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Abstract

Sedimentary stratigraphy determined by
trenching in Dalaman, south-western Turkey,
revealed three sand layers at a distance of
approximately 240 m from the shoreline and at
elevations of +0.30, +0.55 and +0.90 cm.
Storm surge action does not explain the fea-
tures of these deposits that show instead typi-
cal characteristics of tsunami deposition. The
sand layers correlate with historical tsunamis
generated by large earthquakes which rup-
tured the eastern Hellenic Arc and Trench in
1303, 1481 and 1741. Accelerator mass spec-
trometry “C dating of a wood sample from
layer II indicated deposition in AD 1473+46,
which fits the 1481 event. From an estimated
average alluvium deposition rate of approxi-
mately .13 cm/year, layers I and Il were dated
at 1322 and 1724, which may represent the
large 1303 and 1741 tsunamis. The geological
record of the 1303 key event is very poor; there-
fore, sand layer I perhaps represents an impor-
tant geological signature of the 1303 tsunami.
However, the strong tsunami reported to have
been generated by the 1609 earthquake is
missing from Dalaman stratigraphy: this
underlines the sensitivity of tsunami geologi-
cal signatures to various local factors. The
1303 earthquake ruptured the trench between
the islands of Crete and Rhodes. For the earth-
quakes of 1481, 1609 and 1741 we suggested
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that they were very likely generated in the
Rhodes Abyssal Plain where sea depths of up to
approximately 4200 m, together with the thrust
component of seismotectonics, favor tsunami
generation. Sand dykes directed upwards from
layer I to layer Il indicated that the 1481 earth-
quake triggered liquefaction of sand layer 1.
The results substantially widen our knowledge
about the historical earthquake and tsunami
activity in the eastern Mediterranean basin.

Introduction

The Hellenic Arc and Trench (HA-T) system
in the eastern Mediterranean basin is a very
active seismotectonic structure that has pro-
duced shallow and intermediate-depth earth-
quakes of magnitudes (M) up to approximate-
ly 8.0 with a mean return period of around 600
years. HA-T seismotectonics are controlled by:
i) the active subduction of the African litho-
sphere from SSW to NNE beneath the overrid-
ing Eurasian plate (Figure 1);!? ii) the coun-
terclockwise rotation of the African litho-
sphere relative to Eurasia along the Hellenic
Trench at rates in the range of 20-30 mm/year;
iii) the rollback of the subducting lithosphere
beneath the Hellenic Trench.* Global position-
ing system (GPS) measurements of crustal
motions indicated that the central and south-
ern Aegean is characterized by coherent
motion, with small internal deformation of less
than 2 mm/year, toward the SW at 30+1
mm/year relative to Eurasia.® Stations in the
SE Aegean, however, deviate significantly from
the overall motion of the southern Aegean,
showing increasing velocities toward the
trench and reaching 10+1 mm/year relative to
the southern Aegean as a whole.

In the eastern segment of the system, here-
after called EHA-T, focal mechanisms of earth-
quakes indicated that the plate motion is left-
lateral oblique with thrust component (Figure
2).12678 The northwards continuation of the
EHA-T in SW Turkey is the so-called Fethiye-
Burdur Zone of shear tectonics. GPS-deter-
mined velocity field shows left-lateral shear
strain rates reaching 80 nstrain/year in the
Pliny-Strabo troughs® The largest (M 7.2) shal-
low earthquake in the instrumental period of
seismology was the lethal main shock of 25"
April 1957, which ruptured offshore to the
northeast of the island of Rhodes, Greece, and
caused extensive destruction mainly in
Rhodes city (Figure 2). No tsunami was report-
ed in association with that earthquake.
However, documentary sources leave no doubt
that large historical earthquakes generated
very strong tsunamis and, therefore, the EHA-
T has been considered to be a zone of high
tsunami potential.!*!!

The geological identification of palaeot-
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sunamis from sediment deposits and their cor-
relation with historical earthquakes and vol-
canic eruptions has been proved to be quite
successful in the eastern Mediterranean
basin, e.g. on the island of Crete;*!5 on the
island of Thera;!"'" in south-western Turkey,
in Israel’® and in the Gulf of Corinth, Central

Greece.!?2!
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Earthquake and tsunami events in the tec-
tonic segment of EHA-T have a long history
and several have been historically document-
ed. The largest event was that of 8" August
1303 with an around 8 M earthquake and a
tsunami which flooded coastal zones in the
entire basin of the eastern Mediterranean.
From this point of view, it is of general
methodological interest to look for geological
signatures of tsunamis and to test how this
correlates with the historical documentation.
On the other hand, the high tsunami potential
associated with the EHA-T calls for an assess-
ment of tsunami hazard that is as reliable as
possible. This, however, requires a better
understanding of the seismic tsunamigenic
sources as well as of the rate of tsunami gen-
eration. Here we present new results concern-
ing a sequence of three tsunami sediment lay-
ers identified by trenching in the coastal zone
of Dalaman, south-western Turkey (Figure 1).
The three tsunamis identified geologically
were dated and correlated with historically
documented tsunamis generated very possibly
by large earthquakes in the EHA-T (Appendix).

Historical earthquake and
tsunami record

Thanks to the long history of the region of
EHA-T, particularly of the island of Rhodes,
documentary sources reporting earthquakes
and tsunamis date from as early as the 3¢ cen-
tury BC (for more details see Appendix). A his-
torical record of earthquakes and tsunamis
occurring in EHA-T has been compiled and dis-
cussed in a large number of catalogs, books
and other publications.??>* Papadopoulos et
al.* critically evaluated the available documen-
tary sources, added new observations from
field surveys, and compiled a new EHA-T
tsunami catalog arranged according to the
standards established for the New European
Tsunami Catalogue by a large number of scien-
tists working together on several tsunami
research projects financed by the European
Commission.**#! The pre-historic large Minoan
tsunami was documented geologically also in
the area of EHA-T. This exceptional event is
briefly reviewed below.

The time interval covered by our palaeot-
sunami stratigraphy in Dalaman covers the
last seven centuries. From the events pre-dat-
ing our stratigraphy record, the only known
pre-historic tsunami is the so-called Minoan
tsunami which was produced by the Late
Bronze Age (LBA) giant eruption of the Thera
volcano of Volcanic Explosivity Index 7+, very
possibly in the second half of 17" century BC.
The LBA tsunami has been documented by
sediment deposits found in several coastal
localities near EHA-T, such as on the island of

OPEN 8ACCESS

23 24 25 26 27 28 29 30° 3 2 3 34 35' 38"

SW TURKEY,-

i

+ "%

ar
36 . T
35 Nicosia - CYPRUS 3
kTN T
ES Acre s 3

Caesareae :
3

-

3

Km
- — = fgg

0 50 100
33 3 35"

Figure 1. Main seismotectonic features in the region of the Eastern Hellenic Arc and Trench
(EHA-T) where the African lithosphere under tilrusts beneath the Eurasian plate along the
Hellenic Arc and the Cyprean Arc. Arrows indicate the direction of lithospheric plate
motions. In the eastern segment of the EHA-T, the motion becomes oblique and continues
in Fethiye-Burdur Zone (FBZ), southwest Turkey, as a left-lateral strike-slip fault zone. The
surveyed areas of Rhodes in Greece and of Dalaman in southwestern Turkey are shown.
Small inset shows the area of eastern Sicily where tsunami sediment deposits were found that
possibly correspond to the Minoan tsunami of the 17 century BC (see text for details).
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Figure 2. Epicentral locations (solid circles) and year of occurrences of the historical
tsunamigenic earthquakes in the Eastern Hellenic Arc and Trench (EHA-T) and the sur-
rounding regions. The source of the 17% century BC tsunami produced by the Minoan
eruption on Thera is also plotted. RAP, Rhodes Abyssal Plain. To indicate the seismotec-
tonics of the region, the focal mechanisms (beach-ball diagrams) of the 1969 and 2008
strong, non-tsunamigenic earthquakes are plotted (from Papazachos and Papazachou,
2003, and references therein for 1969; from the Harvard list of Centroid Moment Tensor
solutions, http://www.globalcmt.org/CMTsearch.html for 2008). Focal parameters of all
earthquakes are listed in Table 1.
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Thera, in northern Crete and in south-western
Turkey'*17 and possibly further away in east-
ern Sicily” (Figure 1). Characteristic sea bot-
tom deposits, called homogenites, were also
attributed to the passage of the Minoan tsuna-
mi.®# In addition, a sedimentary deposit on
the continental shelf off Caesarea Maritima,
Israel (Figure 1), collected in four cores from
10 to 20 m water depths, was identified, dated
and attributed to tsunami waves produced dur-
ing the LBA eruption of Thera.!

In the classical period, reporting of strong
earthquakes and tsunamis in Greece, includ-
ing the structure of HA-T, goes back at least to
the 3" century BC, and in some areas even ear-
lier. Event statistics indicated that the report-
ing increased quasi-exponentially from the
15" century AD onwards.**#5 To investigate
historical tsunami events which possibly cor-
relate with the tsunami sediment deposits
described in the next section, we reviewed his-
torical documentation of earthquakes and
tsunamis occurring in the EHA-T region from
antiquity up to the present day. Parameters of
the reviewed earthquakes were adopted from
Ambraseys et al,*” Papazachos and
Papazachou,® Papadopoulos et al,* and
Papadopoulos,”® and are summarized in Table
18394850 Classical sources documenting histor-
ical earthquake events are listed in Appendix.
Localities are illustrated in Figures 1 and 2.
Epicenters of the tsunamigenic and non-
tsunamigenic earthquakes are plotted in
Figures 2 and 3, respectively.

Geological investigation of
palaeotsunamis

In middle latitude regions such as the east-
ern Mediterranean, areas favorable for tsuna-
mi sedimentation, preservation and identifica-
tion are typically low-energy depositional envi-
ronments, such as coastal wetlands and
lagoons, protected from the sea by a sandy bar-
rier which provides the material for re-deposi-
tion by the tsunami.’%* Furthermore, the low-
energy conditions of the environment protect
the deposit from post-depositional erosion.

Geological evidence for palaeotsunamis was
investigated in Rhodes and in Dalaman
(Figures 2 and 3). In Rhodes, a field survey
performed during July 1997 proved unsuccess-
ful because coastal zones were either highly
disturbed by human activities or geologically
unsuitable for palaeotsunami trenching. In
contrast, the surveyed trenching site in
Dalaman (Figures 4 and 5), situated at
28.7560°E, 36.7031°N as determined by hand
GPS devices, is an undisturbed coastal wet-
land, due to the presence of a small river-
mouth (Figure 4), and protected from the sea
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by a sandy barrier approximately 160 m from
the present shoreline. The low-energy condi-
tions of the environment protect the deposits
from post-depositional erosion. Debris pro-
duced by storm surges and consisting of
rounded pieces of pumice was found only on
the seaward side of the sandy barriers. Pumice
is very likely from the Minoan LBA eruption.
No pumice was found at the top of the sand
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spit. These features indicate that the sandy
barrier is probably still active and that storm
surges are not capable of overtopping it and
flooding the landward area. This is consistent
with the fact that, according to local people, no
storm surge floods the coastal roads on the
landward side. In Dalaman, tsunami sediment
deposits were investigated during two field
surveys performed in summer 1996 and in
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Figure 3. Epicentral locations (solid circles) and year of occurrences of the historical non-
tsunamigenic earthquakes in the Eastern Hellenic Arc and Trench (EHA-T) and the sur-
rounding regions discussed in the text. RAP, Rhodes Abyssal Plain. Focal parameters of the
earthquakes are listed in Table 1.

Figure 4. Aerial photograph of the Dalaman alluvium plain in southwestern Turkey.

Location of palaeotsunami trenching is marked by white bars.
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Table 1. List of earthquakes discussed in the text. Parameters are taken from Ambraseys and Adams (1998) for the 1926 event and from
Papazachos and Papazachou (2003), Papadopoulos ez al. (2007) and Papadopoulos (2011) for the other events. Tsunamigenic earth-
quakes are marked in italics.

1 227BC 36.6 28.2 75 ? XX
Rhodes
2 199-198 363 282 72 ? IX
Rhodes
3 148 AD 36.4 283 7.0 n XX Rhodes Historical
Rhodes K=7
4 344 36.3 28.3 6.5 ? VIII
Rhodes
5 515 36.4 282 6.4 n IX-X
Rhodes
6 356 AD 08 36.8 203 7.0 n X Cos Cos Historical
K=§8
7 1303 08 08 35.0 200 80 (x0.3) n XX Heraklion Historical
Heraklion Crete Geological
Crete K=9
8 1481 05 03 36.5 283 7.2 n 17/4 Rhodes Historical
k=8
9 1609 04 36.4 283 7.2 n X Rhodes Historical
Rhodes k=8
10 1616 36.5 28.5 6.4 n VIII
Rhodes
11 1741 01 31 36.2 285 7.3 n Vi Rhodes Historical
Rhodes SW Asia Minor k=8
12 1756 02 13 363 215 75 i VII
Rhodes
13 1851 02 28 364 287 71 n X SW Asia Minor Historical
Makre K=3
14 1856 10 12 36.1 252 7.6 (x0.3) i XX Crete
Heraklio
15 1863 04 22 36.4 21.6 75 i X Rhodes
16 1870 02 22 36.5 288 6.6 n VIl Makre
SW Turkey
17 1874 11 16 36.5 279 7.0 i Vil Rhodes
18 1896 10 27 36.5 28.3 6.4 n Vil Rhodes
19 1926 06 26 36.5 269  74+03 11510 IX Locations on Rhodes
(MSK)
20 1948 02 09 355 272 7.1 n X Karpathos Eyewitness
accounts
k=7
21 1956 o7 09 36.64  25.96 7.5 n X Cyclades islands Eyewitness accounts,
official and press reports,
pictures, tide-gauge records
Astypalaea, K=8
22 1957 04 24 36.5 28.6 6.8 n Rhodes
23 1957 04 25 36.5 28.6 7.2 n VIII Rhodes
Makre

n., event code number; y, year; m, month; d, day; ¢’y geographical latitude; A’; geographical longitude; M, surface-wave magnitude; /, focal depth; n, normal; i, intermediate depth; /,,, maxi-
mum intensity in the Modified-Mercalli 12-point scale, unless otherwise indicated, and locality where /,, was observed; area, location where tsunami was observed; tsunami, short summary
of the evidence for the tsunami event; K, maximum tsunami intensity in the 12-point scale introduced by Papadopoulos and Imamura (2001). The errors involved in the magnitude and the epi-
central determinations of the 20" century earthquakes is in the order of 0.2 and 20 km, respectively, while for historical earthquakes they are as much as 0.5 and 50 km, unless otherwise indi-
cated. The assignment of focal depth to historical earthquakes is not certain due to the little information available, with the possible exception of the events of codes n. 14 and 15.
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summer 2001. In 1996, two palaeotsunami
trenches were opened in Dalaman 230-250 m
from the present shoreline and at an elevation
of approximately 1.5 m above present mean
sea level (msl) on the northern side of the local
river. One trench was vertical and the other
was parallel to the shoreline (Figure 5). The
elevation of each trench was leveled using a
Zeiss autoset level. The dimensions of the two
trenches were approximately 1 m in width and
1.5 m in depth. Their approximate lengths are
shown in Figure 5. Similar palaeotsunami
trenching was repeated in summer 2001 in a
spot situated on the southern side of the local
river. However, no evidence for tsunami depo-
sition was found.

The palaeotsunami trenching of 1996
revealed distinct tsunami sediment deposits
(Figures 5 and 6). In fact, within the walls of
one of the trenches we found three sediment
layers approximately 5-15 cm thick (Figures 6
and 7), sand layers I, Il and III, from bottom to
top, and situated at an elevation of approxi-
mately +0.30, +0.55 and +0.90 cm from the
present msl, respectively.

The three sand layers were intercalated in
massive silty mud, which is rich in root
impression and yields terrestrial mollusc fos-
sils of genus Helicostyla, Sucinea, Pormatias
and Pseudotaches. Common characteristics of
the three sand layers include landward thin-
ning as well as sedimentation and erosive con-
tact with the underlying non-marine layer
(Figure 6). In addition, each sand layer was
composed of coarse sand grains and included
an intercalated parting of silty sand, while no
structure of sediment grading was observed
within the layers. Pumice and marine shell
fragments were found in the sand layers.

We interpreted the coastal sequence to have
been deposited in the environment of flood
plain. These characteristics of sediment facies
indicated that the layers of coarse sand were
deposited by a high-energy process such as
rapid seawater currents. The partings are rich
in silty grains, indicating the occurrence of dif-
ferent types of sedimentation during the inter-
val of coarse sand deposition. Landward taper-
ing and sediment fining implied that coarse
sand grains were transported inland from the
coast. The inclusion of marine shell fragments
supported the coastal origin of sand, while the
sudden deposition of the sand layers overlying
the silty mud suggested catastrophic invasions
of seawater. A lack of modern analogs of
storms developing such deposits along the
coast argues against the possibility that such
layers owe their origin to a storm surge.
Observation of storm surges on the Aegean
Sea coasts suggested that they are generally
agents of erosion but do not produce regional-
ly extensive deposits on land areas."
Therefore, we concluded that fast-flowing cur-
rents associated with rapid lateral translation
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of sea water penetrated the coastal zone of
Dalaman. The erosive structure and the
unusual style of sediment accumulation were
well explained by interpreting the coarse sand
layers as layers of tsunami origin.

We concluded, therefore, that tsunami
waves invaded the coastal plain forming inflow
of seawater carrying suspended sediment from
the coast. The mineralogical composition of
the sand grains in the partings is very similar
to that of the coarse sand layers, and the
matrix in the partings consists mostly of silt
grains originating in the flood plain deposits.
The mixture of marine-origin and terrestrial
sediment grains in the sand layers is best
explained by the forwards and backwards oscil-
lating flow in a multi-wave tsunami, mixing
sediment eroded from the near shore littoral
environment with sediment eroded from the
beach ridge and the floodplain area, perhaps
including earlier tsunamigenic sands and lig-
uefied sediment ejected in sand blows. The
sandwich-like structure of the sand layers with
the muddy silt partings intercalated in the
coarse sand material suggested that possibly
the deposition of coastal materials by the sec-
ond invasion of tsunamis preserved the part-
ings. In the wall of one trench perpendicular to
Dalaman shoreline, we observed sand dykes
connecting layers I and II (Figures 6 and 8).
The dykes are filled in with coarse sand grains
having their origin in sand layer I. Due to the
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accretion of grains through the dykes, the
thickness of sand layer II increased locally. In
contrast, the thickness of sand layer I is
reduced in the vicinity of the sand dykes.
There was close contact between the dyke
walls and the fillings, suggesting that the dyke
swarms were due to liquefaction initiated by a
strong earthquake. Very possibly, the seismic
strong ground motion generated cracks in the
coastal plain, through which liquefied sand
gushed out onto the surface. We were unable
to find any trace of sediment liquefaction in
sand layers II and III.

Dating and correlation with
historical tsunamis

In the Dalaman trench we were able to col-
lect a fragment of wood trunk from the upper
part of layer II. Radiocarbon “C accelerator
mass spectrometry (AMS) was carried out to
date the wood sample (Table 2). The 8*C value
of -28.1%o0 indicated that the fragment origi-
nated in C3 plant. The radiocarbon age
obtained from the sample was calibrated to cal-
endar age using the CALIB program, version
4.3 of Stuiver and Reimer.5 The calibrated date
of the fragment (AD 1473+46) showed the dep-
osition age of layer II but also dated the forma-
tion of the liquefaction dykes. This date fits
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Figure 5. Sketch-map of the palaeotsunami trenching in Dalaman. The stratigraphy sec-

tion is shown in Figure 6.
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fairly well with the historically documented
large earthquake and tsunami event of 3 May
1481.

Since no other material was available for
dating, the age of layers I and III was roughly
estimated by extrapolation in time. Assuming
that the alluvium sedimentation rate, r, in the
floodplain was constant in the period under
discussion, from column B (Figure 6) we cal-
culated r=0.13 cm/year. Then, deposition of
layer III corresponds to AD 1724 which is not
very much earlier than 31% January 1741, the
date of the large earthquake and of the associ-
ated tsunami which inundated not only the
island of Rhodes, but also penetrated 1 km
inland of the coast opposite the island where
Dalaman is situated. By extrapolating calcula-
tions to the pre-1481 time period, we found
that in columns B and C (Figure 6), layer I was
deposited around 1322 which is not very much
later than 8 August 1303 when the EHA-T seg-
ment was ruptured between Crete and Rhodes
by a big tsunamigenic earthquake. Although
damage on Rhodes due to the 1303 tsunami is
poorly documented, it is reasonable to suggest
that the tsunami was powerful enough to
reach the scarcely populated, but not so remote
coastal zone of Dalaman, and to deposit sand
layer I. As a matter of fact, the 1303 earthquake
was simulated numerically by several authors
and the results showed that although tsunami
energy was mainly directed towards the bay of
Alexandria, Egypt, south-western Turkey and
Rhodes also experienced strong wave
effects.?555

The Minoan tsunami of the 17" century BC
is missing from the stratigraphy retrieved in
Dalaman since the stratigraphy record studied
represents only the last seven centuries or so.
If a uniform rate of sediment deposition in the
Dalaman floodplain is assumed, the depth of
the Minoan tsunami deposit at Dalaman
should be around 4.8 m. In Fethiye and Didim,
to the east and northwest of Dalaman, respec-
tively (Figure 1), Minoan tsunami deposits
were found at a depth of approximately 1.0 m,
which is consistent with the low rates of allu-
vium deposition prevailing there.!

It is noteworthy that, apart from the 1303,
1481 and 1741 tsunamis, the EHA-T area was
also affected by the 1609 tsunami, which does
not fit the above chronology and was missing
from the trenching stratigraphy. The lack of
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Table 2. Accelerator mass spectrometry “C radiodating results on the sample from the trench site at Dalaman.

Dalaman, Site 3 Wood fragment -28.1

395 102 AD 1473 46 NUTA-5154
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1609 tsunami sediment deposits is discussed
later. The earthquakes of 1481, 1609 and 1741
caused damage in Rhodes and were strongly
felt towards the eastern Mediterranean basin.
In addition, the three tsunamis inundated the
city of Rhodes and the coasts of southwest Asia
Minor to the northeast of Rhodes. Because of
these features, we suggested that the sources
of the three earthquakes were very likely
placed in the Rhodes Abyssal Plain (RAP)
(Figure 2). Sea depths of up to 4200 m, along
with the thrust component involved in the
active seismotectonics in the area of the RAP,
favor tsunami generation from large magni-
tude, possibly interplate earthquakes. The lig-
uefaction in soil caused by the 1481 earth-
quake constrains the critical epicentral dis-
tance needed to place the epicenter in the RAP.
Empirical M/R relationships predicting the
maximum distance, R, at which soil liquefac-
tion may occur regardless of the style of earth-
quake faulting®” were applied to calculate max-
imum distance for M 7.2, which is the suggest-
ed magnitude of the 1481 earthquake. We
found R=125 km, which certainly exceeds the
distance of the RAP from the liquefaction spot
on the Dalaman coast (Figure 2).

Discussion

From the earthquake and tsunami history of
the EHA-T region it emerges that only the pre-
historic large Minoan tsunami, the large
tsunami of 1303, and the tsunamis of 1481,
1609 and 1741 were powerful enough and had
the bearing potential to inundate and deposit
sediments in the coastal segment of Dalaman
studied. A comparison between the historical
and geological record of tsunamis in the EHA-
T indicated that the geological record corre-
sponds quite well with the historical tsunami
record in the time span covered by the stratig-
raphy of our trenching. In fact, only the strong
tsunami of 1609 was missing from the
Dalaman stratigraphy, which, instead, includes
sedimentary signatures, which could be attrib-
uted to the strong historically documented
tsunamis of 1303, 1481 and 1741. Three alter-
natives may explain why the 1609 wave is
missing from the Dalaman stratigraphy: i) the
1609 tsunami failed to inundate the Dalaman
coastal zone studied; ii) the tsunami inundat-
ed this zone but did not leave behind tsunami
deposits in the trenching site; iii) the tsunami
inundated and deposited sediment at the

trenching site but the sand layers were not
preserved there. Importantly, doubts remains

on the alluvium sedimentation rate assumed

to calculate dates of sediment layers I and III.

In fact, alternative sedimentation scenarios

could be that some of the tsunami waves erod-

ed the soil in the trenching area before

[page 96]

PERL R

(e

i

TTIER L

Y

oo

Figure 8. Sand dykes (arrow) connecting layers I and II in the Dalaman trenching site and
indicating liquefaction of sand layer I due to the earthquake of 1481, which caused the
tsunami that deposited layer IIL.
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depositing their sediments. If so, then the
inferred sedimentation rate should have been
higher than that calculated, and the dating of
layers I and III may shift. If the sedimentation
rate is higher, then this may be the 1609 signa-
ture, and then the 1741 would be missing.
However, only a substantial change in sedi-
mentation rate would be required to make
sand layer I as old as the 556 AD tsunamigenic
earthquake that hit the island of Rhodes. On
the other hand, a decrease in sedimentation
rate with time would imply that sand layer I is
significantly younger than 1303.

Consequently, the geological record of
tsunamis appears to be extremely sensitive to
several possible factors. In Fethiye (Figure 2),
only about 20 km to the east of Dalaman, we
were able to identify only Late Bronze Age
tsunami deposits associated with the Minoan
tsunami of Thera.! In the village of Kamari, on
the east coast of the island of Thera, several
archaeological trenches were studied but no
tsunami traces were found there.”® On the con-
trary, at a distance of no more than 500 m from
one of the investigated trenches, our team was
able to identify a sand layer attributed to the
large tsunami of 29" September 1650 (Julian
calendar) associated with an eruption of the
extra-caldera submarine Columbos volcanic
edifice.!! The sensitivity of the tsunami sedi-
ment deposition is strongly controlled by fac-
tors such as local topography and coastal con-
figuration, as well as local conditions for sedi-
ment deposition and preservation and for
ground erosion. Sand layer Il was much thick-
er than sand layer III and penetrated inland for
a longer distance (Figure 6). This difference
may indicate that in Dalaman a stronger
tsunami inundated the coast in 1481 than in
1741. To check the elevation of the tsunami
sediment layers at the time of deposition it is
of relevance to calibrate elevation against past
msl. Flemming and Webb® derived a best esti-
mate of the eustatic sea level curve for the
Mediterranean Sea corrected for local tectonic
movements. This curve suggests a rapid rise of
sea level up to approximately 5-6 ka BP, fol-
lowed by a slow rise of sea level of approxi-
mately 1 m from 4 ka BP onwards. Besides this,
according to palaeoshorline and archaeological
data, synthesized by Palyvos et al.,*" there has
been a rise in msl of approximately 1.5 m in
the Mediterranean Sea over about the last
4000 years. In Greece, a rise in msl of approxi-
mately 1 mm/year was found in the last 6000
years. In the western Anatolia coast, Kayan
(1988)%! found that, since 3000 BC, the sea
level has risen to the present position general-
ly. These results imply that at the time of sand
layer deposition at Dalaman the sea level may
have been less than an average 1 m lower than
it is today.

Although the strong earthquakes of 1303,
1481, 1609 and 1741 were tsunamigenic, other
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strong EHA-T earthquakes were not. The 1851
strong earthquake was possibly associated
with only a small-to-moderate local tsunami.
The 1957 large earthquake (M7.2) was a non-
tsunamigenic event. Therefore, one of the
most challenging fields for future research is
to examine why in a particular seismotectonic
segment, such as the East Hellenic Arc and
Trench, some of the strong earthquakes pro-
duce tsunamis and others do not.

The palaeotsunami study we performed in
EHA-T is of importance for a number of rea-
sons: i) it yields independent geological evi-
dence for historically documented earthquake
and tsunami events; ii) it adds additional
information to the tsunami run-up database,
which is the cornerstone of tsunami risk
assessment, of an area where tsunami risk has
increased dramatically in around the last 50
years due to a rapid increase in building con-
struction, tourism and other human activities;
iii) from a methodological point of view, it fur-
ther tests the possibilities and limitations of
palaeotsunami investigative methods.

Conclusions

On the test site of Dalaman, south-western
Turkey, trenching at distance from 230 to 250
m from the present shoreline revealed three
layers of tsunami sediment deposits at eleva-
tions of approximately +0.30, +0.55 and +0.90
cm above present msl.

Sand dykes, filled in with coarse sand grains
and originated in sand layer I, connect layers I
and I Consequently, the earthquake that trig-
gered the tsunami depositing sand layer II
caused liquefaction in sand layer I. AMS “C
dating in a wood sample collected from layer I
showed deposition in AD 1473+46, which fits
quite well with the historically documented 3¢
May 1481 strong earthquake and tsunami
event. Extrapolating a roughly estimated aver-
age alluvium deposition rate of 0.13 cm/year,
layers I and Il were dated to AD 1322 and 1724,
respectively. These dates are not far distant
from the dates of the 1303 and 1741 historical
earthquake and tsunami events. The sedimen-
tary record in Dalaman not only documents
geologically historical tsunamis of the area, but
also further extends our knowledge as regards
the inundation of historical tsunamis in coastal
zones of the eastern Mediterranean Sea. In
fact, documentary sources indicated that the
1481 tsunami flooded the coastal zone of
Rhodes but the geological record, represented
by sand layer I, adds that the tsunami inundat-
ed the opposite mainland as well, penetrating
inland for around 250 m in Dalaman. As for the
1741 tsunami, the geological record represent-
ed by sand layer III, appears to verify the histor-
ical description* that the sea in Rhodes

[Research in Geophysics 2012; 2:e12]

retreated and then flooded the coast twelve
times with great violence, submerging the
coast opposite the island, and destroying five or
six villages located a kilometer inland. It is rea-
sonable to suggest that ... the coast opposite the
island...* includes Dalaman and other coastal
localities in SW Asia Minor. Sand layer I is one
of the very few possible geological signatures
known so far for the large 1303 tsunami.
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