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Abstract

The study examines a semi-quantitative indicator based method to assess the spatial
susceptibility of archaeological sites to the secondary Earthquake Environmental
Effects (EEEs) of ground liquefaction, landslides and tsunami. The method was
applied at 16 archaeological sites allowing the identification of the EEESs each site is
susceptible to and their prioritization at a national and regional level through the
Spatial Susceptibility index (SSi). Results indicate that the majority of the sites are
susceptible to at least one Earthquake Environmental Effect. This highlights their
contribution to the vulnerability of archaeological sites to earthquake hazard and the
necessity for the integration of spatial susceptibility parameters in vulnerability
assessment studies for cultural heritage protection.

Keywords: spatial susceptibility index, ground liquefaction, landslides, tsunami,
cultural heritage.

Hepiinym

H epyaoio eletaler o nu-moootikn pébodo yio v ektiunon e YWPIKHG
EMOEKTIKOTNTOS — Opyalotoyikwv  Béoewv ouig  devtepoyeveis  Ilepifalloviikes
Emirrwoeis Zeioudrv (EEES) ¢ pevaromoinong edapouvg, twv karorioOoewy kar twv
toovvaur. H pébodog epopuoobnke oe 16 opyoroloyikés Oéoeig kot emétpeye v
avayvapion e emoektikotnrog tovg o EEES ka1 v 1epdpynon tovg oe eBviko kai
TEPLYEPelonsd  eminedo uéow tov deikty Xwpwje Emidextixétnrog (SSi). Ta
OTOTEAEOUATO, EIVOL EVOSIKTIKG THG EMIOEKTIKOTNTOS TG TAEIOWNQIag Twv Bécewv o€
tovAdytotov uio. IHepiParloviixy Enintwon Xeioumv ovadetkvooviag tnv ovuforn twv
EEES otnv ociouixn tpawtotnta twv opyaioloyikmyv Gscewmy kot Ty avoyKkaiotyTo. e
EVTOCNS TOPOUETDWV YWPIKNG ETLOEKTIKOTHTOC OTIS UEAETES EKTIUNONG OEIOUIKNG
TPWTOTNTOS VIO THYV TPOGTATIO. THG TOMTIOTIKNG KANPOVOUIOG.

Aélerc  Klewdrd:  Oeiktng  YWPIKHG  EMOEKTIKOTNTOS, PEVOTOTOINCY — E0G.POVG,
K0T0A100R0€1S, ToOVVAUL, TOMTIOTIKY KANPOVOULG.
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1. Introduction

Cultural heritage due to its intrinsic properties, its physical, social, economic and institutional
characteristics is considered as highly vulnerable to natural hazards. The vulnerability of cultural
heritage is regarded as the susceptibility or exposure of heritage property to hazards (UNESCO
2010). It expresses the inherent weakness of the heritage property due to its location and
consequently its exposure to primary or secondary hazards (Jigyasu, 2005).

Earthquake Environmental Effects (EEES) are co-seismic geological phenomena that either relate
directly to the surface expression of the seismogenic source (known as primary effects) or they are
induced by ground shaking (and are known as secondary effects) (Michetti et al., 2007, 2015). The
susceptibility of an archaeological site to these effects represents a crucial vulnerability parameter
to earthquake hazard since the sensitivity of a site to the occurrence of EEEs during a seismic event,
relates directly to landscape evolution and potential damage effects on the monuments of the site.

This study aims to develop a low cost semi-quantitative method to screen and assess the spatial
susceptibility of archaeological sites to the secondary EEEs of ground liquefaction, landslides and
tsunamis induced by ground shaking and controlled by the local geological - geomorphological
setting (Serva et al., 2015; Minos-Minopoulos, 2015). The method will allow the identification of
susceptible sites to secondary EEEs and their prioritization at a regional and national level through
a Spatial Susceptibility index for further studies and appropriate vulnerability reduction measures.

2. Methods

The archaeological sites selected for this study are located in the regions of Corinth, Samos, Kos
and Santorini islands (Tab. 1). The selection of these regions and sites aimed to capture a variety of
geotectonic regimes, geomorphological settings, land use, archaeological periods and typologies.

Table 1 - The archaeological sites under study.

Corinth Samos Kos Santorini
Ancient Agora Neratzia Fortress
Theatre Roman Baths Ancient Agora

Ancient Thera
Akrotiri

. Eupalinos Tunnel .
Odeion Logothetis Castle Altar of Dionysus

Kenchreai Harbour Heraion West Archaeological Site
Lechaion Harbour Asklepieion

The archaeological sites were examined in terms of their geological and geomorphological
properties through spatial susceptibility indicators for the secondary EEEs of ground liquefaction,
landslides and tsunami. Each EEE indicator is composed of a selection of geological and
geomorphological factors based on previous studies. A number of parameters such as i) historical
records and previous studies in the field of each environmental effect, ii) Earthquake Archaeological
Effects (EAES) related to ground deformation (Rodriguez-Pascua et al., 2011) and iii) interventions
performed either during antiquity or during modern times indicative of active geological and
geomorphological processes, were also included in the assessment of each EEE indicator through
the Archaeological Site Factor.

The factors were assigned with weights according to their relative importance for the aims of this
study. Their relative importance is based, where available, on expert qualitative judgments of
previous studies. Each factor’s classes were standardized with linear scaled values from 0 to 1
following the Analytic Hierarchy Process (Saaty, 1987) with the assistance of the M-MACBETH
software (Bana e Costa et al., 2005) in order to address concerns on subjective transformation of
qualitative judgments to numerical scores. The sum of the selected factors through the weighted
linear combination method composes the susceptibility indicator for each effect. The susceptibility
indicators are rated on a scale from O (not susceptible) to 1 (very high susceptibility).
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Data collection from each archaeological site was based primarily on field survey forms. Additional
data were obtained from 1:5000 scale base maps, 1:50000 scale geological maps, historical records
and available geological and geotechnical studies carried out in the immediate surroundings of each
archaeological site.

2.1. Liquefaction Susceptibility indicator (LgSi)

The susceptibility of archaeological sites to the EEE of ground liquefaction is assessed through the
factors of i) depositional environment (D.E.), ii) water table depth (W.T), iii) geological age of the
deposits (A) and iv) archaeological site indications (S.F.) (Tab. 2). The factors were assigned with
weights (w) according to their relative importance for the aims of this study and their linear weighted
sum through Equation 1 represents the Liquefaction Susceptibility indicator (LgSi).

Equation 1 - Liquefaction Susceptibility indicator formula
LgSi =wiD.E. + w2W.T. + w3A.+ w4S.F.

Table 2 - The spatial susceptibility factors for the Liquefaction Susceptibility indicator
(LgSi) with weights, classes and scores.

LqgSi Factor Weight Classes Score

Continental: river channel, flood plain delta 1
and fan-delta, lacustrine and playa,colluvium,
dunes, loess, tephra, sebka
Coastal zone: delta, estuarine, lagoonal, low

Depositional wave energy beach deposits, fore shore

Environment 0.4 deposits poorly compacted artificial sand fills

(D.E) Continental: alluvial-fan and plain deposits 0.6
Coastal: high wave energy deposits
5 Continental: talus, glacial till, tuff, residual 0
% soils, marine terraces and plains, clay-rich

S sediments, compacted artificial fill, bedrock
5— <3 1
.;' Ground water 3-6 0.85
5 table depth (m) 0.3 610 0.6
< (W.T.) 10 - 15 0.3
o > 15 0
Age Hc_)locene 1
(A) 0.2 Pleistocene 0.4
Pre-Pleistocene 0
. Relevant studies 1
Arc_haeologlcal Past ground deformation indications 0.6

Site Factor 0.1 —

(SF) Slope stabilization works 0.3
None 0

The depositional environment factor (D.E.) determines the composition, sorting and degree of
compaction of the deposits. 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 to have low susceptibility (Youd and Hoose, 1977; Obermeier, 2009). The detailed
susceptibility classification of depositional environments (Youd and Hoose, 1977; Youd and
Perkins, 1978; Youd, 1998) with the necessary adjustments have been grouped into three classes as
presented in Table 2 and the classes were ranked with the assistance of the M-MACBETH software.
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The water table depth factor (W.T.) is considered as an important parameter for liquefaction
susceptibility since liquefaction-susceptible soils must be saturated (Youd, 1998). The susceptibility
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. The classes and qualitative judgments by Youd (1998) are used
in this study ranked with the assistance of the M-MACBETH software.

The geological age (A) of the deposits is another factor considered in the assessment of site
susceptibility to ground liquefaction. According to Youd and Hoose (1977), the susceptibility of
deposits decreases with age since they become more consolidated and therefore less prone to the
manifestation of liquefaction. In this study, the susceptibility of sedimentary deposits in relation to
their geological age is examined according to the qualitative classification made by Youd and
Perkins (1978) ranked with the assistance of the M-MACBETH software.

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 field investigations are considered necessary. These parameters are summarised as i)
previous studies and records for archaeological sites on past earthquake induced liquefaction events
and deformation, ii) indirect structural indications from potential Earthquake Archaeological Effects
(EAEsS) attributed to ground deformation (Rodriguez-Pascua et al., 2011) that could relate to the
surface expression of ground liquefaction and iii) presence of slope stabilization works such as
retaining or buttress walls that can also be considered as indirect indications of mitigation works
against ground instabilities related to ground liquefaction. The classes are scored according to their
degree of relevance to the effect of liquefaction.

2.2. Landslide Susceptibility indicator (LsSi)

The study focuses on identifying locations within the archaeological sites that are more prone to
slope instabilities through selected factors summarised as i) slope angle (S.A.), ii) archaeological
site indications (S.F.), iii) erosion (E), iv) lithology (L) and v) distance from tectonic lineaments
(D.T.L.) (Tab. 3). The linear weighted sum of the factors through Equation 2 represents the
Landslide Susceptibility indicator (LsSi).

Equation 2 - Landslide Susceptibility indicator formula
LsSi = wlS.A. + w2S.F. + w3E+w4L+w5T.L.P.

Taking into consideration the landslide susceptibility studies in Greece, their scale (1:50.000 and
national scale), landslide types under study, limitations and the international literature on earthquake
induced landslides, the slope angle factor (S.A.) was classified into four classes with the highest
class being of >30° (Tab. 3). For the aims of this study the highest class includes slopes and
escarpments susceptible to both landslides and rock falls. Class scores are based on the
standardization of the Landslide Relative Frequency proposed by Sabatakakis et al. (2013).

The archaeological Site Factor (S.F.) represents an inventory of the site through direct and indirect
parameters relating to slope instability. The factor is expressed through i) direct indications of slope
instability through observations, records and previous studies, ii) indirect indications of slope
instability expressed through Earthquake Archaeological Effects (EAES) indicative of permanent
ground deformation (Rodriguez-Pascua et al., 2011), iii) slope stabilization works through retaining
and buttress walls indicative of landscape modification, levelling of slopes and works that aim to
the stabilization of unstable slopes. The classes are scored according to their degree of relevance to
the effect of landslides.

The erosion factor (E) in this study represents an indirect indication of slope instability that relates to
erosion processes and act as triggering parameters for instabilities in coastal slopes and continental
slopes near streams. In this study, a combination of the Distance to Coast Factor by Alves et al. (2011)
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for a 1:10.000 scale and the distance from streams factor by Kouli et al. (2014) is applied at each site,
with quantitative ranking and standardization with the assistance of the M-MACBETH software.

Table 3 - The spatial susceptibility factors for the Landslide Susceptibility indicator (LsSi)
with weights, classes and scores.

LsSi Factor Weight Classes Score
>30° 1
Slope Angle 03 15° - 30° 0.7
(S.A) ' 5°-15° 0.2
<5° 0
. Slope Instability - Relevant Studies 1
Archaeological Archaeological indications of slope instability 0.6
Site Factor 0.3 —
(SF) Slope stabilization works 0.3
None 0
0-20m 1
. 20-50 m 0.8
ks Eros";rl‘z)FaCtor 0.2 50 - 200 m 0.5
I 200 - 1000 m 0.2
= > 1000 m 0
- Flysch 1
Neogene sediments 0.9
. Recent deposits 0.75
L'ﬂzil)Ogy 0.1 Metamorphic rocks 0.35
Carbonate rocks 0.2
Igneous volcanic rocks, Schists -cherts 01
formations '
Distance to <150 m 1
Tectonic
Lineaments 0.1 150 -300 m 0.5
(D.T.L) >300 m 0

The lithology factor (L) is based on the susceptibility of lithological groups as classified by IGME
and applied in the landslide susceptibility map of Greece, (Sabatakakis et al., 2013 and references
therein). These groups are merged into six classes ranked and standardized according to the
Landslide Relative Frequency.

Finally, the distance to tectonic lineaments factor (D.T.L.) reflects the effects of active tectonics on
the stability of slopes that correlate with extensive fractured zones and steep relief morphology. The
definition and classification of buffer zones relating to the distance from tectonic lineaments is a
common practice in landslide susceptibility assessment studies characterised by a variety of classes
and linear ratings. For the aims of this study the classification and scores by Ladas et al. (2007) are
considered as most suitable since the classes are distributed in a way that express satisfactorily the
mean tectonic shear attenuation with distance.

2.3. Tsunami factors

The susceptibility of an archaeological site to the effects of a tsunami is assessed through the factors
of i) inundation depth (1.D.), ii) archaeological site factor (S.F.) and iii) geomorphology (G) (Tab. 4).
The linear weighted sum of the factors reflects the potential of an archaeological site to suffer damage
from an earthquake induced tsunami expressed through the Tsunami Susceptibility indicator (Eqg. 3).

515



Equation 3 - Tsunami Susceptibility indicator formula
TsSi = will.D. + w2S.F.+ w3G

The inundation depth factor (1.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 considered as the mean maximum altitude of potential tsunami inundation depth
(Samant et al., 2008, Lekkas et al., 2010) with the first 5 m contours as the most susceptible zone
for tsunami inundation, (Papathoma and Dominey-Howes, 2003), (Tab. 4). The classification
includes six classes from 0-2 m to >10 m with scores and standardization assessed with the assistance
of the M-MACBETH software.

Table 4 - The spatial susceptibility factors for the Tsunami Susceptibility indicator (TsSi)
with weights, classes and scores.

TsSi Factor Weight Classes Score
0-2m 1

2-3m 0.8

Inundation depth 0.7 3-4m 0.6

(1.D.) ' 4-5m 0.4

5-10m 0.3

— >10m 0
§ Archaeological Historic_al R(_ecords and studies 1
2 site factor 0.2 Historical Records 0.6
= (SF) ' High Energy event studies 0.3
None 0

Estuarine 1

Geomorphology 01 Shallow coast 0.6

(G) ' Elevated coast 0.5

Not coastal site 0

Regarding the archaeological site factor (S.F.) for this effect, the catalogues of historical seismicity
and tsunamis provide information on whether an archaeological site has suffered damage in the past
during a tsunami. However, the Greek catalogues of historical tsunami events include gross errors
and inaccuracies that may lead to incorrect assumptions on the return periods and magnitudes of
tsunami events (Dominey-Howes, 2002; Papadopoulos and Fokaefs, 2005). Studies that combine
systematic 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). Consequently, three classes
are attributed to this factor, i) historical records and relevant studies 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. The classes are scored according to their degree of relevance to the tsunami effect.

Recent post-tsunami studies indicate a direct relationship between run-up, inundation, degree of
sediment deposition and erosion with coastal geomorphology (Chandrasekar et al., 2012; Tanaka et
al., 2012). Tsunami impacts are controlled mainly by the coastal configuration and local geographic
setting with maximum run up and inundation extent along estuarine coasts and minimum run up and
inundation along elevated coasts suggesting that a steep topographic coastal setting is less affected in
relation to estuarine coastal topography that is highly affected. In this study the quantitative statistical
data provided by the study of Chandrasekar et al. (2012) for the relationship between inundation and
coastal geomorphology were standardized for each class of the geomorphology factor (G).
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2.4. Spatial Susceptibility index (SSi)

The susceptibility of the archaeological sites to the Earthquake Environmental Effects (EEES) of
liquefaction, landslides and tsunamis, is expressed through the Spatial Susceptibility index (SSi).
The index is composed by the equally weighted sum of the susceptibility indicators expressed
through Equation 4, standardized in a scale from O (not susceptible) to 1 (very high susceptibility)
and expressed qualitatively through five susceptibility classes (Tab. 5).

Equation 4 - Spatial Susceptibility index formula
LqSi+LsSi+TsSi

SSi =

3
The index expresses the susceptibility of each archaeological site to the EEEs of ground liquefaction,
landslides and tsunamis and allows their relative prioritization at a national and regional level.

Table 5 — Qualitative classification of the Spatial Susceptibility index.

Spatial Susceptibility index
Description | Not Susceptible Low Moderate High Very High
Value 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1
3. Results

The application of the method to the archaeological sites under study (Tab. 6, Fig. 1) allowed the
identification of the most susceptible sites to the secondary EEEs, the nature of the effects and their
relative contribution to the site’s susceptibility. The results highlight the archaeological sites of Lechaion
harbour (0.76) and Kenchreai harbour (0.684) in Corinth, the Neratzia Fortress in Kos (0.617) and
Heraion in Samos (0.610) as the most susceptible sites to EEEs. Their high susceptibility is mainly
attributed to their coastal setting and depositional environments that in combination with poor
geotechnical properties mainly favour the induction of ground liquefaction and on shore tsunami impacts.

Moderate index scores are attributed to sites with very high susceptibility to at least one effect or a
combination of susceptibilities to more than one effect. For example, the index score for the
archaeological site of Logothetis Castle (0.412) is attributed to its very high susceptibility to
landslides and to its low susceptibility to tsunami, while the Ancient Agora in Kos index (0.489) is
attributed to high susceptibility to liquefaction and tsunami and low susceptibility to landslides. Low
index scores relate to susceptibility to only one effect- that of landslides, attributed mainly to the
location of the sites at higher altitudes, e.g. Ancient Thera (0.253) to the geological properties of the
substratum, e.g. Ancient Agora in Corinth (0.251) and archaeological indications of ground
instabilities e.g. Asklepieion (0.256). Finally, the archaeological site of Odeion in Ancient Corinth
is the site with the lowest index value (0.071) and is considered as not susceptible to EEEs.

Although the indicators highlighted archaeological sites with very high susceptibility, the Spatial
Susceptibility index (SSi) indicates that no site is characterised by very high susceptibility. This is
attributed to the fact that in order for a site to have very high susceptibility, it must present high or very
high susceptibility to all three effects of ground liquefaction, landslides and tsunami, a condition that
can be considered as exceptional and was not encountered during the field surveys on the sites.

The spatial distribution of susceptibility is a useful tool for various end-users since it allows the relative
susceptibility assessment at a regional level (Fig. 1). The region of Corinth has archaeological sites
ranging from not susceptible (Odeion) to highly susceptible (Lechaion, harbour, Kenchreai harbour).
Samos and Kos archaeological sites range from low to high susceptibility, while both of the Santorini
sites are assessed with low susceptibility. The assessment at a regional level allows the direct
identification and prioritization of the regions and their sites that need to be addressed with further
studies and measures according to the EEESs proposed by the Spatial Susceptibility index.
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Table 6 - Regional distribution of the Spatial Susceptibility index for the archaeological sites
under study. Sites under very high susceptibility to EEEs in bold.

Archaeological S | Liquefaction indi | Landslide indicat | Tsunami indicat SSi
ites cator (LgSi) or (LsSi) or (TsSi)
Ancient 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 sites
Akrotiri 0.26 0.505 0 0.248
Ancient Thera 0 0.76 0 0.253

4. Conclusions

The results indicate that the majority of the archaeological sites under study are susceptible to at
least one Earthquake Environmental Effect. Overall, four archaeological sites (Lechaion and
Kenchreai habours in Corinth, Neratzia Fortress in Kos and Heraion in Samos) present high
susceptibility to EEEs. Moderate susceptibility is attributed to five sites while six sites are
characterized by low susceptibility and only one site (Odeion) is considered as not susceptible.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Agora

Theatre
Odeion

Ancient Corinth
sites

Lechaion
Kenchreai

Neratzia Fortress
_— ® Liquefaction Indicator (LqSi)

Ancient Agora
West Arch. Site

Altar of Dionysus

M Landslide Indicator (LsSi)

Kos sites

Tsunami Indicator (TsSi)

Asklepieion

Heraion

Roman Baths |§

Samos sites

Eupalinos Tunnel  |&

Logothetis Castle

Akrotiri

Santorini
sites

Ancient Thera

Figure 1 - The Spatial Susceptibility index with indicators contribution for the
archaeological sites under study.
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Therefore, the results of this study suggest that the vulnerability assessment of archaeological sites
to earthquake hazard should not only be limited to the physical vulnerability of the monuments to
ground shaking commonly assessed through vulnerability curves but also include potential damages
and degradation effects as a result of ground deformation processes induced by EEEs. The proposed
method allows the identification of the EEEs that archaeological sites are susceptible to and
prioritization of the sites at a national and regional level through the Spatial Susceptibility index
(SSi) for further site specific vulnerability assessment studies and appropriate measures for effective
cultural heritage protection against the earthquake hazard.
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