to this kind
of phenomenon.

It should be noted that the model developed in this work accounts for the particulari-
ties of the study area. The model was trained with historical data from the Maule region
in Chile. Therefore, the results obtained are valid only for the case analyzed. However,
working with the bagged decision tree model has the following significant advantage: it is
possible to replicate it in other areas with different characteristics. It is possible because the
model learns from the data provided to it. In addition, variables such as human activity,
geography, topography, and land cover can be obtained for other areas of interest. The
only limitation is that these layers of information, particularly land cover, are scarce in
many countries.

One of the challenges that arise from this work is to continue deepening the character-
ization of the ignition risk. We believe that obtaining better views of the interface areas and
the factors associated with risk is necessary. This will allow professionals and people to
integrate this information. Visually identifying the components and characteristics of the
territories where the ignition risk is higher can contribute to a better understanding of how
to prevent and prepare for wildland fires.
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Abstract: Medicanes, a type of strong hurricanes/cyclones occurring in the Mediterranean, can be
the source of major geohazard events in Mediterranean coastal and inland areas. Medicane Ianos that
hit Greece during 17–19 September 2020 caused widespread damage, with numerous landsides and
floods being the most prominent. Following the landfall of Medicane Ianos, a series of field surveys
were launched together with rapid response through satellite imagery. We focused on two of the
areas most affected by Medicane Ianos, Cephalonia island and Karditsa, Thessaly, both in Greece. A
rapid landslide inventory for the Karditsa region was prepared using Copernicus Sentinel-2 satellite
imagery, the first of its kind for a severe weather event in Greece. The mountainous area of Karditsa
region in western Thessaly experienced the unprecedented number of 1696 landslides, mapped
through satellite imagery and examined in the field. Cephalonia Island experienced a smaller number
of landsides but damaging debris flows and severe structural damages. The rapid landside inventory
was then compared to new methods of automated landslide mapping through change detection of
satellite imagery.

Keywords: landslides; landslide inventory; rapid mapping; remote sensing; Sentinel-2; Ianos;
Medicane; Greece

1. Introduction

As a distinctive part of the geomorphic evolution of active mountain belts, landslides
play an important role in gradually changing the landscape. The triggering of landslides
is related to earthquake, meteorological and human-induced factors. The former cases
are reported in active tectonic zones and are characterized by the sudden occurrence of
co-seismic landslides covering large areas close to the earthquake fault rupture. As it has
been demonstrated by [1], fault rupture geometry and kinematics plays a significant role to
the spatial distribution and density of the coseismic landslides. On the other hand, most
of the landslide-related phenomena are generated by intense rainfalls. It is well known
that long periods of low intensity rainfall can trigger deep-seated landslides while short
duration heavy intensity rainfall is mostly related to shallow mass movements [2]. Climate
change, caused by global warming in the recent years, is expected to lead to an increase of
the rate of landslide phenomena in the near future [3].
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One of the outcomes of climate change is a more frequent occurrence of tropical-like
cyclones in areas of dry climate and relatively shallow seas. The Mediterranean Basin is one
of the most cyclogenetic regions worldwide as a result of its characteristic morphology [4].
Medicanes, a concatenation of Mediterranean Sea with hurricanes, resemble tropical cy-
clones but present certain differences. The formation of Medicanes is highly controlled by
the air–sea interaction [5]. Generally, high sea surface temperatures favor their formation
especially when the air temperature is relatively low [6]. Tropical cyclones emerge when
the temperature of the sea surface exceeds 26 ◦C. Nevertheless, the correspondent tempera-
tures in the Mediterranean range between 18 to 23 ◦C [7,8], much lower than the threshold
required for the tropical cyclone formation. Moreover, the expected lifespan of Medicanes
is shorter than that of tropical storms.

The return period of Medicanes is higher in the central and western Mediterranean
Sea [9] despite the fact that the eastern basin is warmer (a favorable factor for the de-
velopment of tropical-like cyclones). This phenomenon is probably related to the fact
that the central and western Mediterranean is prone to cold upper-air intrusions from
north and central Europe [6]. A Medicane usually carries enough energy to travel large
distances (sometimes hundreds of kms) causing torrential rains and strong winds until its
deterioration. Its environmental and socioeconomic impact can be devastating.

One of these meteorological events is Medicane “Ianos” that occurred in September
2020 and formed as a result of a cluster of convection off the Libyan coast on 14 September
2020 [10–13]. Over the following days, it moved to the north and intensified before making
landfall over Greece on 17 September 2020. After impacting western and central Greece, it
changed its course and reached south Crete island by 20 September 2020. Medicane Ianos
triggered intense rainfall at the central and southwestern part of Greece (Figure 1), including
the two areas focused in this study; western Thessaly and Ionian Islands. Accumulated
rainfall peaked at 769 mm for 17–18 September in Cephalonia island in the Ionian Sea, while
Pertouli and Mouzaki stations in western Thessaly peaked at 317 mm and 268 mm [12].
This natural phenomenon induced thousands of mostly shallow landslides, debris flows
and floods mainly at Central Greece and particularly at the area of Karditsa, Thessaly,
Central Greece [14–16]. Landslides blocked most of the narrow mountainous roads and
damaged numerous bridges [15,17]. This resulted in the isolation of communities located
in higher elevations and delayed emergency response and recovery [14,17].

Figure 1. (a) Medicane Ianos over Greece, Sentinel-3 OLCI true color image acquired on 18 September
2020, one day after Medicane landing. (b) Satellite precipitation (NASA IMERG) of 18 September 2020.
Overview boxes show the location of the two studied areas; 1—Cephalonia island, 2—western Thessaly.
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2. Medicane Ianos-Induced Landslides

The first step for understanding the mechanism of the cyclones-induced landslides and
to mitigate in near future similar types of catastrophes is to rapidly document them. This can
be achieved by immediately organizing a field survey after the event to acquire perishable
field data before it disappears. Landslide debris and rockfalls are commonly cleaned
out of the road network as part of the recovery operations, but their removal obscures
critical information used to analyze the triggers for slope failures. Furthermore, physical
processes such as weathering and erosion could additionally alter the landslide-formed
landscape after the landslide event, especially concerning small size shallow landslides.
Data recovered from landslide studies are essential to understanding landslide mechanisms
and the associated risks, which greatly aids in identifying susceptible zones, augmenting
emergency response, and mitigating potential property damage and loss of life. This
research applies a mixed-method approach, primarily consisting of a desk study followed
by a detailed post-event field survey aiming to report the failures in order to compile a
landslide-event inventory map.

In this study, the landslide phenomena triggered in the area of Thessaly and Ionian
Islands are presented and preliminary analyzed with the aim to relate their spatial distri-
bution with some basic geological and geomorphological parameters, i.e., geology, aspect,
slope and elevation. Although large parts of central and western Greece were affected
by Medicane Ianos, Karditsa and Cephalonia island are presented here in detail, as they
experienced the most dense and severe landslide phenomena. In order to achieve this, we
used information obtained during extensive field work and data provided by rapid satellite
imagery mapping captured a few hours and days after the event.

Satellite-derived precipitation (e.g., Global Precipitation Measurement–GPM) enables
monitoring of rainfall amount and patterns in near real-time (Figure 1b), and precipitation
maps can be derived for forecasting or study of landslide events such as hurricanes and
Medicanes [18,19]. However, results from Medicane Ianos satellite-derived precipitation
showed an inconsistency with ground station measurements, with significantly lower
values measured from the satellite sensors [12]. This, in addition to the poor coverage of
the affected area (mountainous western Thessaly) by ground stations does not permit us to
recreate an accurate map of precipitation during Medicane Ianos.

2.1. Landslides in Thessaly
2.1.1. Geologic Setting

Thessaly is the largest plain of central Greece surrounded by mountain ranges, most
notably Pindos mountains in the west. The study area is part of the western Karditsa
Prefecture and a smaller part of Evritania to the southwest. It includes Plastira dam
lake at the center, and the high-elevation Agrafa Mountains (part of Pindos range) in the
western part.

The oldest post-alpine sediments in the area are the Molassic formations of the Meso-
hellenic trench [20,21]. The majority of the area is covered by the flysch formation of
the Pindos geotectonic unit [21–23]. Flysch formation consists of alternations of shales,
sandstones, and limestones that are highly susceptible to slope failures. Bedrock for-
mations of the Alpine units also include limestones and cherts of Pindos, Koziakas and
Sub-Pelagionian zones, while ophiolites can be found in the eastern and southwestern
border of the area [21,23,24].

2.1.2. Remote Sensing-Based Landslide Inventory

To investigate and map the distribution of landslides in the Karditsa, Thessaly area,
we used post-event acquisitions of Copernicus Sentinel-2 optical satellite imagery. Sentinel-
2A/B multispectral imagery has a ground resolution of 10–60 m and covers wide swaths,
thus enabling the rapid imaging of the affected area. Multiple Sentinel-2 frames were
selected for the post-event period, and acquired 20, 25 and 30 September 2020, as large
parts of the area were covered by clouds in the 20 and 25 September frames. Images
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acquired before the event, on 5, 10 and 15 September 2020, were used as references in
order to visually identify and map landslides (Figures 2 and 3). The minimum size of
landslides mapped was limited by the satellite imagery resolution (10 m for Sentinel-2),
and consequently smaller-sized slides or rockfalls were not possible to identify and were
not included. In addition, it was not feasible to classify most of the landslides into different
types based on this remote sensing procedure. A small portion of slope failures was
classified by the field surveys as presented in following section, validating the outcome of
the statistical analysis presented in Figure 4.

Figure 2. Example of manually mapping landslides within the study area using Sentinel-2 imagery.
Pre- and post-event true color Sentinel-2 images (a,b) and an overlay (c) of mapped landslide points
with red color (mostly headscarp points). Change detection MAD processing (d,e) assisted visual
picking of headscarp points (f).

Due to the small size of the majority of the identified landslides (most having a
size of 2–4 pixels in Sentinel-2 imagery), landslide polygons were not digitized in this
preliminary inventory. Digitizing was focused on marking the initiation point/headscarp
(long avalanches or earthflows) or the approximate center of the landslide feature when
the former was not possible due to small size and image resolution. For assistance during
manual picking of landslides, we used additional analysis products, such as change analysis
rasters (MAD-Multivariate Alteration Detection Transformation [25]) and multi-temporal
single band RGB composites (Figure 2). Co-registration issues present between Sentinel-2
frames were resolved using GeFolki registration algorithm [26].

This preliminary inventory (Figure 3) includes 1697 landslides, limited to a narrow
mountainous area of Karditsa and part of Evritania regions. Examination of Sentinel-2
imagery over the Pindos mountain region showed no or few sparse landslides, outside
this area. The largest concentration of landslides was found around Amarantos village,
southeast of Plastira lake, with up to 15 landslides per square kilometer (Figure 3).
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Figure 3. (a) Mapped landslides (black dots) triggered by Medicane Ianos during 17–19 September
2020, and simplified lithology of the area (see text for references). (b) Density map of Ianos landslides
(using a radius of 1000 m); two major concentrations of landslides west of Lake Plastira and around
Amarantos village.
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Figure 4. Statistical correlation of the spatial distribution of Ianos slope failures with: (a) elevation
(histogram with area covered by each class in km2 with a black line), (b) geology, (c) slope angles and
(d) histogram of slope aspect values.

2.1.3. Statistical Analysis of Slope Failures

The spatial distribution of the slope failures was correlated with topographic param-
eters e.g., slope angle, aspect and elevation and the geologic characteristics of the study
area, as provided by the relevant 1:50,000 scale geological maps. In particular, information
related to the spatial distribution of the geological formations acquired by the official geo-
logical map sheets in 1:50,000 scale available from the Institute of Geological and Mineral
Exploration [27–32]. Afterwards, we combined those formations into a smaller number of
generalized groups based on similar lithological features (Table 1). The topographic param-
eters were extracted from a digital elevation model (DEM) of 5 m resolution, provided by
the Hellenic Cadastre.

As shown in Figure 4, about 40% of the generated landslides were mapped on elevation
ranging from 400 to 800 m; approximately 21% of the total number of landslides was
documented from 400 to 600 m and 19% was reported on areas located between 600
and 800 m elevation. On higher elevation areas, the percent of slope failures was 13.91%
between 800 and 1000 m, 15.26% between 1000 and 1200 m, and 10.49% for areas at
elevation from 1200 and 1400 m. A lower percentage of slope failures has been identified
at an elevation higher than 1400 m while a sharp decrease of landslides is related to areas
located higher than 1800 m and lower than 400 m elevation. These statistics make sense as
the areas located at high elevation are limited, while the latter outcome is due to the spatial
distribution of geological units. More specifically, the lower parts of the study areas are
mostly flat and covered by Quaternary sediments (loose clays, gravel and sand) and not by
the flysch formation, which as it is demonstrated next is the predominant unit for landslide
triggering among the geological units, along with slope gradient and relief.

The largest part of the study area is covered by the flysch formation (Fo), a generally
weak, complex, and of variable rock mass quality unit. Flysch is composed by different
rhythmic alternations of competent/strong sandstone layers and is incompetent, of gener-
ally low-strength siltstone/clayey schist beds, while it is associated with intensive folding
and fracturing. At the mountainous area, Cretaceous carbonates are mapped (K7-9.k),
while Quaternary deposits (Q) are concentrated mostly in the basin of Thessaly. These three
geological units cover almost 81% of the study area. In particular, the flysch and K7-9.k
cover 63% and 9.41%, respectively, and the quaternary deposits 8.5%. As it was expected,
most of the landslides, approximately 79%, were reported in the area that is geologically
covered by the flysch formation, followed by the geological units of K7-9.k and K9.Pc with
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5.6% and 4.37%, respectively. To facilitate the reader, only the geological affected by slope
failures are plotted in the relevant diagram.

Table 1. Description of geological formations (based on [26–31]).

Unit Name Symbol Area km2 Landslides % Age Description

Quaternary
deposits Q 111.38 1.4 Quaternary Alluvial and fluvial sediments, scree, debris

and terrace deposits
Molassic

formations Mi.m 40.81 0.5 Oligocene-Miocene Conglomerates, marls, sandstones, Limestone
(Mi.m and Mi.k)

Flysch Fo 829.64 79
The formation consists of alternations of

sandstone, shales, siltstones (fo.st) and more
seldom conglomerates (fb)

Transition Beds K9-Pc 48.08 4.4 Cretaceous-
Paleocene

Alternations of limestones, sandstones, shales
and marls (K9-Pc, K7-Pc)

Cretaceous
carbonates K7-9.k 123.21 5.6 Cretaceous-

Paleocene Limestones

Pindos
“First” Flysch K1-7.fl 20.05 2.7 Cretaceous Older flysch formation; red cherts, shales,

conglomerates and sandstones

Ophiolites O 5.54 0.1 Jurassic-Cretaceous

Mafic and ultra-mafic igneous rocks;
peridotites, serpentinites, dunites, basalts.

Also contain syn-sedimentary shales,
limestones and conglomerates

Jurassic
carbonates J11-K.k 17.61 1.8 Jurassic-Cretaceous Thin bedded limestones and cherts

Jurassic
carbonates Ji-s.k 42.9 0.3 Jurassic Limestones

Jurassic
carbonates Jm.sch 35.68 1.6 Jurassic Alternations of cherts, limestones and shales

Triassic
carbonates T-J.kh 14.41 2.3 Triassic-Jurassic Limestones, cherts, sandstones

Triassic
carbonates Ts.k 14.20 0.3 Upper Triassic Limestones

Triassic
carbonates Tm-Jm.k 2.15 0 Middle

Triassic-Jurassic Limestones, cherts, sandstones

Triassic Basal
Beds Tms.fl 2.33 0.1 Middle Triassic Flysch formation, thin beds of cherts, shales

and limestones

A strong correlation with landslide occurrence exists for the areas where the slope
angle ranges between 25◦ and 40◦ (Figure 4c). In these areas, the identified cases of slope
failures are 1167, which is approximately 69% of the total failures. On lower (20–25◦) and
higher (40–45◦) slope angle areas, the reported landslides are 139 and 151, respectively
and rapidly decrease for slope angles higher than 45◦ and lower than 20◦. The median
slope angle of the landslides is approximately 32◦, which is in agreement with the one
documented by [32] for the slope failures triggered by Hurricane Maria, Puerto Rico 2017.

Analyzing the spatial distribution of slope failures with respect to the aspect of the
slopes, a correlation between east-faced slopes and triggering of slope failures is observed
(Figure 4d). In particular, considering the slopes with an aspect between 45◦ and 135◦,
it was found that 587 (34.5%) cases are identified. A high number of failures (294) was
additionally reported on slopes with aspects ranging from 135◦ to 180◦, while the lowest
percentage of landslides (5.6%) was identified on areas oriented from 270◦ to 315◦.

2.1.4. Types of Landslides and Induced Phenomena

Few days after the landfall and occurrence of Medicane Ianos, several teams of engi-
neering geologists and engineers participated in field surveys aiming to map and document
as many as possible slope failures, and validate the preliminary inventory produced based
on remote sensing techniques [17]. This combination of desktop studies, remote sensing
and field survey was also applied for documenting earthquake-induced secondary effects
few kilometers to the east of the here study area, triggered by a seismic sequence, which
occurred in March 2021 [33].

A total number of 73 landslides were documented during these field reconnaissance
surveys in Karditsa Prefecture, which mainly caused partial or total damage to the roads
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and in some cases caused failures of riverbanks. This remote area is characterized by a
combination of weak sedimentary sequences, high elevation deviations and steep slopes,
as described in the previous section. The majority of remotely mapped landslides were
found away from the local road network or in inaccessible areas, and thus the relative small
number of field-surveyed landslides.

The documented landslides were mostly found in flysch formations, validating the out-
come of the remote sensing approach, as it was earlier presented. Following the information
obtained by these surveys, the failure mechanisms are strongly related to the heterogeneity
degree of the flysch formation (siltstone-sandstone participation), the intensity of tectonic
disturbance and the weathering degree.

In particular, the main types of landslides that were detected were:

1. Rotational and translational landslides formed mainly in siltstone flysch and silt-
stone and sandstone flysch in alternations. Those landslides are characterized by a
complex geometry with their lower part frequently consisting of a slump that follows
the geometry of a stronger underlying bed. In many cases, the accumulated material
covered the road without resulting in a complete failure.

2. Debris flows in fractured limestones, scree, sandstone/conglomerate flysch. These
were encountered in areas with steep morphology with deep gullies where mass
transport of rock pieces and boulders was favored. These failures, i.e., debris flows,
heavily impacted the road network and some villages located at higher elevations.

3. Rockfalls and structural failures (planar and wedges) mainly in limestone forma-
tions. Structurally controlled slides were recorded, under favorable kinematic condi-
tions of the persistent bedding planes and their low shear strength due to the clayey
nature. Such slides and rock falls were not very large in volume (few m3) but resulted
in road closure and in some cases minor to moderate structural failures.

Based on the information obtained, the majority of landslides are classified as rotational
(Figures 5 and 6), causing the most severe damage to the human-made environment in the
wider investigated area. As it has been previously mentioned, these slides occurred mainly
in the weathered flysch mantle and the siltstone flysch formation, due to their overall low
rock mass strength.

Figure 5. Types of landslides identified in the field reconnaissance surveys.
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Figure 6. Different lithology types affected by rotational and translational slides.

Regarding the rotational landslides, most of them had a depth ranging between 10
and 15 m while a significant portion of failures was relatively shallow (<5 m). Their width
ranges between 20 to 80 m, while the smaller slides have a width between 5 and 20 m. The
width of the largest landslides was up to 200 m. Debris flows in most cases affected road
sections with limited width, between 10 and 20 m, except a few cases where the affected
width is almost 300 m.

The most severe landslide-induced failures in Karditsa Prefecture were around Ama-
rantos village, located to the south-east of Plastira lake. In Figure 7a, a landslide that
occurred in siltstone flysch causing the road failure is shown. In particular, the road was
totally covered by slipped material across a length of 200 m, while its depth was estimated
at about 15 m. Its height is approximately 70 m. The slide failure plane was probably
constrained by the presence of a deeper stronger flysch layer downslope. In Figure 7b, a
rotational slide in the weathered mantle of siltstone flysch is also shown. This landslide
resulted in the collapse of the road pavement for a length of 10 m.

Figure 7. Characteristic rotational failures around Amarantos area. (a) large failure in siltstone flysch
west of Itamos village and (b) failure in weathered flysch mantle material causing damage to the road.

Extensive debris flows were mapped in Livadia and between the communities of
Pefkofito and Vlassi (Figure 8). Specifically, the thickness of the debris at the road level is
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5 m while the impacted area is 300 m long in the former case. The debris flow material
mainly consisted of limestone fragments and clay materials (Figure 8a).

Figure 8. (a) Characteristic debris flow at Livadia village; (b) extensive debris flows in gullies in the
area between Pefkofito and Vlassi.

Regarding the second case, located in the area between Pefkofito and Vlassi (Figure 8b),
it should be pointed out that this area is characterized by steep morphology while the
extensive amounts of debris have been transported via deep gullies from higher elevations.

Moreover, the erosion and flooding of the Karitsiotis River damaged and blocked the
road crossing south of Belokomiti village, Plastira Lake, as shown in Figure 9. Although the
bridge itself did not collapse, road embankments on both sides were partially or completely
washed out. The intersection of the roads west of the bridge was the most damaged
part, blocking road traffic towards communities to the south and west of Lake Plastira.
Riverbank erosion also caused several slope failures, while the flooding of the river caused
slope undercutting that resulted in road failures (Figure 9).

Figure 9. Damaged bridge crossing of Karitsiotis River near Belokomiti. Ground (a) and vertical
aerial (b) images of the damaged bridge undergoing repairs on 1 October 2020. UAS orthophoto
(c) and digital surface model (d) of the Karitsiotis River bridge area (surveys 1 October 2020).
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3. Landslides in Cephalonia Island

3.1. Geologic Setting

Cephalonia is part of the Ionian Islands and is located at the westernmost part of
Greece. Geologically, the island is within the outermost edge of the ongoing subduction of
the African plate under the Eurasian plate [34]. The bedrock of the island consists of two
main formations: (i) the Pre-Apulian unit, which covers most of the island and consists
mainly of a thick sequence of limestone and dolomite, overlain by a much thinner sequence
of marl and pelite, and (ii) the Ionian unit, which covers part of the southeastern coastal
areas and consists of limestone, shale, and breccia [35–37]. The basement is overlain by
extensive sedimentary deposits in the southern and eastern part of the Paliki peninsula
and the south part of the main island. These deposits consist of alluvial fans, mainly
deposited along the stream channels (Figure 10). The dominance of carbonate rocks in
combination with favorable climate conditions have facilitated the formation of karst units
especially in the north and central part of the island. In particular, the Erissos Peninsula is
dominated by an extensive, and partially karstified, planation surface. Cephalonia island
is also characterized by steep slopes, especially along its western shoreline. Ridges are
arranged in a NNW–SSE direction. The principal water divide has a NW–SE direction,
with the main flow directions towards Sami Bay in the NE, and Poros in the SW.

Figure 10. Lithological map of Cephalonia Island with observed landslides and related phenomena
following Medicane Ianos. Modified from [35,37].

3.2. Types of Landslides and Induced Phenomena

Cephalonia Island was heavily impacted by Medicane Ianos. Ianos was the most
damaging natural hazard event for Cephalonia island, since the earthquakes of 2014
that caused building damages, widespread landslides, rockfalls and liquefaction over the
island [38–41]. Severe rainfall at Cephalonia peaked at 759 mm (17–18 September 2020)
during the passing of Medicane Ianos from the Ionian Sea islands [12]. In particular, the
highest severity of the Medicane-induced phenomena was reported at the northern-central
part of the island towards Erissos peninsula, between Sami and Fiskardo. Debris flows
and landslides occurred in several locations across the island (Figures 10 and 11). Often
the debris flows covered wide areas (~40–70 m in width), while typically the average size
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of debris blocks reached 20–50 cm (Figure 11d). Moreover, the earth flows were often
associated with road embankment failures (Figure 11c). The latter was also observed in
cases of severe riverbank erosion/scour. The road network of the island was damaged
and/or obstructed in several locations due to landslides, while a critical simple-span
reinforced concrete bridge near the village of Agkonas collapsed due to scour of the west
pier foundation by extensive gully flooding and debris (Figure 11e), heavily impacting the
transportation network of the island.

Figure 11. Characteristic damages in Cephalonia Island following Medicane Ianos: (a) Riverbank
erosion, (b) debris flow within a rural community, (c) road embankment failure, (d) extensive debris
flow, and (e) bridge collapse.

Debris flows appeared to be the most common feature of the effect of Medicane
Ianos across Cephalonia. Debris, collected or still in place, was present along gullies and
riverbeds, across the island. Most notably, Assos village, situated in the north-west of the
island, was severely impacted by a major debris flow, as it was covered by approximately
1.5 m of earth/debris material (Figure 11b). The source of the debris was traced to the hills
east of the village, where significant surface erosion and ground cracking were observed.
At places, eroded zones reached several meters in width. Eroded limestone boulders and
residual soil material were present along the entire path of the flow. UAS-enabled mapping
of the entire area indicates the change along the sea-shore due to material deposition
(Figure 12). An initial, rough, estimation of the debris flow volume is 20,000 m3.
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Figure 12. UAS-enabled mapping of Assos village debris flow and surrounding area (3D model can
be viewed at: https://skfb.ly/6WyTT (accessed on 2 July 2022)): (a) orthophotomap and (b) digital
surface model (surveyed on 30 September 2020).

Similar to Assos, just outside of the village of Fiskardo (Figure 13), which is situated
at the northern part of Erissos peninsula, a debris flow was documented. The debris flow
had a lesser extent than the one that occurred in Assos, but was still significant, with the
flow reaching a run-out distance of approximately 400 m. Significant erosion features were
observed near the source of the debris flow. Eroded zones reached, at places, a depth of
2 m. The debris flow is also visible in Sentinel-2 satellite imagery, as shown in the pre-
and-post-event images (Figure 13). Moreover, several rotational landslides were identified
along the steep central coastline, particularly near Myrtos beach. Sentinel-2 pre-and-post
event images of landslides and debris flows near Myrtos beach, and the collapsed bridge at
Agkonas village are shown in Figure 14.

Figure 13. (Left): Sentinel-2 multi-temporal composite (Band 4) Fiskardo, Cephalonia. (Right): Sentinel-
2 true color composite (Bands 4-3-2). Red colors mark the location of debris flows upstream of Fiskardo.
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Figure 14. Sentinel-2 multi-temporal composites (Band 4) of central Cephalonia. (Left): Mirtos beach
area; (Right): Site of collapsed bridge on the E.O. Argostoliou-Fiskardou (38.3195◦ N, 20.5081◦ E).
Red colors mark the location of debris flows, landslides and deposition of debris along the coast.

4. Discussion

4.1. Comparison with Automated Mapping Methods

Rapid response to a major landslide event, such as hurricanes or earthquakes, is
nowadays feasible due to the abundance of open remote sensing data available shortly
after an event, from satellite imagery (e.g., Sentinel-1 & Sentinel-2, Landsat 8/9). The
first satellite images available during or shortly after a meteorological event can provide a
fast and comprehensive map of significant slides and effects, as described in the previous
section. During the period that follows first response and early reconstruction, there is the
need for more thorough and detailed landslide inventories. While this can be performed
by manually digitizing landslides and effects using very high-resolution satellite imagery
or other remote sensing data such as UAS surveys, new tools and a wealth of open satellite
data can automate this workflow [42]. The ability to have access and process huge amounts
of satellite imagery on the cloud through Google Earth Engine [43] and similar platforms
has revolutionized remote sensing in geohazard response and analysis.

We present a comparison of our manual rapid mapping using Sentinel-2 images, with
a series of recent workflows and codes that use the multi-temporal analysis of satellite
imagery in Google Earth Engine [44–47]. While this comparison is not straightforward due
to the different workflow, data and time frame used by either rapid manual mapping or
automated multi-temporal analysis, this is an interesting case study to compare them. The
wide extent and large number of landslides in the area of Karditsa, Thessaly is suitable for
this use and comparison (Figure 15).

We selected four change detection techniques, that use multi-temporal analysis of open
satellite data (Sentinel-1, Sentinel-2, Landsat); (a) method from [46] that calculates relative
difference in the normalized difference vegetation index (rdNDVI) calculated from cloud-
free composites of Sentinel-2, (b) HazMapper code by [44] that is based on the normalized
difference vegetation index (dNDVI) calculated from cloud-free composites of Sentinel-
2 [48], (c) ALDI, automated landslide detection index algorithm based on normalized
difference vegetation index (NDVI) differencing of Landsat time series within Google
Earth Engine taking into account seasonality [47] and (d) a SAR backscatter and amplitude
change approach that uses multi-temporal stacks of Copernicus Sentinel-1 images [45].
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Figure 15. Change detection results from HazMapper [44,48] utilizing multi-temporal Sentinel-2
imagery. Red colors show negative rdNDVI changes that correspond to land cover changes due to
landslides and debris flows. Results were in par with manual mapping in the area of high-density
landslides southeast of Plastira Lake (a), while in most areas change detection was more successful in
depicting the major debris flows such as the ones upstream of Mouzakiotikos River (b).

Treshold values for positive and negative landslide and debris flow identification was
determined for each method results based on proposed values and also local conditions after
cross comparing with mapped landslides and imagery (Table 2 and Figure S2). Examining
the different change detection results we obtained from these four methods, we can observe
that all methods captured the large debris flows that occurred along the mountainous
watersheds such as Mouzakiotikos river (Figure 15) and Megalos river in Filakti, near Lake
Plastira (Figure 16). Large landslides with significant dimensions and/or long run-out
distance were also identified. As the majority of landslides triggered during Medicane
Ianos were of small dimensions (less than 20–30 m), these were mostly missed or were
undifferentiated from the background scatter noise.

Table 2. Positive and negative detection of mapped landslides by the different change detection methods.

Method Positive Negative Success % Threshold Value

rdNDVI [46] 872 800 52.15 −0.1<
HazMapper [44] 911 786 53.68 −10<
ALDI [47] 659 1037 38.85 >0.025
SAR backscatter
change by [45] 837 851 49.58 −1 < I ratio > 1

A quick estimate of the positive or negative detection was performed by extracting
pixel values on the mapped landslide inventory from the various methods. Table 2 presents
the final percentage and number of positively and negatively detected landslides.

Histograms of the detection results of Table 2 are presented in Figure 17. The highest
success ratio is achieved by the methods of [44,46] with almost comparable results, as
expected due to the similarities in the calculated change detection data (Sentinel-2 10 m) and
parameters (time-series of normalized difference vegetation index). The worst percentage
was achieved by ALDI [47], probably due to the lower resolution data used (Landsat
multispectral bands with 30 m resolution instead of 10 m for Sentinel-2). SAR backscatter
change [45] was close to the first two method results, with the difference attributed to the
coarser pixel resolution of Sentinel-1 SAR imagery (20 × 4 m, translated into >15 m ground
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resolution when geometrically corrected to terrain) and the challenging oblique scanning
of SAR satellites that can lead to terrain shadows.

Figure 16. Debris flow and landslides along Megalos River in Filakti/Pezoula area (a). 3D view of the
Megalos River watershed with debris flows along the main river course and its exit to Lake Plastira
(red colors of ALDI change detection index values). Flooding, severe sedimentation and material
transportation from upstream was mapped at its exit (photo (b), view towards east with location
marked in (a)) and near Pezoula. Road bridges were destroyed in both locations, with positions
labeled in (a).

Figure 17. Histograms of pixel values by automated mapping methods corresponding to mapped
landslides; (a) [46], (b) HazMapper by [44], (c) ALDI [47] and (d) SAR backscatter change by [45].
Yellow bars mark negative detections and blue bars positive detection, based on set threshold values
for each method.

In conclusion, rapid manual mapping of landslides for Ianos outperformed automated
mapping methods based on Google Earth Engine time-series change detection of satellite
imagery. The most prominent factor was the small size of the majority of landslides, which
was barely close to the ground resolution threshold of 10 m for Sentinel-2, making it
harder to identify by automated change detection algorithms. A large number of false
positives were visually identified in the various change detection results, a factor that
could negatively affect early response and mapping (Figures S1 and S2). Debris flow
and large slides were identified in most automated mapping results (Figure S1), while

240



Appl. Sci. 2022, 12, 12443

smaller and shallow landslides were difficult to positively identify due to variations in
image reflectance and terrain shadows. Surface manifestation of small shallow landslides
kept being modified in the days and weeks following the landslide event, due to erosion
and vegetation regrowth, a factor that affects the signal in the long time-series used by
automated change detection methods. It is worth mentioning that a number of landslides
occurred in the winter months following the Ianos landslide event. These landslides
would be included in most automated change detection results due to the larger time
frame examined.

4.2. Older Landslides/Hazard

The mountainous area of Karditsa, Thessaly is known to be significantly affected by
numerous landslides, many affecting communities and infrastructure [44]. The Agrafa
mountain area, where the majority of landslides triggered by Medicane Ianos occurred, is
one of the most hazardous areas in Greece for landslides. Landslide occurrence is mostly
due to the factors of highly susceptible lithology (flysch and molassic sediments) and high
precipitation rates of the Pindos mountain range. We compare the landslide inventory
of Medicane Ianos with historically reported landslide locations in Figure 18. Historical
locations were retrieved from [49,50] and official reports of the Institute of Geological and
Mineral Exploration. A visual examination shows that Ianos landslides occurred along
roughly the same locations of historical landslides, revealing a relation with long-term
climatic and lithological/geomorphological conditions.

Figure 18. Comparison of (a) Medicane Ianos triggered landslides (black dots) and (b) historical
occurrences of landslides in the region (purple dots).

5. Conclusions

Medicane Ianos in September 2020 caused one of the most widespread catastrophic
events for Greece in the last few decades. While most of the areas affected were already
susceptible to geohazard occurrences, the areal extent and scale of the almost simultaneous
(within three days) occurrence of failures and damage over a large area, represent a unique
challenge for future response and mitigation. The area of western Thessaly was the hardest
hit by an unprecedent number of landslides and debris flows in the mountains, while the
low plains were covered by 475.5 km2 of flood waters [14,17].

We examined in detail two of the most affected areas, Cephalonia island in the Ionian
Sea and Karditsa area in Thessaly, using early remote sensing data and post-event field
surveys. Karditsa suffered more than 1500 landsides and numerous debris flows that
caused widespread damage and disruption. Cephalonia Island did not experience the
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number of landsides of western Thessaly, but was severely hit by landslides and debris
flows in key location and settlements, destroying bridges and disrupting transportation
within the island. Assos settlement was nearly buried by a major debris flow. A dominant
factor in these effects was the heavy precipitation experienced by those two areas during
Medicane Ianos, in combination with local conditions highly susceptible to mass wasting.

The landside inventory acquired for Karditsa region is the first detailed inventory due
to a major atmospheric event in Greece and a valuable asset for studying and mitigating
future Medicane events in mainland Greece and surrounding regions. The detailed distribu-
tion of landslides can be studied along with meteorological and atmospheric observations,
with possible implementation in the hurricane impact model development and forecasting.

As more data sources (satellite imagery) and tools (UAS sensors and platforms, rapid
remote sensing big data processing, etc.) will be available to scientists in the near future, re-
sponse and rapid mapping during future landslide events will be more thorough and faster,
based on the experience that data collection from events such as Medicane Ianos provide.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app122312443/s1, Figure S1: Comparison of field surveyed land-
slides with automatic satellite mapping results (a–g). Left: field photos (acquired 1–3 October 2020);
right; location map with automatic satellite mapping results (HazMapper). Blue dots show mapped
landslides from Sentinel-2 images and triangles with letter marking field locations of surveyed
landslides. Location map for sites a–g (h) with Sentinel-2 landslides (orange), Figure S2: Automatic
satellite mapping results. Left: method results; middle: method results with mapped landslides (blue
dots) and field survey locations (orange triangles); right: Sentinel-2 true color image, acquired on 30
September 2020.
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