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Summary. This paper presents geo-scientific evidence of beachrock-type calcarenitic tsunamites
from three study areas in western Greece, namely from the Bays of Aghios Nikolaos (Akarnania),
Langadakia (Cefalonia Island) and Aghios Andreas (Peloponnese). Geomorphological, sedimento-
logical, micromorphological and geochemical studies were conducted to clarify depositional pro-
cesses and the post-sedimentary evolution. Calcarenitic and locally conglomeratic carbonate crusts
were studied in natural outcrops along the seafront and in vibracores. High-resolution topographic
surveys and 3D-visualisation were carried out by differential GPS and LIDAR measurements.
Tsunami impact was dated by a combined approach of radiocarbon, OSL and archaeological age
determination and compared to local tsunami and earthquake chronologies.

We found sedimentary structures such as basal unconformities, rip-up and intra-clasts, evidence
of fining upward, thinning landward and upward increase in sorting as well as bi-to multimodal
deposits and injection structures all of which are described as features typical of recent or historic
tsunami deposits. Typically non-littoral sedimentary features such as load casts and convolute bed-
ding further indicate gravity driven processes in water-saturated sheets of allochthonous deposits
and are well known from, for example, turbidites. Moreover, thin section analyses revealed high-
energy shock- and impact-borne cracking and shearing effects. Our results show that cementation
of tsunami deposits may occur by post-depositional pedogenetic decalcification of higher sections
and subsequent secondary carbonate precipitation in lower sections of tsunami deposits provided
that they were deposited above sea level. The calcarenitic tsunamites encountered in the three study
areas match the definition of beachrock sensu stricto. This is thus the first paper giving examples
of beachrock sequences that are interpreted as partially cemented tsunami deposits. Consequently,
beachrock is recommended not to be used as sea level indicator in future studies unless a tsunami-
genic formation can be definitely excluded.

Dating results brought to light young, mostly Holocene ages of tsunami sediments. In the Bay
of Aghios Andreas, western Peloponnese, we found spectacular traces that Olympia’s ancient harbour
site Pheia was destroyed by tsunami impact in the 6™ cent. AD and covered by a rapidly cemented,
up to 3 m-thick beachrock-type tsunami deposit.

Zusammenfassung. Dieser Aufsatz stellt geowissenschaftliche Belege fiir Beachrock-artige kalkareni-
tische Tsunamite aus drei Untersuchungsgebieten Westgriechenlands vor, nimlich der Bucht von
Aghios Nikolaos (Akarnanien), der Bucht von Langadakia (Kephallonia) und der Bucht von Aghios
Andreas (Peloponnes). Geomorphologische, sedimentologische, mikromorphologische und geoche-
mische Analysen dienten der Klirung von Ablagerungsprozessen und der postsedimentiren Ent-
wicklung. Kalkarenitische und lokal konglomeratische Karbonatkrusten wurden in natiirlichen
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Aufschliissen entlang der Wasserlinie und in Schlaghammerbohrungen untersucht. Hochauflssende
topographische Vermessungen und 3D-Visualisierungen wurden mit Hilfe von Differenzial-GPS
und LIDAR durchgefiihrt. Tsunami-Ereignisse wurden mittels eines kombinierten Ansatzes aus
Radiokohlenstoff-Analysen, OSL-Messungen und archiologischen Altersbestimmungen datiert und
mit lokalen Tsunami- und Erdbebenchronologien verglichen.

Vorgefundene sedimentire Strukturen wie basale Erosionsdiskordanzen, rip-up und intra-clasts,
Belege fiir fining upward- und thinning landward-Sequenzen und eine nach oben gerichtete Zunahme
des Sortierungsgrades sowie bi- bis multimodale Ablagerungen und Injektionsstrukturen entspre-
chen Charakteristika sowohl rezenter als auch historischer Tsunamis. Desweiteren belegen Bela-
stungsmarken (load casts) und Wickelschichtung (convolute bedding) Schwerkraft-induzierte
Verlagerungsprozesse in wassergesittigten Sequenzen allochthoner Ablagerungen, die in gewdhnli-
chen litoralen Systemen nicht vorkommen, aber beispielsweise von Turbiditen bekannt sind. Die
Analyse von Diinnschliffen ergab aufSerdem Spuren hochenergetischer, schock- und impaktbiirtiger
Aufsprengungen und Zerscherungen im Mikrobereich. Unsere Untersuchungen belegen weiterhin,
dass die Zementierung von Tsunami-Ablagerungen durch postsedimentire pedogentische Entkal-
kung in héheren und sekundire Karbonatausfillung in tieferen Schichten von Tsunami-Ablagerun-
gen stattfinden kann, sofern diese Sedimente oberhalb des Meeresspiegel abgelagert wurden.

Die in den drei Untersuchungsgebieten vorgefundenen kalkarenitischen Tsunamite entsprechen
der Definition von Beachrock sensu stricto. Der vorliegende Aufsatz liefert daher erstmalig Beispiele
fir Beachrock-Sequenzen, die partiell zementierte Tsunami-Ablagerungen darstellen. Es wird daher
empfohlen, von der Verwendung von Beachrock als Meeresspiegelindikator in zukiinftigen Untersu-
chungen abzusehen, sofern eine tsunamigene Bildung des Vorkommens nicht ausgeschlossen werden
kann.

Die im Rahmen der Studie durchgefiithrten Datierungen erbrachten junge, meist holozine
Alter der Tsunami-Ablagerungen. In der Bucht von Aghios Andreas, westliche Peloponnes, konnten
spektakulire Belege fiir eine Zerstdrung des antiken Hafens von Olympia im 6. Jahrhundert nach
Christus und dessen Uberdeckung durch rasch zementierte, bis zu 3 m michtige Beachrock-artige
Tsunami-Ablagerungen gefunden werden.

1 Introduction

Tsunami hazard in the eastern Mediterranean belongs to the highest worldwide. This is
mostly due to the high seismic activity along the Hellenic Arc where the African Plate is
being subducted under the Eurasian Plate inducing numerous strong tsunamigenic earth-
quakes. Also, the Arabian Plate, moving northward by high rates, is a serious source of
seismically related hazards. Further potential tsunami triggers in the Mediterranean are
submarine slides, meteorite impacts, and explosional volcanic activity, for instance around
Sicily or in the Aegean Sea. The eastern Mediterranean is characterized by comparatively
short shore-to-shore distances, a highly variable underwater topography and thousands of
kilometers of coastline with numerous indentations. In terms of tsunami hazard, this con-
stellation implicates short time intervals for advance warning of local populations, strong
refraction effects difficult to predict and a variety of secondary, mostly earthquake-related
hazards such as rockfall, liquefaction and subaerial and underwater landslides.
Palacotsunami research in the eastern Mediterranean has been strongly intensified dur-
ing the past decades in order to improve our understanding of the dimension and the
dynamic of tsunami landfalls and to gain reliable background information for future risk
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assessment (e.g. SHAW et al. 2008). Besides archival studies based on ancient accounts and
historical data related to extreme wave events in the Mediterranean (Guiposont et al. 1994,
Soroviev et al. 2000, Papaporouros 2001, Tintr et al. 2004, GuipoBoNI & COMASTRI
2005, Papaporouros & Fokagrs 2005, ParaporouLos et al. 2007, SCHIELEIN et al. 2007,
NGDC 2009), an increasing number of geo-scientific field studies have been carried out
to detect palacotsunami deposits. These tsunami deposits can be classified into three main
groups. The first group comprises dislocated boulders, originating from bedrock units
within the littoral zone, that were torn out, uplifted, turned over and/or transported dozens
of meters inland by tsunamigenic wave action. Such deposits are reported from southern
Italy (e.g. MasTRONUZZI & SaNsO 2000, 2004, MastroNUZzI et al. 2007, ScICCHITANO
et al. 2007, PanTosTI et al. 2008), the Ionian Islands, the Peloponnese, and Crete (e.g.
ScHerrERs & ScHEFFERS 2007, SCHEFFERS et al. 2008, VOTT et al. 2009a), southern Turkey
(KeLLetaT 2005), Cyprus (KELLETAT & SCHELLMANN 2002) and from the Levantine coast
(MORHANGE et al. 20006a, see also MORHANGE et al. 2006b). In the western Mediterra-
nean, tsunamigenically dislocated boulders were recently described from the Algerian and
Tunisian coasts (MAOUCHE et al. 2009, May et al. 2009). The second group is represented
by allochthonous marine sediments, mostly sand and/or gravel, found in sub- and supra-
littoral or near-shore geological archives and sometimes associated to cultural debris. Exam-
ples are known from Italy (GIaNFREDA et al. 2001, DE MARTINI et al. 2003), mainland
Greece (P1razzour et al. 1999, DomiNEy-Howes et al. 2000, GAKI-PAPANASTASSIOU et al.
2001, KorTEkAAs 2002, VOTT et al. 2007, 2008), the Aegean Islands (McCoy & HEIKEN
2000, Bruins et al. 2008), Israel (REINHARDT et al. 2006) and from Egypt (BERNASCONI
et al. 2006, STANLEY & BERNAsCONI 2006). The third group comprehends allochthonous
fine-grained tsunami deposits intersecting homogeneous autochthonous sediments of near-
shore swamps, quiescent freshwater lakes or lagoonal environments. Studies from Akarnania,
the Ionian Islands (VOTT et al. 2009a, 2009b) and the Peloponnese (KonTorouros &
Avramiprs 2003) show that this group offers the best premises for sandwich radiocarbon
dating of event deposits. This is due to weaker erosional dynamics and the large availability
of datable in-situ organic material not affected by marine reservoir effects.

This paper presents a fourth group of tsunami deposits, so far unknown, based on three
case studies on beachrock-type calcarenitic tsunamites from western Greece. In this area,
previous investigations have revealed multiple tsunami impact since the mid-Holocene
(VorT et al. 2006, 2007, 2008, 2009a, 2009b, May et al. 2007). The main objectives of
our studies were (i) to describe the sedimentary and micromorphological characteristics of
the calcarenites, (ii) to clarify, where possible, how their cementation took place, (iii) to
comprehend the dynamic processes of sedimentation by a combined approach of geomor-
phological, sedimentological and geoarchaeological methods, and (iv) to apply radiocarbon
and OSL dating techniques and geoarchacological age determination in order to compare
the results with existing local geochronostratigraphies. Research was conducted within the
framework of an interdisciplinary project on tsunami traces along the shores of the eastern
Ionian Sea opposite to the Hellenic Arc.
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2 Topographic and geotectonic settings

The study sites presented in this paper are (i) the Bay of Aghios Nikolaos in northwestern
Akarnania, (ii) the Bay of Langadakia on the western coast of the Paliki Peninsula, Cefalonia
Island, and (iii) the Bay of Aghios Andreas on the western side of the Katakolo Promon-
tory in the western Peloponnese (Fig. 1). All three areas are directly exposed to the western
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Fig. 1. Topographic overview of western Greece and the study sites presented in this paper, all of
them located along the shores of the eastern Ionian Sea. (a) Bay of Aghios Nikolaos, Akarnania; (b)
Bay of Langadakia, Cefalonia Island; (c) Bay of Aghios Andreas, Peloponnese. General map based on
Landsat ETM+ (2000), inlay maps based on Google Earth images (2003-2005).
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section of the Hellenic Arc. Concerning bathymetrical conditions, water depths reach 4 to
5 km in the Hellenic Trench and the adjacent abyssal plains (HIEkE et al. 2003) only 50
to 250 km offshore the Peloponnese. The shelf zone around the Bay of Aghios Nikolaos is
comparatively wide whereas it narrows considerably towards the western coasts of Cefalonia
Island and the western Peloponnese.

The Hellenic Arc represents a zone of different types of plate boundaries with pre-
dominant subduction of the African Plate beneath the Aegean microplate, the latter being
driven into a southwestward direction (SacHrazi et al. 2000) by the Arabian and Anato-
lian Plates that are rapidly moving northward and westward, respectively. The right-lateral
strike slip Cefalonia transform fault (CF) marks the transition from subduction to colli-
sion in the northwestern arc zone. Rates of crustal motion to the north and west of the
CF remain below 5 mm/a but strongly increase towards the SE reaching up to 30 mm/a
in the southern Peloponnese and 40 mm/a in Crete (KaHLE et al. 1993, 1995, Cocarp et
al. 1999, McCurusky et al. 2000). Since Oligo-Miocene times, this rapid southwestward
movement of the Aegean Plate has caused pull-apart dynamics in western mainland Greece
(ParazacHos & Kirarzi 1996, Doutsos & Kokkaras 2001) in combination with consid-
erable clockwise rotations of larger crustal units such as the Akarnanian block (BrRoaDLEY
et al. 2004, van HINSBERGEN et al. 2005). As revealed by continuous GPS studies, the
same process also induced crustal compression between the Ionian Islands and the Greek
mainland (HOLLENSTEIN et al. 2008a). The western Hellenic Arc belongs to the seismically
most active regions all over Europe (PapazacHos & ParazacHou 1997) and is responsible
for a high tsunami risk (Parazacuos & Dimrtriu 1991) which is also shown by local
to regional earthquake and tsunami catalogues (Papaporouros 2001, Papaporouros &
Foxagrs 2005, see also VOTT et al. 20006).

The surrounding of the Bay of Aghios Nikolaos is characterized by locally brecciated
Triassic to early Tertiary dolomite and limestone (IGME 1996), that of the Bay of
Langadakia by thick units of Eocene limestone (IGME 1985). In both cases, bedrock is
fairly resistant to subaerial weathering and coastal erosion; local fault systems trend pre-
vailingly in SW-NE and SSW-NNE directions (FountouLis 1994, Lekkas et al. 2000).
The Bay of Aghios Andreas and the nearby Katakolo Promontory lie in the midst of the N-S
running Elis Graben (EG) system (IGMR 1980) which marks the southward prolongation
of the Amfilochia-Etoliko rift zone in southwestern mainland Greece. The area is made up
of Neogene siltstones and marls outcropping along the coast north of Aghios Andreas. There
are numerous W-E running minor fault zones (LEkkas et al. 2000). The central EG has
subsided since Miocene times (KELLETAT et al. 1976, KowaLcyk & WINTER 1979) whereas
its eastern footwall has been uplifted at least during the Quaternary (StamarorouLos et al.
1988, 1994). Towards the north, Kyllini headland lies in a zone of local halokinetic uplift
triggered by thick Triassic gypsum units in the deeper subground (UNDERHILL 1988, 1989,
MarioLakos et al. 1991, MAROUKIAN et al. 2000).

Geomorphological studies on relative sea level changes as well as continuous GPS mon-
itoring of crustal movements along the western Hellenic Arc revealed that the Akarnanian
block including the Bay of Aghios Nikolaos, the Ionian Islands as well as the Elis coastal
plains are subject to gradual subsidence (VoTT 2007, HOLLENSTEIN et al. 2006, 2008a).
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As for Cefalonia and Strofades Island, considerable uplifting impulses were observed in
combination with seismic events (P1RazzoOLI et al. 1994, StirOS et al. 1994, PeTER 2001,
HorLENSTEIN et al. 2008b, see also Lacros et al. 2007).

3 Methods

In this paper, we present stratigraphic data of vibracores and sediment outcrops along
coastal sections of the Bays of Aghios Nikolaos (Akarnania), Langadakia (Paliki Peninsula,
Cefalonia), and Aghios Andreas (western Peloponnese). Vibracoring was performed using
an Atlas Copco mk1 corer and a hydraulic lifter; maximum coring depth was 4 m below sur-
face (m b.s.) using core diameters of 6 and 5 cm. Vibracores were photographed, described
and sampled in the field. On-site description comprised geomorphological, sedimentologi-
cal and palacontological criteria such as grain size distribution, grade of sorting, sediment
colour, carbonate contents, and determination of both species and state of preservation of
macrofossil remains.

In the laboratory, sediment samples from vibracores were analysed for standard geo-
chemical parameters such as electrical conductivity, pH-value, loss on ignition, and concen-
trations of (ortho-)phosphate and calcium carbonate. In previous palacotsunami studies,
analyses of microfaunal assemblages helped to detect allochthonous impact on the palaco-
environmental record, and geophysical techniques were applied for a better interpolation
between vibracore data (e.g. VOTT et al. 2009a, 2009b). Beachrock-type sediments outcrop-
ping along the coast were sampled for micromorphological and sedimentological analyses
based on thin sections using a polarized microscope (type Leitz Laborlux 12 Pol and Zeiss
Axiolab Pol 0.4) and a connected digital camera (type Leica DFC 420). Thin section analy-
sis was also carried out for selected vibracore segments. We used a differential GPS system
(type Leica SR 530) to determine the position and elevation of each coring site and sedi-
ment outcrop.

This paper deals with the phenomenon of cemented tsunami deposits and the descrip-
tion of elementary geomorphological, sedimentary and micromorphological characteristics.
Dating approaches were carried out to verify the young age of the studied material and/or
for comparison with existing local tsunami geochronologies (VOTT et al. 2006, 2007, 2008,
2009a, 2009b). We are aware that radiocarbon dating of samples out of tsunamigenically
reworked material yield sheer maximum ages and that, therefore, age inversions in the local
geochronostratigraphy occur as a rule; in this case, the youngest age obtained renders the
best-fit zerminus ad or post quem for the sedimentary event. Where possible, we used C
AMS analyses in combination with the OSL technique. Geoarchaeological findings turned
out to be highly valuable for dating issues and cross-checks. Calendar ages were calculated
from conventional radiocarbon years by means of the calibration software Calib 5.0.2 (see
HuGHEN et al. 2004, REIMER et al. 2004). Marine samples were corrected for an average
reservoir effect of 402 years (REmMer & McCormac 2002) although the marine palaeo-
reservoir effect might not have been constant through time and probably was subject to
local variations (see GEyH 2005). X-ray diffraction analyses were carried out for radiocar-
bon samples from the Bay of Langadakia in order to evaluate potential recrystallisation
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effects. On Cefalonia Island and in the western Peloponnese, a 3D laser scanner instru-
ment (LIDAR) was used for topographic measurements and 3D-visualisation of dislocated
boulders and beachrock-type calcarenitic layers. The LIDAR instrument (type Riegl TLS
LMS-Z420i, accuracy ca. 6 mm) was used in combination with a high-resolution digital
camera (type Nikon D200). Point clouds were geo-referenced by means of DGPS (type
Topcon HiPer Pro Precise) with an accuracy of 1 cm.

4 Beachrock-type tsunamites in the Bay of Aghios Nikolaos (Akarnania)
4.1 Multiple tsunami landfall in the Agh. Nikolaos coastal zone since the mid-Holocene —

a review

During the past years, intense geo-scientific studies have brought to light manifold evi-
dence of multiple tsunami impact on the coasts between the cities of Lefkada and Preveza
in northwestern Greece. The most important findings comprise (i) high-energy washover
fans and extensive plains, up to 1.2 km long, in the northern Sound of Lefkada (VOTT et
al. 2009a), (ii) dislocated boulders, up to 5-15 m? in volume, found both over and under
water towards the east of a former strandline called Plaka (VOTT et al. 2008), (iii) fields
of scattered blocks and stones from the littoral zone found on top of the Cheladivaron
Promontory up to 14.80 m above present mean sea level (m a.s.l., VOTT et al. 2000),
(iv) run-up deposits along the western shores of Actio Headland, the Phoukias sand spit
and the inner Bay of Aghios Nikolaos with erosional contacts at their bases, rip-up clasts
and shell debris layers including numerous articulated specimens of marine molluscs in
overall fining upward sequences up to 6.70 m a.s.l. (VOTT et al. 2006, May et al. 2007, see
also DonaTo et al. 2008). Further tsunami traces are (v) coarse-grained breakthrough sedi-
ments across the N-S trending Aghios Nikolaos bedrock sill separating the Lake Voulkaria
freshwater environment from the open sea, tsunamigenic suspension deposits in the lake’s
profundal zone and layers of allochthonous sand, gravel and shell debris intersecting
autochthonous limnic to swampy deposits along its shores (VOTT et al. 2006, 2009b). Addi-
tional evidence is given by (vi) layers of coarse-grained allochthonous material from marine
origin multiply intercalated in autochthonous shallow-water lagoonal mud all along the
4.5 km-long central Sound of Lefkada (VOTT et al. 2009a).

High-energy deposits encountered in the Aghios Nikolaos coastal zone cannot be inter-
preted as storm deposits as they were accumulated far beyond the range of storm events
especially in the remote and sheltered areas of the Lake Voulkaria and the inner Sound of
Lefkada. Moreover, results from relative sea level studies along the coasts of Akarnania and
Lefkada Island (VoTT 2007) show that, during the entire Holocene, sea level has never been
higher than the present one; allochthonous high-energy deposits found way above present
sea level can therefore not be taken as sea level highstand markers. For detailed discussion
and further geomorphological, sedimentological and geoarchacological characteristics of
tsunami-borne deposits see VOTT et al. (2006, 2008, 2009b) for the Bay of Aghios Nikolaos
and the Lake Voulkaria, May et al. (2007) and VOrT et al. (2007) for Actio Headland and
the Phoukias sand spit, and VOTT et al. (2009a) for the Sound of Lefkada.
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Fig. 2. Bird’s eye view of the Bay of Aghios Nikolaos. The Lake Voulkaria is located to the east of the
Aghios Nikolaos bedrock sill at the right margin. Digital elevation model and satellite image from
Google Earth, vertical exaggeration 3x. View direction towards the NNE.

The local geochronostratigraphy of tsunami imprint shows major impacts for the early 6™
millennium BC, for the time around 2800 cal BC, around 1000 cal BC, the 4%/3" century
BC, and between 1000—1400 cal AD (VorT et al. 2006, 2007, 2008, 2009a). Moreover,
for the first time in northwestern Greece, it was possible to find traces of the 365 AD
mega tsunami caused by a strong earthquake near Crete (VOTT et al. 2009b). Altogether,
we found an approximate re-occurrence interval for major destructive tsunamis of around
500—1000 calendar years.

Tsunami modelling approaches based on the open source AnuGa software developed
by Geoscience Australia and the Australian National University yielded good accordance
with the spatial distribution pattern of tsunami deposits (FLoTH et al. 2009). We found
that tsunami wave propagation and runup are strongly influenced by the funnel-shaped
coastline configuration in the Lefkada-Preveza coastal zone. Based on this amplifying effect,
the region turned out to be extremely sensitive to tsunami wave impact, at the same time
offering a large number of high-resolution tsunami sediment traps.
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In this paper, we present geo-scientific data from the northern shore of the Bay of

Aghios Nikolaos and from the Cheladivaron Promontory separating the inner embayment

(= Bay of Cheladivaron) from the outer bay (Fig. 2). The entire bay is protected from open

sea wave dynamics by the S-N running Plaka beach ridge ruin, a natural breakwater lying

some 3.5 km to the west of the promontory.

4.2 The northern shore

We present stratigraphic and micromorphological data from three outcrops from the north-
ern shore of the Bay of Aghios Nikolaos (ANI S2, S2a, S2b) in combination with new data
from two vibracores (ANI 4, 5) that were already discussed in a previous paper (VOTT et al.
2006; Figs. 2 and 3).
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Fig. 4. Beachrock-type tsunami deposits on the northern shore of the Bay of Aghios Nikolaos
(Akarnania). (a) General view of the calcarenitic tsunamite around site ANI S2. Decalcified and
subsequently oxidized brown tsunami sands on top of the cemented crust are largely eroded and
form a small cliff some 2-5 m inland from the waterfront; (b) cemented sandy shell debris layer
of profile ANI S2 (0.19-0.26 m a.s.l.) in which the majority of mollusc shell valves are encrusted
with their convex side facing upwards; (c) analogous to (b) but with crust in in-situ position and
covered by decalcified tsunami sand; (d) bottom side of tsunamite at site ANI S2b (0.01 m b.s.L.).
Where the carbonate crust is scoured gastropods such as Gibbula sp. are grazing for diatoms and
algae (20 cm below thumb); (e) load casts at the bottom side of cemented tsunamigenic sands at
ANI S2b (0.01 m b.s.l); (f) load casts and weak injection structures at the transition from the
lower sand-dominated to the upper coarse-grained tsunamite section at site ANI S2b (0.09 m a.s.L.).
Photos taken by A. Vott, 2007, 2008.

4.2.1 Sedimentary evidence from coastal calcarenitic outcrops and vibracores

Coastal calcarenitic outcrops ANI S2, S2a and S2b are located some 0.5 km to the north-
west of the inner harbour. The three profiles lie at the immediate waterfront within a dis-
tance of 50 m (Figs. 2 and 4a).

Profile ANI S2 (N 38°52’34.687”, E 20°47°24.554”, ground surface 0.99 m a.s.1.) shows
a thick carbonate crust out of well sorted sand (0.01 m below sea level (m b.s.l.) — 0.19 m
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a.s.l. and 0.26-0.31 m a.s.l.) sandwiching a cemented sandy shell debris layer (0.19-0.26 m
a.s.l.) in which the majority of mollusc shell valves are encrusted with their convex side
facing upwards (Figs. 3, 4a, 4b and 4c). The upper part of the profile is made out of decal-
cified brown sand (0.31-0.54 m a.s.l.), representing a palacosol, and overlain by two col-
luvisol units (0.54-0.99 m a.s.l.). The lower colluvisol unit consists of sandy to clayey silt
whereas the upper unit additionally shows abundant gravel and stones partly originating
from the littoral zone as evidenced by marine bio-erosion features.

Profile ANI S2a (ground surface 1.00 m a.s.l.) is characterized by a well cemented layer
of badly sorted sandy gravel and stones including marine macrofaunal fragments (0.01 m
b.s.l. = 0.21 m as.L). It is followed by the same material but in a non-cemented constel-
lation and void of fossil shells (0.21-0.54 m a.s.l.). The top of the profile shows the same
colluvisol units as encountered at ANI S2.

The base of profile ANI S2b (ground surface 1.00 m a.s.l.) is characterized by cemented
sand (0.01 m b.s.l. = 0.09 m a.s.l.) covered by cemented sandy gravel and stones up to
15 cm in diameter (0.09-0.21 m a.s.l.), also including macrofossil remains of a marine
fauna. The basal sand crust shows clear load cast structures (Figs. 4d and 4e). Load cast-
ing combined with weak injection of sandy material from the underlying unit can also be
observed for the cemented gravel unit (Fig. 4f). The carbonate crust is covered by non-
cemented sandy gravel (0.21-0.54 m a.s.l.). The upper colluvisols are identical to the ones
of profiles ANI S2 and ANI S2a.

Vibracore profile ANI 4 (N 38°52’8.520”, E 20°48°4.860”, ground surface 1.20 m a.s.1.)
shows several grey to brownish grey fining upward sequences out of sand (1.10-0.43 m b.s.1.)
on top of an erosional contact formed in a clayey to silty palacosol. The sandy sequences
mostly start with a shell debris layer including coarse sand and few pieces of gravel, then
turn into mean and further up-core into fine sand which is partly laminated. The following
brown palacosol (0.43-0.54 m a.s.l.) is covered by a white crust of cemented sand and shell
debris (0.54-0.74 m a.s.l.). The latter is overlain by brown sand including few pieces of
gravel (0.74-0.85 m a.s.l.). The uppermost part of the profile is a brown, sandy to loamy
colluvisol (0.85-1.20 m a.s.l.).

Vibracore ANI 5 (N 38°52°9.540”, E 20°48°6.120”, ground surface 2.20 m a.s.l.)
also shows an erosional unconformity in the basal palacosol. The following fining upward
sequence of gravel and marine mollusc fragments (0.67-0.74 m a.s.l.) is covered by brown
coarse and mean sand (0.74-1.25 m a.s.l.). The top section of the profile is characterized by
a palaeosol and a subsequent colluvisol (1.25-2.07 m a.s.l., see also VOTT et al. 2006).

4.2.2 FEvidence from thin section analysis

Thin section analyses were conducted for samples from the cemented parts of profiles ANI
S§2, S2a and S2b (Fig. 5) as well as from the carbonate crust and the overlying sand layer
encountered in the upper part of vibracore ANI 4 (Fig. 6).

The cemented marine sand found in profile ANI S2 is comparatively well sorted con-
taining several foraminifers (Fig. 5a, upper center and right center) and large fragments
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Fig. 5. Thin sections of calcarenitic tsunamites from the northern shore of the Bay of Aghios Nikolaos.
See Figs. 1 and 2 for locations of sampling sites, Fig. 3 for stratigraphic positions of thin sections,
and text for further explanations. PPL — plain polarized light, +N — crossed Nichols. (a) ANI S2 BR1
(0.26-0.31 m a.s.l.), PPL; (b) ANI S2 BR2 (0.19-0.26 m a.s.L.), +N; (c) ANI S2 BR3 (0.15-0.19 m
a.s.l.), PPL; (d) ANI S2a BR1 (0.16-0.21 m a.s.l.), PPL; (e) ANI S2a BR2 (0.11-0.16 m a.s.l.), +N;
(f) to (h) ANI S2b BR1 (-0.01-0.09 m a.s.l.), PPL.

of marine fossils (Figs. 5a and 5c). However, there are abundant angular and even sharply
edged mineral grains (Figs. 5a, 5b and 5¢) documenting that the material was not subject
to steady transport and rounding as known from the littoral zone. The cemented sand and
shell debris layer of ANI S2 also shows a lot of flake-like mineral grains and shell debris frag-
ments while the overall appearance is fairly unsorted (Fig. 5b). Further, numerous grains
are oxidized and thus appear brownish (Fig. 5a). Other grains show micro-crystals of pyrite
documenting that they were, for a long time, subject to anoxic conditions before deposited
at site ANI S2 (Fig. 5¢, center).

As for profile ANI S2a, mineral grains appear strongly edged and partly even broken
into pieces (Fig. 5e, lower left). The ANI S2a crust comprises both well rounded pieces of
gravel (Fig. 5d, upper left) and flake-type sand grains (Fig. 5d, center).

Thin sections from the basal sand unit encountered in the cemented parts of ANI S2b
reveal that large parts of the material are of marine origin, e.g. by foraminifer findings
(Fig. 5f, center) and large macrofossil fragments (Figs. 5g and 5h). However, the deposits
show an overall unsorted and rather chaotic structure (Fig. 5g). We also found mollusc shell
fragments that were obviously broken at several points in the very course of the sedimenta-
tion process (Fig. 5h).

The carbonate crust found in vibracore ANI 4 (Figs. 6b to 6d) is characterized by a mix-
ture of angular to edged mineral grains of terrestrial origin (Fig. 6c, lower center), partly
oxidized, and shell debris, echinoid spine fragments (Fig. 6b, upper left), and rounded min-
eral grains of littoral to marine origin. Some quartz grains show sharp and fresh fractures
and appear to be broken shortly before cemented by the carbonate matrix (Fig. 6d). By
comparing the sedimentary structure of the lithified allochthonous marine deposits of core
ANI 4 (Figs. 6b to 6d) with the overlying brown sand (Fig. 6a) we suggest that the latter has
been formed by dissolution of the carbonate shell fragments by percolating waters because
the mineral grain skeletons of the two deposits are completely identical (compare Figs. 6a
and 6b). The high proportion of 30-40 % porosity of the brown sand clearly supports this
scenario (Fig. 6a).

4.3 The Cheladivaron Promontory

From the western shore of the Cheladivaron Promontory, we present data from two near-
shore (ANI S§3, ANI S4) and two coastal calcarenitic outcrops (ANI S GR, ANI S5) as well
as the stratigraphies of two vibracores (ANI 36, ANI 41, Figs. 2 and 7).
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Fig. 6. Thin sections of cemented tsunamites encountered in vibracore profile ANI 4 drilled at the
northern shore of the Bay of Aghios Nikolaos. See Figs. 1 and 2 for location of the vibracoring site,
Fig. 3 for stratigraphic positions of thin sections, and text for further explanations. PPL — plain
polarized light, +N — crossed Nichols. (a) ANI 4/2+ (0.76 m a.s.l.), PPL; (b) and (c) ANI 4/3 BR
(0.67 m a.s.l.), PPL; (d) ANI 4/3 BR/DS (0.64 m a.s.l.), +N.

4.3.1 Evidence from profile outcrops and vibracores

Near-shore profiles ANI S3 (N 38°522.870”, E 20°47°26.564”, ground surface 6.90 m a.s.l.)
and ANI S4 (N 38°52’3.874”, E 20°47°25.844”, ground surface 5.85 m a.s.l.) are located
some 60-70 inland on the western flank of a small rocky hilltop. Both profiles show a clear
erosional discontinuity on top of local Triassic bedrock followed by a thick and well cemented
layer (ANI S3: 5.60-6.10 m a.s.l., ANI S4: 5.50-5.80 m a.s.l.) of both well rounded gravel
and angular stones (Figs. 7, 8b and 8c¢) in a sandy matrix with numerous fragments of a
marine macrofauna (Fig. 8¢). In this unit, we also found ripped-up and incorporated stones
with boreholes from Lithophaga sp. indicating the marine origin of the material (Fig. 8c,
inset). Subsequently, a sand-dominated calcarenite follows, rich in shell fragments (ANI S3:
6.10-6.60 m a.s.l.). Its uppermost part is weathered and characterized by soil formation
(ANI §3: 6.60-6.90 m a.s.l., ANI S4: 5.80-5.85 m a.s.l.; Figs. 7 and 8b).

Profile ANI S GR is located at the southern end of the promontory on the immediate
waterfront (N 38°51°49.470”, E 20°47°15.260”, ground surface 0.30 m a.s.l.). It is made
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Fig. 7. Stratigraphies and vertical facies distribution of near-shore and coastal calcarenitic outcrops
and vibracores of transect II along the western shore of the Cheladivaron Promontory (for location
of transect see Figs. 1 and 2).

out of a 20 cm-thick unit of cemented sandy shell debris with abundant fragmented and
articulated molluscs (0-0.20 m a.s.l.). The following cemented sand layer is still rich in fos-
sil fragments (0.20—0.30 m a.s.l.). The ANI S GR crust partly encloses large boulders, up to
2 m in diameter, which originate from Triassic bedrock outcrops further upslope.

Profile ANI S5 is located at the opposite flank of the promontory some 600 m further
north (N 38°52’7.698”, E 20°47°23.975”, ground surface 1.35 m a.s.l.). Its base shows
cemented gravel and stones in a sandy matrix also including shell fragments (0.35-0.65 m
a.s.l.) and followed by a similar, but sand-dominated section (0.65-1.08 m a.s.l., Figs. 8d
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and 8e). The uppermost part of the profile is made out of decalcified sand (1.08-1.35 m
a.s.l.); numerous blocks and stones from the littoral zone were found lying on the terrain
surface.

Vibracoring site ANI 36 is located right in between sites ANI S4 and ANI S5 around
30 m inland (N 38°52’5.067”, E 20°47°24.712”, ground surface 1.15 m a.s.l.). Its base is
characterized by a palacosol (1.43 m b.s.l. — 0.03 m a.s.l.) on top of older sandy deposits.
We found a sharp erosional contact towards the following layer of cemented sand the latter
including abundant shell debris and also black limestone fragments (0.03-0.35 m a.s.l.).
The subsequent weathered coarse-grained gravelly deposits (0.35-0.44 m a.s.l.) are, further
up-core, covered by sand (0.44-0.58 m a.s.l.) including well rounded pieces of pumice and
singular limestone fragments with signs of marine bio-erosion. The top of the profile shows
a colluvisol (0.58—-1.15 m a.s.l.).

Vibracore ANI 41 (N 38°51’57.622”, E 20°47°22.226”, ground surface 1.64 m a.s.l.)
was drilled some 230 m to the south-southeast of site ANI 36 on top of a ridge-type mor-
phological unit with tongue-like lobes showing towards inland. On top of an erosional
contact, we found thick marine deposits (0.53 m b.s.l. — 1.17 m a.s.l.) with three well
discernible fining upward sequences. Each sequence starts with a shell debris layer plus
sand and partly also pieces of well rounded gravel followed by mean sand with an increas-
ing amount of fine sand towards the top. The lowermost part of the marine sequence is well
cemented (0.53-0.21 m b.s.l.) and revealed numerous mollusc valves regularly adjusted
with their convex side facing upwards (see profile ANI S2, Section 4.2.1). The uppermost
part of core ANI 41 consists of decalcified brown fine sand (1.17-1.64 m a.s.l.).

4.3.2 Evidence from thin section analysis

Micromorphological studies were carried out for samples from profiles ANT S GR, ANI S3,
ANI S5 as well as from vibracore ANI 36.

Concerning profile ANI S GR, mineral grains are mainly restricted to the upper strati-
graphic unit (Fig. 9a). Many grains show pyrite crystals (Fig. 9a, center right) or coatings of
iron oxide (Fig. 9a, center left) and thus indicate anoxically subaqueous and terrestrial areas
of origin, respectively. Thin sections from the lower unit of profile ANI S GR reveal large
shell fragments, partly adjusted and embedded in a carbonate matrix, as well foraminifers
(Fig. 9b, center, presumably remains of the benthic shallow water species Ammonia beccarii).
The high porosity visible in the ANI' S GR thin sections reflects gradual dissolution of the
crust by subaerial weathering.

We found cracked pieces of black limestone in thin sections of the coarse-grained unit
of profile ANI S3. Fig. 9¢ (upper left) clearly depicts the lateral shearing of a limestone frag-
ment into pieces as well as the occurrence of sharply edged limestone flakes (Fig. 9c, center)
in direct combination with shell and foraminifer fragments (Fig. 9d, lower right). This testi-
fies to strong impact from the marine side. In many cases, limestone surfaces are character-
ized by sequences of concave impact marks (Fig. 9¢, right center and Fig. 9d, upper center).
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Fig. 8. Beachrock-type tsunami deposits along the western shore of the Cheladivaron Promontory
(Akarnania). (a) General view of the central Cheladivaron Promontory with locations of vibracor-
ing site ANI 36 and outcrops ANI S3 and S4; (b) tsunamite outcrop in near-shore profile ANI S3
on the western flank of a small rocky hill; (c) detail of lowermost section of profile ANI S3 showing
angular intra-clasts, partly with signs of bio-erosion by littoral zone boring organisms (see inset),
and shell debris in a sandy matrix; (d) beachrock-type tsunami deposit at site ANI S5; (e) detail of
cemented tsunami sands at site ANI S5 (0.65 m a.s.l.), strongly karstified. Photos taken by A. Ve,
2007, 2008.



Andreas Vott et al.

18




Beachrock-type calcarenitic tsunamites 19

Fig. 9. Thin sections of calcarenitic tsunamites from the western flank of the Cheladivaron Promontory.
See Figs. 1 and 2 for locations of sampling sites, Fig. 7 for stratigraphic positions of thin sections,
and text for further explanations. PPL — plain polarized light, +N — crossed Nichols. (a) ANI S GR2
(0.25 m a.s.l.), PPL; (b) ANI S GR1 (0.15 m a.s.l.), PPL; (c) and (d) ANI S3 BR1 (6.10 m a.s.l.),
+N; (e) ANIS3 BR2 (5.66 m a.s.l.), +N; (f) ANI S3 BR4 (6.60 m a.s.l.), PPL; (g) ANI S5 BR2 (0.50
m a.s.l.), +N; (h) ANI S5 BR4 (1.08 m a.s.l.), PPL.

Well rounded pebbles from the littoral zone are associated to angular and even flake-type
limestone fragments, individual pebbles being partly smashed by impacting forces (Fig. 9e,
center right). These micromorphological features clearly document high to even extreme
energy influence on the site. Similar micromorphological characteristics were found by
Bruzzi & ProNE (2000) for quartz grains which were subject to mechanical impact within
the course of tsunami and storm events. Thin sections from the fine-grained upper unit of
profile ANI S3 reveal abundant shell fragments, partly adjusted in a parallel way and asso-
ciated to angular and partly oxidized mineral grains (Fig. 9f, center left). Due to the high
elevation of this part of the profile, dissolution of the carbonate cement by percolating rain-
water has already produced a comparatively high porosity.

Thin sections from the lower parts of profile ANI S5 show an unsorted mixture of shell
and foraminifer debris associated to both angular and rounded mineral grains (Fig. 9g). In
contrast, samples from the uppermost section of the profile reveal a dense carbonate crust
with only few mineral grains (Fig. 9h). The crust, however, is subject to dissolution and
subsequent oxidation along root channels (Fig. 9h, center).

The cemented layer encountered in vibracore ANI 36 is made up of a fairly unsorted
mixture of mineral grains and shell debris (Fig. 10a). Its uppermost section, however, is
already in state of dissolution. Shell fragments are fairly well adjusted and associated to min-
eral grains and foraminifers (Fig. 10b). Similar to the situation observed in profile ANI S2b
(Fig. 5h), rapid deposition of the entire sedimentary unit as a whole induced destruction of
shell remains, in this case the valves of an indeterminable ostracod (Fig. 10c, center). Min-
eral grains are often sharply edged (Fig. 10d, lower center), some of them showing oxidic
coatings indicating a terrigenous origin (Fig. 10d, upper left and center right).

4.4 Post-sedimentary pedogenetic cementation

Fig. 11 depicts carbonate contents (in weight-%) analysed for sediment samples from cores
ANI 4, 5, 36 and 41 compared to simplified facies profiles. It can be seen that the basal
palacosol units are, at least in their uppermost part, completely void of carbonate. In every
core, the onset of allochthonous marine deposits is represented by an abrupt increase in
the carbonate content. However, vertical carbonate profiles of ANI 5, 36 and 41 docu-
ment strongly but steadily increasing carbonate concentrations within the marine sequence

from top to bottom. Highest values were found for the carbonate crusts themselves with
maximum 51 % at ANI 5, up to 29 % at ANI 36 and almost 67 % at ANI 41. Considering
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Fig. 10. Thin sections of cemented tsunamites encountered in vibracore profile ANI 36 drilled at
the western shore of the Cheladivaron Promontory. See Figs. 1 and 2 for location of the vibracoring
site, Fig. 7 for stratigraphic positions of thin sections, and text for further explanations. PPL — plain
polarized light, +N — crossed Nichols. (a) ANT 36/5 KK (0.19 m a.s.l.), +N; (b) ANT 36/6 KK (0.08 m
a.s.l.), PPL; (c) ANI 36/6 ST/KK (0.12 m a.s.l.), PPL; (d) ANI 36/6+ KK (0.03 m a.s.l.), PPL.

amounts of annual precipitation in northwestern Greece reaching up to 800—1200 mm
(Lienau 1989), crust formation is best explained by carbonate dissolution and subsequent
oxidation of upper sand units and downward transport of dissolved carbonate within the
marine sequence. It is known from pedogenetic studies that recrystallisation will take place
in or slightly above groundwater level due to the rapid change of the solubility product
and/or where a strong decrease in porosity and thus in percolation capacity occurs (e.g.
SCHEFFER & ScHACHTSCHABEL 2002: 455fF.). The latter can be observed in cores ANI 5,
36 and 41 where percolating and carbonate-saturated waters are hindered from further
seepage by the clayey to silty palacosol material underneath the marine sequence. Thus,
the lowermost parts of the marine deposits remain fully saturated over a long time so that
shell debris may act as initial nucleus for recrystallisation processes. Post-sedimentary pedo-
genetic decalcification and subsequent cementation are suggested to take place within a

considerably short time span after deposition.
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Odur results and interpretation are supported by the fact that thin sections of both decal-
cified and encrusted material show completely identical mineral skeletons (Section 4.2.2,
see also VOTT et al. 2009b).
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Fig. 11. Vertical profiles of carbonate contents analysed for vibracores ANI 4 and 5 drilled at the
Aghios Nikolaos harbour (a) and for vibracores ANI 36 and 41 drilled at the western shore of the
Cheladivaron Promontory (b). Simplified stratigraphies of vibracores are adjusted to vertical scale

of y-axis; white sections correspond to cemented tsunami deposits. See Figs. 1 and 2 for locations of
vibracoring sites.
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4.5 Discussion and dating approaches

Based on the sedimentary and micromorphological findings encountered in profiles of
transect I (Figs. 3 to 6 and Fig. 10), the following statements can be made. (i) The overall
macro- and micro-structure of the cemented sediments clearly indicates high-energy influ-
ence. This is all the more striking as recent sedimentary dynamics in the inner Bay of Aghios
Nikolaos (= Bay of Cheladivaron) are characterized by anoxic conditions and the accumula-
tion of silty to clayey mud rich in organic matter. (ii) Most prominent high-energy impact
features are the high amount of coarse mineral grains and shell fragments, their angular and
even flake-like shape as well as fractionating and high-pressure impact structures. (iii) Load
cast and injection features cannot be explained by littoral processes. They rather reflect the
sudden and non-recurring accumulation of a water-saturated sedimentary unit which sub-
sequently got subject to post-depositional deformation. (iv) A considerable portion of the
sediment originates from non-littoral terrigenous and quiescent underwater environments
due to signs of subaerial oxidation and anoxic pyrite formation. These findings implicate
that, during high-energy impact, littoral but also adjacent terrestrial and lagoonal environ-
ments were strongly affected. This kind of sedimentary dynamic is only known for tsunami
wave action (e.g. BRUINS et al. 2008, VOTT et al. 20092, 2009b). (v) The partly chaotic and
unsorted structure on the one hand and the partly laminated and adjusted appearance of
the material on the other hand seem to correspond to phases of more turbulent runup and
more laminar overflow, respectively, during high-energy tsunami inundation. (vi) From
a stratigraphic point of view, ANI §2, S2a, S2b high-energy deposits are stratigraphically
well consistent with tsunamigenic layers found in nearby cores ANI 4 and ANI 5 which
also appear partly cemented. The ANI S2, S2a, S2b crusts represent the cemented part of a
thicker and in its upper section partly weathered unit of allochthonous tsunami deposits.
Concerning transect II profiles (Figs. 7 to 10), the encountered marine sequences are
due to high-energy wave impact on the Cheladivaron Promontory. The main arguments are
the following. (i) Sharp erosional contacts in basal palacosols, (ii) multiple fining upward
sequences, partly including rip-up clasts, in marine deposits untypical of the present sed-
imentary environment, and (iii) clear landward and upward thinning of allochthonous
deposits are among those sedimentary features found associated to tsunami deposits
(Dawson 1994, DomMiNey-Howes et al. 2006, Dawson & STEwaRT 2007, KORTEKAAS
& Dawson 2007, MortoN et al. 2007). Further findings such as (iv) assemblages of well
rounded mineral grains and sharply edged limestone flakes side by side, (v) sediments from
terrigenous or subaqueous environments amidst material from littoral sites, and (vi) clear
impact marks and shearing traces of large mineral clasts indicate large dimension wave
impact reaching far beyond the littoral system (see also Bruzzi & Prone 2000). More-
over, allochthonous deposits occur in similar stratigraphic positions at different sites but
in differing topographic elevations. (vii) Encrusted marine deposits found up to around
7 m a.s.l. document exceptional ex-situ marine influence and are consistent with dislocated
blocks and stones from the littoral zone encountered up to 14.80 m a.s.l. on top of the
Cheladivaron Promontory as well as with runup deposits at the northern shore of the bay
at 6.70 m a.s.l. found during previous investigations (May et al. 2007, VOTT et al. 2006,
2009b). (viii) Allochthonous onshore deposits of predominantly marine origin are consid-
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erably thinner at the eastern flank of the Cheladivaron Promontory but reach up to 2 m in
thickness in the adjacent inner Bay of Cheladivaron (VOTT et al. 2009b). This is consistent
with flow dynamics of extreme waves coming from the seaside and with local divergence
and sediment deposition after the waves have overflowed the promontory (FLoTH et al.
2009, VorT et al. 2009b).

Against this background, there is no plausible alternative for explaining allochthonous
transect | and II deposits (Figs. 3 to 10) as being caused by strong tsunami impact. Our
results show that cementation of tsunami deposits in the Bay of Aghios Nikolaos has taken
place by post-sedimentary decalcification and weathering of higher sections on the one
hand and downward carbonate transport and recrystallisation in places of slack flow on
the other hand. Profiles ANI S2, §2a, S2b, S3 and S5 show stratigraphies identical to those
encountered in cores ANI 4, 5, 36 and 41. Therefore, we conclude that the occurrence
of carbonate crusts at the waterfront is due to the fact that the easily erodible brown and
decalcified sands on top have been washed away by littoral processes. This scenario can be
verified at sites ANI S2, S2a and S2b where the upper decalcified sand forms a weak cliff
some 2-5 m further inland while the encrusted parts of the tsunami deposits are fairly intact
on the immediate shore.

The calcarenitic crusts at sites ANI §2, S2a and S2b correspond to the definition given
for “beachrock” sensu stricto (e.g. SHORT 2005, TURNER 2005, Vouspoukas et al. 2007,
Birp 2008). The beachrock units in the Bay of Aghios Nikolaos are thus the first of their
kind described as high-energy tsunami deposits post-sedimentarily encrusted in the course
of carbonate washout, vertical carbonate transfer, and post-pedogenetic erosion of overlying
decalcified units.

Radiocarbon and OSL dating was accomplished for samples from profiles ANI S2 and
ANI §2b for comparison with existing local tsunami geochronostratigraphies (Section 4.1).
Two shell samples were taken from the cemented layers of profile ANI S2, sample ANI S2
BR1 from in between the topmost sand crust and sample ANI S2 BR2 from the under-
lying shell debris layer (Table 1). As these strata represent event deposits, incorporated shell
fragments yield simple maximum ages due to reworking of older material. The age inver-
sion documented by the ANI S2 dating results is, therefore, not significant. The youngest
age obtained yields the best-fit terminus ad or post guem for tsunami landfall and sediment
deposition. It can thus be stated that site ANI S2 was hit by tsunami wave action at or after
1527-1436 cal BC (Table 1).

A third sample from the stratigraphically identical unit in profile ANI S2b was radio-
carbon dated to 381-465 cal AD (Table 1). Based on its adhesion-type appearance, we
however assume that the dated gastropod was secondarily cemented to the crust’s surface
during a later phase of superficial cementation and does not reflect the time of tsunami
sediment deposition.

We carried out OSL analyses of two samples from the layer of decalcified and weath-
ered brown sand right on top of the crust in profile ANI S2 in order to date the time of
sediment accumulation as such. Two samples were taken from the same depth. OSL dating
yielded fairly identical ages ranging from around 3.26 to 3.88 ka before present depending
on the water content which we assumed between 5 and 30 % for the time of deposition
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(Table 2). OSL dates are well consistent with the calibrated maximum radiocarbon age of
the underlying crust given as 1527-1436 cal BC (Table 1). It can thus be concluded that
the event deposits encountered in profile ANI S2 were accumulated in the last third of the
4" millennium BC.

Our results are in good accordance with a radiocarbon date from profile ANI 4 (Fig. 3)
and numerous other dates obtained for samples from the shores and the profundal zone
of the nearby Lake Voulkaria all of them describing strong tsunami landfall in the Bay of
Aghios Nikolaos and its environs around 1000 cal BC (VorT et al. 2006, 2009b).

5 Beachrock-type tsunamites in the Bay of Langadakia (Cefalonia)

Detailed geomorphological and sedimentological studies were carried out in the Bay of
Langadakia on the western coast of Paliki Peninsula, Cefalonia Island (Fig. 1).

5.1 Sedimentary evidence

We studied a sequence of well cemented gravel, sand and shell debris, up to 3.0 m thick, on
the southern flank of Langadakia beach which is unique for the western coast of Cefalonia
Island (N 38°10’33.700”, E 20°21°5.100”, Fig. 12). The Langadakia deposit measures
around 25 m in SSW-NNE direction and 15 m in SE-NW direction. Its overall struc-
ture is well laminated with seaward, i.e. SW/SSW-dipping inclination of the strata ranging
between 5° and 8° on average, strongly depending on the local topography. The length
axis of the deposit corresponds well with the SSW-NNE trending lower course of the nar-
row Langadakia valley ending at Langadakia beach. However, towards the northeast, the
conglomeratic and arenitic sequence is partly stuck to a pre-existing cliff-type rim. Highest
gravel deposits belonging to the Langadakia sequence were found at 3.80 m a.s.l. (Figs. 12a
and 12f).

The base of the Langadakia sequence is characterized by a clear erosional discontinuity
formed in Eocene limestone. The formation of the erosional surface was obviously related
to the destruction of pre-existing rock pools as fragments of rock pool rims, up to 50 cm
large, were found incorporated in the lowermost coarse-grained gravel stratum (Fig. 12g).
These rock pool fragments represent rip-up clasts sensu stricto. The Langadakia deposit con-
sists of several fining upward sequences each of them starting with a layer of gravel up to
10-15 cm, in some cases even up to 30 cm in diameter. The grain size is clearly decreasing
towards the top of each sequence to minimum coarse sand. At least four different fining
upward sequences can be detected (Fig. 12a). The lowermost section of the deposit, however,
is characterized by a bi- to multi-modal distribution with grain sizes ranging from 2 mm up
to 50 cm (Fig. 12e¢). This clearly unsorted mixture seems to reflect turbulent low dynamics.
In contrast, higher units of the lowermost fining upward sequence show a fairly good degree
in sorting and a clearly laminated structure indicating predominant laminar flow. In gen-
eral, the degree in sorting and lamination increases towards the top of every fining upward
sequence. Finer-grained sandy sections of the Langadakia deposit were intensely quarried to
produce millstones, most probably for olive oil production (Fig. 12h).
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Fig. 12. The conglomeratic tsunamite encountered in the Bay of Langadakia (Cefalonia Island). (a)
View of the central section of the tsunamigenic deposit with basal unconformity and several fining
upward sequences. The given calibrated radiocarbon ages are pure maximum ages due to reworking
effects. See Table 1 and text for further explanations; (b) general view of the conglomeratic high-
energy deposit at Langadakia beach. The general SW/SSW inclination of the tsunamite layers is 5-8°
and corresponds to the SSW-NNE trending narrow lower course of the Langadakia valley opening
to the left of the photo; (c) top section of the Langadakia deposit including numerous angular,
terrigenous stones embedded in a dense carbonate matrix; (d) injection of coarse-grained bi- to multi-
modal basal deposits into a pre-existing cavity of the bedrock; diameter of lens cap (white circle)
is ca. 7 cm; (e) transition from bi- or multi-modal basal deposits to well laminated fining upward
sequences with an upward increase in sorting; (f) maximum elevation of tsunamigenic gravel, sand
and shell debris attached to the cliff-type rim at the northeastern fringe of the Langadakia deposit;
(g) basal section of tsunamite including a rock pool fragment ripped up from the underlying bed-
rock, on top of an erosional unconformity; (h) traces of quarrying sandy sections of the Langadakia
sequence for the production of millstones. Photos taken by A. Vétt, 2007, 2008.
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Injection structures were found in higher parts of the Langadakia deposit where gravelly
to sandy sediments had been pressed into pre-existing cavities and cracks within the bedrock
(Fig. 12d). Further, we observed an overall landward thinning from around 3.0 m along
the coast to around 1.50 m at the landward side of the sequence. The top section of the
Langadakia deposit consists of a cemented carbonate matrix into which abundant angular
stones, up to 20 cm large, are incorporated. The latter are of terrigenous origin, and
presumably represent reworked alluvial fan deposits; the general appearance is the one of a
strongly karstified breccia (Fig. 12c).

5.2 Evidence from thin section analysis

Based on thin section analyses (Fig. 13) we found that the basal part of the unit Langadakia
shows a mixture of abundant shell debris, fragments of coralline algae and well rounded
mineral components testifying to a marine origin of the material (Figs. 13g and 13h). A
thin section from a fine gravel layer further upward also revealed abundant foraminifers,
shell and algal fragments (Figs. 13e and 13f). However, angular mineral grains document
that also non-littoral material was incorporated (Fig. 13f, upper center). This can also be
observed for a unit of coarse gravel (Fig. 13c, upper right); still, echinoid spine fragments also
reflect influence from the seaside. Microscopically, the uppermost section of the Langadakia
deposit shows (sub-)angular mineral grains in a dense carbonate matrix (Figs. 13a and 13b).
Large pores reflect strong dissolution and karstification followed by oxidation (Fig. 13a).
In general, dissolution effects can be observed throughout the entire Langadakia sequence,
affecting both carbonate matrix and shell components (Fig. 13d), with an overall increasing
trend towards the top. In some places, especially in the mid-sections of the sequence, min-
eral and shell components show only thin coatings of carbonate cement so that the general
structure is strictly component-supported (Figs. 13¢, 13e and 13f).

5.3 Associated dislocated boulders

Geomorphological surveys conducted between Cape Gerogombos (N 38°10°42.240,
E 20°20°27.670”) and Cape Schinou (N 38°10°10.470”, E 20°21°34.660”) revealed numer-
ous boulders up to 6-8 m a.s.l,, partly in cliff top positions (Figs. 1 and 14). The boulders,
partly forming imbrication trains, are characterized by bio-erosion features such as rock
pools typical of the littoral zone. However, numerous boulders show rock pools facing
downwards thus documenting high-energy dislocation, tilting and/or rotation.

Fig. 13. Thin sections of conglomeratic and calcarenitic tsunamites from the Bay of Langadakia. See
Figs. 1 and 2 for locations of sampling sites, Fig. 12 for approximate stratigraphic positions of thin
sections, and text for further explanations. PPL — plain polarized light, +N — crossed Nichols. (a)
and (b) LAG K1 BR4 (3.27 m a.s.l.), PPL; (c) LAG K1 BR3 (2.20 m a.s.l.), PPL; (d) LAG K1 BR3
(2.20 m as.l.), +N; (e) LAG K1 BR2 (1.50 m a.s.l.), PPL; (f) LAG K1 BR2 (1.50 m a.s.l.), +N; (g)
and (h) LAG K1 BR1 (1.35 m a.s.l.), PPL.
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At Cape Gerogombos, the maximum size of dislocated boulders is around 4-6 m?
(Fig. 14d), at Cape Schinou up to 8-10 m? (Figs. 14a and 14b). Additionally, we found
ridges out of limestone rubble around Cape Gerogombos up to 15-20 m a.s.l. These ridges
are dozens of meters long and up to 1-2 m thick consisting of blocks and stones up to 1 m
in diameter.

Se
Ee AT

Fig. 14. Tsunami deposits encountered at Cape Schinou and Cape Gerogombos on the western coast
of the Paliki Peninsula (Cefalonia Island); (a) boulders at Cape Schinou, found up to 50 m inland
and up to 10 m? large, dislocated and partly imbricated by high-energy wave impact (b) and associ-
ated to conglomeratic to calcarenitic high-energy deposits showing fining upward sequences similar
to the Langadakia unit (c); the dislocated boulder in the background of (c) lies in cliff top position at
around 6 m a.s.l.; imbricated boulders at Cape Gerogombos (d) were also found related to cliff top
high-energy conglomerates (e). Photos taken by A. Vétt, 2007, 2008.
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In some places, cliff top dislocated mega clasts are directly associated to conglomeratic
sequences similar to the Langadakia deposit described in Section 5.1. The basal sections
of these sequences, where encountered close to the sharp unconformity in the under-
lying bedrock, show a bi- to multi-modal grain size distribution and include gravel up to
30-40 cm in diameter (Fig. 14e). Higher sections are characterized by well laminated and
fining upward sequences (Fig. 14c). The overall thickness of these cliff top conglomerates
hardly exceeds 1 m (Figs. 14c and 14e) thus being considerably thinner than the maximum
thickness found for the Langadakia sequence.

5.4 Discussion and radiocarbon dating approach

In a summary view, the Langadakia deposit revealed geomorphological and sedimentary
characteristics such as (i) a clear erosional discontinuity in the underlying bedrock, (ii) a
basal multi-modal deposit including rip-up clasts, (iii) multiple fining upward sequences
(graded bedding) with each sequence showing an upward increase in sorting and parallel
lamination, (iv) thinning landward, and (v) associated dislocated boulders partly in cliff top
position. Most of them are features empirically found typical of tsunami deposits (GOEFF et
al. 2001, Dominey-Howes et al. 2006, KorTEkAAs & Dawson 2007, DawsoN & STEw-
ART 2007, MorTtoN et al. 2007). Considering the effects of storms on the western Paliki
coast, we found drift lines out of empty plastic bottles, barrels, tires, and wooden trunk
pieces accumulated by winter storms up to 8 m a.s.l. We assume maximum 1 g/cm? as
estimated density for the drifted material whereas density measurements in the laboratory
yielded 2-2.5 g/cm?® for the nearby encountered dislocated boulders. Taking into account
the considerable difference in volume, these data result in maximum weights of maximum
few hundreds of kilograms for drifted material and 15-25 tons for dislocated boulders
(maximum volume 6-10 m?), no matter if the movement itself happened by simple floating
or by high-energy dislocation. It may therefore be excluded that boulder dislocation was
caused by storm wave action.

The Langadakia sequence is interpreted as tsunami deposit which became subject to
post-sedimentary cementation. Unlike in the Bay of Aghios Nikolaos case study, however,
no field evidence was found how cementation had taken place. Relicts of soil covers were
not encountered. In terms of event stratigraphy, it is suggested that the lowermost section of
the Langadakia deposit represents turbulent flow during the first runup of tsunami waters.
Every one of the following multiple fining upward sequences is interpreted — on the base of
sedimentary characteristics found for the 2004 Indian Ocean and other subrecent or histor-
ical tsunamis (NISHIMURA & Mivajr 1995, Sarto et al. 1995, Sui et al. 1995, BONDEVIK et
al. 1998, HinpsoN & ANDRADE 1999, Fujrwara et al. 2000, GELFENBAUM & JAFFE 2003,
MOoORE et al. 2006, RicumoND et al. 2006, BECKER-HEIDMANN et al. 2007, CHOOWONG
etal. 2007, Hawkes et al. 2007, Paris et al. 2007) — as documenting an individual tsunami
wave passage across Langadakia beach. The topmost section documents increased input
of terrigenous material most probably corresponding to the final backwash that induced
subsequent rockfall and rapid colluvial-type accumulation of terrestrial deposits on top of a
water- and carbonate-saturated event layer.
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Like in the Bay of Aghios Nikolaos case study, the calcarenitic Langadakia conglomerate
and sandstone meets any demands given for beachrock (Section 4.5.). Our results show that
this beachrock is a distinct tsunamite reflecting strong tsunami landfall on the western coast
of Cefalonia Island.

Three radiocarbon dates of marine shell fragments from the Langadakia conglomerate
and sandstone rendered around 22000 cal BC (LAG K 1/5 RC, 2.60 m a.s.l.), 20500
cal BC (LAG K 1/3 RC, 1.25 m a.s.].) and 14000 cal BC (LAG K 1/6 RC, 1.75 m a.s.l,,
Fig. 12, Table 1). X-ray diffractometric analyses of the samples yielded around 99 % arago-
nite (Fig. 15). Thus, major recrystallisation of the fossil carbonate which may have altering
effects on the "“C age analysis (CHAPPELL & Porrack 1972, Yim et al. 1990, BEzZERRA et al.
2000, REMER et al. 2006: 857) can be excluded. Taking into account that none of the radio-
carbon ages lies close to the age determination limit of around 40000-50000 conv. “C BP,
the given ages are to be considered as reliable; erroneous measurement and dating can also
be excluded. As the Langadakia tsunamite is suggested to contain a lot of reworked older
material and fossils, age inversions were expected. They are, however, not relevant within a
set of maximum ages; within an event layer out of (partly) reworked material, the youngest
maximum age obtained represents the best-fit zerminus ad or post quem for the formation of
the deposit. We thus consider the age of 14000 cal BC as maximum age of the event.

Our results offer the following scenarios. If the true age of the sequence was around
14000 cal BC, i.e. the dating result marked a zerminus ad quem, the low palaco sea level
stand at that time would imply a tremendous tsunami runup of at least 70-80 m. This
scenario seems fairly improbable as such runup heights have never been reported from the
Mediterranean. We thus prefer the second scenario that the true age of the Langadakia
sequence is younger, possibly even Holocene. In both cases, however, the most important
result is that the Langadakia palacotsunami deposits may not be attributed to the MIS 5
interglacial sea level highstand but have to be considered as younger, eventually Holocene
lithified tsunami deposits.

6 Beachrock-type tsunamites in the Bay of Aghios Andreas (Peloponnese)

The Bay of Aghios Andreas is located at the northwestern end of the Katakolo Promontory
some 11 km to the west of the city of Pyrgos (N 37°39°52.160”, E 21°18°34.100”, Fig. 1).
In contrast to the long sandy shores of the adjacent Gulf of Kyparissia, the coast, exposed
towards the west, is characterized by numerous indentations, rocky cliffs and small islands
lying not far offshore. The coastal setting thus reflects disturbance and strong erosion and is
far away from having reached a state of geomorphodynamic equilibrium. The archaeologi-

Fig. 15. X-ray diffractograms for radiocarbon dated samples LAG K 1/3 RC, LAG K 1/5 RC and
LAG K 1/6 RC taken from the Langadakia tsunamite showing that major recrystallisation of the
fossil aragonitic carbonate can be excluded. The ages obtained are thus to be considered as reliable.
See text for further explanations.
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cal remains of Pheia — the harbour of ancient Olympia (STrRABO 8, 2, 13, see GROSKURD
1831) — were found lying partly onshore, partly underwater in the Bay of Aghios Andreas.
The ancient landing place is reported to have been destroyed and sunk underwater by an
earthquake in the 6™ century AD (KRraFT et al. 2005). Our studies in the Bay of Aghios
Andreas included geomorphological and sedimentological surveys, GPS and LIDAR
measurements, sampling for thin section analyses, and vibracoring. Special focus was laid
on local beachrock deposits for which the bay is well known and which were subject to
previous studies (e.g. FouacHE & DALONGEVILLE 1998).

6.1 Sedimentary evidence

In the Bay of Aghios Andreas, beachrock can be observed along the present shore from
present mean sea level up to 1.50 m a.s.l. where it disappears towards inland under younger
soil material (Figs. 16 and 17). Towards the sea, lower beachrock sections can be found
several dozens of meter offshore in shallow water depths. The thickness of the beachrock
varies along the beach with a maximum value in the central section of the bay and getting
thinner towards the north and south.

By our geomorphological and sedimentological studies, the following characteristics of
the beachrock were encountered: (i) In the southern part of the bay, the beachrock partly
lies on top of an erosional unconformity formed in grey Neogene marls and siltstones
(Fig. 17a). (ii) The basal section of the beachrock, some 20-30 c¢m thick, is largely domi-
nated by gravel, up to 15 cm in diameter. It is followed by a thick stratum of mean to fine
sand, clearly laminated, and consisting of several fining upward sequences with local inter-
calations of coarse sand and marine shell debris (Figs. 17b and 17¢). (iii) Locally, the well
laminated mid-section with its fining upward sequences is covered by a fairly unsorted grav-
elly to sandy top section including ceramic fragments (Fig. 17a). (iv) The overall inclination
of the beachrock strata is 6-8°. (v) The sandy beachrock unit is covered by a homogeneous
layer of beige-coloured silt to fine sand which seems to be of acolian nature.

We found ashlars, up to 50 x 30 x 20 cm? large, incorporated into the sandy mid-section
of the beachrock (Figs. 16b and 16d). The ashlars are still angular, in places even with
remains of white plaster adhering to their surface. This indicates that they were not subject
to littoral processes (Fig. 16b). Additionnally, numerous ceramic fragments were encoun-
tered both in the laminar mid-section and in the unsorted top section of the beachrock,
almost all of them sharply edged (Fig. 17a).

Further sedimentary features, outstandingly untypical of a littoral environment, were
found. First, numerous beachrock sections show load cast structures, especially below large
intra-clasts such as ashlars (Fig. 16d) and large pieces of gravel and stones (Fig. 17a). Second,
extensive convolute bedding appears in the upper mid-section of the beachrock sequence
(Fig. 17e¢). Both findings indicate rapid sediment deformation shortly after deposition
when the accumulated sands were still saturated by water and thus unstable. Convolute
bedding documents slump and/or avalanche-like downward movement of paste- or sus-
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Fig. 16. View of the Bay of Aghios Andreas near Pyrgos (Peloponnese) where Pheia, the ancient
harbour of Olympia, is located (Strabo 8, 3, 12, see GRoskuRrD 1831). The site is well known for the
occurrence of beachrock, up to 3 m thick and reaching up to 2.60 m a.s.l. (a); the mid-section of the
beachrock is made out of well laminated cemented sand with several fining upward sequences locally
showing enclosed large intra-clasts such as angular ashlars with in-situ remains of white plaster (b)
or stones with bio-erosion features from the littoral zone such as boreholes and in-situ boring organ-
isms (c); diameter of lens cap is ca. 7 cm; incorporation of ashlars partly induced load cast features
(d); sedimentary characteristics of the beachrock cannot be explained by usual littoral processes but
rather reflect high-energy impact and flooding of the site. Vibracore AND 6, drilled 40 m inland,
revealed a destruction layer underneath the beach-rock type calcarenitic tsunamite including ceramic
fragments. Geoarchaeological and sedimentary findings thus document tsunamigenic destruction
of Olympia’s ancient harbour by a probably earthquake-related tsunami in the 6" cent. AD. Photos
taken by A. Vétt, 2008, 2009.

pension-like sediments (FcaTBAUER 1988). Numerous marine shell fragments as well as
incorporated blocks, up to 30 cm large and characterized by boreholes and in-situ speci-
mens of boring organisms, prove that the sedimentary impulse came from the seaside
(Fig. 16c, Fig. 17b).

Vibracore AND 6 (N 37°39°55.620”, E 21°18’36.238”, ground surface 8.09 m a.s.l.)
was drilled some 40 m inland. In this core, we encountered sandy beachrock sandy deposits
between 2.60 m a.s.l. and 0.53 m b.s.l. with a total thickness of around 3 m. These findings
clearly indicate a landward increase in elevation of the beachrock strata. At the immediate
base of the AND 6 beachrock, a debris layer was found including ceramic fragments associ-
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Fig. 17. Selected sedimentary characteristics of the beachrock-type calcarenitic tsunamite at Aghios
Andreas and geomorphological traces of high-energy wave impact on the coast; (a) sharp erosional
unconformity encountered at ca. 1.20 m a.s.l. in the southern part of the bay formed in Neogene
marls and siltstones. The discontinuity is covered by a fining upward sequence of cemented sand
and subsequent bi- to multi-modal backflow deposits, partly gravitiy driven, with abundant angu-
lar stones of terrigenous origin and ceramic fragments; (b) mid-section of beachrock characterized
by several fining upward sequences locally starting with layers of coarse sand and shell debris;
(c) basal section of beachrock-type tsunamite made out of gravel, up to 15 c¢m large, cemented in
a sandy matrix, on top of an erosional discordance; (d) dislocated boulders found up to 40-80 m
distant from the coast at the Katakolo Promontory and near Aghios Andreas beach associated to
beachrock-type tsunamites; (e) detail of the upper mid-section of the Aghios Andreas beachrock
showing convolute bedding in a fining upward sequence; the black circle is a 2 Euro coin. Convo-
lute bedding is completely untypical of forming processes in a non-tidal littoral zone. It indicates
gravity-induced flow dynamics in a water-saturated suspension-like matrix; here, convolute bedding
structures reflect intermittent backflow shortly after high-energy deposition of thick allochthonous
sand deposits onshore. Photos taken by A. Vétt, 2008, 2009.
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ated to a silty to clayey sediment. This quiescent water deposit seems to reflect the original
sedimentary environment of the ancient harbour prior to its destruction.

Based on geo-scientific evidence, the following conclusions can be made. (i) The Aghios
Andreas beachrock unit shows numerous sedimentary characteristics typical of high-energy
influence, such as an erosional unconformity, intra- and rip-up clasts, multi-modal and
chaotically structured sediment layers, and fining upward sequences. (ii) Signs of load cast-
ing and convolute bedding are characteristic for weight-induced non-littoral gravity flows
in water-saturated deposits shortly after sediment deposition. (iii) Numerous geoarchaeo-
logical traces indicate rapid incorporation of ashlars and ceramic fragments into the sedi-
ment without destroying sharp ashlar angles or even plaster.

The Aghios Andreas beachrock thus must not be considered as consolidated littoral
sediment but rather as a cemented high-energy event deposit. Our interpretation is based
on sedimentary characteristics found typical of tsunami influence all over the world and
mentioned in Section 5.4. From a sedimentological point of view, the basal section of the
beachrock is interpreted as runup deposit accumulated under turbulent conditions whereas
the thick and well laminated mid-section with its multiple fining upward sequences seems
to reflect predominant laminar flow and the multiple passage of tsunami waves. In some
places, chaotically structured and coarse-grained backwash deposits were subsequently accu-
mulated; in other places, were turbulent backwash did not occur, water-saturated tsunami
sands partially flowed back and produced convolute bedding. This was possibly triggered
by seismic aftershocks. Because of the aeolian-type silty to fine sandy cover of the beachrock
we suggest that, after the deposition of the event sequence, coastal winds have blown out
finer grain sizes and formed coastal dunes on top of more landward parts of the tsunami
deposits. Post-sedimentary cementation of the tsunamigenic and aeolian units are assumed
to have taken place under subaerial conditions, most probably under a soil cover, similar to
the Aghios Nikoloas situation (see Section 4.4).

Further evidence of tsunami influence is given by numerous dislocated boulders, up to
2-8 m’ large, which we found lying up to 40-80 m inland along the Bay of Aghios Andreas
and the Katakolo Promontory (Fig. 17d).

6.2 Discussion and geoarchaeological dating

Numerous ceramic fragments and several angular ashlars encountered within and directly
beneath the beachrock-type calcarenite in the Bay of Aghios Andreas prove a Holocene age
of the deposit. Older studies dating the “Littoral limestone of Ayios Andreas” to the Pleisto-
cene epoch (IGMR 1980) have therefore to be considered incorrect. Yarourts (1957, 1960)
found abundant archaeological remains proving human occupation of the Pheia area for
most periods from Early Helladic through Roman to Byzantine times. Sherds from differ-
ent cultural epochs were encountered in similar stratigraphic positions on land, underwater
and cemented within the beachrock. Additionally, remains of buildings were found under-
water up to a distance of 200 m from the shore and down to 5 m water depth. The youngest
archaeological findings were dated to the 6" cent. AD (YaLouris 1957, 1960).
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LIDAR based volume analysis
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Fig. 18. 3D-visualisation of beachrock-type tsunamites at Aghios Andreas based on high-resolu-
tion LIDAR measurements accomplished with a Riegl TLS LMS-Z420i instrument with an average
accuracy of 6 mm; the LIDAR point cloud is combined with digital photographic data. The coherent
beachrock-section in the center represents a volume of around 13 m? of allochthonous tsunami
deposits. It can be clearly seen how the beachrock surface disappears under a cover of younger,
mostly colluvial deposits (right center). DGPS data show that the maximum elevation of the exposed
beachrock is 1.50 m a.s.l.; vibracorings further inland revealed the same stratigraphic unit up to
2.60 m a.s.l. The beachrock-type calcarenite at Aghios Andreas beach represents part of a tsunamite
uncovered by littoral erosion processes.

Based on literature studies, KRAFT et al. (2005) reconstructed the palacogeography of
the Bay of Aghios Andreas, assuming that ancient Pheia was destroyed by an earthquake
and sunk into the sea by co-seismic subsidence of the harbour area and coincidental uplift
of the Katakolo ridge. However, our geomorphological studies in the Katakolo area did not
reveal any evidence of young coastal uplift such as uplifted marine notches or uplifted abra-
sion platforms. FOuACHE & DALONGEVILLE (1998, 2004) suggest that Pheia had already
been subject to gradual coastal subsidence of about 6.5 m between Classical and Byzantine
times before it experienced destructive earthquakes in 521 and/or 551 AD. The beachrock,
according to their opinion, formed out of littoral deposits after a subsequent 1.5 m uplift
in the 6™ cent. AD (FouacHE & DALONGEVILLE 2004). Well dated relative sea level curves
for the northwestern, western and southwestern Peloponnese published by Krar et al.
(2005), VorT (2007), and ENGEL et al. (2009), however, show a more or less constantly
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rising sea level with rates between 0.5-0.7 m/ka; one major result of these studies is that
the relative sea level has never been higher than at present. Moreover, HOLLENSTEIN et al.
(2008b), based on continuous DGPS measurements, report on co-seismic vertical crustal
movements for the Peloponnese area within the range of maximum 1-2 decimeters. Against
this background, the assumptions of FouacHE & DALONGEVILLE (1998) — 6.5 m of gradual
subsidence for the ca. 1000-year-long period between Classical and Byzantine times, for
which archaeological remains document the proper use of Pheia as Olympia’s harbour,
and 1.5 m of subsequent co-seismic uplift — are not realistic; this is especially true if seen
together with yo-yo effects for which no corresponding on- and/or offshore deposits or any
geomorphological evidence were found. Although the Aghios Andreas beachrock sequence
and its peculiar allochthonous contents were described in detail by Krarr et al. (2005) and
FouacHE & DALONGEVILLE (1998, 2004), both groups of authors did not give any explana-
tions how this kind of sediment was formed.

As shown by our study, the Aghios Andreas beachrock material cannot be explained as
usual littoral deposit. Geomorphological, geoarchaeological and sedimentary findings rather
revealed that it is a cemented tsunamite. We suggest that, by tsunami landfall, large parts of
the coast were eroded and tsunami sediments were deposited along the shore incorporating
cultural debris. Where deposited in or below sea level, tsunami deposits were reworked
and redistributed; where deposited above mean sea level, cementation and conservation
of the tsunamigenic material took place, most probably under a soil cover. Final tsunami-
genic destruction of Pheia can be dated to the 6* cent. AD according to the youngest arti-
facts enclosed in the tsunamigenic beachrock and considering continuous human presence
since the Early Helladic (zerminus ad quem, see Section 6.1). We further suggest that this
tsunami was associated to one of the major earthquakes known from the 6™ cent. AD (in
the years 521 AD and 551 AD) that were primarily thought responsible for Pheia’s destruc-
tion (YaLouris 1957, FouacHE & DALONGEVILLE 1998, KRAET et al. 2005). Analogous to
the 1999 Izmit earthquake and tsunami in western Turkey (ArLTINOK et al. 2001), it may be
assumed that co-seismic subsidence occurred and aggravated the destruction of the site. The
Aghios Andreas beachrock thus represents a calcarenitic tsunamite testifying to the event-
related destruction of ancient Olympia’s harbour in the 6™ cent. AD.

7 General discussion

In this paper, we present results from three case studies on calcarenitic tsunamites encoun-
tered in three different coastal environments in western Greece. In either case, the described
tsunamite is in accordance with the scientific definition of beachrock sensu stricto as hard
coastal sedimentary formation out of beach material rapidly cemented by calcitic or arago-
nitic carbonate precipitation (e.g. BRICKER 1971, SHORT 2005, TURNER 2005, VOUSDOUKAS
et al. 2007, Birp 2008, see discussion in Sections 4.5, 5.4 and 6.2). The Aghios Andreas
case study was even subject to several beachrock studies (FouacHE & DALONGEVILLE 1998,
2004 and literature therein). Our results thus infer some general questions on the nature
and occurrence of beachrock and on its usability for the reconstruction of palacogeographies
and past coastal processes.
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Odur case studies clearly document that beachrock may represent the cemented and pos-
sibly only left-over part of formerly thicker tsunami deposits. Although this paper does not
intend to equalize any form of beachrock with calcarenitic tsunamites our results have to
be kept in mind when beachrock is intended to be used as indicator of littoral processes
or sea level evolution. The latter has been done in various geo-scientific studies all over the
world, especially in order to reconstruct palaco sea level stands. Albeit, it is still a matter of
vivid discussion if beachrock as such — seen as lithified beach deposits — can be used for sea
level reconstruction at all (KeLLetar 2006, 2007, KniguT 2007). From our point of view,
it has to be stated that using the beachrock encountered in the Bays of Aghios Nikolaos
(Akarnania), Langadakia (Cefalonia) and Aghios Andreas (Peloponnese) as sea level indica-
tors would result in a misleading and incorrect reconstruction of the local sea level history;
beachrock-based palaco sea level data would strongly contradict local relative sea level data
found on the basis of reliable geoarchaeological and sedimentary indicators (e.g. RAPHAEL
1973, 1978, JinG & Raprp 2003, KraFT et al. 2005, VOoTT 2007, ENGEL et al. 2009). In every
one of the presented case studies, the beachrock represents a part of a tsunamigenic sequence,
subaerially deposited and cemented way above the sea level at the time of deposition. Actu-
ally, it is a matter of accident which part of the beachrock is conserved and visible along the
beach. Close to the Aghios Andreas chapel, for instance, we found the same stratigraphic
beachrock unit at around 40 cm a.s.l. at the immediate waterfront, at 1.50 m a.s.l. where it
disappears under soil material, and even considerably higher in vibracore AND 6 some 40 m
inland, that means over considerable distances and in different elevations. Further problems
arise from lateral and landward thinning of beachrock-type tsunami deposits. Based on our
data, we therefore strongly recommend not using beachrock as indicator for relative sea level
reconstruction unless a tsunamigenic nature of the beachrock can be excluded.

Another open question is how the cementation of beachrock sensu stricto takes place.
One group of scientists suggest supratidal cementation in the spray zone by decreasing
CO, partial pressure (KeLLETAT 1975, 1998, 1999: 163ff., 20006); another group approves
cementation in the near-coast intertidal zone where carbonate-saturated marine ground-
water meets fresh groundwater. The latter process is assumed to result in a sudden reduction
of the maximum solubility product and subsequent carbonate precipitation (DESRUELLES
et al. 2004, 2007, TURNER 2005, VouspoUKas et al. 2007, further references therein). The
Aghios Nikolaos case study, however, revealed an alternative way of beachrock formation.
Geomorphological, sedimentological and geochemical evidence suggests post-sedimentary
cementation by subaerial decalcification of higher sections and encrustation of lower sec-
tions of a tsunamigenic unit by pedogenetic processes. This formation is bound to areas with
considerable amounts of annual rainfall enabling a net downward percolation of soil water
and associated downward transfer of temporarily dissolved compounds (Section 4.4).

8  Conclusions

Based on detailed geomorphological, sedimentological and geochemical investigations on
calcarenitic onshore deposits in three coastal areas in western Greece, the following conclu-
sions can be made.
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() Near- and onshore calcarenitic and conglomeratic deposits encountered in the
Bays of Aghios Nikolaos (Akarnania), Langadakia (Cefalonia Island) and Aghios Andreas
(Peloponnese) are identified as cemented high-energy tsunami deposits. Due to their
allochthonous character, they cannot be explained by current littoral processes. We found
sedimentary characteristics such as basal erosional unconformities, rip-up clasts, large intra-
clasts, multiple fining upward sequences showing an upward increase in sorting and clear
lamination as well as bi- to multi-modal grain size distribution all of which are reported as
typical of tsunami deposits.

(ii) Further sedimentary features reflecting non-littoral but rather high-energy impact
are injection structures, load casts and convolute bedding. In some cases, tsunami layers
were found associated to dislocated boulders.

(iii) Thin section analyses revealed that the calcarenitic tsunamites predominantly con-
sist of material from marine to littoral environments. Findings of angular to sharply edged
mineral grains, partly coated with oxides or covered by pyrite, however, show that sedi-
ments from terrestrial or quiescent water anoxic environments were also incorporated. This
is due to large scale tsunami inundation affecting both shore and surrounding areas.

(iv) Micromorphological studies of calcarenitic tsunamites brought to light traces of
high pressure shock destruction of mineral grains and bedrock fragments such as the forma-
tion of sharply edged flakes by impacting, cracking and shearing effects. Our data indicate
that, in some cases, the deposits, once accumulated by an impact, were not moved or altered
by littoral or other major processes before subsequent cementation took place.

(v) Tsunami deposits presented in this paper are generally characterized by a threefold
structure. The base of each tsunamite is made up of bi- to multi-modal sediments includ-
ing large rip-up and intra-clasts and gravel. It is suggested that this section reflects initial
tsunami landfall and associated turbulent flow dynamics during runup. The subsequent set
of several predominantly well laminated fining upward sequences documents the multiple
passage of tsunami waves during inundation under prevailingly laminar flow conditions.
Depending on the local topography, it is covered by a section of unsorted material including
numerous terrigenous stones most probably revealing backwash dynamics. In the presented
case studies, the well laminated mid-section shows the maximum thickness.

(vi) Where encountered at the immediate seafront, the cemented tsunamigenic cal-
carenites and conglomerates match the definition of beachrock sensu stricto. This is thus
the first study that reveals the tsunamigenic nature of selected beachrock sequences in the
Mediterranean.

(vii) Beachrock-type tsunamites do not, in every case, represent the entire tsunamigenic
sedimentary sequence. Locally, only the lowermost section is cemented; it can be found as
beachrock along the shore after non-cemented top sections have been removed by coastal
erosion. In Aghios Nikolaos, post-depositional cementation took place by pedogenetic
processes. Once deposited sufficiently above sea level, top sections of tsunami deposits were
decalcified and dissolved carbonate transported downward by rainwater percolation. Sub-
sequent secondary carbonate precipitation occurs where porosity abruptly decreases or in
the groundwater level.
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(viii) Age determination of beachrock-type tsunamites by radiocarbon dating of fossil
carbonate shells or plant remains is problematic due to reworking effects and yields simple
maximum ages. Using a combined approach of radiocarbon, OSL and archaeological dating,
however, the obtained ages are in good accordance with local tsunami chronostratigraphies.
For the Langadakia sequence, XRD measurements helped to exclude major recrystallisation
and to establish a late Pleistocene or even Holocene age.

(ix) Spectacular results from geoarchacological studies in the Bay of Aghios Andreas
document that Olympia’s ancient harbour site Pheia was finally destroyed by strong tsunami
impact in the 6% cent. AD.

(x) Based on our findings of beachrock-type calcarenitic and conglomeratic tsunamites
we strongly recommend not using beachrock as sea level indicator for the reconstruction of
palaco sea level fluctuations unless a tsunamigenic nature of the beachrock can definitely

be excluded.
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