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Abstract In the Eastern Mediterranean and southern

Aegean seas, historical records indicate there were 17

tsunamis in the last 2500 years with intensities[ 6 on

a 12-point tsunami intensity scale. Regional geologic

records of past tsunamis, however, are not sufficiently

well-documented to assess tsunami hazards. This

study presents geochemical evidence of historic

tsunamis in the Eastern Mediterranean for the last

700 years, detected in the sedimentary sequence of

Ölüdeniz Lagoon, SW Turkey. Sediment chronology

was established by 137Cs and 210Pb dating, and

regional chronostratigraphic correlation reveals that

three events observed within the sequence correlate

temporally with the AD 1303, 1609, and 1741

tsunamis in the region. The sediment anomalies

(tsunami deposits) appear as reddish-brown intercala-

tions within yellowish-brown background sediments

of the lagoon, and are enriched in K, Ti, Fe and Zn, but

depleted in Ca. This kind of geochemical fingerprint is

attributed to a sudden increase in the input of

terrigenous sediment to the lagoon, which was swept

from Ölüdeniz beach and the sand spit of the lagoon by

marine overwash during tsunamis. If the stratigraphic

thickness and magnitude of the geochemical anoma-

lies are assumed to be a proxy for tsunami intensity,

then the AD 1609 event was stronger in the Ölüdeniz

region than the AD 1303 and 1741 tsunamis.

Keywords Paleotsunami � XRF analysis � ITRAX
core scanner � Chronostratigraphic correlation

Introduction

Among many tsunamis during the twentieth and

twenty-first centuries, theMw 9.1 Sumatra (Indonesia)

offshore earthquake on 26 December 2004 triggered

the most devastating tsunami in recorded history,

killing 230,000 people (ITIC 2018). Seven years later,

on 11 March 2011, the Mw 9.0 Tohoku (Japan)

offshore megathrust earthquake triggered another

tsunami, which caused 15,270 deaths and left 8500

people missing as of May 2011 (ITIC 2018). These

two events are reminders that tsunamis are serious

threats to human lives and infrastructure, and that

tsunami hazard assessment studies, especially paleo-

tsunami investigations, are necessary to reveal tsu-

nami recurrence frequency. During the 2004 and 2011

tsunamis, run-up heights at coastal sites reached 30 m,

inundating sites up to 20 km inland (Borrero et al.

2006; Mori et al. 2011).
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In addition to the casualties, the infrastructure loss

caused by the Tohoku and Sumatra tsunamis were

estimated to be about US $200–300 and $10 billion,

respectively (ITIC 2018). The economic loss was

caused by physical damage to infrastructure, as well as

boats/ships within ports, harbors and marinas. The

2004 Sumatra and 2011 Tohoku tsunamis also

deposited sediment up to 4 m thick in the Kirinda

(Sri Lanka) and Crescent City (California) harbors,

respectively (Goto et al. 2010; Wilson et al. 2012).

Another tsunami-induced hazard is contamination of

groundwater and agricultural soils, caused by seawater

inundation, which can reduce crop yields during post-

tsunami periods. Experience from the 2004 Sumatra

tsunami revealed that soils recover to pre-tsunami

levels within 6 months to a year; however, ground-

water models suggest that contamination can persist

for 10–15 years (Chandrasekharan et al. 2008;

McLeod et al. 2010). Tsunamis can also severely

affect coastal ecosystems, from which we obtain a

substantial proportion of total seafood. High-energy

waves alter the nursery areas for fish and benthic

organisms, as well as the nutrient balance in the water.

These impacts can affect the entire food web in coastal

ecosystems for decades (Fuhrman et al. 2015).

The above-mentioned damages caused by tsunamis

add urgency to tsunami hazard assessment studies.

The goal is to mitigate the devastating consequences

of tsunamis, as has been done successfully in proba-

bilistic seismic hazard assessment (PSHA) analyses.

Compared to the amount of seismological data used in

PSHA analyses, however, the number of known

tsunamis is relatively low, which prevents developing

standard and low-uncertainty statistical approaches

like those used in PSHA analyses (Papadopoulos et al.

2014). In addition to instrumentally recorded datasets,

PSHAs use historical and geological records of past

earthquakes to make reliable estimates of long-term

patterns of seismicity. Similarly, tsunami hazard

assessments require information from historical and

geological records. The lengths and quality of histor-

ical tsunami records from around the world differ

substantially. For most of the world, historical records

do not extend back in time sufficiently to evaluate the

recurrence of tsunamis. Besides, even if the historical

records for a region are long enough, they can be

incomplete for multiple reasons, e.g. (1) if a tsunami

affected an uninhabited area, it might not be reported,

(2) records might have been lost because of political

instability during or after the tsunami (Hadler et al.

2012). Thus, geological archives in coastal and near-

shore depositional environments are crucial to assess

reliably the recurrence frequency of tsunamis.

Coastal depositional environments, where sedi-

mentary traces of tsunamis are potentially recorded,

include mainly lagoons (Kelsey et al. 2005; Donato

et al. 2009; Peterson et al. 2011; May et al. 2012a;

Jackson et al. 2014), tidal wetlands and enclosed water

bodies (Sawai et al. 2009; Dura et al. 2015; Kempf

et al. 2015, 2017; Baranes et al. 2016), back-barrier

wetlands (Clark et al. 2011; Peterson et al. 2011; May

et al. 2012b), fluvial plains (Vött et al. 2011; Alpar

et al. 2012; Papadopoulos et al. 2012; Kitamura et al.

2013), and the near-shore shelf (van den Bergh et al.

2003; Goodman-Tchernov et al. 2009; Gutiérrez-Mas

et al. 2009; Smedile et al. 2011; Tyuleneva et al.

2018). When high-energy tsunami waves reach the

coast, they mobilize substantial amounts of material

from areas near the shoreline and transport it inland

during the inflow. The mobilized material, composed

of grain sizes that can vary from clay to boulders, is

deposited in terrestrial lowlands as inflow deposits,

generally thinning and fining inland. Among coastal

depositional environments, sediment sequences of

aquatic environments, i.e. lagoons and coastal lakes,

provide relatively complete and longer paleo-tsunami

chronologies (Nanayama et al. 2003; Kelsey et al.

2005; Jackson et al. 2014; Kempf et al. 2017), and

therefore can contribute to tsunami hazard assessment.

Paleo-tsunami deposits appear as intercalations

within sedimentary sequences of coastal depositional

environments and are generally recognized by inves-

tigating physical, geochemical and microbiological

content of sediments (Röbke and Vött 2017). The most

common method applied is grain-size-distribution

analysis, which provides valuable information about

the hydrodynamic conditions during deposition. For

instance, coarser-grained intercalations (generally

sandy) and fining-upward sequences reflect a decrease

in the turbulence of the flow during inundation

(Nanayama et al. 2007; Smedile et al. 2011; Razji-

gaeva et al. 2014; Dura et al. 2015; Graehl et al. 2015).

Microbiological analyses of diatom (Kelsey et al.

2005; Goff et al. 2011; Dura et al. 2015; Graehl et al.

2015), foraminifera (Mamo et al. 2009; Bertrand et al.

2011; Pilarczyk and Reinhardt 2012; Mathes-Schmidt

et al. 2013; Willershäuser et al. 2015; Fischer et al.

2016) and ostracod (Ruiz et al. 2010; Mischke et al.
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2012) assemblages in tsunami deposits is another

common method used to reveal the marine origin of

deposits intercalated within coastal, land-derived

sediment sequences. Paleo-tsunami deposits can also

be detected by their geochemical signature within

sediment sequences. A number of studies utilized

conventional XRF analysis to identify chemical

fingerprints of marine origin in tsunami deposits. In

general, tsunami deposits are enriched in elements like

sodium, sulphur, chlorine, calcium, strontium and

magnesium (Vött et al. 2009a; Chagué-Goff 2010;

Chagué-Goff et al. 2011, 2017; Ramı́rez-Herrera et al.

2012; Mathes-Schmidt et al. 2013; Baranes et al.

2016).

Sedimentary evidence of extreme wave events

(EWE) has been detected within numerous onland,

coastal sediment sequences. The main debate in paleo-

tsunami research revolves around whether detected

EWE deposits are of tsunami or storm surge origin.

With regard to the ‘‘storm versus tsunami’’ debate,

paleo-tsunami investigations conducted in the

Mediterranean region have advantages over those

conducted along the shores of the Pacific and Indian

Oceans. Vött et al. (2018) stated that Mediterranean

tsunamis comprised 73–98% of all EWE for the period

1902–2017. These statistics suggest that the possibil-

ity that storm surges in the Mediterranean produce

geological traces similar to those caused by tsunamis

can be assumed to be insignificant. This makes coastal

depositional environments around the Mediterranean

Sea ideal targets to conduct paleo-tsunami investiga-

tions. In this study, I present geochemical evidence of

historical tsunamis in the eastern Mediterranean,

which were identified within the fine-grained sedi-

mentary sequence of Ölüdeniz Lagoon, SW Turkey,

by micro-XRF scanning of three approximately 1-m-

long sediment cores.

Study area

In the Mediterranean Sea (Fig. 1), 37 tsunamis having

intensities[ 6 within a 12-point tsunami intensity

scale (Papadopoulos and Imamura 2001), were reli-

ably documented for the interval of the last 2500 years

(Papadopoulos et al. 2014). Among these historically

recorded events, 17 tsunamis directly affected the

coasts of the southern Aegean and eastern Mediter-

ranean Seas, yielding a mean tsunami recurrence of

* 150 years. The active tectonics of the region is

mainly a consequence of the relative motions among

the African, Arabian and Anatolian plates (Fig. 1a).

Subduction of the African plate under the Anatolian

plate gave rise to the Hellenic and Cyprus arcs, with

the Pliny-Strabo Fault Zone sinistrally offsetting the

arcs. In addition, the Cyclades Archipelago in the

southern Aegean appears as a result of back-arc

extension and related volcanism caused by the

Hellenic subduction. Relative motion between the

African and Arabian plates results in sinistral motion

along the Dead Sea Transform Fault (Barka and

Reilinger 1997). The potential of these neotectonic

structures to trigger tsunamis is ‘‘high’’ for the eastern

Hellenic Arc, ‘‘intermediate’’ for the Cyclades and the

Dead Sea Fault, and ‘‘low’’ for the Cyprus Arc (Yolsal

et al. 2007; Papadopoulos et al. 2014).

Among the historical tsunamis (Fig. 1a), the ones in

1613 ± 13 BC (Thera), AD 365 (SWCrete), AD 1303

(Eastern Crete), AD 1650 (Cyclades) and AD 1956

(Cyclades), were the most disastrous, having intensi-

ties of 9–10 (Papadopoulos et al. 2014). In contrast to

the extensive historical tsunami record, the geologic

record of paleo-tsunamis in the region (yellow

diamonds in Fig. 1a) are far from providing a paleo-

tsunami chronology that can contribute to tsunami

hazard assessment. The geologic records in Didim and

Fethiye (Di and F; Minoura et al. 2000), Palaikastro

(EC; Bruins et al. 2008) are records of a single event

that was the tsunami triggered by the Minoan eruption

of Santorini around 1613 ± 13 BC. The studies in

Alexandria (Al; Stanley and Bernasconi 2006),

Ashkelon (As; Hoffmann et al. 2018), Crete (SWC;

Werner et al. 2018), Marsa-Matrouh (Ma; Shah-

Hosseini et al. 2016), Cyprus (Cy1 and Cy2; Whelan

and Kelletat 2002), Thera (Th; Dominey-Howes et al.

2000b), Livadia (Li; Dominey-Howes et al. 2000a)

and Silifke (Si; Öğretmen et al. 2015) also report

single events, which occurred in 5600 BP, 400 BC, AD

365, AD 1303, AD 1500–1800, AD 1650, AD 1953,

and AD 1956, respectively. There are only four

locations where multiple paleo-tsunamis were

reported: in Western Crete (WC), Lebanon (Le),

Caesarea (Ca) and Dalaman (D, SW Turkey). The

traces of four paleo-tsunamis in 5660 BP, AD 66, AD

365, and AD 1500 were reported in western Crete

(WC; Pirazzoli et al. 1992; Scheffers and Scheffers

2007), and probably had more effect in the Ionian Sea.

Within the near-shore shelf sediments close to the
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ancient city of Caesarea (Ca in Fig. 1a), Goodman-

Tchernov et al. (2009) and Tyuleneva et al. (2018)

report tsunamis in the 4th millennium BC, 1630–1550

BC (Santorini Tsunami), AD 115 and AD 551. In

Lebanon, megablocks left by extreme waves were

dated to 3639–3489 BC, AD 1436–1511, AD

1528–1673 and AD 1690–1950 (Le; Morhange et al.

2006). In SW Turkey, sediment records of tsunami-

genic earthquakes on the eastern Hellenic Arc in AD

1303, 1481 and 1741 were found in the sequence of the

Dalaman alluvial plain (Alpar et al. 2012; Papado-

poulos et al. 2012).

Ölüdeniz Lagoon, which is located in SW Turkey

(Fig. 1a, b), is an ideal place along the coast of the

eastern Mediterranean to investigate sedimentary

traces of past tsunamis. A well-developed, approxi-

mately 500-m-long sand spit, the elevation of which

does not exceed 5 m a.s.l. (Fig. 2), isolates the lagoon

from the sea and hence provides a calm depositional

environment for fine-grained sediments. Furthermore,

the flat nature of the sand spit enables overwash during

tsunamis, which would leave traces within the back-

ground sedimentation of the lagoon. The water depth

in the lagoon reaches a maximum of 38 m (Fig. 2a).

The lithology in the catchment that provides sediment

to the lagoon and the associated near-shore environ-

ment is dominated by limestone and carbonaceous

clastics (Fig. 2b).

Materials and methods

The bathymetry of Ölüdeniz Lagoon was developed

using a high-resolution depth-sounding grid (* 50-

m spacing) obtained from a boat equipped with a

sonar-mounted Global Positioning System (GPS)

device (Garmin GPSmap 421 s). Three gravity cores

with a diameter of 7.5 cm were collected from the

lagoon in May 2014; OLD-14-1 (84 cm long;

688,970E, 4,047,220N), OLD-14-2 (99 cm long,

688,810E, 4,047,310N) and OLD-14-3 (102 cm

long; 688,820E, 4,047,210N) (Fig. 2a). Sediment

Fig. 1 a Tectonic setting in the Eastern Mediterranean

(simplified from Barka and Reilinger 1997), the dates and

epicentres of historical tsunamigenic earthquakes in the eastern

Hellenic Arc and the Cyclades (stars) (Papadopoulos et al.

2014), and the historical tsunamis along the eastern coasts of the

Mediterranean Sea (e.g.* 1759) mainly caused by earthquakes

on the Cyprus Arc and the Dead Sea Transform Fault (Salamon

et al. 2007). The locations of geological paleotsunami records in

the region are shown by yellow diamonds. The numbers in

parentheses next to the names of the geological paleotsunami

records in the legend stand for the number of detected paleo-

tsunamis at that location. b Close-up view of Ölüdeniz Lagoon.

Elevations higher than 5 m a.s.l. are overlain by transparent red

polygon. (Color figure online)
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chronology in the upper part of OLD-14-2 was

developed from 137Cs and excess 210Pb (210Pbxs)

activity measured on 12 samples (1-cm-thick),

obtained using a low-background, high-efficiency

well-type gamma spectrometer at the University of

Bordeaux. Immediately after splitting the cores, they

were sent to GEOPOLAR Laboratory at the Univer-

sity of Bremen for ITRAX micro-X-ray fluorescence

(lXRF) scanning, and to obtain optical and radio-

graphic images. ITRAX scanning was done by Mo-

tube, with an exposure time of 10 s every 1 mm.

The XRF data for each element was standardized

(Eq. 1) to create comparable units between different

elements and cores. To obtain standardized plots,

the means (l) and standard deviations (r) were

calculated for each element profile. Subtracting the

mean value from each data value (x), and then

dividing it by the standard deviation of the corre-

sponding elemental profile, yielded a new re-scaled

element profile with a mean value of ‘‘0’’ and

standard deviation of ‘‘1.’’ In this way, the semi-

quantitative datasets provided by the ITRAX scan-

ner were converted into datasets having similar and

comparable scales.

z ¼ x� l
r

ð1Þ

where x = data value, l = mean, and r = standard

deviation.

Because no datable organic plant remains were

found in the sediments, radiocarbon dating was not

possible. Hence, the mean sedimentation rate deter-

mined for the top * 1/3 of the sequence by
137Cs–210Pbxs was assumed to be the same for the

lower parts of the sequence. This assumption was

tested by regional time-stratigraphic correlation of the

Ölüdeniz record with the varve-based d18O record

fromNar Lake (Fig. 1a) (Jones et al. 2006), which was

successfully applied to another Anatolian lake by

Avşar et al. (2014).

Results

Standardized profiles of 16 elements obtained by

ITRAX XRF scanning of the three cores from

Ölüdeniz Lagoon are presented in Fig. 3. The sedi-

ment sequence in the three cores is composed mainly

of yellowish-brown sandy silt. The sequences look

Fig. 2 a Bathymetry of Ölüdeniz Lagoon and sediment core locations. Note the 5-m elevation contour around the lagoon. b Lithology

within the catchment of the lagoon and the associated near-shore environment. Numbers next to the triangles denote the elevations

123

J Paleolimnol (2019) 61:373–385 377



relatively homogenous, but display slight fluctuations

along the elemental profiles. There is, however, a

visually apparent reddish-brown, 3–5-cm-thick inter-

calation in all three cores (gray bars in Fig. 3). To

quantify the relative changes in redness along the

sediment sequences, red values were divided by green

and blue values for each pixel of the optical images,

and plotted along the cores. The redness of the

intercalation appears as an anomaly along R/G and

R/B profiles (Fig. 3). The intercalation is also chem-

ically characterized by anomalies in the K, Ti and Fe

profiles. On the other hand, the grayscale plots of the

radiographic images show no significant change

caused by the intercalation.

The 210Pbxs activity reveals a profile with three

distinct decay trends (Fig. 4a), having r2

Fig. 3 Optical and radiographic images, and the micro-XRF

scanning results from the cores collected in Ölüdeniz Lagoon.

Red/Green (R/G) and Red/Blue (R/B) profiles are presented to

visualize the redness changes along the optical images of the

cores, and the X-ray grayscale profiles to visualize the darkness

along the radiographic images. Visually, a reddish brown

intercalation (gray bar) is prominent especially in the R/G

profiles. The intercalation is also characterized by anomalies in

the K, Ti and Fe profiles. The raw element profiles (1-mm

resolution) are presented in gray, and overlain by a 9-point

moving average (black lines). Numbers in brackets are average

counts for each element
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values[ 0.97. The ‘‘Constant Flux Constant Sedi-

mentation Rate’’ model enables calculation of sedi-

mentation rates by dividing 0.03108 (the 210Pb decay

constant) by the slope of exponential best fits (‘‘B’’s in

Fig. 4a). Calculated sedimentation rates for the inter-

vals 25–10, 10–7, and 7–0 cm are 0.164 ± 0.005,

0.796 ± 0.014 and 0.154 ± 0.016 cm/year, respec-

tively. The 137Cs profile was not very useful for dating

the profile because it failed to display two distinct

peaks that could be attributed to the maximum fallout

in 1963 from atmospheric nuclear weapon tests and

the Chernobyl reactor accident in 1986. If the 137Cs

profile is re-plotted based on the sedimentation rates

(SRs) calculated using the 210Pbxs decay profile, the

1963 peak is offset by about 4 years and there is a

weak anomaly around 1986 (Fig. 4b). Presence of a

peak around 1997, however, discredits this interpre-

tation. Given that the 137Cs values are very low

throughout the profile (maximum = 4 Bq/kg), the

small peaks around 1967 and 1986 may simply reflect

measurement errors and should not be over-inter-

preted. Considering the high r2 values of the best-fits

along the 210Pbxs decay profile, the 210Pbxs-based SRs

seem reasonable. Hence, except the high SR from 10

to 7 cm, an SR from 0.15 to 0.17 cm/year along OLD-

14-2 core seems acceptable.

Discussion

The reddish-brown intercalation in the sequence is

observedmore clearly in the OLD-14-1 and OLD-14-3

cores at around 60 cm (Fig. 3). The Ti and Fe

anomalies associated with this intercalation, in partic-

ular, are distinct and almost unique compared to other

minor fluctuations along the lengths of the cores. The

sharp increase at the bottom of the anomalies and

gradual decrease upwards implies a sudden change in

sedimentation, i.e. a sedimentary event. Although this

study does not present any grain-size distribution

analysis, which is a commonly used diagnostic proxy

to detect tsunami-related sedimentary event deposits,

grain-size analysis should be considered within the

frame of future studies to verify geochemical anoma-

lies. Down-core extrapolation of the

0.164 ± 0.005 cm/year SR, which was obtained from

the lower part of the 210Pbxs profile, revealed that the

reddish-brown intercalation dates to the early seven-

teenth century (Fig. 5a, b). This sedimentary event

(E2) correlates temporally with the damaging tsunami

in AD 1609, caused by an earthquake offshore of

Rhodes Island, * 130 km southwest of Ölüdeniz

Lagoon (Fig. 1). That tsunami had an intensity of 8 (in

the area of Rhodes Island) on the 12-point scale of

Papadopoulos and Imamura (2001) (Papadopoulos

et al. 2014). A brownish tsunami layer was also

reported within the sequence of Lake Voulkaria in NW

Greece (Vött et al. 2006, 2009b), which was first

recognized by Jahns (2005).

Fig. 4 a Plots of 137Cs and 210Pbxs activity in the top 25 cm of

the OLD-14-2 core. The 137Cs profile does not display clear

peaks, whereas the 210Pbxs profile reveals three trends corre-

sponding to different sedimentation rates (SR): 0.164 cm/year

(25–10 cm), 0.797 cm/year (10–7 cm), and 0.153 cm/year

(7–0 cm). b Plot of 137Cs profile with respect to dates calculated

from the 210Pbxs-derived SRs
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Because ITRAX scanning is done directly on the

sediment surface along cores, scanning results bear

traces of physical properties of sediments as well, such

as water and organic matter content, and hence are

semi-quantitative. To reduce the effects of sediment

physical properties, element ratios can be used to

better evaluate relative changes in element concentra-

tions. In Fig. 5b, the R/G, K, Ti and Fe profiles are

normalized to Ca. This normalization reveals the

anomalies related to E2. Accordingly, it can be said

that the geochemical trace of the AD 1609 tsunami is

characterized by enrichment in K, Ti, Fe, depletion in

Ca, or both. An analogous sedimentary event is also

seen around the mid-eighteenth century (E1 in

Fig. 5b). This event can be attributed to the AD

1741 tsunami, which had an intensity of 8 in the area of

Rhodes Island (Papadopoulos et al. 2014). Another

tsunami hit the Nile Delta and the easternmost coast of

the Mediterranean Sea in AD 1759 (Salamon et al.

2007); there is, however, no historical record that it

affected the northern coast of the eastern

Mediterranean.

In paleolimnological studies, multiple cores are

crucial to evaluate the basin-wide extent of sedimen-

tary events, and rule out local and micro-sedimentary

processes like sediment focusing, post-depositional

diagenesis and coring disturbances. In Ölüdeniz

Lagoon, inter-core stratigraphic correlation was

achieved by correlating the (R/G)/Ca, K/Ca, Ti/Ca

and Fe/Ca profiles of OLD-14-1 and OLD-14-3 with

those of OLD-14-2 (Fig. 6). Age-depth models for

OLD-14-1 and OLD-14-3 that resulted from the

correlation with OLD-14-2 do not deviate much from

each other (Fig. 6a), i.e. unreasonable SR assumptions

were not made. In Fig. 6b, it can be seen that E1 and

E2 correlate in all three cores. Since OLD-14-3 covers

a longer time period, it reveals one more event (E3)

that is analogous with E1 and E2. Accordingly, E3

occurred at the beginning of the fourteenth century,

implying that it was caused by the AD 1303 tsunami.

This tsunami had an intensity of 10 in the eastern part

of Crete (Papadopoulos et al. 2014), approximately

300 km southwest of Ölüdeniz Lagoon (Fig. 1a).

To obtain an overall view of the tsunami-related

proxies presented in Fig. 6b, the data from the three

cores were superimposed, and their average profiles

are presented in Fig. 7. Anomalies related to the AD

1303, 1609 and 1741 (or 1759) tsunamis are highly

consistent along Ca-normalized profiles, especially

along the Ti/Ca profile. Normalization of profiles for

elements like Ti, Fe, K and Zn, by Ca, is used to

evaluate changes in the balance between terrestrial

clastic deposition and deposition of biologically and

chemically precipitated CaCO3 from the water col-

umn. Accordingly, the Ölüdeniz sediment sequence is

informative about whether the terrestrial clastic frac-

tion increases or bio/chemical CaCO3 precipitation

from the water column decreases within tsunami-

Fig. 5 a Age-depth model for the OLD-14-2 core. Solid line

was obtained from 210Pbxs measurements, and the dashed line is

the extrapolation of 0.164 cm/year SR down to the bottom of the

core. The gray area surrounding the dashed line indicates the

error in the age-depth model. b Plot of R/G values and micro-

XRF data for OLD-14-2. The reddish-brown intercalation

presented in Fig. 3 is dated to the beginning of the seventeenth

century (E2), when a historically documented strong tsunami-

genic earthquake took place offshore Rhodes Island, in AD

1609. Another similar anomaly (E1) corresponds temporally to a

tsunami that occurred in AD 1741. XRF data imply depletion in

Ca, enrichment in K–Ti–Fe, or both, as a consequence of the

tsunamis
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related deposits. Both cases are possible during marine

overwash events into the lagoon. A tsunami wave

would sweep significant amounts of clastic material

from the Ölüdeniz beach and the sand spit, and

transport it into the lagoon. Hence, these clastics

would be deposited in the lagoon as an intercalation of

material enriched in terrestrial-derived elements like

Ti, Fe, K and Zn. During the relatively sudden

deposition of these clastics, there would be no time

for bio/chemical CaCO3 precipitation from the water

column, which would result in a Ca-depleted interca-

lation within the background sedimentation. Depletion

of Ca is also supported by the [R/G]/Ca profile. This

kind of dilution effect, caused by sudden sediment

input during tsunamis, was also reported by Vött et al.

(2009a) in the Sound of Lefkada (NW Greece), where

the authors found extremely low amounts of pollen in

tsunami deposits. E1 is not clearly visible on the R/G

profile, but when the R/G profile is divided by Ca, it

becomes distinctly visible (Fig. 7). Grayscale profiles

of the radiographic images, on the other hand, do not

show any consistent anomalies related to tsunamis.

Although E1 and E3 resulted in lighter tones in the

radiographic images, implying less dense sediments,

E2 is almost invisible.

Given that no macro plant remains were found in

the sediments of the three cores, radiocarbon dating

was not done. And although mollusk shells were

encountered, dates on such material would be unreli-

able because of hard-water or reservoir effects in the

lagoon. Instead, the chronology for the Ölüdeniz

sediments was cross-checked by regional chronos-

tratigraphic correlation. Nar Lake, which is located

500 km northeast of Ölüdeniz Lagoon (Fig. 1a),

Fig. 6 a Age-depth models for OLD-14-1 and OLD-14-3 obtained by stratigraphic correlation with OLD-14-2. b Stratigraphic

correlation between the three cores. OLD-14-3 reveals one more event (E3), which occurred in the early fourteenth century

Fig. 7 Sediment variables from three cores (thin gray lines)

overlapped by their average (thick black lines). The correlation

between the Cl/Sr profile of OLD-14-3 and the varve-based

paleoclimate (d18O) record from Nar Lake, is strong (r = 0.61),

and supports the reliability of the age-depth models used
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provided a varve-based paleoclimate record (Jones

et al. 2006). This record was used by Avşar et al.

(2014) to cross-check the radiocarbon-based chronol-

ogy from Göllüköy Lake, 350 km northeast of Nar

Lake. Micro-XRF scanning results from Göllüköy

sediments were correlated successfully with the d18O
record of Nar Lake, and it was shown that chronos-

tratigraphic correlation can be a useful tool for

Anatolian sediment records. In the case of Ölüdeniz,

the Chlorine (Cl)/Strontium (Sr) profile correlates

reasonably with the d18O record of Nar Lake, espe-

cially in terms of fluctuations (Fig. 7). High precip-

itation and low evaporation periods in the Nar record

are associated with high Cl/Sr values in the Ölüdeniz

record. Although Sr intensity measured by scanners

can originate from both mineral and seawater content

of sediments, Chlorine (Cl) comes predominantly

from seawater (Tjallingii et al. 2007). For this reason,

the Cl/Sr profile can be used as an indicator of water

content in sediments. High precipitation would lead to

transport of coarser-grained sediments into the lagoon

and result in higher water content, which would

explain higher Cl/Sr values during high-precipitation

periods.

The most prominent event (E2, from the AD 1609

tsunami) caused the largest deviation from the Nar

Lake record. Very high Cl/Sr values associated with

this event imply that the wave energy during the AD

1609 tsunami was much higher than during the other

tsunamis, so it was able to transport much coarser

grains into the lagoon, resulting in high water content.

Accordingly, although the AD 1609 and 1741

tsunamis are both reported to have had intensities of

8 in the Rhodes Island region (Papadopoulos et al.

2014), the AD 1609 tsunami seems to have been

stronger in and around the Ölüdeniz region compared

to the AD 1741 tsunami. If the thickness and

amplitude of anomalies presented in Fig. 7 are

assumed to reflect intensity, the intensity of the AD

1303 tsunami seems to have been intermediate

between the ones of AD 1609 and AD 1741. Historical

sources report a tsunami in AD 1481, the intensity of

which was 7 in the Rhodes Island region (Pa-

padopoulos et al. 2014). Geological evidence for it

was found in the Dalaman alluvial plain (‘‘D’’ in

Fig. 1, Papadopoulos et al. 2012), but this tsunami was

not recorded in Ölüdeniz Lagoon. On the other hand,

the AD 1609 event recorded in Ölüdeniz Lagoon is

missing from the Dalaman record. Such comparisons

between geologic records illustrate how complex

tsunami sediment deposition and preservation can be.

Increased terrigenous inputs into coastal lakes, as a

consequence of tsunamis has been reported in few

studies. Kempf et al. (2015, 2017) reported distinct

tsunami-related magnetic susceptibility anomalies in

coastal lakes of south-central Chile. They attributed

high magnetic susceptibility values to delivery of

greater amounts of terrigenous sediments to the lakes.

Wagner et al. (2007) documented greater terrestrial

input into coastal Loon Lake, East Greenland, during

the Storegga tsunami. The authors characterized the

tsunami deposit as having higher magnetic suscepti-

bility values and lower total inorganic carbon (i.e.

CaCO3), similar to the Ca depletion in the Ölüdeniz

record. In NW Java (Indonesia), van den Bergh et al.

(2003) also reported magnetic susceptibility anoma-

lies in shallow marine embayment sediments, caused

by land-derived sediments transported into the bay by

tsunami backwash. Unfortunately, there are no XRF

scanning data in these studies that would enable us to

make comparisons with geochemical traces of

tsunamis.

Conclusions

Three sedimentary events (i.e. E1, E2 and E3) were

detected in the sediment sequence from Ölüdeniz

Lagoon and dated to approximately the early four-

teenth century, early seventeenth century and middle

eighteenth century. Temporal correlation between

dates for these sedimentary events and historically

recorded tsunamis in the eastern Mediterranean in AD

1303, 1609, and 1741 implies the events are tsunami-

genic. The events are reddish-brown intercalations

that show anomalies along their K/Ca, Ti/Ca, Fe/Ca

and Zn/Ca profiles. The anomalies are attributed to

sudden input of terrigenous sediment into the lagoon

during tsunamis (i.e. K, Ti, Fe and Zn enrichment), as

well as Ca depletion caused by a lack of time for

bio/chemical precipitation of Ca from the water

column during the sudden terrigenous sediment

deposition. This study demonstrates that coastal

lagoons and lakes are ideal places to detect well-

preserved and continuous paleotsunami records,

which are crucial to better assess tsunami hazards.
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Chagué-Goff C, Schneider JL, Goff JR, Dominey-Howes D,

Strotz L (2011) Expanding the proxy toolkit to help iden-

tify past events—lessons from the 2004 Indian Ocean

Tsunami and the 2009 South Pacific Tsunami. Earth Sci

Rev 107:107–122
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