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Abstract. Geological identification of tsunami deposits is beyond the historical record. Although the tsunami database
important for tsunami hazard studies, especially in areawbtained will be incomplete and biased towards larger events,
where the historical data set is limited or absent. Evidencat will still be useful for extreme event statistical approaches.

left by historical tsunamis in the coastal sedimentary record
of the Gulf of Corinth was investigated by trenching and cor-
ing in Kirra on the north coast and Aliki on the south coast.

The Gulf of Corinth has a documented tsunami history dat-

g b?jCk to(’;hteh4th cer|1tturyf B?' Sompﬁrls?n ofdt_he h|tst|or|<_:al il'sunami hazard assessment is often hindered by insufficient
recdo][ s an i elresul S0 shra Igtrhapt 'Cf" s€ 'mentol(f)lg'cgmformation on the frequency and size of past events, as well
and foraminiieral analyses show that extreme coastal N0l ¢ yheir inundation distance. In many cases the only in-
ing events are detectable in the coastal sequences. The gg-

oloaical record from Kirra shows four sand lavers deposited ormation available consists of historical and rarely instru-

gl . . Y e ~mental records, typically covering a short period of time and,
by high-energy marine flooding events. The deposits identi- o L .
. A . . ! . therefore, limiting a quantitative assessment of tsunami haz-
fied show many similarities with tsunami deposits described

elsewhere. The lower sand deposit (layer 4) was radiocarbo

?ia:]erd tto ?gzg_rznszl%g’ C.lA;isummg ?Thavi;‘a%ihsredlmir:adf palaeotsunamis provides information about recurrence in-
Ifg/erg \?vgre és(t:im;te d 3&) éxtr?aggﬁ;ign tc?t%e?[ime (ﬁﬁgowstervals, while the thickness and extent of deposits may give

information about possible impacts (Sugawara et al., 2008).
1200-1000 BC, AD 500-600 and AD 1400-1500. There are" ", oo, widely recognized that a range of sediments

no historical tsunamis which correlate with layers 2 and 3.'may be deposited by tsunamis and that these deposits may

However, layer 1 may represent the major AD 1402 tsunaml.be distinctive in the coastal stratigraphy (Goff et al., 1998;

Sand dyke; p'enetran'ng fro”? layer 1 into the overlying SIItS.Kortekaas, 2002; Dawson and Stewart, 2007). The identifi-
suggest soil liquefaction during an earthquake event, possi-

bly the 1 August 1870 one. At Aliki, no clear stratigraphi- cation of tsunami er03|ts is of great valge in tsunami-prone
. . . regions where written records are relatively short or non-
cal evidence of tsunami flooding was found, but results from "% . . .
o . existent, but even in areas with a well-documented tsunami
foraminiferal and dating analyses show that a sand layer wa

deposited about 180 years ago from a marine flooding eVenfnstory, such as Central Greece, the geological record can be

) . . o . _Used to obtain a data set of past tsunamis extending far be-
This layer may be associated with the historical tsunami of ond instrumental and historical records
23 August 1817, which caused widespread destruction in thel '

Aegion area. The work presented here supports the idea that An important problem in the identification of tsunami de-

coloaical methods can be used to extend tsunami histor faE)osits is to distinguish them from storm deposits (Nanayama
9 gl u X u rhistory et al., 2000; Goff et al., 2004, Tuttle et al., 2004; Kortekaas

and Dawson 2007; Morton et al., 2007). Both tsunamis and
storms are high-energy events that may leave marine deposits

Correspondence td5. A. Papadopoulos  jn coastal sediment sequences. There are a number of char-
BY (papadop@noa.gr) acteristic features that have been found in tsunami deposits

1 Introduction

ard. For this reason, these studies may be greatly assisted
By the geological identification of past events. The dating
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Fig. 1. Map of the Corinth Rift showing topography, bathymetry and faults (after Bell et al., 2009 and references therein). Inset box shows
the location of the rift inside the Aegean region. The large figures from 1 to 13 indicate the locations of the tsunami sources discussed in the
text and arranged according to their year of occurrence of the tsunamis as: 373 BC (1), AD 1402 (2), 1742 (3), 1748 (4), 1794 (5), 1817 (6),
1861 (7), 1887 (8), 1888 (9), 1963 (10), 1965 (11), 1995 (12), 1996 (13). Detailed references for each one of the 13 tsunami sources can
be found in Papadopoulos (2003). Black figures show seismic sources, white show aseismic earth slump sources. The test-site of Kirra is
shown at the north coast. The test-site of Aliki is situated very close to source n. 7. Figures attached to uplift and subsidence are in cm.

from all over the world that can be used as diagnostic crite-the time, location, and size/extent of tsunami-induced flood-
ria (e.g. Goff et al., 1998). However, many of these charac-ing. It allowed also the assessment of the extent to which the
teristics only indicate the high-energy conditions or marinegeological record may be used to enrich the database of past
source of the event and have also been reported for storrtsunamis.

deposits (Kortekaas 2002, Morton et al., 2007).

The study of the deposits from recent tsunamis, including
the 2004 Indian Ocean event, has improved the understand-
ing of processes of tsunami sedimentation and erosion (Shi.l Geological setting
et al., 1995; Sato et al., 1995; Dawson et al., 1996; Minoura

etal., 1997; Nishimura and Miyaji, 1995; McSaveney et al., The Gulf of Corinth (Fig. 1) is an asymmetric half-graben
2000; Gelfenbaum and Jaffe, 2003; Hori et al., 2007; Srini-yith an uplifted footwall in the South and a subsiding hang-
vasalu et al., 2007; Pantosti et al., 2008). This may poteningwall with antithetic faulting in the North (Jackson et al.,
tially improve the identification of palaeotsunami deposits, 1982, Armijo et al., 1996). On the uplifting south coast, a
thus allowing a more accurate reconstruction of past tsunamgpjck sequence of graben-fill sediments is exposed (e.g. Mc-
events from the geological record. Neill and Collier, 2004). In contrast, the north coast of the
The Gulf of Corinth, Central Greece, is characterized by Gulf mainly consists of recent deltaic and coastal deposits
frequent earthquake and tsunami activity. Many tsunamigLekkas et al., 1996). The north-south extension of this
that occurred in this area have been historically documentedift structure is controlled by normal faults (Avallone et al.,
(see review in Papadopoulos, 2003). In addition, Kontopou-2004). These faults cut through folded Mesozoic and Ter-
los and Avramidis (2003) identified six possible tsunami tiary phyllites, ophiolites, flysh and platform carbonates as
events from the geological record at the site of Aliki, on the well as younger unfolded sediments of Plio-Pleistocene age,
southwestern Gulf of Corinth. In this paper, two areas inwhich indicates that the rifting started mainly in the Qua-
the Gulf of Corinth reported to have been flooded by pastternary (Armijo et al., 1996). Regional geodetic extension
tsunamis were selected to compare the historical accountsates up to about 15 mmyt have been reported (Briole et
of tsunami inundation with the geological evidence left in al., 2000; Avallone et al., 2004).
coastal stratigraphical sequences. This approach allowed The Gulf of Corinth was selected for this study because
stratigraphic, microfossil and sedimentological evidence ofof its high seismicity and its rich historical tsunami docu-
extreme flooding events in the recent geological record to benentation (e.g. Antonopoulos, 1980; Papadopoulos, 2003).
directly compared with detailed historical documentation onlt is one of the most tsunamigenic areas in the Mediterranean

Field sites
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Fig. 2. Google image of the Kirra field site, left in the photo, situ-
ated on the fluvial plain east of Itea. The local river is shown on the
right in the photograph.

Fig. 3. The field site of Aliki lagoon from a Google image.
Sea region (Papadopoulos and Fokaefs, 2005; Papadopoulos,

2009), mainly due to its high seismicity. Strong earthquakes

of Ms>6.0 are frequent, having amean recurrence ir_mt_erval of Although many coastal wetlands in the Gulf of Corinth
about 10yr (Papadopoulos and Kijko, 1991). In addition, thenaye been reclaimed and built over in recent years, two areas
high sedimentation rate combined with the steep bathymetryyere selected for field investigation of paleotsunamis: Kirra,
especially along the south coast, create favourable conditiongear Galaxidi and Itea on the north coast and Aliki, situated
for submarine and coastal landslide generation. Both seispagt of Aegion city on the south coast (Fig. 1). Both sites
mic and aseismic-induced landslides have triggered tsunamigye sjtuated in flat and low-lying coastal plains exposed to
in the Gulf of Corinth in the past, e.g. in 1963 and 1996 tsynami flooding. For both sites, reports exist that describe
(Galanopoulos et al., 1964; Papadopoulos, 2003). The sei§synami flooding in the historical past (Galanopoulos, 1960;

to east within the Corinth Gulf (Papadopoulos, 2003), whichcha|kis, 1984).

is compatible with the decrease of measured geodetic defor- The Kirra test-site (3®5.68N, 2°27.153E) is situated

mation from west to east (Avallone et al., 2004). east of Itea on the north coast of the Gulf of Corinth. This

area consists of a flat, low-lying coastal plain formed by two
rivers and separated from the sea by a modern coastal road

The historical documentary record of tsunamis in the Gulfnd & beach composed of sand and pebbles (Fig. 2). On its

of Corinth is one of the richest in the world and extends €@stern side, the lowland is bounded by a small river that

back to the 4th century BC (Papadopoulos, 2001, 2003)flows directly along gsteep fault scarp, formlng the bound_-

For the geological identification of historical tsunamis, sites @y between the fluvial plain and the mountains of Jurassic

were selected that are reported to have been flooded b nd Cretaceous Ilmgstone to the east (Papastamatiou et al.,

tsunamis and that are potentially suitable for the deposition-962). The second river flows down the centre of the valley

and preservation of tsunami-derived sediment. Areas par2nd reaches the sea just east of the town of ltea.

ticularly favourable for tsunami sedimentation, preservation The Aliki test-site (3815.73 N, 22°06.42 E), consists of

and identification are typically low-energy, depositional en- @ lagoon surrounded by salt marshes on a coastal plain

vironments such as coastal wetlands and lagoons, protectd@rmed by the Selinous River (Fig. 3). The lagoon is pro-

from the sea by a sandy barrier providing material for re-tected from the sea by a narrow gravel beach barrier.

deposition by the tsunami (Kortekaas, 2002). Moreover, the

low-energy conditions of the environment protect the de-2.3 Tsunami history

posits from post-depositional erosion. In addition, the pres-

ence of organic material and shells in these environment§£atalogues, material compilations, and reviews for tsunami

make age dating usingC possible. study in the Corinth Gulf have been published by several
authors including Galanopoulos (1960), Ambraseys (1962),
Antonopoulos (1980), Papadopoulos and Chalkis (1984),

2.2 Site selection and setting
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Fig. 4. One of trenches opened in Kirra.

Fig. 6. Lithostratigraphy of Kirra in two trenches (T1 and T2) and
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Fig. 5. The very thin (0.5-4 cm) upper sand layer in Kirra, marked

by an arrow showing upwards and four sand dykes, which pene-
trate into the overlying silts suggesting soil liquefaction during an .
earthquake event, very possibly the 1 August 1870 one. 0 -

clay

Evagelatou-Notara (1986), Guidoboni et al. (1994), Pa- %7
pazachos and Papazachou (1997), Guidoboni and Comas A
tri (2005), Soloviev (1990), Soloviev et al. (2000) and Pa- 1q0-
padopoulos (2000, 2001, 2003, 2009). From a detailed re-
view of tsunami phenomena in the Corinth Gulf, it can be
seen that at least 17 tsunami events, regardless of size, ar
known to have occurred in the Gulf of Corinth from the
4th century BC to the present day (Papadopoulos, 2003).
13 of these 17 tsunami events f"‘re repqrted to hayg aﬂeCtelgig. 7. Lithostratigraphy of Aliki. Cores 2 and 4 are located at the
coastal zones around the test sites of Kirra and Aliki. In theseaward side of the lagoon just behind the barrier and cores 1 and 3
South, the coastal segment around Aliki was inundated byst the landward side.
the tsunamis of 373 BC, AD 1742, 1748, 1817, 1861, 1963,
1995 and 1996. The northern coastal segment around Kirra
was inundated by the tsunami waves of 1402, 1794, 1861, The 373 BC tsunami was caused by a strong earth-
1887, 1888 and 1965. Figure 1 illustrates the locations ofquake, that could be associated with the Eliki fault. A
the 13 tsunami sources. Four historical earthquakes macraeconstruction based on the existing classical descriptions
seismic epicenters were inserted. In order to understand thehowed (Papadopoulos, 1998) that a sequence of three
tsunami history of the two test sites, the following section geophysical events may have taken place: (1) a large earth-
(based on the detailed review of Papadopoulos (2003); foquake (/s> 6.6), (2) co-seismic lateral spread and lique-
further references see therein) summarizes background irfaction of the coastal zone associated with subsidence, (3)
formation on these 13 tsunami events in chronological ordera tsunami. The ancient city of Eliki, situated at distance of
~7 km east of modern Aegion, was destroyed by the strong

silt

with pebblas

sand

|ost
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shaking, submerged because of the ground subsidence arge. However, at nearby Kirra the sea advanced a long dis-
inundated by the tsunami wave a few kilometers to the eastance inland, up to Agorasia, submerging a large area of low-
of the Aliki test-site. lying cultivated land, including Angali. .. (Ambraseys and

On an unidentified day in June 1402, a large catastrophicdackson, 1997).
earthquake ruptured the area between Aegion and Xylokastro A further damaging earthquake in the east Corinth Gulf
(Fig. 1). A large tsunami penetrated inland to a distance ofoccurred on 3 October 1887. A small tsunami was reported
~1200m along the southern Corinth Gulf coast. Fish werebetween Xilokastro and Sikia on the south coast, as well as
found after the retreat of the sea. In Salona (north Gulf coast)at Galaxidi on the north coast, where the sea advanced 20m
the wave killed animals and destroyed cultivated land. It isinland. On 9 September 1888 a moderate tsunami was ob-
noteworthy that Salona, today Amfissa, is a town located in-served in Galaxidi after a destructive earthquake in the area
land and that “Salona coast”, which is reported in a Venetianof Aegion (Galanopoulos, 1955, Ambraseys and Jackson,
documentary source published by Kordosis (1981; see alsd4997). The submarine slides that occurred offshore of Ae-
in Papadopoulos, 2000) certainly includes Galaxidi, Itea andgion caused a break in telegraph cables (Heezen et al., 1966)
the test-site of Kirra. and possibly the small tsunami.

A large damaging, tsunamigenic earthquake struck the On 7 February 1963 a locally strong, 6-m high, destruc-
north Peloponnese on 21 February 174t the time of  tive tsunami affected both coasts of the west Corinth Gulf.
the earthquake the sea rose 150 cubits [ca. 75 m, whichThe wave was caused by a massive aseismic coastal and sub-
is rather an exaggeration], flooding the coast of Vos- marine sediment slump at the mouth of the Salmenikos river
tiza...”(Ambraseys and Jackson, 1997). Vostiza, today Ae-west of Aegion city (Galanopoulos et al., 1964; Koutitas and
gion, was located about 2 km west from Aliki. Seismic activ- Papadopoulos, 1998; Papadopoulos et al., 2007). On 6 July
ity recurred in Vostiza with the large, destructive earthquakel1965 a strong Ms = 6.3), damaging earthquake in the west
of 25 May 1748. The tsunamis triggered by these events mayorinth Gulf caused a coastal landslide at Eratini, some kilo-
have affected the areas of both test-sites. In fact, after thenetres to the west of Kirra, following which a local tsunami
earthquake the sea retreated and then inundated (violenthygs high as 3 m inundated the coast (Ambraseys, 1967).
the Aegion coast causing a number of human and animal The strong /s = 6.1), destructive shock that hit Aegion
victims and great damage to feluccas and other vessels, ton 15 June 1995 caused a local tsunami as high as 1m
engineering structures, port facilities and to cultivated land.and 0.5m in Aegion and Eratini, respectively (Papadopou-
At least three large waves struck the area. Fish and shelllbs, 1996a, 2003). During the very early hours of 1 January
were found on land after the sea became calm. Significanl996 strong but local, aseismic tsunamis struck the coastal
damage was also reported from the north coast. segment of Digeliotika village about 2—4 km to the east of

According to an anonymous but reliable manuscript, theAegion, very possibly due to submarine and coastal slumps
area of Galaxidi (Fig. 1), close to Kirra, was hit by a strong (Papadopoulos, 19964, b).
earthquake on 11 June 1794 (Papadopoulos, 2000, 2003). A
tsunami was generated due to coastal slumping immediatel
after the earthquake. The wave height was ca. 3m and th
wave period of about 10 min. The disturbance of the sea; 4 sampling
lasted for ca. 12 h. '

The large, lethal earthquake of 23 August 1817 caused the) ring field surveys conducted in November 2001, Febru-
sea to retreat a significant distance, causing boats to beacc;}y 2002 and May 2003, cores were taken and trenches ex-
on the sea floor off the shore of Aegion. Then, the sea r0S@ 5 ated to study the local stratigraphy and collect samples
to a high wave inundating the coastal zone of Aegion. Ao najaeo-environmental analysis. The cores were taken
number of human victims and significant destruction were,, ;i Eijkelkamp hand coring equipment. The elevation of
noted. Large waves were observed along the northern coaghch core and trench was levelled using a Zeiss autoset level.
also (Ambraseys and Jackson, 1997). On 26 December 186, 1o ahsence of a local benchmark, the elevation of the
an earthquake of an estimated magnitude of 6.6 or more (Pgyres was measured relative to Mean High Water (MHW).
padopoulos, 1998) triggered tsunamis which caused extena¢ kirra, two N-S oriented trenches were opened and five
sive flooding of the Aegion coast. At the same time the ..o (Figs. 4, 5) were taken at distance~df50 m from
waves propagated to the north coast. In Itea, the port o coast. The dimensions of the two trenches were approxi-
of the Krissaic area, there were 5 waves. Because the Coasrhately 1 mx 1 m and 40 cm deep for trench 1 and &8 m
is very flat in this area, all the houses near the beach wereyng 1 40 m deep for trench 2. In Aliki, four cores were taken
flooded up to 5-6 feet high. The first wave inundated Onlyreaching depths of up to 1.45m (Fig. 7). It was not possible

3—4 paces inland, the second wave 6-8 paces, but the thirgh; excavate any trenches at Aliki due to the marshy nature of
wave 75 paces. .. [Schmidt 1879, our translation from the 4 ite.

German text).”... At Itea [...], the sea advanced 35 m in-
land flooding the port a number of times, causing little dam-

é Methodology

www.nat-hazards-earth-syst-sci.net/11/2029/2011/ Nat. Hazards Earth Syst. Sci., 1202022011



2034 S. Kortekaas et al.: Geological identification of historical tsunamis in the Gulf of Corinth
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Fig. 8. Results of radiometric dating in trench 1, Kirra: variatiort#fPb (a), 4°K (b) and137Cs(c) with depth.
3.2 Dating were washed over a 63um sieve. Organic-rich samples

were counted wet because these sediments tend to form a
A shell collected from one of the trenches in Kirra was ra- solid organic crust when dried. These samples were stored
diocarbon dated while a combination &°Pb and*3*’Cs  in water and divided into subsamples with a wet splitter
dating was carried out on selected core samples from botfrior to counting. The other samples were oven-dried at
field sites.21%Pb is a naturally-produced radionuclide, with 40°C and counted using a dry sample splitter. At least
a half-life of 22.3 yr, which has been extensively used in the300 foraminifera were counted for each sample, wherever
dating of recent sediments. Dating is based on determinapossible. Samples from Kirra in particular had very low
tion of the vertical distribution of'%b derived from atmo-  concentrations of foraminifera. ~ Fragments of broken
spheric fallout (termed unsupportéd’Pb, or?19Phyycesa, foraminiferal test were only counted if they were large
and the known decay rate ét%b (see Appleby and Old- enough to be identified and only if the fragment contained
field, 1992 for further details of th&'°Pb method).*3'Cs  the umbilicus, with the aim of preventing counting the same
(half-life =30 yr) is an artificially-produced radionuclide, in- broken specimen twice. Foraminiferal species identification
troduced to the study area by atmospheric fallout from nu-was made with reference to Cimerman and Langer (1991)

clear weapon testing and nuclear reactor accidents. Globaind the Challenger Foraminifera Atlas (Jones, 1994).
dispersion of3’Cs began in AD 1954, with marked maxima

in the deposition of3’Cs occurring in the northern hemi-

sphere in 1958 and 1963 from nuclear weapon testing and Results and interpretation: Kirra site

1986 from the Chernobyl accident. In favourable conditions,

periods of peak fallout/discharge provide subsurface activity4.1 Results

maxima in accumulating sediments, which can be used to de- .

rive rates of sediment accumulation (e.g. Ritchie et al., 19904-1.1  Stratigraphy

Cundy and Croudace, 1996). ] ) )
Core sub-samples were counted for at least 8h on &ive cores were taken and two trenches excavated in the plain

Canberra well-type ultra-low background HPGe gamma ra f Kirra along a profile perpendicular to the coastline. The

spectrometer to determine the activities'#fCs, 219b and overall stratigraphy at this site consists dominantly of silt and

other gamma emitters. Detection limits depended on sampl&!2Y: although four distinct sand layers of varying thickness

size, countng time and radionuclide gamma energy, but wer&"€ Present (Fig. 5): _

typically <1Bqkg ! at 661 keV for a 5g sample, counted 1. The upper sand layer has a thickness of 0.5-4 cm and

for 60000 s. ThezloPtbxcessactivity was estimated by sub- consists of fine to medium sand with small pebbles grading

traction of the average value 8f°Pb activity in deeper core into sandy silt in the most landward core. In trench 1 this

samples (ca. 0.017 Bqd), where?1%b had reached near- layer shows sand dykes, which penetrate into the overlying

constant activities with depth (e.g. Cundy and Croudace,s"ffsv suggesting soil liquefaction during an earthquake event

1996). (Flg. 6)
2. The second sand layer has a thickness varying from 0.5
3.3 Foraminifera analysis to 15cm. It comprises fine sand with shell fragments, with

large angular pebbles at its base.
Sediment samples were examined for inclusion of 3. The third sand layer is 10cm thick in trench 2 and can
foraminiferal tests. Samples for foraminiferal analysis possibly be correlated with a 0.5 cm thin sand layer in core

Nat. Hazards Earth Syst. Sci., 11, 202041, 2011 www.nat-hazards-earth-syst-sci.net/11/2029/2011/
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1. It consists of grey fine sand and silt with an abrupt upperond is the presence of a well-mixed surface layer between 0
and lower contact. and 5 cm depth overlying older sediments, whereby bioturba-
4. The lower sand layer is only recovered in trench 2,tion or other mixing has caused the development of a surface
where it is 10cm thick and consists of medium to coarselayer of near-uniform activity. The relatively constant activ-
sand. It exhibits a sharp lower contact, fines upwards andty of 4°K down the sediment sequence indicates that there
contains abundant shell fragments. are unlikely to be any major compositional changes in the
Sand layers 1 and 2 were not found in trench 2 and core 4top 10 cm of the sediments that could cause the rapid decline
observed if1%hyycess(Fig. 8b).
4.1.2 Microfossils 137Cs shows a slight increase in activity with depth be-
tween the sediment surface and cm, where a maximum
Throughout the shallow stratigraphy, fossil planktonic activity of 21 Bqkg?® is observed (Fig. 8c). Below this
foraminifera are found, which originate from the limestone in depth, the activity rapidly declines with depth to negligible
the hinterland. Fragments of bivalves, gastropods, spongesalues at 7cm depth. The sharp decline!#Cs activity
bryozoa, echinoids, pteropods and ostracods of the loweoccurs at—4cm, just above the observed rapid decline in
Pleistocene, probably Calabrian, age (0.9-2 Ma) are preserfOPh.,cessactivity at —5cm. This indicates that the upper
in most of the fine-grained samples. These fossils most likely5 cm of the sequence are not completely mixed and, there-
originate from the Calabrian rocks that outcrop to the east ofore, it seems more likely that a recently deposited surface
the plain (Papastamatiou et al., 1962). layer overlies an older unit below5 cm (scenario 1 as out-
Benthic foraminifera are found in the lower three sand lay- lined above). The presence of Id#/Cs activities in the sed-
ers, but not in the top layer. The assemblages of all three sanidnents below—5 cm is most likely due to slight downward
layers consist of a majority of marine foraminifera (see Ta- migration of'3’Cs in the sediment column, as observed else-
ble S1 in Supplement) together with the spedd@smonia  where (e.g. Cundy and Croudace 1996, Spencer et al., 2003).
beccariiandHaynesina germanicavhich are both charac-  Attributing the subsurfack?’Cs activity maximum at 3—4 cm
teristic of intertidal and/or estuarine environments (Scott etdepth to 1963, the peak fallout from atmospheric weapons
al., 1979; Kortekaas, 2002). Sand layer 4 contains a highesting (e.g. Cundy et al., 2000), gives a sediment accumu-
percentage of the saltmarsh specladammina macrescens lation rate of 0.8—1 mmyrt. However, the lack of either a
and Discorinopsis aguayoias well as marine and brackish clear decline irf1%Pb activity with depth in the surface lay-

species. ers, or a well-defined subsurface activity maximumtcs,
means that accurate sediment accumulation rates cannot be
4.1.3 Dating determined for this sequence. However, the top part of the

upper silt unit (less than 4 cm depth) is apparently younger
A shell from the bottom sand layer 4, at 0.05m above MHW, than 1963, while its base at11cm clearly pre-dates 1880,
yielded a conventional radiocarbon age of 464D BP (lab  that is the limit of 210Pb dating.
no: Beta-172750). WithR=143+41 (Reimer and Mc-
Cormac, 2002) this gives as2calibrated age of 3020-2870 4.2 Interpretation
BC. This date is an indication of the maximum age for the
oldest sand layer recovered. Unfortunately, no other mateThe stratigraphy at Kirra consisted of fine-grained material
rial was available for dating. Therefore, the age of the othercontaining sand and gravels (Fig. 5). The fossils found within
sand layers was estimated by extrapolation of the age of santhis sequence were of the lower Pleistocene, probably Cal-
layer 4, assuming a constant average sedimentation rate abrian age, which suggests that they originate from the con-
2.6.cm (1001) yr (Table 1). In a fluvial, coastal environment glomerate, limestone, and marls of the same age that outcrop
a constant sedimentation rate is highly unlikely. Episodeseast of Kirra (Papastamatiou et al., 1962). This indicates a
of erosion will have occurred, possibly caused by river inci- fluvial origin for the fine sediment and thus conditions sim-
sion, marine or fluvial flooding events or during episodes ofilar to those of today. However, this fluvial dominated de-
no deposition. Unfortunately however, insufficient data areposition was interrupted four times when distinct sand layers
available to calculate a more reliable age for the sand layerswere deposited. Sand layers 2, 3 and 4 contain foraminifera,

The near-surface sediments in trench 1 were dated usingndicating marine origin.

210pp and'3’Cs dating. The&1%Phuycessactivity in the Kirra The oldest sand layer 4 contained a mixed foraminiferal
stratigraphy shows a slight decline with depth over the up-assemblage with marine, estuarine and salt marsh species.
per 5cm, followed by a rapid decline to negligible activi- The estuarine and marine foraminifera, as well as the abun-
ties below—5cm (Fig. 8a). There are two possible expla- dant shell fragments, indicate that the sand was deposited in-
nations for this trend. The first is the presence of a recentlyand from a marine source rather than downstream as a fluvial
deposited surface layer overlying an older unit, with a pos-deposit. The presence of saltmarsh species shows that the
sible erosional surface at5 cm. The unit below 5cm depth  water eroded a saltmarsh it swept across. This, in combina-
is older than 1880 that is the limit 8t%Pb dating. The sec- tion with the erosional base and the coarse grained nature of
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Table 1. Extrapolated age for the sand layers at Kirra. Extrapolation is based on the radiocarbon date of a shell from sand layer 4 and
assuming a constant sedimentation rate of 2.6 cm (10¢yr)

Sand layer(depth in trench)  Level above MHW  Extrapolated age

1.12-13cm 1.16-1.15m 500 BAD 1400-1500
2.30-37cm 0.98-0.91m 1400 BRAD 500-600

3. 70-80cm 0.58-0.48m 3100 BBC 1200-1000
4.117-127cm 0.11-0.01m 4860 BBC 3020-2870 (2)

the deposit, suggests a high-energy marine flooding event. AMHW, brown to grey clay is present containing small gas-
the present time, saltmarshes are not found in the Kirra-ltedropods and a sandy horizon with pebbles at ca. 94 cm below
area. It is however possible that at the time, sand layer 4 waMHW. The cores at the landward site of the lagoon consist
deposited saltmarshes occurred along the coast in this arealmost entirely of clay and silt with two sandy horizons at
Another possibility is that the flooding event transported theca. 30 cm below MHW and at ca. 110cm below MHW. A
saltmarsh foraminifera from a more distal marsh. pebble-rich horizon prevented core 1 from penetrating any
The sharp basal contact of sand layer 3 indicates erosion aieeper.
a rapid change in depositional environment. Its foraminiferal
assemblage of marine and estuarine species suggests a nmal-2 Foraminifera analysis
rine origin. This layer was better sorted and overall finer than
sand layer 4 and thinned rapidly inland. Unfortunately, the X
spatial extent of each deposit cannot be compared, as onI?anOIy horizon at 30 cm belqw MHW_ShOWS alow concentrq-
trench 2 was deep enough to reveal sand layer 4. The differion of saltm_arsh and brackish species. The seaward stratig-
ence in grain size, however, suggests that the oldest marin@Pny contains abundant foraminifera in the top 15cm, be-

event was of higher energy than the flooding event that lai ow which numbers _decrease r_apidly (see.Tab.Ie A2 in Sup-
down sand layer 3. plement). The dominant speciesTigchamina inflatain-

Sand layer 2 contained abundant pebbles at its base, Sug_lcanve of a high marsh environment. In most samples this

i 0, -
gesting high-energy conditions. It thinned and fined inland, pecies made up more than 90 % of the total z_alssemblage, ex
S . - ' . - cept at ca. MHW level depth, where its relative abundance
indicating marine origin, confirmed by its foraminiferal as- decreased 1o 52 % and a relativelv high percentage of inter-
semblage which showed a mixture of marine and estuarin :4al and marine SO cies was I\r/es):an;g(se% Fi Slg'n SI le-
species. This sand layer can be traced until core 5, situate ! pecies was p '9. N Supp

. ment).
ca. 200 m inland.
The upper sand layer did not contain any foraminifera. Itg 1 3 Dating
is possible that fossils have not been preserved or possibly
this layer has a non-marine origin. 210ph,, cessactivity in the Aliki core 4 showed a broadly ex-
ponential decline with depth, with activities rapidly decreas-
ing to undetectable values at 7-8 cm depth (Fig. 9a). Sedi-

The landward cores contain very few foraminifera. Only the

5 Results and interpretation: Aliki site ment accumulation rates were determined using the simple
model of?1%Pb dating (e.g. Robbins, 1978), where the sedi-

5.1 Results mentation rate is given by the slope of the least-squares fit for
the natural log of thé1%Phy,cessactivity versus depth. Based

5.1.1 Stratigraphy on this model, thé1%b-derived sediment accumulation rate

is 0.4mmy ! (20 range =0.3-0.8 mmy}) (Fig. 9c). This

Four shallow cores with a maximum depth of 1.45m wererate is a maximum due to the potential effects of bioturbation
taken at the edge of the Aliki lagoon. Two cores were situ-and mixing.
ated on the landward side of the lagoon. The other two were 137Cs shows a maximum in activity at or near the sedi-
situated on the seaward side, behind the barrier. ment surface, with an approximately exponential decline to

The stratigraphy in the seaward cores consists of a blackindetectable activities below 10 cm depth (Fig. 9b). The rela-
organic rich saltmarsh soil, which overlies a brown compacttively deep penetration 3#’Cs into the core sequence below
clay containing pebbles (Fig. 7). At ca. 34 cm below MHW a this near-surface maximum indicates that some downwards
sharp boundary separates the clays from more sandy materiatixing or diffusion has occurred, as was also observed in
containing many pebbles. This material was difficult to corethe Kirra trench. The lack of a clear subsurface maximum
and was lost in both cores. Below a depth of ca. 74 cm belowin 13/Cs activity means that it is not possible to accurately

Nat. Hazards Earth Syst. Sci., 11, 202041, 2011 www.nat-hazards-earth-syst-sci.net/11/2029/2011/



S. Kortekaas et al.: Geological identification of historical tsunamis in the Gulf of Corinth 2037

210Pbexcess (Bq/kg) 137Cs (Ba/kg) age (years)
0 500 1000 0 50 100 150 0 100 200 300 400
0.06 - . : ; 0.06 - : ;’_ ; 0.06
- 0.00 4 ¢ 000 4o ¢ 0044 7%,
2 006 2 006 {* 3 ool —
2 012 = 412 = .
s . g 000 T %~
g -0.18 R -0.18 R 0,02 ] }\
g -0.24 g -024 8 ‘
5 5 s R
g -0.30 g -0.30 5 -0.04 :
R N
-0.36 -0.36 -0.06 + )
=-0.0004x +0.06
-0.42 a -0.42 b -0.08 | T

Fig. 9. Results of radiometric dating in core 4, Aliki: variation %0 Pb(a) and137cs (b) with depth and the sediment accumulation rate
(age-depth curve) based on the simple modél8Pb dating(c).

date this sediment sequence BYCs dating. The presence large pebbles at its base and all sand layers at Kirra show an
of maximum activity values at or within 4 cm of, the sedi- erosional basal contact. Sand layer 2, 3, and 4 contain shell
ment surface indicates a sediment accumulation rate of leskagments and marine foraminifera. In Aliki, only the micro-
than 1mmly, in broad agreement with th¥Pb data, as- fossil assemblage indicates a marine flooding event. No sed-
suming that the maximum i%*’Cs activity corresponds to imentological characteristics of marine flooding were found
1963, the period of peak fallout from nuclear weapons test-at this site.

ing (e.g. Cundy et al., 2000). However, most of these characteristics merely reflect the

marine origin of the deposit and the high energy of the event
and, therefore, do not exclude a storm origin. Nevertheless,
o . . . . a tsunami origin is suggested here for sand layer 2, 3 and 4 at
:I—:(?tinA“g Zgaggi?g:gl Z?}Cﬁ'j;?nzﬂnslxn ﬁ;rsllct) ?hn;t glﬁﬁég' Kirra and the marine flooding layer at Aliki because storms
9 P : - Y- are not capable of generating waves of sufficient height to
The pebbles found in the seaward cores originate from the .
. . . : feach the areas where these deposits occur. The Gulf of
nearby beach barrier. No clear stratigraphic evidence of ma-. _ . . ) . .
. S - Corinth is an enclosed basin, which means that there is a
rine flooding is found. However, results of the foraminiferal

: . ; : L limited fetch and storm waves have no opportunity to grow
analysis show an increase in marine foraminifera at 6—7 cm

: L . as large as they may do in the open ocean. Analysis of tide-
depth €-MHW level), suggesting marine inundation. gauge records from Posidonia and Patras, at the eastern and

western ends of the Gulf, respectively, has shown extreme
sea level values with a recurrence interval of 500 yr of 0.66 m
and 0.52 m, respectively (Tsimplis and Blackman, 1997). A
6.1 Identifying tsunami deposits s_torm surge of 66 cm would not have been able_to top the bar-
rier at Aliki or deposit a sand layer at an elevation of 110 cm

The marine flooding deposits at Kirra and Aliki exhibit a @P0ve MHW more than 200 m inland at Kirra.
number of the characteristics described from tsunami de- Sand layers 3 and 4 at Kirra were found at elevations of
posits in the literature (e.g. Dawson 1996; Goff et al., 1998;48 cm and 1 cm above MHW, respectively. These layers were
Kortekaas and Dawson, 2007) including: large inland extentdeposited about 4860 and 3100yr BP and it is important to
thinning inland, fining inland, fining upward, poor sorting, consider the position of the local sea level at that time. Flem-
mixture of marine and marsh foraminifera, the presence ofming and Webb (1986) derived a best estimate of the eustatic
shell fragments and an erosional basal contact. sea level curve for the Mediterranean corrected for local tec-
Sand layer 2 at Kirra was found in all cores at this site andtonic movements. This curve suggests a rapid rise of the
has a minimum inland extent of ca. 200 m. The inland extentsea level up to about 5-6 ka BP, followed by a slow rise of
of the other marine flooding deposits identified at Kirra and sea level of about 1 m from 4 ka BP onwards. According to
Aliki cannot be estimated because of insufficient data. Allthe model of Lambeck (1996), the sea level was about 3m
sand layers at Kirra become thinner and finer inland indicatdower at Kirra, ca. 6000 yr BP. According to palaeoshorline
ing the marine origin of these deposits. Sand layer 4 alseand archaeological data synthesized by Palyvos et al. (2008),
shows a fining upward trend, which may be associated witha mean sea level rise of about 1.5m has occurred in the
decreasing energy of the flooding event. Sand layer 2 hadlediterranean Sea over the last 4000yr. This means that

5.2 Interpretation

6 Discussion
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at the time of deposition of the older two sand layers, the segroblematic, due to a lack of datable material. Based on sed-
level at Kirra may have been one to a few meters lower thanimentation rates, this layer was roughly dated to about AD

today. 1400-1500. Accounts exist of an historical strong tsunami
that caused extensive flooding of the area around Kirra in
6.2 Dating and correlation with the historical record June 1402 (Evagelatou-Notara, 1986). This event may have

_ _ _ o deposited sand layer 1. However, the absence of any benthic
Several marine flooding events were identified in the coastaforaminifera may indicate a non-marine and possibly fluvial
stratigraphy at the Kirra site. A shell from the oldest de- origin for this sand layer. Alternatively, the microfossils may
posit was radiocarbon dated to a 2alibrated age of 4970— not have been preserved.
4820 BP (3020-2820 BC). This pre-historic age makes cor- The sand dykes extending from layer 1 up into the overly-
relation with historical documentation |_mpOSS|bIe. Howev.er, ing silts suggest soil liquefaction during an earthquake. Am-
the age corresponds to the age obtained for a tsunami dgsraseys and Pantelopoulos (1989) described extensive lique-
posit identified in cores taken from the Aliki lagoon on the gacion features occurring in the Kirra plain in association
opposite side of the Gulf of Corinth, Whlch r_las been dated toiih the large (s = 6.7) earthquake that struck the area on
ca. 4700 yrBP (Kontopoulos and Avramidis, 2003). Thosej aygust 1870. An assessment of liquefaction potential has

authors suggested that a large tsunami triggered by the moveqown that the area of Itea is, indeed, highly susceptible to
ment of the Aegion fault may have flooded the low-lying liquefaction (Novikova et al., 2007).

parts of the coast on both sides of the Gulf. The possible It is notable that no geological evidence of the 1861

movement of the Aegion fault, however, is not documented.tsunami, known to have flooded the Kirra area, was recov-

Se<_j|ment layer unconf_ormltles observed in a p_alaeoselsmoéred. A possible reason may be that this event was smaller
logical trench opened in a segment of the Aegion fault sys-.

tem indicated an earthquake event dated to “sometime afte!gn size than the marine flooding events that have been pre-
rved. Smaller events may leave no or ver le eviden
2058 BC” (Palyvos et al., 2005). erved. Smaller events may leave no or very subtle evidence,

B ther databl terial iable. th which is impossible to detect or distinguish in the sedimen-
ecause no ofher datable material was avaravle, the agFary record. Alternatively, and more probably, deposits may

of ;he oﬂ;etr_ sandtlayepr\s was ?St'Tat?’ as?utr_mng a Col_rLStf‘HEwe been partly eroded by fluvial action or removed due to
€ |rfr|1en_ ET lon r? (Ia. S cons ?n se imenta |or; IS untl eysubsequent human activities in the coastal zone over the last
In a fluvial-coastal environment where erosional events aré, g yr. Another possibility is that the inland penetration of

expected, the ages calculated should be taken as broad esttffe 1861 tsunami was insufficient to reach the area trenched.

mates. , The last explanation would indicate that the sand layer 1 lig-
The age of sand layer 3 was estimated to ca. 1000vqfieq by the 1870 earthquake was not associated with the

1200BC. Therefore, similarly, this event layer cannot be g1 earthquake, but instead relates to an earlier flooding
compared with the historical record. Kontopoulos and event (such as AD 1402).

Avramidis (.2003) reported th? _|dent|f|cat|on of three possi At the Aliki test site a marine flooding event was identified
ble tsunami events in the Aliki lagoon dated to ca. 3000, : . )
) X at 6—7 cm depth. The age-depth curve derived using the sim-
2500 and 2350yr BP; they suggest that the first two events 510 . ) L >
mav have been associated with movement alond the Aegio le model of“**Pb dating (Fig. 9b) indicates that this event
y 9 9 occurred prior to AD 1900, ca. 170yr ago. While the error

faults and the latter with movement along the Heliki fault. . . o )
bars on this age estimate are extremely large, it is possible

T o et 122 S0 215t i flooding even i nked t he cariquake-nouced
y Y tsunami of 23 August 1817. This was a strong tsunami with

events. a vertical run-up locally reaching at least 5 m (Papadopoulos
The age of sand layer 2 was estimated as around AD 500?003). At Aegion, the tsunami wave run-up reached over 5—

600. Documentary sources indicate that several large earths
uakes of a magnitude larger than 6 were recorded in the 6t m and caused many deaths and much damage along the
q 9 9 (éoast (Xinopoulos, 1912; Stavropoulos, 1954).

century AD, but no tsunamis were reported (Papazachos an

Papazachou, 1997; Papadopoulos, 2000). However, most

of the documentary sources were written after the events

had taken place and by people who were not at the loca? Conclusions

tion. Therefore, the occurrence of a tsunami event cannot

be ruled out. In addition, as noted above, it is difficult to Studying the geological evidence of tsunamis in the Gulf of

correlate stratigraphic units with the historical record due toCorinth is hindered by the fact that the coastline is highly

lack of datable material in these units and subsequent limitedieveloped, and there are consequently only a few remaining

chronological control. coastal wetlands or lagoons suitable for preservation of sed-
The results of the radiometric dating of the near-surfaceimentary deposits and coring. Two sites were investigated

sediments indicate that sand layer 1 pre-dates 1880, whichnd the results show that in Kirra, on the north coast, at least

is the limit of 219Pb dating. Age control of sand layer 1 is three events of marine high-energy flooding have occurred
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since ca. 4860 BP, while in Aliki, on the south coast, one ma-possibly 170 yr ago. Given the large error on this latter age,
rine flooding event was identified. it is possible that this in-wash event is linked to the tsunami-
In Kirra, a shell from the oldest sand layer (layer 4) was genic earthquake of 23 August 181M{=6.7).
radiocarbon dated to 3020-2820BC. Assuming a constant More generally, the work presented here supports the idea
long-term deposition rate of 2.6 cm (100y#) the ages of that geological methods can be used to extend tsunami his-
sand layers 3 and 2 were estimated in the time windows otory far beyond the historical record. Although the tsunami
1000-1200BC and AD 500-600, respectively. The marinedatabase obtained will be incomplete and biased towards
flooding deposits at Kirra and Aliki exhibit many of the char- larger events, it will still be useful for extreme event statisti-
acteristics of tsunami deposits as described in the literaturecal approaches.
However, most of these characteristics merely reflect the ma-
rine origin of the deposits and the high energy of the eventSupplementary material related to this
and, therefore, do not exclude a storm origin. Neverthelessarticle is available online at:
a tsunami origin is suggested for the sand layers at Kirra andhttp://www.nat-hazards-earth-syst-sci.net/11/2029/2011/
the marine flooding layer at Aliki because storms are not canhess-11-2029-2011-supplement.pdf
pable of generating waves of sufficient height to reach the
areas where these deposits occur. In addition, for the sand
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