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ABSTRACT
Across the world, numerous sites of  cultural heritage value are at risk 

from a variety of  human-induced and natural hazards such as war 

and earthquakes. Here we present and test a novel indicator-based 

method for assessing the vulnerability of  archaeological sites to earth-

quakes. Vulnerability is approached as a dynamic element assessed 

through a combination of  spatial and temporal parameters. The spa-

tial parameters examine the susceptibility of  the sites to the secondary 

Earthquake Environmental Effects of  ground liquefaction, landslides 

and tsunami and are expressed through the Spatial Susceptibility In-

dex (SSi). Parameters of  physical vulnerability, economic importance 

and visitors density examine the temporal vulnerability of  the sites 

expressed through the Temporal Vulnerability Index (TVi). The equal-

ly weighted sum of  the spatial and temporal indexes represents the 

total Archaeological Site Vulnerability Index (A.S.V.I.). The A.S.V.I 

method is applied at 16 archaeological sites across Greece, allowing an 

assessment of  their vulnerability. This then allows the establishment 

of  a regional and national priority list for considering future risk mit-

igation. Results indicate that i) the majority of  the sites have low to 

moderate vulnerability to earthquake hazard, ii) Neratzia Fortress on 

Kos and Heraion on Samos are characterised as highly vulnerable and 

should be prioritised for further studies and mitigation measures, and 

iii) the majority of  the sites are susceptible to at least one Earthquake 

Environmental Effect and present relatively high physical vulnerability 

attributed to the existing limited conservation works. This approach 

highlights the necessity for an effective vulnerability assessment meth-

odology within the existing framework of  disaster risk management 

for cultural heritage. 

1. Introduction
The vulnerability of  cultural heritage sites is de-

scribed as the susceptibility or exposure of  heritage 
property to hazards [UNESCO 2010]. The description 

expresses the inherent weakness of  a heritage proper-
ty due to its location (and therefore its exposure) to 
primary or secondary hazard events and processes, 
and to its physical, social, economic and institutional 
characteristics [Jigyasu 2005]. These characteristics 
vary widely since each heritage property is unique due 
to its age, structural and architectural characteristics 
and the mechanisms by which it may be damaged. 
The parameterization of  economic, cultural, religious 
and artistic properties is considered controversial and 
difficult to assess [Delmonaco and Margottini 2009]. 
Consequently, each property is commonly examined 
as a case study and assessments focus primarily on the 
physical vulnerability of  the site with limited attention 
that incorporates heritage values [Carlon et al. 2002] 
or historical, cultural, economical and social impacts 
[Delmonaco and Margottini 2009]. 

Assessments of  the physical vulnerability of  cul-
tural heritage sites to earthquake hazard has mainly 
been undertaken through the applied sciences. For ex-
ample, using seismic input data, the structural fragility 
of  historical monuments has been calculated as part 
of  seismic risk assessments. Local site effects due to 
geological or geomorphological properties of  the sub-
stratum are incorporated as seismic input parameters 
expressed and examined through variations in peak 
ground acceleration [Di Capua et al. 2006, Lagomarsi-
no 2006, Lagomarsino and Cattari 2015]. 

Earth sciences on the other hand has focused 
mainly on the exposure of  cultural heritage to threats 
posed by hydrogeological hazards. Studies of  slope 
instability, soil erosion, fluvial and coastal processes 
[Canuti et al. 2000, Nikolova et al. 2012, Reeder et al. 
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2012, Reeder-Myers 2015] suggest that the intrinsic 
conditions of  an archaeological site that make it vul-
nerable to experiencing the negative effects of  ground 
instabilities represent important spatial parameters 
that contribute to the vulnerability of  archaeological 
sites to natural hazards. Through a review of  cultural 
heritage and landslides, Canuti et al. [2009] stressed the 
importance of  engineering geology to the protection 
of  cultural heritage from natural hazards via geotech-
nical assessment of  risk. This allows effective conserva-
tion measures to be developed that can contribute to 
the reduction of  the vulnerability of  cultural heritage. 

With regard to ground instabilities and deforma-
tion triggered by earthquakes - known as Earthquake 
Environmental Effects (EEEs) - these represent co-seis-
mic geological effects either directly linked to the earth-
quake source (e.g., surface faulting, regional uplift and 
subsidence) or are associated with ground shaking 
(e.g., tsunamis, liquefaction ground resonance, land-
slides and ground failures) and are controlled and in-
duced by the local geological setting [Serva et al. 2015, 
Michetti et al. 2015]. Therefore, the location and founda-
tion ground of  an archaeological site represent crucial 
vulnerability parameters since their susceptibility to 
deformation during a seismic event relates to direct ef-
fects on the monuments and cultural landscape of the site. 

Taking into consideration the idea that vulner-
ability is a dynamic element incorporating tempo-
ral and spatial aspects [Papathoma-Köhle et al. 2007, 
Calgaro et al. 2014], this study aims to develop, apply 
and examine a method for assessing the vulnerabili-
ty of  archaeological sites to earthquake hazard [Mi-
nos-Minopoulos 2015]. Following an earth sciences 
approach, the vulnerability of  16 archaeological sites 
in Greece are examined and assessed through an in-
dicator-based method that integrates spatial and 
temporal parameters. The method allows the identi-
fication of  the root causes of  vulnerability to earth-
quake hazard for each site. Additionally, through the 
Archaeological Site Vulnerability Index (A.S.V.I) as-
sessment, it is possible to prioritize sites regionally 
and nationally for further study and appropriate vul-
nerability reduction measures.

2. Methods
The conceptual framework highlights that the 

vulnerability of  an archaeological site is not only 
limited to the physical vulnerability of  its monu-
ments which is commonly assessed through vulner-
ability curves expressing potential seismic waves im-
pact on the structures. The assessment follows the 

general framework of  the earth sciences principles 
with emphasis on the spatial aspects of  vulnerability 
expressed through the susceptibility of  archaeolog-
ical sites to the secondary Earthquake Environmen-
tal Effects (EEEs) of  ground liquefaction, landslides 
and tsunami, as defined by Michetti et al. [2007] 
through the ESI-07 intensity scale. The suscepti-
bility of  a site to EEEs directly relates to potential 
damage the monuments will suffer due to ground 
deformation processes, a parameter not incorporat-
ed in the majority of  the applied sciences vulnera-
bility assessment studies [Bird and Bommer 2004]. 
The temporal aspects of  vulnerability are examined 
through physical, economic and social parameters 
that vary through time in order to promote the dy-
namic nature of  vulnerability.

2.1. Sites under study
The archaeological sites selected for analysis are 

located in Greece, in the tectonically active regions of  
Corinth, Samos, Kos and Santorini (Figure 1; Table 1). 
They were selected in order to capture a variety of  ge-
otectonic regimes reflecting the complex geodynamic 
setting of  Greece. They also represent variations in:

- �Thematic categories of  use - ranging from ad-
ministrative centres, agoras, harbours, defensive 
structures, sanctuaries and temples. 

- �Periods of  use - ranging from prehistory and an-
tiquity to Byzantine and Post-Byzantine periods

- �Geomorphological setting - ranging from coastal 
zone, continental to semi-mountainous settings. 

- �Land use - with sites located in the built environ-
ment (urban centres and settlements) and sites 
located in semi-natural habitats. 

- �Designation status - with the archaeological 
sites of  Samos being designated by UNESCO 
as World Heritage Sites while the rest of  the 
sites are designated as national scheduled mon-
uments. 

Archaeological sites in Corinth were selected as 
the pilot study for the application of  the new meth-
od since the region includes an extensive record of  
historical and modern seismicity and because a con-
siderable literature in the field of  geosciences as well 
as a detailed archaeological archive of  systematic ex-
cavations is available from the American School of  
Classical Studies in Athens. The method was then 
used in Samos, Kos and Santorini in order to test and 
expand its applicability, identify potential inconsist-
encies or contradictions and perform any necessary 
refinements. 
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2.2. Indicator based method
The sites were examined mainly in terms of  their 

intrinsic geological and geomorphological properties, 
their physical vulnerability and their use. These were ex-
pressed through sets of  indicators for spatial susceptibili-
ty and temporal vulnerability (Tables 2-5). 

The spatial parameters in this study focus on the 

susceptibility of  the archaeological sites to the secondary 
Earthquake Environmental Effects, (EEEs) of  ground 
liquefaction, landslides and tsunamis, induced by ground 
shaking and that are controlled by the local geological 
setting because international research by leading experts 
including Serva et al. [2015] and Michetti et al. [2015] im-
ply these are the most significant controls. 

Assessment of  the susceptibility of  each site is 
based on a set of  geological and geomorphologi-
cal factors associated with each EEE derived from a 
review of  the extensive literature cited in Table 2. A 
number of  parameters including (i) historical records, 
relative studies in the field of  each environmental ef-
fect, (ii) Earthquake Archaeological Effects (EAEs) re-
lated to ground deformation [Rodríguez-Pascua et al. 
2011] and (iii) interventions either performed during 
antiquity or during modern times indicative of  active 
geological and geomorphological processes, are also 
included in the assessment for each EEE through the 
Archaeological Site Factor.

Each factor is assigned a weight according to 
its relative importance to the aims of  this study. The 
weighting takes account of  expert qualitative judg-
ments derived from an analysis of  the literature (Table 
2). Each factor’s classes are standardized with linear 
scaled values from 0 to 1 following the Analytic Hi-

Table 1. Liquefaction Susceptibility indicator weighted factors and scores for the archaeological sites under study.

Archaeological 
Sites

Depositional Environment Water Table Age Site Factor LqSi

Corinth 

Agora 0 0 0.08 0 0.08

Theatre 0.4 0 0.2 0.06 0.66

Odeion 0 0 0.08 0 0.08

Lechaion 0.4 0.3 0.2 0.1 1

Kenchreai 0.4 0.3 0.2 0.06 0.96

Kos 

Neratzia Fortress 0.24 0.3 0.2 0 0.74

Ancient Agora 0.24 0.255 0.2 0 0.695

West Arch. Site 0.24 0.18 0.2 0.06 0.68

Altar of  Dionysus 0.24 0.18 0.2 0 0.62

Asklepieion 0 0 0 0.03 0.03

Samos

Heraion 0.24 0.3 0.2 0.06 0.80

Roman Baths 0.4 0.3 0.2 0 0.9

Eupalinos Tunnel 0 0 0 0 0

Logothetis Castle 0 0.09 0 0 0.09

Santorini 

Akrotiri 0 0 0.2 0.06 0.26

Ancient Thera 0 0 0 0 0

Figure 1. Map of  Greece with the regional locations of  the archae-
ological sites under study.
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Archaeological 
Sites

LsSi
Score

S.A. S.F. E. L. T.L.P.

Corinth 

Agora 0.3 0.3 0 0.075 0 0.675

Theatre 0.3 0.18 0 0.075 0 0.55

Odeion 0.06 0 0 0.075 0 0.135

Lechaion 0.06 0.09 0.2 0.075 0.05 0.425

Kenchreai 0.06 0 0.2 0.075 0 0.335

Kos

Neratzia Fortress 0 0 0.16 0.075 0 0.235

Ancient Agora 0 0 0.1 0.075 0 0.175

West Arch. Site 0.06 0 0.04 0.075 0 0.175

Altar of  Dionysus 0 0 0.04 0.075 0 0.115

Asklepieion 0.21 0.18 0.16 0.09 0.1 0.74

Samos

Heraion 0 0 0.2 0.075 0 0.275

Roman Baths 0 0 0.1 0.075 0 0.175

Eupalinos Tunnel 0.3 0.3 0.04 0.09 0 0.73

Logothetis Castle 0.3 0.3 0.2 0.09 0 0.89

Santorini 

Akrotiri 0.21 0.18 0.04 0.075 0 0.505

Ancient Thera 0.3 0.3 0.04 0.02 0.1 0.76

Table 2. Landslide Susceptibility indicator weighted factors and scores for the archaeological sites under study.

Archaeological Sites

Tsunami Susceptibility Indicator

ScoreInundation Depth Archaeological Site 
Factor 

Geomorphology

Corinth 

Agora 0 0 0 0

Theatre 0 0 0 0

Odeion 0 0 0 0

Lechaion 0.7 0.06 0.1 0.86

Kenchreai 0.7 0 0.06 0.76

Kos 

Neratzia Fortress 0.7 0.12 0.06 0.88

Ancient Agora 0.42 0.12 0.06 0.6

West Arch. Site 0.28 0.12 0 0.4

Altar of  Dionysus 0.28 0.12 0 0.4

Asklepieion 0 0 0 0

Samos

Heraion 0.7 0 0.06 0.76

Roman Baths 0.56 0 0.06 0.62

Eupalinos Tunnel 0 0 0 0

Logothetis Castle 0.21 0 0.05 0.26

Santorini 

Akrotiri 0 0 0 0

Ancient Thera 0 0 0 0

Table 3. Tsunami Susceptibility indicator weighted factors and scores for the archaeological sites under study.
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erarchy Process [Saaty 1987] with the assistance of  
M-MACBETH software [Bana e Costa et al. 2005] in 
order to address concerns about subjective transforma-
tion of  qualitative judgments to numerical scores. The 
M-MACBETH software has been successfully applied 
in a number of  studies for risk and vulnerability mul-
ti-criteria analysis of  infrastructure to natural hazards 
such as earthquakes [Bana e Costa et al. 2008], tsunami 
[Dal’Osso et al. 2009, Tarbotton et al. 2012], and floods 
[Musungu et al. 2012]. The sum of  selected factors via 
the weighted linear combination method composes a 
susceptibility indicator for each effect (Table 3).

The equally weighted sum of  the susceptibility 
indicators expresses the Spatial Susceptibility Index 
(SSi) of  each site to Earthquake Environmental Effects 
(Equation 1). 

(1)
 

The spatial susceptibility indicators and index 
scores are standardized linearly on a scale from 0 to 1 
and expressed qualitatively through five susceptibility 
classes ranging from ‘not susceptible’ to ‘very high sus-
ceptibility’ (Table 4). 

The index score expresses the susceptibility of  
each archaeological site to the EEEs of  ground lique-
faction, landslides and tsunamis and its classification 
allows their relative prioritization at a national and re-
gional level. 

The temporal vulnerability indicators for the ar-
chaeological sites are expressed by factors that vary 
through time. These factors examine the physical vul-
nerability of  the monuments that take account of  in-
tervention works that contribute to the resilience of  
the sites, the economic importance of  the sites at a 
local and national level in terms of  admission tickets 
and the human vulnerability in terms of  annual visitor 
density (Table 5). Each factor’s classes are standardized 
with linear scaled values ranging from 0 to 1 again fol-
lowing the Analytic Hierarchy Process [Saaty 1987].

The Temporal vulnerability index (TVi) represents 
an equally weighted sum of  the physical vulnerability 
(p), economic importance (e) and human vulnerabil-
ity (h) indicators (Equation 2) expressed by the inter-
vention works, admission tickets and visitors density 
respectively. 

(2)

SSi = LqSi | LsSi |TsSi
3

TVi = p |ε | h
3

Archaeological Sites Liquefaction indicator
(LqSi)

Landslide indicator 
(LsSi)

Tsunami indicator (TsSi) SSi

Corinth 

Agora 0.08 0.675 0 0.251

Theatre 0.66 0.55 0 0.403

Odeion 0.08 0.135 0 0.071

Lechaion 1 0.425 0.86 0.76

Kenchreai 0.96 0.335 0.76 0.684

Kos 

Neratzia Fortress 0.74 0.235 0.88 0.617

Ancient Agora 0.695 0.175 0.6 0.489

West Arch. Site 0.68 0.175 0.4 0.417

Altar of  Dionysus 0.62 0.115 0.4 0.377

Asklepieion 0.03 0.74 0 0.256

Samos 

Heraion 0.80 0.275 0.76 0.610

Roman Baths 0.9 0.175 0.62 0.564

Eupalinos Tunnel 0 0.73 0 0.243

Logothetis Castle 0.09 0.89 0.26 0.412

Santorini 

Akrotiri 0.26 0.505 0 0.248

Ancient Thera 0 0.76 0 0.253

Table 4. Regional distribution of  the Spatial Susceptibility index for the archaeological sites under study. Sites under very high susceptibility 
to EEEs in bold.
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Again, the Temporal Vulnerability indicators 
and index are standardised in a linear manner on a 
scale from 0 to 1 and expressed qualitatively through 
five vulnerability classes ranging from ‘not vulnera-
ble’ to ‘very high vulnerability’ (Table 5). 

The Archaeological Site Vulnerability Index 
(A.S.V.I) for each archaeological site investigated is 
expressed by the equally weighted sum of  the Tem-
poral Vulnerability index (TVi) and the Spatial Sus-
ceptibility index (SSi), through Equation 3 expressed 
both quantitatively on a scale from 0 to 1 and qualita-
tively through 5 vulnerability classes ranging from ‘not 
vulnerable’ to ‘very high vulnerability’ (Table 4).

(3)

The Archaeological Site Vulnerability Index 
method, summarized in Figure 2, represents a syn-
thesis of  the intrinsic susceptibility of  a site’s location 
(geological - geomorphological setting) to experience 
damage from earthquake environmental effects and its 
temporal physical, economic and social characteristics 
promoting the dynamic nature of  archaeological sites 
vulnerability to earthquake hazard. 

Geological and geomorphological data from 
each archaeological site was gained from a combi-

nation of  field surveys and the literature. Addition-
al data were obtained from topographical 1:5000 
maps, geological 1:50000 maps and local geotech-
nical surveys. The collection of  data for the as-
sessment of  the temporal vulnerability was partly 
based on field surveys that included recording of  
the intervention works and admission tickets, while 
data regarding visitor densities were obtained from 
the official database of  ELSTAT [2014].

2.3. Spatial Susceptibility indicators
In the following sections the factors that con-

trol the sensitivity of  an archaeological site to 
ground deformation and comprise the indicators 
of  ground liquefaction, landslides and tsunami are 
presented. 

2.3.1. Liquefaction susceptibility indicator (LqSi) factors
Factors associated with the Liquefaction Suscep-

tibility indicator mainly reflect the ease with which a 
saturated sedimentary deposit liquefies [Youd and Per-
kins 1978, Obermeier 2009] and include depositional 
environment (D.E.), water table depth (W.T.) and ge-
ological age of  the deposits (A). However, since the 
liquefaction effect is characterised by recurrence dur-
ing successive earthquakes [Youd 1984], archaeologi-
cal sites founded on susceptible geological settings in 

A.S.V.I. = TVi | SSi
2

Table 5. Temporal vulnerability indicators and index for the archaeological sites under study.

Archaeological Site p e h TVi

Corinth 

Ancient Agora 0.77 1 1 0.923

Theatre 1 0 0.33 0.443

Odeion 0.75 0 0 0.25

Early Christian Basilica (Lechaion Harbour) 0.75 0 0.33 0.36

Kenchreai Harbour Roman constructions 0.75 0 0.33 0.36

Kos 

Neratzia Fortress 0.75 1 1 0.916

Ancient Agora 0.65 0 0.33 0.326

West Archaeological Site 0.5 0 0.33 0.276

Altar of  Dionysus 1 0 0.33 0.443

Asklepieion 0.5 1 1 0.832

Samos 

Heraion 0.96 1 0.66 0.873

Roman Baths 0.75 0 0.33 0.36

Eupalinos Tunnel 0.75 1 0.66 0.803

Logothetis Castle 0.5 0 0.33 0.276

Santorini 

Akrotiri 0.75 1 1 0.916

Ancient Thera 0.91 1 0.66 0.856
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regions characterised by active tectonics and intense 
seismicity, may preserve indications of  ground instabili-
ty and deformation from past liquefaction events. There-
fore potential recurrence of  liquefaction through archae-
ological site indications is taken into consideration and is 
introduced as the Archaeological Site Factor (S.F.). 

The depositional environment factor (D.E.) is 
considered a key parameter since it determines the 
composition, sorting and degree of  compaction of  the 
deposits [Youd and Hoose 1977]. Deposits with greater 
sorting and looser compaction are considered as highly 
susceptible in contrast to clay-rich deposits with a fine 
content of  >15% that are generally considered having 
low susceptibility [Youd and Hoose 1977, Obermei-
er 2009]. The detailed susceptibility classification of  
depositional environments as proposed by Youd and 
Hoose [1977], Youd and Perkins [1978] and Youd [1998] 
(together with some necessary adjustments) have been 
grouped into three classes as presented in Table 2.

Saturation of  the deposits is considered as another 
crucial parameter that contributes to their susceptibil-
ity to liquefaction [Youd 1998]. The susceptibility that 
characterizes deposits decreases with increasing water 
table depth [Obermeier et al. 1990, Youd and Hoose 
1977, Youd 1998] since liquefaction resistance increases 

with overburden pressure and age of  sediment, both 
of  which generally increase with depth. Saturation is 
expressed by the water table depth factor (W.T.) com-
bined with qualitative judgments by Youd, [1998].

The geological age (A) of  the deposits is another 
parameter that according to Youd and Hoose [1977] 
contributes to a site’s susceptibility to ground liquefac-
tion. The susceptibility of  deposits decreases with age 
since they become more consolidated and therefore 
less prone to liquefaction. In this study, the suscepti-
bility of  sedimentary deposits in relation to their ge-
ological age is made according to the qualitative clas-
sification of  Youd and Perkins [1978]. Since the study 
concerns archaeological sites that date from the mid 
to late Holocene, the age class of  <500 years is merged 
with the Holocene class and is characterised as highly 
susceptible [Obermeier 2009]. Thus, three geological 
periods are set as classes for the Age factor, the Hol-
ocene period with high susceptibility, the Pleistocene 
period with potential susceptibility and the Pre-Pleis-
tocene period as not susceptible.

Finally, direct and/or indirect effects preserved in 
archaeological sites that could potentially relate to past 
ground liquefaction events provide useful information 
for their susceptibility assessment although further 

Figure 2. A schematic representation of  the indicator based Archaeological Site Vulnerability Index.
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field investigations are considered necessary. These pa-
rameters are summarized in order of  importance as: 

i) �Relevant studies (R.S.) - Since liquefaction phe-
nomenon tends to recur at the same site dur-
ing successive earthquakes, archaeological sites 
with records and/or published studies on past 
earthquake induced liquefaction events and 
deformation are considered as susceptible to 
ground liquefaction during future earthquakes 
[Youd 1984b]. 

ii) �Ground deformation (G.D.) - indirect struc-
tural indications from potential Earthquake 
Archaeological Effects (EAEs) attributed to 
ground deformation [Rodríguez-Pascua et al. 
2011] that could relate to the surface expression 
of  ground liquefaction. Such effects include cir-
cular and linear depressions or buckling struc-
tures in mortar, regular or irregular pavements. 
Although these archaeoseismological effects 
are considered as off-fault geological effects, 
caution is necessary for most of  the archaeo-
logical sites are characterised by a long histo-
ry of  use, suggesting successive and extensive 
anthropogenic layers. Therefore, similar effects 
such as compaction and settlement of  artificial 
fill due to seismic activity could be misinter-
preted as ground liquefaction indications. This 
uncertainty should be taken into consideration 
in the attributed ranking scores.

iii) �Stabilization works (S.W.) - The presence of  
slope stabilization works such as retaining or 
buttress walls can also be considered as an in-
direct indication of  mitigation works against 
ground instabilities. However, further field 
survey and studies are necessary to search 
for Earthquake Archaeological Effects of  
ground deformation structures and/or strain 
structures on the building fabric indicative of  
ground liquefaction [Rodríguez-Pascua et al. 
2011]. 

2.3.2. Landslide Susceptibility indicator (LsSi) factors
Earthquake induced landslides have been stud-

ied extensively for historic and contemporary events. 
Analysis has focused on the identification and assess-
ment of  the relation between geological and seis-
mological parameters to slope failures [Keefer 1984, 
Rodríguez et al. 1999, Keefer 2002]. Statistical analysis 
of  earthquake induced landslide distribution data from 
the 1989 Loma Prieta California event resulted in Keef-
er [2000] suggesting that landslide concentration has 

a strong inverse correlation with distance from earth-
quake source and a positive correlation with slope 
steepness. Additionally, it is suggested that region-
al-scale variations in the hazard level of  seismically in-
duced landslides, are more efficiently correlated with 
geological and geomorphological characteristics rath-
er than with geotechnical parameters (shear strength, 
pore-water pressure etc). 

In this study, the term landslide is based on the 
terminology of  Varnes [1984]. However, it does not 
include landslides caused by liquefaction and lateral 
spread since they are studied separately. Assessment 
of  potential landslide volume and run out is also not 
included. Although different landslide types take place 
under different geological and geomorphological 
conditions, this study focuses on identifying locations 
within the archaeological sites that are more suscep-
tible to slope instabilities from factors such as i) slope 
angle (S.A.), ii) archaeological site indications (S.F.), iii) 
erosion (E), iv) lithology (L) and v) distance from tec-
tonic lineaments (D.T.L.). 

Taking into consideration landslide susceptibili-
ty studies in Greece, their scale (1:50.000 and national 
scale), landslide types under study, classifications, lim-
itations and the international literature on earthquake 
induced landslides, slope angle (S.A.) was classified 
into four classes with the highest class being that of  
>30° (Table 2) including slopes and escarpments sus-
ceptible to both landslides and rock falls. Class scores 
are based on the standardization of  the Landslide Rel-
ative Frequency proposed by Sabatakakis et al. [2013]. 

The Archaeological Site Factor (S.F.) introduced in 
this study represents the inventory of  the site through 
the following direct and indirect parameters relating 
to slope instabilities scored according to their relative 
importance to the effect of  landslides:

i) �Slope instability - Relevant Studies (S.I. - R.S.) 
- Direct indications of  existing slope instabil-
ity at the site, through observations, records 
and relevant studies represent the inventory of  
the site. Indicators mainly include rock-falls, 
ground cracks and slope deformation that are 
considered as direct indications of  existing slope 
instability.

ii) �Indirect indications of  slope instability come 
from the monuments of  the site. Tilted or fold-
ed walls, rotated and displaced buttress walls 
are considered as Earthquake Archaeological 
Effects (EAEs) indicative of  permanent ground 
deformation [Rodríguez-Pascua et al. 2011]. 
These effects need to be handled with caution 
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since similar effects such as compaction of  arti-
ficial fill could be misinterpreted for slope insta-
bility indication. Therefore, these indications 
are assessed during fieldwork and where they 
can be related to slope instability they should 
be included in the study. 

iii) �Slope stabilization works (S.W.) - If  an archaeo-
logical site is indicative of  landscape modifica-
tion through quarrying and artificial fill relating 
to levelling of  slopes then such interventions 
usually include retaining walls and buttress 
walls. If  no strain structures are observed, their 
presence indicates actions for slope stabilization 
and they should be included in the study. How-
ever, if  these constructions are indicative of  
strain structures on the building fabric generat-
ed by permanent ground deformation relating 
to slope instability then they potentially repre-
sent EAEs of  slope instability. 

The erosion factor (E) represents an indirect in-
dication of  slope instability that relates to erosion 
processes that act as triggering parameters for insta-
bilities in coastal slopes and continental slopes near 
streams. The factor reflects the proximity of  an ar-
chaeological site to the coastline and/or stream that 
combined with the slope angle and lithology are in-
dicative of  potential slope instabilities In this study, 
a combination of  the Distance to Coast Factor by 
Alves et al. [2011] for a 1:10.000 scale and the distance 
from streams factor by Kouli et al. [2014] expressed 
through five classes is proposed.

The lithology factor (L) is based on the suscep-
tibility of  lithological units as classified and applied 
in the landslide susceptibility map of  Greece [Sabat-
akakis et al. 2013 and references therein]. The flysch 
unit presents the highest frequency and can be consid-
ered as the most susceptible unit to slope instabilities 
followed by Neogene sediments and recent depos-
its. The units with the lowest frequency that can be 
considered as low susceptibility units are carbonates, 
metamorphic rocks and igneous volcanic rocks. These 
units are merged into six classes ranked and standard-
ized according to the Landslide Relative Frequency of  
the national inventory. 

Finally, the distance to tectonic lineaments factor 
(D.T.L.) reflects the effects of  active tectonics on the 
stability of  slopes. Fracturing and shearing of  geolog-
ical formations by active tectonic processes contribute 
significantly to slope failures since they are associated 
with extensive fractured zones and steep relief  mor-
phology. Landslide susceptibility studies in Greece are 

characterised by a variety of  classes and linear ratings 
for this factor [Foumelis et al. 2004, Ladas et al. 2007, 
Rozos et al. 2011, Kouli et al. 2014]. However, for this 
study the classification and scores by Ladas et al. [2007] 
are applied since the classes are distributed in a way 
that express satisfactorily the mean tectonic shear at-
tenuation with distance.

2.3.3. Tsunami Susceptibility Indicator (TsSi) factors
The susceptibility of  a coastal area to geomor-

phological impacts from a tsunami mainly depend on 
coastal geomorphological and topographical factors 
that according to the literature have an effect on tsuna-
mi run-up, inundation depth and backwash dynamics 
that control the extent of  the impacts [Dawson 1994, 
Matsutomi et al. 2001, Choowong et al. 2007, Goto 
et al. 2011]. Tsunami run-up and inundation dynam-
ics vary significantly from site to site and studies have 
shown that the main controlling parameters are crus-
tal deformation during the seismic event, orientation 
of  propagation vector to the mean shoreline direction, 
distance from the tsunami generation area, bathyme-
try, coastal and land morphology [Geist 2001, Papatho-
ma and Dominey-Howes 2003, Fritz et al. 2011, Lek-
kas et al. 2011]. In this study, the tsunami propagation 
vector is considered as having maximum value, orient-
ed at right angles to the mean shoreline and factors 
of  coastal and land geomorphology will be assessed 
according to their contribution to on-shore tsunami 
propagation and impact. 

The susceptibility of  an archaeological site to 
tsunami is expressed through topographical and geo-
morphological properties reflecting the potential of  
the site to experience the impacts from a tsunami. This 
potential is further investigated and supported by re-
cords of  historical or modern tsunami events for each 
site. In the following paragraphs, the factors and their 
classes used in this study are presented in order of  im-
portance. 

The inundation depth factor (I.D.) represents a 
combination of  international emergency planning 
practices with studies performed at a local level, based 
on historical records of  tsunamis in Greece. The 10 m 
contour is generally considered as the mean maxi-
mum altitude of  potential tsunami inundation depth 
[Samant et al. 2008, Lekkas et al. 2010] with the first 
5 m contour as the most susceptible zone for tsunami 
inundation, [Papathoma and Dominey-Howes 2003]. 
At this point it has to be mentioned that setting the 10 
m elevation as a potential maximum for tsunami run-
up height and inundation depth represents a general 
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estimation given that higher elevations of  run-up and 
inundation have been recorded regionally (e.g. in Asty-
palaea by the 1956 Amorgos tsunami, Dominey-How-
es [1996]), and internationally (e.g. in Tohoku by the 
2011 earthquake tsunami Mori et al. [2011]). However, 
these higher altitudes are considered as exceptional and 
locally recorded and are not included in this study in 
order to allow a more detailed analysis for the coastal 
zone. Therefore the classification as presented in Table 
2 includes six classes from 0-2 m to >10 m with scores 
ranging from very high (1) to not susceptible (0).

The catalogues of  historical seismicity and tsuna-
mis provide information on whether an archaeological 
site has suffered tsunami impacts. However, the Greek 
catalogues of  historical tsunami events include gross 
errors and inaccuracies that may lead to incorrect as-
sumptions about the return periods and magnitudes 
of  tsunami events [Dominey-Howes 2002, Papado-
poulos and Fokaefs 2005]. Studies that combine sys-
tematic investigations of  the available documentary 
and geological records, combined with bathymetric 
data and modelling of  tsunami propagation, run-up 
and inundation represent the most reliable sources for 
historical tsunami events, [Dominey-Howes 2002]. In-
direct indications for historical tsunami events come 
from published studies investigating high-energy de-
posits that potentially could relate to past tsunami 
events. After the events of  the Indian Ocean 2004 and 
Tohoku, Japan 2011, an increase in paleotsunami stud-
ies in the Mediterranean is recorded [Morhange et al. 
2012]. Greek coastlines and archaeological sites have 
been studied systematically for high-energy deposits 
that are correlated with historical seismic events and 
are assessed as tsunami deposits. However, the rela-
tion of  high-energy deposits with tsunami deposits 
is a challenging task requiring extensive sedimentary, 
geoarchaeological, archaeoseismological studies and 
multidisciplinary expert judgements. Therefore, stud-
ies that suggest high energy events for an archaeologi-
cal site that potentially relate to a tsunami event that is 
not included in the historical catalogues although they 
should be taken into consideration, should be treated 
with caution. Consequently, the Archaeological Site 
Factor (S.F.) for this effect is composed by three classes 
summarised to i) historical records and relevant stud-
ies that support the validity of  the historical record, ii) 
historical record without relevant studies and iii) high 
energy event studies that although they correlate with 
historical seismic events, they do not correlate with 
historical tsunami records. 

Finally, recent post-tsunami studies indicate a di-

rect relationship between run-up, inundation, degree 
of  sediment deposition and erosion with coastal ge-
omorphology [Goto et al. 2011, Chandrasekar et al. 
2012, Tanaka et al. 2012]. Tsunami impacts are con-
trolled mainly by the coastal configuration and local 
geographic setting with maximum run up and inunda-
tion extent along estuarine coasts and minimum run-
up and inundation along elevated coasts suggesting 
that steep topographic coastal settings are less affected 
in relation to estuarine coastal settings that are highly 
affected. Therefore, the geomorphological setting of  
a site can be considered indicative of  its susceptibility 
to run-up and inundation extent and subsequently to 
potential geomorphological impacts. In this study, the 
Geomorphology factor (G) is based on the quantitative 
statistical data provided by the study of  Chandrasekar 
et al. [2012] for the relationship between inundation 
and coastal geomorphology.

2.4. Temporal Vulnerability indicators
Assessment of  the temporal vulnerability of  ar-

chaeological sites is in part, built upon the extensive 
range of  vulnerability assessment parameters pro-
posed by Papathoma-Köhle et al. [2007], and go fur-
ther to include the physical state of  monuments at our 
study sites, combined with economic data for those 
sites as well as visitor density. 

2.4.1. Physical vulnerability indicator (p)
The physical vulnerability of  the monuments for 

each archaeological study is explored via an identifica-
tion, analysis and assessment of  the existing range and 
state of  intervention works that have been undertaken 
to date. Intervention works on archaeological sites as de-
fined in the charters of  Athens 1931 [CIAM 1931], Venice 
1964, [ICOMOS 1965] and Burra 2013 [Australia ICO-
MOS 2013], range in style from a ‘minimum rescue con-
servation work’ to ‘extended reconstructions of  monuments 
for their public use as museums, galleries and so forth’. More 
specifically, the types of  interventions include:

- �Conservation: Temporal consolidation and stabi-
lization interventions aimed at the short-term 
preservation and protection of  the monument 
from further damage or even the loss of  it, in 
a non-invasive way [ICOMOS 2001, Mallou-
chou-Tufano 2007, Australia ICOMOS 2013]. 

- �Restoration: The process of  restoration aims to 
preserve and reveal the aesthetic and historic 
value of  the monument [ICOMOS 1965]. It in-
volves archaeological and historical study of  the 
monument, and structural stability analysis. Ad-
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ditions are not allowed and replacement of  miss-
ing parts must integrate harmoniously with the 
whole, but at the same time they must be distin-
guishable from the original [ICOMOS 2001]. 

- �Anastylosis: The term designates specific types 
of  interventions on monuments preserved in a 
ruined condition, in order to, wherever possible, 
reinstate any original fragments that may be re-
covered [CIAM 1931]. New materials used for 
this purpose should in all cases be recognizable. 

- �Reconstruction: The total or to a considerable 
percentage recreation of  a vanished monument 
using new materials [Mallouchou-Tufano 2007, 
Australia ICOMOS 2013].

Recent investigations on the effectiveness of  resto-
ration interventions for the vulnerability reduction of  
masonry structures to seismic hazard are significant. 
They suggest that before restoration interventions, the 
fragility curves of  a historical structure in Greece would 
be expected to result in ‘a 71% probability of  experiencing 
heavy damage from a seismic motion with demand represented 
by PGA=0.20g’. However, after restoration interventions 
the probability of  damage was reduced to 40% [Asteris 
et al. 2014]. We note however, more empirical work is 
needed at a wider range of  archaeological sites and on a 
much greater range of  structures to determine the effec-
tiveness or otherwise of  mitigative strategies.

Therefore, the extent of  interventions on a mon-
ument is considered as a factor that reflects the monu-
ment’s physical vulnerability in the sense that a monu-
ment with no interventions is considered as neglected 
and therefore more susceptible to further deterioration 
and potential damage from a future earthquake event, 
and is assigned the score of  1. On the contrary a mon-
ument that has received extensive interventions (recon-
structions) is considered as being relatively safe for future 
generations and is considered as relatively resilient and is 
assigned the score of  0. Although we acknowledge that 
in reality this is heavily dependent on the quality of  the 
work undertaken. For an archaeological site, each mon-
ument is assigned with a score according to the type of  
interventions that it preserves. The sum of  the scores as-
signed, divided by the number of  the monuments repre-
sent the physical vulnerability indicator for the archaeo-
logical site. Monuments preserved in a buried condition 
are not included in the study. 

2.4.2. Economic importance indicator (e)
The importance of  an archaeological site to the 

national and local economy is indirectly assessed 
through the factor of  admission tickets. There are 

3,080 archaeological sites in Greece with 117 sites 
having admission by ticket sales [ELSTAT 2014] indi-
cating that the majority of  the archaeological sites of  
the country are unexploited. However, the majority of  
these unexploited sites are open to the public without 
admission ticket. The main reason why so many sites 
in Greece are open to the public without admission is 
due to the fact that they have not yet been promoted, 
do not follow the appropriate installations standards 
(information signs, routes, WC, etc.) and are not as-
signed with the necessary personnel. 

Therefore, archaeological sites with admission tick-
ets can be considered as valuable sites to the national 
economy and are scored with the value of  1. In the case 
of  an earthquake, potential damage to the monuments 
will keep the sites closed to the public for a considera-
ble time period in order to restore the damaged monu-
ments, resulting in direct financial impacts on both the 
local and national economy. On the other hand, the sites 
that are open to the public without admission ticket, or 
totally closed to the public, will have no direct economic 
impacts to the national economy in the event of  their 
damage, and are assigned with the value of  zero. At this 
point, it should be stated that sites without admission 
although they do not contribute to the national econo-
my are not considered as less “valuable” compared to the 
sites with admission. The “value” of  the cultural heritage 
in terms of  archaeological, social and economic dimen-
sions is not examined in this study. All monuments are 
considered as unique having equal archaeological, social 
and economic value. 

2.4.3. Human vulnerability indicator (h)
This indicator is based on the relative densi-

ty that the archaeological sites present according 
to their number of  visitors per year, indirectly ex-
pressing the human vulnerability through poten-
tial injuries or casualties during a seismic event. In 
order to investigate the relative density of  the ar-
chaeological sites for 2013, from the 117 archaeo-
logical sites of  the country with admission tickets 
the density distribution was examined and classi-
f ied according to the data available from ELSTAT 
[2014] (Table 6). The classif ication indicates that 
nearly half  of  the archaeological sites (42%) pres-
ent the minimum density with less than 10.000 
visitors per year, while approximately one third of  
the archaeological sites have annual visitor density 
ranging from 10.000 to 100.000. Sites with density 
higher than 100.000 visitors represent 17.7% while 
only 12 archaeological sites, representing approx-



MINOS-MINOPOULOS ET AL.

12

imately 10%, were kept closed to the public. The sites 
closed to the public are either due to direct safety issues, 
or due to ongoing intervention and promotion works.

For the majority of  the archaeological sites open to 
the public without admission tickets, no information on 
visitor density is available. Since it is not possible to esti-
mate the number of  visitors for the open archaeological 
sites, taking into consideration that they are not favored 
by organized group visits and receive only individuals, 
they are classified in the class of  <10.000 visitors per year, 
although small variations may in reality exist. Taking 

into consideration that the higher the density of  visitors 
the higher the human vulnerability, then the standard-
ized scores presented in Table 6 were assigned to the vis-
itors density classes. 

3. Results - Discussion
The application of  the proposed method to the 

selected archaeological sites produced a considerable 
amount of  data. The results of  the assessment provide 
useful information that can be used to consider the range 
of  potential risk management and preservation options 
available to authorities to protect sites of  cultural herit-
age. Further, they also allow the identification of  aspects 
of  the method that should be subject to further analy-
sis and investigation, modification and improvement 

and field-testing at other sites to determine its general 
applicability. Where appropriate, we draw attention to 
these opportunities. In the following sections the results 
are presented in a graphical manner while the weighted 
factors, indicators and index scores for each site are sum-
marized in tables included in the Appendix. 

3.1. Spatial Susceptibility 

3.1.1. Liquefaction Susceptibility 
The results of  the LqSi suggest that three sites 

present exceptionally high scores of  susceptibility to 
ground liquefaction ranging from 0.9 to 1 (Figure 
3). These are Lechaion harbour and the Kenchreai 
harbour in Corinth and the Roman Baths in Samos. 
The maximum score of  1, attributed to Lechaion 
harbour, is the result of  the highly susceptible set-
ting and a study on past liquefaction events [Mi-
nos-Minopoulos et al. 2015]. Kenchreai harbour is 
the second most susceptible site with a score of  0.96 
followed by the Roman Baths (0.9) (Table 1). The 
slight deviation of  its score in relation to Kenchreae 
harbour’s score is mainly due to the lack of  archaeo-
logical site indications. Heraion in Samos is another 
site with a very high susceptibility (0.8) but relative-
ly less susceptible than Lechaion, Kenchreae and the 
Roman Baths, mainly attributed to its depositional 
environment that is composed of  sandy silts rep-
resenting an alluvial plain environment. The very 
high susceptibility scores suggest that these sites 
should be prioritised in the near future for geotech-
nical investigations so that appropriate mitigation 
measures may be identified.

The majority of  the archaeological sites in Kos 
(Neratzia Fortress (0.74), Ancient Agora (0.695), 
West Archaeological site (0.68), and the Altar of  Di-
onysus (0.62)) and the Theatre in Corinth (0.66) are 
the sites with high liquefaction susceptibility that is 
attributed mainly to their deposits, age and water 
table depth. 

Akrotiri on Santorini is the only site with a low 
susceptibility indicator of  0.26. This is the result of  a 
geological age factor score of  0.2 and archaeological 
site factor score of  0.06, while the sites of  Agora and 
Odeion in Corinth, the Asklepieion in Kos, the Eu-
palinos tunnel and Logothetis Castle in Samos and 
the Ancient Thera in Santorini are considered as not 
susceptible since their spatial properties do not fa-
vour the manifestation of  the effect.

It is interesting to note that no site is charac-
terised by moderate susceptibility and this is either 

Archaeological Sites SSi TVi A.S.V.I

Corinth

Agora 0.125 0.458 0.583

Theatre 0.201 0.221 0.423

Odeion 0.035 0.125 0.160

Lechaion 0.38 0.125 0.505

Kenchreai 0.342 0.18 0.522

Kos

Neratzia Fortress 0.308 0.458 0.766

Ancient Agora 0.244 0.163 0.407

West Arch. Site 0.208 0.138 0.346

Altar of  Dionysus 0.188 0.221 0.41

Asklepieion 0.128 0.416 0.544

Samos

Heraion 0.305 0.436 0.741

Roman Baths 0.282 0.18 0.462

Eupalinos Tunnel 0.121 0.401 0.523

Logothetis Castle 0.206 0.138 0.344

Santorini

Akrotiri 0.124 0.458 0.582

Ancient Thera 0.126 0.428 0.554

Table 6. Archaeological Site Vulnerability Index (A.S.V.I.)scores for 
the sites under study.
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attributed to the geological - geomorphological set-
ting of  the sites or it indicates that the indicator re-
quires further refinement.

Further application of  the LqSi to new archaeo-
logical sites coupled with analysis at sites similar in 
form will allow resolution of  this issue. 

3.1.2. Landslide Susceptibility 
The application of  the LsSi for the assessment of  

landslide susceptibility suggests that the archaeologi-
cal site with the highest susceptibility is the Logothetis 
Castle, Samos Island with a score of  0.89 (Figure 4). 
The site is located on a coastal escarpment reflecting 

Figure 3. The Liquefaction Susceptibility indicator diagram for the archaeological sites under study. 

Figure 4. The Landslide Susceptibility indicator diagram for the archaeological sites under study.  
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the intense coastal erosion processes on the Neogene 
marly limestone formation (Figure 5). This escarp-
ment presents extensive slope instabilities that have led 
to the gradual collapse of  the southern fortress wall 
and to extensive structural effects on the fortress tow-
ers. Therefore, it can be suggested that a future seismic 
event might trigger rapid and extensive rock-falls along 
the unstable and deteriorated escarpment front, result-
ing to further damage on the fortress wall towers.

The archaeological sites of  Agora in Corinth, the 
Asklepieion in Kos, the Eupalinos tunnel in Samos and 
Ancient Thera in Santorini are classified as sites with 
high susceptibility that require further studies of  a geo-

technical nature that will assess their susceptibility in de-
tail (Table 2). Better underlying knowledge of  geotech-
nical aspects of  each site would help to refine aspects of  
the method and increase confidence in the attribution 
and weighting of  factors used in our assessment. 

The ancient harbour of  Lechaion, the Theatre 
in Corinth and Akrotiri in Santorini are rated as sites 
with moderate susceptibility mainly attributed to their 
slope angles, archaeological indications and erosion 
processes. They also require further studies for the 
detailed assessment of  their susceptibility. However, 
priority should be given to the sites with very high and 
high susceptibility. Finally, the Kenchreai harbour in 

Figure 5. Slope instabilities as recorded on the southern escarpment at Logothetis Castle site (a) collapsed part of  the fortress wall along 
with rock fall debris deposits (b) the active escarpment and the WNW fortress tower with debris deposits, (c) the preserved remains of  the 
WNW and ESE towers of  the fortification wall.
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Corinth, the Neratzia Fortress in Kos and the Heraion 
in Samos, are classified as sites with low susceptibili-
ty. Their scores mainly reflect their gradual deteriora-
tion from coastal erosion processes that require direct 
measures for their preservation. 

3.1.3. Tsunami Susceptibility 
The results of  the TsSi (Table 3) are indicative 

of  two sites that present the highest susceptibility to 
tsunami impacts. These are the Lechaion harbour in 
Corinth (0.86) and the Neratzia fortress in Kos (0.88) 
(Figure 6). Although both sites are located at 0-2 m 
elevation, Lechaion harbour is considered as more 
susceptible to tsunami effects since it is located in an 
estuary. For the site of  Neratzia fortress, the histor-
ical tsunami record of  the A.D. 554 event suggests 
that the area suffered extensive damage, although the 
event pre-dates the construction of  the fortress. For 
the Lechaion harbour although no historical tsuna-
mi records exist, recent studies suggest high-energy 
deposits that relate to tsunami events are present 
[Hadler et al. 2013]. 

Kenchreai harbour in Corinth and Heraion site 
in Samos share the same score of  0.76 and are clas-
sified as highly susceptible to tsunami. Both sites are 
located in the 0-2 m inundation depth zone and they 
are characterised by shallow coastal geomorphology. 
The Roman Baths site in Samos (0.62) and the An-
cient Agora in Kos (0.6) are additional sites character-

ised by high susceptibility to tsunami impacts mostly 
due to the inundation depth zones of  higher altitude. 

The West archaeological site and the Altar of  Di-
onysus (0.4) are characterised as moderately suscep-
tible mainly due to their location to higher altitudes 
and due to the historical tsunami record. Finally, the 
Logothetis Castle in Samos (0.26) is considered as a 
site of  low susceptibility. This score reflects the low 
inundation depth factor score and the low geomor-
phology score since the site is located on an elevated 
coast at 10 m altitude.

Assessment and refinement of  factors impact-
ing tsunami susceptibility could be improved down 
the track by benchmarking actual damage states ob-
served in future post-tsunami surveys to structures 
with similar characteristics as those contained in our 
assessment. This would greatly increase confidence 
in the way in which we have deployed our method or 
provide insights for improvement and enhancement. 

3.1.4. Spatial Susceptibility index
Synthesis of  the spatial susceptibility through 

the Spatial Susceptibility index highlights the ar-
chaeological sites of  Lechaion and Kenchreai har-
bours in Corinth, Neratzia Fortress in Kos and 
Heraion in Samos as the most susceptible sites to 
secondary Earthquake Environmental Effects (Fig-
ure 7). Their high susceptibility is mainly attributed 
to their coastal settings and depositional environ-

Figure 6. The Tsunami Susceptibility indicator diagram for the archaeological sites under study.  
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ments that in combination with poor geotechnical 
properties, favour the manifestation of  ground liq-
uefaction and on shore tsunami impacts.

Moderate index values characterise sites sus-
ceptible to at least one effect or a combination of  
susceptibilities to more than one effect (Table 4 in 
the Appendix). For example, the site of  Logothe-
tis Castle in Samos (0.412) is highly susceptible to 
landslide and presents low susceptibility to tsuna-
mi, while the Ancient Agora in Kos (0.489) presents 
high susceptibility to liquefaction and tsunami, and 
low susceptibility to landslides. 

Finally, sites with low susceptibility reflect sites 
susceptible to one effect only - that of  landslides - at-
tributed mainly to the location of  the sites at higher 
altitudes, to the geological properties of  the sub-
stratum and archaeological indications of  ground 
instabilities. The Odeion in Ancient Corinth is the 
site with the lowest index (0.071) that is considered 
as not susceptible to secondary EEEs. 

Although the susceptibility indicators high-
lighted archaeological sites with very high suscepti-
bility, the SSi indicates that no site is characterised 
with very high susceptibility. This is attributed to 
the fact that in order for a site to have very high spa-
tial susceptibility, it must present high or very high 
susceptibility to all three EEEs, a condition that can 
be considered as exceptional and was not encoun-

tered during the field surveys on the sites.
Future refinement and improvement of  the SSi 

could occur by integrating the results of  new scientific 
studies as they emerge. Thus, the development of  the 
method should be a reflective and on-going process al-
ways seeking to integrate latest knowledge. 

The results from the application of  the Spa-
tial Susceptibility index suggest that the majority 
of  the archaeological sites investigated by us are 
susceptible to at least one secondary EEE high-
lighting the contribution of  spatial aspects to the 
vulnerability of  archaeological sites to earthquake 
hazard and the necessity for their integration in 
seismic vulnerability and risk assessments for cul-
tural heritage protection. Furthermore, the method 
allows the systematic evaluation of  spatial susceptibility 
for archaeological sites, their comparison (Figure 7) and 
a guide for prioritizing sites for further investigations and 
mitigation measures at a regional and national level.

3.2. Temporal vulnerability 

3.2.1. Physical vulnerability 
From the application of  the physical vulnera-

bility indicator (p), the archaeological sites of  He-
raion in Samos (0.96), Ancient Thera in Santorini 
(0.91), the Theatre in Corinth (1) and the Altar of  
Dionysus in Kos (1), stand out as the sites with the 

Figure 7. The Spatial Susceptibility index for the archaeological sites under study (modified after Minos-Minopoulos et al., 2016).
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least interventions and therefore very high physical 
vulnerability (Figure 8; Table 5). Their scores indi-
cate that the majority of  the sites have undergone 
interventions restricted mainly to conservation 
works. Restoration, anastylosis and reconstruc-
tions works are limited to specific monuments in 
the archaeological sites of  Kos (Asklepieion (0.5), 
West Archaeological site (0.5), Ancient Agora 
(0.65)), in the Lykourgos Logothetis Castle (0.5) in 
Samos and in Agora in Corinth (0.77) that results 
in their classif ication of  moderate or high physical 
vulnerability. No site is characterised by low or no 
physical vulnerability reflecting the limited extent 
and types of  interventions on the monuments of  
the sites. Although such practices are in agree-
ment with the charters of  Athens 1931 and Ven-
ice 1964 for the preservation of  their authenticity 
value, they are contributing to a limited extent to 
the resilience of  the monuments against a future 
seismic event.

3.2.2. Economic importance
The application of  the economic importance indi-

cator suggests that seven out of  sixteen archaeological 
sites have admission tickets and can be considered as 
valuable to the local and national economy and con-
sequently contributing to their vulnerability (Table 5 
in the Appendix). At a regional level, it is interesting 

to note that in Corinth only the Agora site is assigned 
with admission ticket (1 site out of  5), in contrast to 
Samos (2 sites out of  4), Kos (2 sites out of  5) and San-
torini island (2 sites out of  2). This observation sug-
gests that any earthquake damage to the archaeolog-
ical sites in Santorini will result in higher impacts to 
the national and local economy in relation to the other 
regions under study.

3.2.3. Human vulnerability 
For the sites under investigation, seven have ad-

mission ticket, eight are open sites without admission 
and one site is closed. According to the visitors num-
bers based on annual records by ELSTAT [2014], the 
archaeological sites of  Agora in Corinth, Neratzia For-
tress and Asklepieion in Kos and Akrotiri in Santorini 
present high visitor density and therefore are consid-
ered as sites with very high human vulnerability and a 
score of  1 (Figure 9). Heraion and Eupalinos tunnel in 
Samos and Ancient Thera in Santorini have a relatively 
moderate visitor density reflected through the score of  
0.66, followed by the open sites of  Theatre, Lechaion 
Harbour, Kenchreai harbour in Corinth, Ancient Ago-
ra, West archaeological site and Altar of  Dionysus in 
Kos, Roman Baths and Lykourgos Logothetis Castle in 
Samos with a score of  0.33 (Table 5 in the Appendix). 
Finally, the Odeion in Corinth is the site with a score of  
0 since it is the only site closed to the public. 

Figure 8. The physical vulnerability indicator for the archaeological sites under study.
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3.2.4. Temporal Vulnerability index
The synthesis of  physical vulnerability, economic 

importance and human vulnerability indicators that 
compose the temporal vulnerability index for the ar-
chaeological sites investigated is presented in Figure 
10 (Table 5 in the Appendix). The results highlight 
the archaeological sites of  Agora in Corinth (0.923), 
Heraion in Samos (0.873), Neratzia Fortress in Kos 
(0.916) and Akrotiri in Santorini (0.916) as the sites 
with very high temporal vulnerability while the dis-
tribution suggests that each region has at least one 
site with very high temporal vulnerability. The qual-
itative classification of  the results (Figure 10), sug-
gests a considerable number of  sites with very high 
temporal vulnerability while the majority of  the 
sites are classified as having low vulnerability with 
only the sites of  the Theatre in Corinth and the Al-
tar of  Dionysus in Kos classified as having moder-
ate vulnerability. 

The very high temporal vulnerability scores re-
flect sites with minor interventions, admission tick-
et and high visitor density suggesting that potential 
damage at these sites from an earthquake event is 
very likely and that it will be followed by major social 
and economical impacts both at local and national 
levels. On the other hand, the Asklepieion site (Kos 
island) represents a good example of  high temporal 
vulnerability score that is not expected to decrease 

considerably with further intervention works since 
it is mainly attributed to the factors of  admission 
tickets and visitors density. The clustering of  the ma-
jority of  the sites to low or moderate vulnerability 
classes is attributed to the fact that the sites are open 
to the public without admission tickets that are con-
sidered to attract less than 10.000 visitors per year. 
Their scores mainly reflect their physical vulnerabili-
ty and the necessity to focus on appropriate interven-
tion works before the sites are opened with ticketed 
admission.

Overall, the temporal vulnerability index might 
be refined in the future by considering in a more sophis-
ticated way, variations in human density (for example) 
between summer and winter and day and night. Clear-
ly sites are closed at night and may have much reduced 
visitor density in the winter resulting in subtle varia-
tions in overall vulnerability. If  robust visitor data can 
be collected for key sites of  interest, further refinement 
and testing of  the method could occur.

3.3. Archaeological Site Vulnerability Index (A.S.V.I.)
The A.S.V.I. highlights two sites with high vul-

nerability - the Neratzia Fortress in Kos (0.766) and 
Heraion in Samos (0.741) (Table 6). Both sites have 
nearly the same score of  SSi as indicated by the dis-
tribution of  the susceptibility indicators (Figure 7). 
Both are equally susceptible to earthquake induced 
ground liquefaction and tsunami inundation due to 

Figure 9. The human vulnerability indicator for the archaeological sites under study.
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their location in the coastal zone and their deposition-
al environments are the main common parameters. 
Their TVi is also very similar, with the Heraion score 
mainly attributed to the poor state of  preservation of  
the site, while Neratzia Fortress attributed both to the 
minimum preservation works and high visitors’ den-
sity. Their final A.S.V.I. score is the result of  their high 

spatial susceptibility combined with their very high 
temporal vulnerability.

The majority of  the sites (10 out of  16) are clas-
sified as moderately vulnerable, with Lechaion and 
Kenchreai scores mainly attributed to relatively high 
SSi, while Akrotiri, Ancient Thera, Eupalinos Tunnel, 
Asklepieion and Agora (Corinth) scores are mainly 

Figure 10. Temporal vulnerability index for the archaeological sites under study.

Figure 11. The A.S.V.I. index with the contribution of  SSi and TVi for the archaeological sites in this study.
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attributed to high TVi. Logothetis Castle (0.344), in 
Samos and West Archaeological site (0.346) in Kos, are 
classified as low vulnerability sites. The low A.S.V.I. 
scores reflect low TVi for both sites (moderate state 
of  preservation, no admission tickets and low visitors 
density). In contrast, the SSi indicates high susceptibil-
ity to liquefaction for the West archaeological site and 
high susceptibility to slope instabilities for the Logo-
thetis Castle. 

The Odeion in Ancient Corinth is the site with the 
lowest vulnerability index (0.160). The site is charac-
terised by the lowest SSi and TVi scores. It represents 
a site closed to the public, with limited conservation 
works and limited spatial susceptibility to EEEs. 

It is worth mentioning that none of  the sites pre-
sents very high vulnerability. This is attributed to the 
lack of  very high SSi scores for the archaeological sites 
as discussed in section 3.1.4, restricting the A.S.V.I. 
scores through Equation 3 to values lower than 0.8, 
that is, not exceeding the high vulnerability class. 

The distribution of  A.S.V.I. scores allows an ex-
amination of  the vulnerability of  the archaeological 
sites at a regional level. In Corinth, the majority of  the 
sites present moderate vulnerability with the Odeion 
classified as not vulnerable. The index scores of  Agora 
and Theatre are mainly attributed to physical vulner-
ability although landslide and liquefaction susceptibil-
ity needs to be addressed and examined in detail. The 
Lechaion and Kenchreai harbour scores on the other 
hand, suggest that future studies should focus on their 
susceptibility to EEEs and more specifically, to ground 
liquefaction for the application of  the appropriate mit-
igation measures. 

In Kos and Samos, the sites range from low to 
high vulnerability presenting a variety in SSi and TVi 
contribution. For the Neratzia Fortress and Heraion in 
Samos multidisciplinary studies are proposed in order 
to examine and address their spatial susceptibility to 
ground liquefaction and tsunami in order to imple-
ment the appropriate interventions. Finally, the sites at 
Santorini are characterized by moderate vulnerability 
mainly attributed to temporal aspects and future stud-
ies should focus on the physical vulnerability of  the 
sites in order to assess the necessary interventions and 
increase their resilience against earthquake hazard.

4. Conclusions
Through the integration of  spatial and temporal 

aspects in the proposed vulnerability assessment meth-
od, we explored the relative contribution to the vulner-
ability of  archaeological sites to earthquake hazard. 

The synthesis of  the Archaeological Site Vulnerability 
Index (A.S.V.I.) index provides the opportunity to iden-
tify the most vulnerable archaeological sites and the 
root causes that need to be addressed with appropriate 
measures and actions in order to increase their coping 
capacity and resilience to future earthquake hazard. 

The results suggest that the archaeological sites 
of  Neratzia Fortress in Kos and Heraion in Samos are 
sites with high vulnerability that need to be prioritised 
for further study and mitigation measures. Although 
the majority of  the archaeological sites investigated 
are characterised by low to moderate vulnerability 
to earthquake hazard, the vast majority of  the sites 
are susceptible to at least one secondary Earthquake 
Environmental Effect, promoting the spatial aspects 
of  vulnerability as a prerequisite in disaster risk man-
agement practices for cultural heritage protection. In 
addition, the results indicate that relatively high physi-
cal vulnerability characterises the majority of  the sites 
due to the existing interventions performed for their 
protection, that follows a general trend of  limited con-
servation works. These interventions are in agreement 
with the minimal requirements of  the Athens (1931) 
and Venice (1964) charters framework and significant-
ly, they do not contribute to the resilience of  the sites 
to earthquake hazard. Consequently, implementation 
of  the charters guidelines to their full extent through 
restoration works is considered necessary in order to 
ensure optimal structural stability with minimal ex-
tent of  interventions, thus preserving the aesthetic and 
historical value of  the monuments and reducing their 
physical vulnerability to acceptable levels. 

Summarizing, the application of  the indicator 
based vulnerability assessment method to the selected 
archaeological sites in Greece, highlighted the suscep-
tibility of  the sites to secondary Earthquake Environ-
mental Effects and focuses attention on the common 
practices that contribute to their physical vulnerability. 
The root causes of  vulnerability should be integrated 
by the cultural heritage management institutions in to 
their pre-disaster planning and disaster risk manage-
ment frameworks. The proposed method represents a 
flexible, low cost method with a promising potential 
for use by end-users from various disciplines at local, 
regional and national levels. Future research on the 
applicability of  this method that explores its potential 
and its limitations represent essential steps towards the 
development of  a holistic and effective vulnerability 
assessment methodology in the framework of  disas-
ter risk management for Cultural Heritage protection. 
In addition to the various suggestions made through 
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for testing and refinement of  aspects of  the method, 
one last and potentially very useful step would be to 
consult with international experts in this area and seek 
their expert judgement on the factors we have iden-
tified and weighted. Specifically, we could invite ex-
perts to identify factors we have not considered and 
offer weightings or the various factors in order to gain 
a consensus on the method embedded in expert-led, 
field based experience. 
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