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Abstract. Recent tsunami events have shown that tsunamis may propagate far inland by entering rivers 
mouths and may cause massive damage along the river banks. However, so far, only a few studies have 
been conducted such a search for studying tsunami signals in incised valley systems along the Mediter-
ranean coasts although the tsunami hazard is high. The island of Crete is known to have been affected 
several times by strong tsunamis, e.g., by the AD 365 and the Late Bronze Age (LBA) Santorini tsunamis. 
The narrow Geropotamos River valley, distinctly incised into local bedrock and located at the northern 
coast of Crete and fully exposed to the Cretan Sea, was selected as a promising natural setting to search 
for palaeotsunami signatures in fluvial sedimentary archives. Based on a multi-electrode geoelectrical 
survey and a set of sediment cores, we investigated the event-geochronostratigraphic record of both the 
Geropotamos River mouth area and the river valley ca. 1 km upstream by means of sedimentological, geo-
chemical, geochronological, geomorphological, and micropalaeontological methods. The sedimentary 
environment towards the present-day river mouth is dominated by (fluvio-)lagoonal muds since the mid-
Holocene. These lagoonal sediments are intersected by six coarse-grained sand layers each representing 
an extreme wave event (EWE). EWE layers are up to several decimetres thick and are characterized by 
an allochthonous foraminiferal assemblage comprising shallow marine to open marine species. Also ca. 
1 km further upstream, the sedimentary record revealed grain size and microfossil evidence of two high-
energy events showing a clear marine imprint. Based on this, we suggest inundation from the seaside that 
reached minimum 1 km inland and left EWE signatures in a presently inactive external bank position of 
the Geropotamos River. Considering the sedimentary characteristics, the local wind and wave climate 
of the Cretan Sea, and the overall geomorphological setting, we interpret these EWE layers as tsunami-
related.

A major hiatus identified in the Geropotamos River mouth sediments seems to be related to the 
LBA Santorini tsunami as can be inferred based on local age-depth relations. The LBA tsunami is 
known to have severely hit the northern coast of Crete. However, the hiatus may also reflect changes 
in the subsidence rate and the local accommodation space architecture. The youngest EWE signal in 
the Geropotamos River archive appears to have been caused by the AD 365 tsunami event. Candidate 
deposits for both tsunami deposits were identified ca. 1 km further inland. Evidence of EWE impact 
documents channelling and acceleration effects of intruding water masses caused by the narrow and 
steeply incised Geropotamos River valley in an upstream direction. Further geochronological studies 
based on OSL dating are necessary for a reliable age control of these EWE candidate layers.

Keywords: palaeotsunami, incised valley systems, palaeogeography, geoarchive, coseismic uplift, multi-
proxy, Crete
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1 Introduction

The Greek island of Crete has been affected by numerous major tsunami events during historical 
and pre-historical times (e.g. Kelletat 1991, Pirazzoli et al. 1992, Stiros 2001, Shaw et al. 
2008, Bruins et al. 2008). Crete is exposed to the Hellenic subduction zone in the south (Libyan 
Sea) and in the west (Ionian Sea) as well as to the Aegean volcanic arc and the Cretan Sea in the 
north. The Hellenic subduction zone has generated strong earthquakes, for example in AD 365 
and AD 1303. Both earthquakes generated catastrophic supra-regional tsunamis that hit Crete’s 
coasts as documented by geological evidence (Pirazzoli et al. 1992, Papadopoulos et al. 2007, 
Scheffers & Scheffers 2007, Bruins et al. 2008, Boulton & Whitworth 2017, Werner et 
al. 2018a, 2018b). Also during the Late Bronze Age (LBA), one of the largest volcanic eruptions 
in the Mediterranean took place on the Santorini (Thera) volcano. The eruption generated a 
tsunami that impacted the northern coast of Crete (Bruins et al. 2008, Werner et al. 2018b). 
These examples underline the high tsunami risk for the island. Tsunami events similar to the 
AD 365-type magnitude along the entire Hellenic subduction zone are supposed to reach a 
recurrence interval of 800 years (Shaw et al. 2008). Today, coastal areas of the Mediterranean 
are densely populated. Therefore, studying traces of palaeotsunami events is important to 
understand their impact on the Holocene coastal evolution and helps to assess the impact of 
possible future tsunami events.

Palaeotsunami traces in the Mediterranean have been identified as high-energy signatures 
in various types of sedimentary archives. First, sheets of translocated marine sands were 
found in near-coast silt-dominated lagoons or freshwater lakes (e.g., Aliki Lagoon, Greece: 
Kontopoulos & Avramidis et al. 2003, Voulkaria Lake, Greece: Vött et al. 2009, Thermaikos 
Gulf, Greece: Reicherter et al. 2010), locally associated with geomorphological forms of 
washover fans (Gargano coast, Italy: Gianfreda et al. 2001), or chevrons in case of high flow 
velocities and negligible influence of backflow erosion (e.g., Lefkada Lagoon, Greece: May et 
al. 2012, Gialova Lagoon, Greece: Willershäuser et al. 2015). Second, sheets of translocated 
marine sands are embedded in peat units deposited in paralic swamps (e.g., Cefalonia Island, 
Greece: Willershäuser et al. 2013, Evrotas River delta, Greece: Ntageretzis et al. 2015a). 
Third, mixed sedimentary units out of allochthonous and autochthonous material were 
identified in ancient harbour areas and corresponding deposits (e.g., Byzantine harbour of 
Yenikapı, Turkey: Bony et al. 2012, ancient harbour of Corinth, Greece: Hadler et al. 2013, 
Vött et al. 2018a, ancient harbour of Phalasarna, Greece: Pirazzoli et al. 1992, ancient harbour 
of Corfu, Greece: Finkler et al. 2018a, 2018b). Fourth, mixed, poorly sorted geoarchaeological 
units were identified as tsunami-related sediments deposited in archaeological contexts 
on land (e.g., Palaikastro, Greece: Bruins et al. 2008, Palairos/Pogonia, Greece: Vött et al. 
2011a). Fifth, beachrock-type calcarenite in coast or near-coast positions turned out to have 
been deposited within the course of tsunami landfall and the sediments have been subject to 
post-depositional cementation (e.g., ancient harbour of Olympia at Pheia, Greece: Vött et al. 
2011b, ancient harbour of Kyllini, Greece: Hadler et al. 2015, ancient harbour of Corinth and 
in the Diolkos area, Greece: Hadler et al. 2013). Finally, high-energy coarse-grained tsunami 
layers out of allochthonous material were also encountered in offshore sub-littoral and marine 
environments where they were entrained by local backwash currents (e.g., Caesarea, Israel: 
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Goodman-Tchernov et al. 2009, Tyuleneva et al. 2018, Augusta Bay, Italy: De Martini et al. 
2010, Smedile et al. 2011, Mediterranean megaturbidite: Polonia et al. 2013).

However, despite this large variety of different tsunami traces, only few studies have been 
conducted so far in narrow, deeply incised valley systems, as for example at the Boca do Rio es-
tuary, Portugal (e.g., Hindson et al. 1996 and Font et al. 2010 and references therein), although 
these valley systems are known to represent priority regions with regard to the maximum land-
ward intrusion of tsunami waves. The latter was painfully experienced during the Indian Ocean 
2004 and the Japan 2011 tsunami events (Adityawan et al. 2012, Tanaka et al. 2012, 2014, 
Tolkova & Tanaka 2016). In the Mediterranean, Ntageretzis et al. (2015b) detected palaeot-
sunami evidence in a valley to the northwest of Neapoli Vion, Vatika Bay (Greece), incised into 
older lithified Pleistocene fans and marine terraces. The inundation line was found to reach at 
least 400 m inland and Ntageretzis et al. (2015b) assumed funnelling and acceleration effects 
of the intruding tsunami waters. More recent observations from the Tōhoku-oki tsunami in 
2011 documented that tsunamis following rivers and channels caused massive damage deep 
inland and are an important tsunami risk evaluation factor (Tanaka et al. 2014).

Focusing on the northern coast of Crete, the narrow and deeply incised Geropotamos River 
valley – facing the open Cretan Sea – was selected as a promising natural setting to search for 
palaeotsunami signatures in fluvial sedimentary archives. The main objectives of our study 
were (i) to search for extreme wave event (EWE) traces in the Geropotamos River sedimentary 
archives, (ii) to analyse EWE candidate deposits by using a multi-proxy geomorphological and 
sedimentological approach, (iii) to reconstruct potential EWE impacts and their flow dynamics 
in interaction with the Geropotamos River valley, and finally (iv) to compare the Geropotamos 
EWE signatures with signatures known from other coastal sites in search of supra-regional 
impacts along the northern coasts of Crete.

2 Geography and tectonic setting

2.1 Tectonic setting

Crete is located in close proximity to the Hellenic subduction zone. Here, the African plate is 
being subducted with 35 – 40 mm/y on average (McClusky et al. 2000, Reilinger et al. 2006, 
Hollenstein et al. 2008) beneath the Aegean microplate. A compressive accretionary wedge, 
the Mediterranean Ridge, has been developed above the subduction interface (McKenzie 
1972, Le Pichon & Angelier 1979, Doutsos & Kokkalas 2001, Shaw & Jackson 2010). After 
Shaw & Jackson (2010), splay faults located in the accretionary wedge control the growth of 
Crete’s topography by uplifting the overriding Aegean microplate. Within the last 13 million 
years, subduction and associated coseismic processes caused a cumulative uplift of Crete of 
approximately 2 – 3 km (McKenzie 1978, Meulenkamp et al. 1994, Jolivet et al. 1996). The 
central Iraklion ridge emerged first some 4 million years ago and the outer island parts followed 
ca. 1 million years later (Shaw & Jackson 2010). Studies by Tiberti et al. (2014) showed that in 
western Crete this net uplift includes periods of both uplift and subsidence.

Induced by the rollback effect of the subduction zone and its movement towards the south, 
a back-arc basin with an average water depth of 1000 m has been formed to the north of Crete 
(Angelier et al. 1982, McKenzie 1972, Doutsos & Kokkalas 2001, Reilinger et al. 2006, 



4 Vera Werner et al.

Seidel et al. 2007, Royden & Papanikolaou 2011). The Hellenic subduction interface dips 
northwards at 10° to 15° whereas the subducted slab reaches depths of 35 to 45 km beneath Crete 
and several hundreds of kilometres beneath the central Aegean (e.g., Bohnhoff et al. 2001, van 
Hinsbergen et al. 2005, Hollenstein et al. 2008). A well-defined Benioff seismic zone reaches 
a maximum depth of 200 km and ends underneath the volcanic back-arc of the Cyclades in-
cluding the still active Colombo-complex near Santorini and Milos (Le Pichon & Angelier 
1979, Hollenstein et al. 2008). During Miocene, crustal extension of the overriding Aegean 
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microplate started and lead to a fragmentation of Crete into fault-bounded blocks creating a 
horst-and-graben structure (Angelier et al. 1982, Peterek & Schwarze 2004, Seidel et al. 
2007, Caputo et al. 2010, Mason et al. 2016). The extensional faulting along the Hellenic Trench 
is accompanied by frequent shallow earthquakes whereas deeper earthquakes are triggered by 
the descent of the underlying plate subject to subduction (Taymaz et al. 1990, Papazachos et 
al. 1997).

During history, Crete was hit by several catastrophic seismic events such as the prominent 
tsunamigenic earthquake that occurred on 21 July AD 365. This earthquake was triggered by a 
N–E dipping reverse fault located within the overriding plate in the south of Crete (Shaw et al. 
2008, Lorito et al. 2008, Flouri et al. 2013) and reached an estimated magnitude of Mw = 8.3 
(Stiros 2001, Shaw et al. 2008, Shaw & Jackson 2010). During this earthquake, the western 
and southwestern parts of Crete experienced coseismic crust uplift of up to 9 m (Fig. 1). Today, 
the pre-AD 365 sea level stand is still visible as well preserved bio-erosive markers and algal 
rims along the coasts of western Crete (e.g., Spratt 1865, Pirazzoli et al. 1982, 1996, Shaw et 
al. 2008, Mouslopoulou et al. 2015). Another strong earthquake (ca. Mw = 8.0) took place on 
8 August AD 1303 and ruptured the eastern part of the Hellenic Arc between Crete and Rhodes 
(Papadopoulos et al. 2007). Based on several historical documents, an associated tsunami 
reached Crete’s northeastern coast and struck the capital city of Heraklion (Papadopoulos et 
al. 2007, 2014). During the last century, the strongest tsunamigenic earthquake was generated 
at a 40 km-long active fault in 1956 offshore Armorgos Island and reached a magnitude of 
Mw = 7.5 (Nomikou et al. 2018). A detailed overview of all known historical and prehistorical 
tsunami records in the Mediterranean are listed in earthquake and tsunami catalogues (e.g., 
Galanopoulos 1960, Papadopoulos & Chalkis 1984, Tinti 1991, Guidoboni et al. 1994, 
Soloviev et al. 2000, Ambraseys 2009, Hadler et al. 2012, Papadopoulos et al. 2014).

2.2 Geographical setting of the study area

The study area is located at the north coast of Crete in the lower course of the Geropotamos 
River. The study area is between the cities of Rethymnon in the west and Heraklion in the east 
near the villages of Lavris and Panormos (Figs 1A–C and 2). This region was unaffected by the 
coseismic uplift of the AD 365 earthquake (Fig. 1A, Kelletat 1991). The Geropotamos River 
reaches a length of 47 km and its catchment area amounts to 40 km2 (Sdao et al. 2012). In the 
lower course of the river (Fig. 2), the valley meanders are deeply incised into limestones and 
dolomites of the Tripolitza unit (Jurassic-Eocene limestones overlying the Tyros or Ravdoucha 
beds comprising Permo-Triassic shales, phyllites, and quartzites) as well as into overthrusted 
Phyllite-Quarzites including the Arna unit (IGMR 1977, Papanikolaou & Vassilakis 2010). 
Deeply incised river beds in general indicate increased fluvial erosional processes induced by 
uplifting land masses or low sea levels. The study area is further characterized by major NW–
SE/NNW–SSE running faults (IGMR 1977) which seem to be responsible for the overall flow 
direction of the Geropotamos River. Another fault system trends towards SW–NE.

Studies in the Geropotamos River valley were conducted in two different areas. First, at 
the immediate river mouth on top of a pronounced beach ridge and associated washover fans, 
reaching up to 100 m inland. Second, in an area located ca. 1 km upstream in a former exter-
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nal bank position of the Geropotamos River. This undercut slope is presently inactive and lies 
today at an elevation of ca. 6 m above sea level (m a.s.l.) and approximately 110 m distant from 
the present river course. The latter runs at an elevation of ca. 3 m a.s.l. Geomorphological and 
geophysical investigations were carried out at the slope of the southern valley flank, exposed 
to the northwest and out of reach of present fluvial processes. Between the two study sites, the 
valley floor is only 100 m to 250 m wide.

3 Material and methods

3.1 Field work

Geophysical prospection was carried out using electrical resistivity tomography (ERT) in order 
to pre-examine the bedrock topography and main stratigraphic structures of the near-surface 
underground. We used a multi-electrode Syscal R1 + Switch 48 device (type Iris Instruments) 
with a Wenner-Schlumberger electrode array. Measured data were inverted into depth sections 
using the RES2DINV software (Geotomo Software). Local stratigraphic data were obtained 
based on vibracores that were also used to calibrate the results of the ERT measurements. Vibra-
cores were drilled with a closed auger system using a Cobra Pro handheld coring device (type 
Atlas Copco) and plastic inliners (50 mm in diameter). Vibracore GER 3A was also drilled with 
an open auger system and was used for microfossil sampling (GER 3). Position and elevation 
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data of ERT electrodes and vibracoring sites were measured with a differential GPS (Topcon 
Hiper Pro FC-250), reaching a minimum horizontal and vertical precision of 2 cm.

3.2 Laboratory analyses

Sediment-filled plastic inliners were cut into halves in the geolaboratory of the Johannes Guten-
berg-Universität Mainz, Germany. The core halves were cleaned, photographically document-
ed, and analysed. Selected sediment samples (GER 3A: 37 samples, GER 4A: 71 samples) were 
retrieved from representative stratigraphic units for further sedimentological analyses. Samples 
for micropalaeontological studies were retrieved from vibracore GER 3, the open drilled version 
of vibracore GER 3A.

Grain size analyses of sediment samples were conducted using the sieve and pipette method 
after Köhn (Köhn 1929, DIN/EN ISO 11277 2002). Standard pre-treatment included dry-sieving 
in order to determine the amount of coarse particles with diameter > 2 mm, followed by 12 
hour-peptisation of the fraction < 2 mm in sodium pyrophosphate. Percentages of eight grain 
size classes (clay: < 2 µm, fine silt: 2 – 6.3 µm, medium silt: 6.3 – 20 µm, coarse silt: 20 – 63 µm, 
finest fine sand: 63 –125 µm, fine sand: 125 – 200 µm, medium sand: 200 – 630 µm, coarse sand: 
630 – 2000 µm) were determined. Based on a 99-step cosine interpolation function over the 
grain size classes, (mean) relative frequency distribution curves as well as cumulative frequency 
curves were calculated for each sample.

The geochemical element composition of sediments (in total 32 elements) was analysed 
using a portable Niton XL3t 900 S GOLDD XRF handheld analyser (calibration mode SOIL) in 
vertical steps of 2 cm along the entire cores. The results of the portable XRF (PXRF) technique 
are semi-quantitative and commonly used to identify trends and changes in geochemical 
composition between different sediment units (Chagué-Goff et al. 2010, 2017, Vött et al. 
2011a, Finkler et al. 2018b, Judd et al. 2017). We used the calcium (Ca)/iron (Fe) ratio in order to 
differentiate between marine and terrestrial depositional conditions and abrupt environmental 
changes. Increased iron contents are often associated with terrestrial weathering processes; on 
the contrary, increased calcium contents are associated with marine input in terms of biogenic 
marine carbonate, such as marine micro- and macrofauna shells (Vött et al. 2011a, 2015, 
Chagué-Goff et al. 2014, 2017). However, it is necessary to consider the influence of carbonate 
bedrock material and anthropogenic effects that may influence these signals (Vött et al. 2015).

A spectrophotometer (Konica Minolta CM-600 d) was used to quantify sediment 
colour based on the chromaticity values a* and b* of the CIELAB colour space (L*a*b*) with 
measurements every 2 cm. The variables a* and b* specify the portion of red (+a*) and green (-a*) 
and yellow (+b*) and blue (-b*) of the overall sediment colour. The sediment colour can be used 
as an additional tool to discriminate between sedimentary facies, for example to differentiate 
between sediments accumulated under oxic or anoxic conditions or to highlight differences 
in the organic content. The magnetic susceptibility of sediments, the content of diamagnetic 
and magnetic materials of the sediment, was measured in 1 cm steps using a Bartington MS2K 
surface sensor.

The microfossil content of selected sediment samples (GER 3/3A: 21 samples, GER 
4A: 57 samples) was analysed using a semi-quantitative approach in order to reconstruct 
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palaeoenvironmental changes and to differentiate between autochthonous and allochthonous 
deposits. As preparation for the microfossil analyses, 15 ml of each sample were first sieved 
in different fractions (> 400 µm, 400 – 200 µm, 200 –125 µm, and < 125 µm) and then analysed 
with the help of a stereomicroscope (Nikon SMZ 745T). Genera and, if possible, species of 
foraminifera tests were determined after Cimerman & Langer (1991), Murray (2006) and 
Rönnfeld (2008). In some cases, foraminifera tests were strongly calcified and worn and the 
species was not determinable. Z-series photos of foraminifera specimens were taken with a 
light-polarizing microscope (Nikon Eclipse 50i POL with Digital Sight DS-FI2 digital camera).

Six samples underwent 14C AMS radiocarbon analysis for geochronological information. 
We only used plant remains for dating and refrained from choosing marine fossils because of 
the marine reservoir effects, whose species-specific influence in space and time is still unknown 
(for further details see discussion Vött et al. 2018a, 2018b). Conventional radiocarbon ages were 
calibrated using the calibration software Calib Rev 7.10 and the Marine13 and IntCal13 datasets 
(Reimer et al. 2013).

4 Results

4.1 Geropotamos River mouth area

4.1.1 Pre-coring ERT survey

We carried out three ERT transects in the river mouth area (Fig. 3) for a pre-coring exploration 
of the near-surface underground. The location and the course of the ERT transects is shown in 
Fig. 1B. All ERT depth sections were converted to the same scale comprising electrical resistivity 
values from 1 (dark blue) to > 220 Ωm (purple). Additionally, the ERT depth sections include 
the position of vibracoring site GER 4A and the related stratigraphy. In general, high resistivity 
values reflect coarse-grained sand and gravel, partly (very) dry above groundwater level, or 
bedrock. Low resistivity values indicate fine-grained material, mostly silt and clay, and/or water 
saturated sediments.

ERT transect GER ERT 3 starts at the present shore and runs in a NW-SE direction across 
the beach ridge to the distal end of a recent washover fan. ERT transects GER ERT 4 and 5 run 
perpendicular to the flow direction of the Geropotamos River, namely where the beach reaches 
its highest elevations and in a distal position of the washover fan, respectively. Depth sections 
GER ERT 3 and 4 show a two-part horizontal composition with (very) low resistivity values 
(mostly < 5 Ωm) in the lower part reaching up to ca. 0 m a.s.l., and higher resistivity values at 
the top (> 42 Ωm). The depth section GER ERT 5 shows a similar composition as transects GER 
ERT 3 and 4, but with higher electrical resistivity values in the western end of the transect. 
Furthermore, the depth section of GER ERT 5 shows high to very high values (42 to > 220 Ωm) 
in the top zone, which appears somewhat incised into the underlying part with lower resistivity 
values.

4.1.2 Multi-proxy analysis of vibracore GER 4A

Vibracore GER 4A was drilled ca. 80 m inland at an elevation of 1.60 m a.s.l. behind the present 
beach ridge and on top of a washover fan (Figs 1B and 3). The vibracoring site is situated 43 m 
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from the beginning of transect GER ERT 5 and is situated quite in the middle of the entrance of 
the deeply incised Geropotamos River valley in the east. To the north of the coring site GER 4A, 
the Geropotamos River discharges into the Cretan Sea. We used a closed auger drill system and 
reached a maximum coring depth of 10 m below surface (m b.s.). To classify the stratigraphic 
record of GER 4A, we differentiate between five stratigraphic units inferred from sedimento-
logical criteria namely grain size, sediment colour and macrofossil content (Table 1).

The stratigraphic record of vibracore GER 4A (Fig. 4 and Table 1) from 10.00 to 2.10 m b.s. 
(-8.4 m b.s.l. to 0.50 m a.s.l., b.s.l. = below sea level) is dominated by clay and silt, greyish and 
brownish in colour (units I and IV), that partly contain a higher sand content. These fine-
grained deposits are intersected by six distinct layers, namely from 9.78 to 9.52 m b.s. (-8.18 to 
-7.92 m b.s.l.), 8.80 to 8.46 m b.s. (-7.20 to -6.86 m b.s.l.), 7.54 to 7.36 m b.s. (-5.94 to -5.76 m b.s.l.), 
6.81 to 6.73 m b.s. (-5.21 to -5.13 m b.s.l.), 5.66 to 5.52 m b.s. (-4.06 to -3.92 m b.s.l.), and 5.34 to 
5.25 m b.s. (-3.74 to -3.65 m b.s.l.) by predominantly greyish to light-greyish fine and medium 
sand (unit II). Each intersecting layer shows a sharp erosional contact to the underlying deposits 
and visible marine shell fragments. Two layers of greyish-beige coarse sand and (fine) gravel 
(unit III) intersect the dominant clay and silt sequence from 7.82 to 7.66 m b.s. (-6.22 to -6.06 m 
b.s.l.) and from 6.71 to 6.66 m b.s. (-5.11 to -5.06 m b.s.l.). At 3.26 to 2.65 m b.s. (-1.66 to -1.05 m 
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mouth area. See text and Fig. 1 for further explanation.
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b.s.l.) reddish-beige coloured medium and coarse sand with marine shell fragments disrupt the 
clay and silt sequence in the upper part of the vibracore (unit V). Following a loss of sediment, 
we found an alternating layering of deposits of units III, IV, and V from 1.90 to 1.35 m b.s. (-0.30 
bsl to 0.25 m a.s.l.). This section is covered by a massive layer out of well-sorted reddish-brown 
medium and coarse sand (unit V) that reaches up to the present-day’s surface. Between 0.60 m 
b.s. and 0.36 m b.s. (1.00 to 1.24 m a.s.l.), it is intersected by coarse-grained sand and gravel de-
posits of unit III.

The stratigraphic record of vibracore GER 4A is shown in Fig. 5 together with selected 
sedimentary and geochemical parameters. The Ca/Fe log shows maximum values for coarse-
grained units (III, IV, and V), indicating an increased input of Ca in the upper section of the 
vibracore. On the contrary, coarse-grained units found in the lower core section show positive 
as well as negative peaks and a general trend is not discernible. Maximum magnetic suscepti-
bility values and some secondary peaks are associated with coarse-grained layers (units II and 
III) in the lower core section, but do not show a general trend. With beginning of unit IV up to 
present-day’s surface, the magnetic susceptibility increases and shows higher values on average 
than in the rest of the core. The a*/b* CIELAB colour ratio traces the transition from greyish 
to reddish-brown deposits at ca. 3.7 m b.s. (-2.1 m b.s.l.). Three peaks indicate the increase of 
reddish-brown colours in the upper core section. The results of the grain size analyses neatly 
reflect the stratigraphic structure of the core. Each coarse-grained unit (II, III, and V) shows 
an increasing percentage of sand (subdivided in coarse sand, medium sand, and fine sand). 
Coarse components with diameters > 2 mm were found for units II and III of the lower core, 
from ca. 1.90 m b.s.(-0.3 m b.s.l.) upwards, the percentage of coarse-grained deposits, especially 
the percentage of coarse and medium sand, and components with diameters > 2 mm strongly 
increases.

The mean relative frequency distribution and the mean cumulative frequency of sample-
specific grain sizes for each sedimentological unit are depicted in Fig. 6. Units I and IV are 

Table 1. Stratigraphic units found for vibracores GER 4A and GER 3A based on grain size data, sediment 
colour, and macrofossil content.

Unit Sediment character 
Grain size Colour Macrofossil 

content
I clay and silt, partly with higher sand content dark grey to light grey

II fine and medium sand grey to light grey-beige (GER 4A), 
red-brown (GER 3A)

marine shell 
fragments

III coarse sand to (fine) gravel grey to beige (GER 4A), red-brown  
to multicoloured (GER 3A)

marine shell 
fragments

IV clay and silt reddish-beige and gray parts
V medium and coarse sand reddish-beige to reddish-dark grey marine shell 

fragments
VI silt and fine sand, partly higher sand content greyish-brown

VII clay and silt, slate and glimmer fragments brownish-red
VIII clay and silt, roots dark brown  



12 Vera Werner et al.

dominated by coarse silt and clay. In some samples of unit I and most samples of unit IV there 
is also a maximum for medium sand, resulting in an overall moderate grade of sorting. In 
contrast, samples from units II, III, and V show a clear maximum in the sand fraction and are 
predominantly characterised by medium sand (units II and V) and medium to coarse sand 
(unit III). However, the mean relative frequency distribution of units II, III, and V shows several 
secondary maxima, indicating a poor sorting of the deposits.

The semi-quantitative evaluation of the microfossil content is depicted in Fig. 7. Studied 
samples (black and white triangles to the right of the vibracore log) are consecutively 
numbered from top to base. A selection of foraminifera species and other microfossils found 
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typical of vibracore GER 4A is shown in Fig. 8. Concerning the abundance and the diversity 
of foraminifera species, the vibracore shows a three-part division. The lower part of the core 
generally shows a high abundance and high diversity of found foraminifera species. In the 
middle part, approximately starting with the appearance of unit IV, abundance and diversity 
are relatively lowest but increase again towards the top. Maximum abundance and maximum 
diversity of foraminifera genera is rather associated with coarse-grained sedimentary units 
(units II, III, and V) than with fine-grained deposits (units I and IV). The foraminiferal 
assemblage of unit I includes species, such as Ammonia beccarii, Ammonia tepida, Haynesina 
depressula, and several ostracods that are associated with brackish habitats, as for example 
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those of lagoons. The existence of foraminifera that prefer shallow marine habitats, for example 
Asteriginata mamilla, Nonion sp., and Rosalina sp., indicate constant influence of saltwater. 
Several shallow marine to fully marine (cold marine) species almost exclusively occur in units 
II, III, and V, namely Cibicides refulgens, Cibicidella sp., Elphidium crispum, Fursenkonia sp., 
Lobatula lobatula, Quinqueloculina sp., and Uvigerina sp. Additionally, coral fragments can be 
predominantly found in these units. Other foraminifera species such as Bulimina sp., Cibicides 
sp., and Globigerina sp. occur as a kind of background noise, showing no specific change in 
abundance. Specimens of Amphistegina lobifera were only found in top-core position. They oc-
cur for the first time in sample 22 at 1.20 m b.s. (0.40 m a.s.l.).

4.2 Geropotamos River valley area further inland

4.2.1 Pre-coring ERT survey

The depth sections GER ERT 1 and GER ERT 2 of the geophysical exploration realized ca. 1 km 
further inland from the river mouth are depicted in Fig. 9. ERT depth sections were converted 

Fig. 8. Scanning electron microscope photos of selected foraminifera specimens and other microfossils 
found in samples from vibracore GER 4A.
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to the same scale comprising electrical resistivity values from 1 Ωm (dark blue) to > 230 Ωm 
(purple). Both transects start near the present river bed and run in a NW-SE direction across 
the inactive undercut slope of the Geropotamos River (see Fig. 1C). They show a more or less 
two-part horizontal composition with little resistivity values in the lower part (1 to ca. 50 Ωm), 
speaking for moderate- to fine-grained deposits. In contrast, the upper part is characterised 
by maximum electrical resistivity values (> 50 Ωm) probably associated with coarse-grained 
deposits. Moreover, the southeastern part of depth section GER ERT 1 is characterised by an-
other zone of higher resistivity values below the present sea level, most probably representing a 
distinct zone of coarse-grained sediments.

4.2.2 Multi-proxy analyses of vibracore GER 3A

Vibracoring site GER 3A is located ca. 1 km distant from the present-day shoreline, at 72 m of 
transect GER ERT 1 (Fig. 1). Vibracore GER 3A, drilled at 5.66 m a.s.l. on a former external bank 
of the Geropotamos River, reached a maximum drilling depth of 5 m b.s. (0.66 m a.s.l.). Its 
stratigraphic record can be divided into five stratigraphic units (Fig. 10, Table 1) inferred from 
grain size data, sediment colour, and visible macrofossil content. The core is predominantly 
characterised by alternating beige and grey sediment layers consisting of sand and gravel (units 
II and III) and of clay, silt and fine sand (units VI, VII and VIII). Between 3.36 and 2.72 m b.s. 
(2.30 to 2.94 m a.s.l.) and between 1.41 and 1.18 m b.s. (4.25 to 4.48 m a.s.l.), clayey and silty 
deposits include multiple slate and other crystalline bedrock fragments and show a reddish-
brown colour (Fig. 11).
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Selected sedimentary and geochemical parameters are summarised in Fig. 11. The Ca/
Fe ratio shows highest values predominantly associated with coarse-grained units II and III, 
except for top-core samples. On the contrary, the magnetic susceptibility values do not reveal a 
specific trend. Highest values are related to unit III deposits in the lowermost part of the core. 
Two secondary peaks are associated with unit VII deposits. The colour spectroscopic analysis of 
GER 3A highlights unit VII sediments with their reddish-brown sediment colour: Between 3.36 
and 2.72 m b.s. (2.30 to 2.94 m a.s.l.) and between 1.41 and 1.18 m b.s. (4.25 to 4.48 m a.s.l.), the 
increasing a*/b* CIELAB ratio shows higher values indicating higher contents of reddish-brown 
material. Maximum sand amounts were found for units II and III , in particular coarse sand in 
units III, in the lower part of the sediment core. Maximum percentages of skeletal components 
are also associated with unit III deposit. In contrast, from 3.36 m b.s. (2.30 m a.s.l.) towards the 
present surface, silt and clay represent at least 50 –75 % of all clasts. The Fig. 12 depicts mean 
relative frequency grain-size distribution curves for each unit. Sand-dominated unit II shows 
the poorest sorting of all units with an average of ca. 20 % for all grain sizes between coarse silt 
and medium sand. Unit III, only with a slightly better sorting, shows a maximum of coarse sand 
(30 %). Units VI and VIII contain up to 40 % coarse silt and show a secondary maximum for clay 
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(ca. 15 %). Again, unit VII material is poorly sorted but reveals two maxima, namely in the clay 
and coarse silt fractions.

The semi-quantitative evaluation of the microfossil content is depicted in Fig. 13. Studied 
samples (black and white triangles on the right of the vibracore) are consecutively numbered. 
Selected foraminifera species and other microfossils typical of vibracore GER 43 are shown 
in Fig. 14. The microfossil content turned out to be unexpectedly high, including a noticeable 
amount of non-weathered foraminifera tests. Compared to units VI and VII, both the abun-
dance and diversity of foraminifera species are much higher than in units II and III. Fairly many 
to great many specimens of Ammonia sp., A. beccarii, A. tepida, Bolivina sp., Brizalina sp., Bu-
limina sp., Cibicides sp. and C. refulgens were encountered in units VI and VII, while sediments 
of units II and III only contain a few of these species. In contrast, specimens of Elphidium sp., 
E. advenum, E. crispum, Globigerinella sp., Lagena sp., Lenticulina sp., Lobatula lobatula, Melo-
nis sp., Neoconorbina sp., Rectuvigerina sp., Rosalina sp., Textularia sp. and Uvigerina sp. are 
almost exclusively associated with sediments of sandy units II and III. Comparing the results 
of microfossil analyses in the two vibracores studied, the diversity of foraminifera in vibracore 
GER 3A is lower than the one found for vibracore GER 4A drilled in the river mouth area 
(Fig. 7). Especially those species (e.g., Amphistegina lobifera, Peneroplis sp. and P. pertusus) that 

100 μm

1: Bolivina sp.
2: Uvigerina sp.
3: Ostracoda sp.
4: Uvigerina sp.

5: Brizalina sp.
6: Globigerina sp.
7: Elphidium crispum
8: Lobatula lobatula

  9: Cibicides sp.
10: Nonion sp.

1 2 3

4 5 6
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8 9 10

Fig. 14. Scanning electron microscope photos of selected foraminifera specimens and other microfossils 
found in samples from vibracore GER 3A.
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predominantly occur in the upper part of vibracore GER 4A, starting at ca. 1.90 m b.s. (4.09 m 
a.s.l.) up to present surface, were not found in vibraore GER 3A.

4.3 Geochronology

Six samples were retrieved from vibracore GER 4A for 14C AMS radiocarbon dating in order 
to establish a local event-geochronology for the Geropotamos River study area. Five samples 
consisted of undetermined plant remains; one sample was made out of wood. Conventional 
radiocarbon ages were calibrated using the Calib 7.10 software. Radiocarbon dating results 
are summarised in Table 2. Sample GER 4A/50 PR 6.65 turned out to be pre-Holocene in age 
attesting strong reworking processes. Age-depth relations of dated samples from core GER 4A 
(and an age inferred by the first occurrence of Amphistegina lobiferea, an invasive foraminifera 
species) are depicted in Fig. 15 together with results of similar investigations undertaken by 
Werner et al. (2018b) to the west of Rethymnon and by Lespez et al. (2003) near Malia.

5 Discussion

5.1 Sedimentary facies and palaeoenvironmental evolution

Based on multi-proxy analyses results, we are able to discriminate between six sedimentary 
facies for the Geropotamos River study site (Fig. 16). These facies were used to reconstruct 
palaeoenvironmental changes at the Geropotamos River mouth area and a valley section 
further inland.

5.1.1 The Geropotamos River mouth area

The lower part of sediment core GER 4A is characterised by predominantly low-energy, fine-
grained clay and silt (unit I). The mean frequency distribution revealed also a varying minor sand 

Table 2. AMS Radiocarbon dating results of samples from vibracore GER 4A. Note: Lab. No. – laboratory 
number, CEZ – Curt-Engelhorn-Zentrum für Archäometrie, Mannheim, Germany, b.s. – below ground 
surface, a.s.l. – above sea level, unit – stratigraphic unit, 1σ max, min (cal BC/AD) – calibrated ages, 1σ 
range, 2σ max; min (cal BC/AD) – calibrated ages, 2σ range. Calibration based on Calib Rev 7.1 with 
IntCal 13 dataset (Reimer et al. 2013).

Sample
Lab. No.
(CEZ)

Depth
(m b.s.)

Depth
(m a.s.l.)

Sample
description

14C Age
(BP)

δ13C
(‰)

1σ max; min
(cal BC/AD)

2σ max; min
(cal BC/AD)

GER 4A/19 HR 2.23 26530 2.23 –0.63 wood remains 93 ± 23 –24.9 cal AD 1696-1917 cal AD 1691-1922

GER 4A/33 PR 3.88 26533 3.88 –2.28 plant remains 2660 ± 30 –32.1 cal BC 831-801 cal BC 895-795

GER 4A/42 PR 5.43 26465 5.43 –3.83 plant remains 5199 ± 32 –27.5 cal BC 4039-3971 cal BC 4050-3957

GER 4A/50 PR 6.65 26466 6.65 –5.05 plant remains 42330 ± 730 –29.5 cal BC 44311-43010 cal BC 45123-42372

GER 4A/55 PR 7.59 26467 7.59 –5.99 plant remains 5554 ± 37 –38.1 cal BC 4446-4354 cal BC 4455-4343

GER 4A/71 PR 9.81 26468 9.81 –8.21 plant remains 6633 ± 37 –33.7 cal BC 5619-5543 cal BC 5627-5494

Note: Lab. No. – laboratory number; CEZ – Curt-Engelhorn-Zentrum fur Archaometrie, Mannheim, 
Germany; b.s. – below ground surface; a.s.l. above sea level; 1σ max, min (cal BC/AD) – calibrated ages, 
1σ range; 2σ max, min (cal BC/AD) – calibrated ages, 2σ range. Calibration based on Calib Rev 7.1 with 
IntCal 13 dataset (Reimer et al 2013).
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content. In general, the foraminifera abundance and diversity, aside from a high background 
signal of bedrock-related species (such as Bolivina sp., Brizalina sp., Bulimina sp., Cibicides sp., 
and Globigerina sp., see Drinia et al. 2008) is not very high in unit I deposit. However, in 
comparison to other units, the foraminiferal assemblage of unit I shows an increased abundance 
of stress tolerating foraminifera species (e.g. Ammonia tepida or Haynesina depressula) that are 
typical inhabitants of brackish/lagoonal environments (Murray 2006, Avnaim-Katav et al. 
2013). The foraminifera signature includes several tests of species preferring shallow marine 
habitats (Ammonia beccarii, Elphidium sp., and Lenticulina sp.), indicating a sporadic saltwater 
influence. Considering the foraminiferal assemblage and the sedimentary characteristics, 
unit I deposits can be associated with a brackish, more or less sheltered, lagoonal depositional 
environment. Lagoonal conditions were most probably influenced by the Geropotamos River. 
It must be noted, that lagoonal deposits of unit I do not include many ostracods and embedded 
plant remains, as it was described for other lagoonal deposits found at the northern coast of 
Crete (Bottema & Sarpaki 2003, Werner et al. 2018b). This may be explained by the stronger 
fluvial influence in this study area.

Fine-grained sediments of unit IV show similar sedimentological and microfossil signals as 
described for unit I. The foraminiferal signature still gives evidence of a brackish environment 
with sporadic saltwater influence, however with a weaker signal. The reddish-brown sediment 
colour is most probably related to increased fluvial input of terrestrial material originating from 
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Fig. 16. Vibracore transect showing stratigraphic logs of sediment cores GER 4A and GER 3A. Extreme wave 
event (EWE) deposits identified in core GER 4A are labelled with Greek letters α to ζ. The uppermost litto-
ral sequence is strongly affected by storm influence. Based on local age-depth relations (Fig. 15), the major 
hiatus in mid-core position of core GER 4A is suggested to represent the LBA Santorini tsunami event, and 
event ζ may reflect the AD 365 tsunami event. Candidate layers of the LBA Santorini and the AD 365 tsuna-
mis were also found in core GER 3A drilled on an inactive external bank of the Geropotamos River ca. 1 km 
inland. For locations of vibracoring sites see Fig. 1, for radiocarbon ages see Table 2. See text and Fig. 15 for 
further explanations.
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the catchment area. Thus, unit IV can be associated with (fluvio-)lagoonal sediments similar to 
unit I but with an increased fluvial input.

At the present Geropotamos River mouth position, a long-existing (fluvio-)lagoon-
type environment left a homogenous sequence that reaches up to 1.90 m b.s. (-0.30 m b.s.l.). 
Considering the Holocene sea level development, the position of the former coastline must have 
been situated further in the north of the study area. However, the (fluvio-)lagoonal sequence is 
interrupted by six sand-dominated intercalations, testifying to high-energy water inflow into 
a quiet-reach environment. Intercalated high-energy sand layers are characterised by a mixed 
foraminiferal assemblage with a strongly increased abundance of shallow marine to fully marine 
foraminifera species. Concerning their preferred habitats, the latter strongly differ from those 
species found in lagoonal muds. The input of poorly sorted allochthonous marine sand layers 
and the input of displaced and transported foraminifera species indicate a high-energy turbulent 
water inflow from the sea side within the course of an extreme wave event (EWE). Because of 
the overall geomorphological setting and the position of the vibracoring site close to the present 
shore, it is difficult to clearly assign these layers to storm or tsunami influence – a subject that 
is later discussed in more detail. Nonetheless, EWE influence was of strictly temporary nature 
and, as shown by foraminiferal and grain size data, the pre-existing lagoonal environment 
completely recovered anytime soon after an EWE took place. In Fig. 15 the identified six EWE 
layers are labelled with Greek letters α to ζ from older to younger respectively.

From 1.90 m b.s. (-0.30 m b.s.l.) to the present surface, a (supra-)littoral sequence follows, 
consisting almost exclusively of sand and showing an increased Ca/Fe ratio. Although the Ca/
Fe ratio was successfully used as a proxy in coastal research in recent studies (for an overview 
see Chagué-Goff et al. 2010, 2017), there is no reliable trend for the river mouth area, except for 
the uppermost littoral sequence. The littoral sequence is also characterised by detailed layering 
associated with all-day littoral dynamics, including sorting and layering of sediments (up to 
coarse sand) and multiple washover dynamics. Considering the geomorphological setting 
of vibracore GER 4A, drilled in the landward distal part of a washover fan ca. 50 m south of 
present-day’s beach ridge, it may be speculated that these features are caused by storm influence 
from the Cretan Sea. The occurrence of Amphistegina lobifera at ca. 1.20 m b.s. (0.4 m a.s.l.), an 
alien species that reached the eastern Mediterranean by opening the Suez channel in AD 1869 
(Triantaphyllou et al. 2009), may emphasise reworking processes of the littoral facies during 
the past 150 or so years.

Based on geochronological data (Fig. 16 and Table 2), we identified a major hiatus between 
sample GER 4A/33 at 3.88 m b.s. (-2.28 m b.s.l.) and sample GER 4A/42 at 5.43 m b.s. (-3.83 m 
a.s.l.). The lower part of the sediment core is mid-Holocene in age with high sedimentation 
rates similar to those found for a lagoonal environment investigated west of Rethymnon (see 
Werner et al. 2018b), in contrast, the upper part of the core documents the past 2000 or so 
years. The hiatus is documented in Fig. 15 (dashed black line) starting at a sharp bend in the 
composite age-depth-relation trend line (see section 5.3).

5.1.2 Inactive external bank of Geropotamos River further inland

In this study, we focus on the identification of the impact of potential EWE and their flow 
dynamics in interaction with the Geropotamos River valley. At the river mouth area, we 



25Extreme wave events

detected a (fluvio-)lagoon-type sequence, that was repeatedly affected by marine EWE (α to ζ). 
In the following, we discuss the question, if one of the EWE has intruded into the Geropotamos 
River valley and left traces further upstream.

The sedimentary record of core GER 3A is, similar to core GER 4A, characterised by several 
coarse-grained high-energy layers (units II and III) showing a change in depositional energy 
in comparison to the over- and underlying fine-grained strata. Poorly sorted unit II and III 
deposits show a mixture of different grain-sizes varying from coarse silt to coarse sand and 
gravel. These layers are also related to an increased calcium content that may indicate increased 
input of biogenic marine carbonate such as marine micro- and macrofauna shells (Vött et 
al. 2015, Chagué-Goff et al. 2010, 2017), this is corroborated by the results of the microfossil 
analyses. In general, both abundance and diversity are unexpectedly high with regard to the 
inland position and overall geomorphological setting of the site. Compared to the over-and 
underlying strata, the high-energy sand layers show increased abundance and biodiversity of 
foraminifera. Units II and III show similar marine characteristics as were found for EWE layers 
in GER 4A in the river mouth area. There are many foraminifera species found both in EWE 
candidate layers and unit II and III deposits with maximum abundance and diversity at the 
further landward site GER 3A (Figs 7 and 13). However, from those species almost exclusively 
restricted to EWE candidate layers at the river mouth, the following species were also exclusively 
found associated with unit II and III deposits: Elphidium crispum, Quinqueloculina sp., Rosalina 
sp. This may indicate a genetic correlation between EWE impact at the present river mouth and 
high-energy flow deposits c. 1 km inland (Figs 7 and 13).

However, because of the overall strong foraminiferal fingerprint in vibracore GER 3A, it is 
difficult to discriminate between marine foraminifera entrained by EWE and the microfossil 
signal originated from reworked local foraminifera-bearing bedrock sequences. Drinia et 
al. (2008) investigated benthic foraminifera assemblages in Pliocene marine deposits in the 
Ierapetra Basin, southeastern Crete, as a base to reconstruct sedimentary environments. This 
study yielded species such as Bolivina sp., Cibicides sp., Lagena sp., Lenticulina sp., Textularia 
sp., and Uvigerina sp. to be representative for Pliocene marine deposits. These species were 
also encountered in high numbers, often in good preservation conditions, in the high-energy 
sand layers of GER 3A. However, we also found foraminifera species that are not described 
from Pliocene bedrock units (Drinia et al. 2008), such as Ammonia sp., A. tepida, Elphidium 
crispum, Haynesina depressula, Quinqueloculina sp., and Rosalina sp. All of them were found 
more or less exclusively, or with an increasing abundance, associated with EWE candidate 
layers of vibracore GER 4A at the present river mouth. Based on this assessment, we suppose 
that the foraminifera signatures along the Geropotamos River bear a strong bedrock signal 
consisting predominantly of Tertiary marine specimens. Nevertheless, it seems as if there 
are several species, such as Ammonia beccarii, A. tepida, and Haynesina depressula that were 
encountered in the (fluvio-)lagoonal sequence found at the present river mouth and in unit I 
and II layers of GER 3A ca. 1 km inland in a presently inactive external bank position. So, the 
identification of marine high-energy sand layers and their foraminiferal assemblage may reveal 
a genetic correlation between EWE impact at the present river mouth area and ca. 1 km inland 
and may indicate Holocene marine flooding from the Cretan Sea. We therefore interpret unit 
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II and III deposits of GER 3A as EWE candidate layers. The upper 1.2 m of vibracore GER 4A 
contain a high quantity of Amphistegina lobifera, but this species was not encountered in EWE 
candidate layers of GER 3A. Consequently, the EWE layers must have been deposited before AD 
1869, when the alien species Amphistegina lobifera began settling Mediterranean environments 
due to the opening of the Suez Canal. Additionally, EWE candidate layers do not contain 
any typical foraminifera species from the littoral zone, such as Peneroplis sp. and Peneroplis 
pertusus which are often associated with carbonate-rich sandy beach sediments (Murray 2006, 
Avnaim-Katav et al., 2013) and were encountered in the upper part of vibracore GER 4A. This 
also suggests the deposition of EWE candidate layers before the development of the littoral 
sequence at the present river moth area took place.

Besides the high-energy marine sand layers, the stratigraphic record of GER 3A is dominated 
by fine-grained fluvial and colluvial deposits (unit VI). The two reddish-brown coloured clay- 
and silt-dominated unit VII layers are in strong contrast to the under- and overlying strata: The 
lower unit VII is several decimetres thick whereas the unit VII layer in the upper part of the 
core shows is slightly thinner, both layers are situated directly on top of an EWE candidate layer. 
Unit VII deposits are also characterized by high contents of slate and other crystalline bedrock 
material which make up the valley flanks right seaward of the vibracoring site. Therefore, we 
interpret unit VII layers as slide mass material from the surrounding valley flanks. The upper 
unit VIII is subject to present weathering and soil forming processes.

With regard to the geomorphological background, the foraminiferal assemblage, grain size 
data, and the overall setting of this study area, we interpret the stratigraphic record of vibracore 
GER 3A as holding the signature of two individual EWE layers from the seaside. The lower EWE 
layer comprises several unit II and III deposits, reflecting at least two wave pulses and ends up 
with deposits originating from a slide mass (unit VII). The upper EWE candidate also shows 
several subsections of unit II, supporting multiple pulses and ends up with a sequence of fluvial 
deposits and another subsequent slide mass.

5.2 Origin of the EWE layers

Searching for the potential origin of EWE layers in the Geropotamos River area, both extreme 
storm surges and tsunamis must be taken in account. Tsunamites and tempestites are, on a 
global scale, very similar in their sedimentological characteristics (e.g. Dominey-Howes et 
al. 2006, Bahlburg & Weiss 2007, Switzer & Jones 2008, Smedile et al. 2011, Rodríguez-
Ramírez et al. 2016, Röbke & Vött 2017) and cannot be differentiated easily based on sedimen-
tary features alone. The overall geographical constellation as well as the dominating wind and 
wave climate and local to regional tectonics have also to be taken into consideration. Especially 
in the Mediterranean, tsunamis and palaeotsunamis play an essential role in understanding 
Holocene coastal sedimentary records. They are, in historical times for which numerous ac-
counts on tsunamis exist, much more deadly and costly than storms. In contrast, high-magni-
tude storms play a subordinate role in the shaping of Mediterranean coastline. So far, the num-
ber of regional- and supra-regional-scale tsunamis known and identified by geological evidence 
is by far larger that the number of storms. The latter have mostly remained on a purely local 
level. For more details on the role of storms and tsunamis in the Mediterranean, see Vött et al. 
(2018a, 2018b).
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In general, storm surges and tsunamis may be associated with the input of coarse-grained 
allochthonous sand and gravel in sheltered low-energy sediment environments such as lagoons, 
back beach swamps or harbour basins (Vött & May 2009, Vött et al. 2018b). In contrast to 
long-waved tsunamis, storm waves often leave thin-layered deposits and comprise nearshore 
material, for example beach and nearshore sands. In contrast, tsunami deposits may comprise 
a wide range of source material ranging from open marine, shelf, littoral and even terrestrial 
environments (Switzer & Jones 2008, Röbke & Vött 2017). After the 2004 Indian Ocean 
tsunami and the 2011 Tōhoku-oki tsunami, numerous studies on tsunami deposits characteri-
sation have been carried out (e.g. Bahlburg & Weiss 2007, Choowong et al. 2008, Goto et al. 
2011, Richmond et al. 2012). Several depositional signatures such as a long distance landward 
transport of sediment often accompanied by a landward thinning were identified as typical of 
tsunami influence (Bahlburg & Weiss 2007, Richmond et al. 2012). Affected by different flow 
dynamics of the water masses during different stages of inundation and backflow (Choowong 
et al. 2008), tsunamites are often characterised by fining upward sequences of grain sizes, a 
broad spectrum of different grain sizes, bi- or multi-modal deposits, rip-up clasts, basal ero-
sional unconformities and poor sorting (e.g., Dominey-Howes 2004, Dominey-Howes et al. 
2006, Bahlburg & Weiss 2007, Switzer & Jones 2008, Goto et al. 2011, Richmond et al. 2012, 
Röbke & Vött 2017). As a tool to identify the input of marine sediment, Chagué-Goff et al. 
(2010, 2017) applied geochemical analyses and successfully used calcium and strontium signals 
to identify tsunami signatures. Also, the evaluation of the foraminiferal content has been used 
as a tool to indicate general palaeoenvironmental changes and to identify tsunami deposits 
(Dominey-Howes et al. 2006, Pilarczyk et al. 2014). Several studies on Mediterranean pal-
aeotsunamis proved a mixed assemblage of foraminifera from different ecological habitats and 
preservation states to be characteristic for tsunami deposits (Reinhardt et al. 1994, Goodman 
et al. 2008, Hadler et al. 2013, Mathes-Schmidt et al. 2013, Fischer et al. 2016, Finkler et al. 
2018a, 2018b, Werner et al. 2018a, 2018b). However, tsunami-influenced foraminiferal assem-
blages differ from study site to study site and are strongly affected by local geomorphological 
and bathymetrical conditions. Most reliable arguments for tsunami influence are displaced and 
transported species, for example, open marine to shallow marine species found in protected 
lagoonal or marsh settings (Mamo et al. 2009, Pilarczyk et al. 2014).

In the Mediterranean, numerous palaeotsunamites have already been detected in different 
sedimentary archives, for example along the coasts of the Aegean, Ionian, and Adriatic seas and 
along the northeastern and southwestern coasts of Crete (e.g., Pirazzoli et al. 1992, De Martini 
et al. 2003, Bruins et al. 2008, Vött et al. 2009, 2011a, 2011b, 2014, 2015, Reicherter et al. 2010, 
Kortekaas et al. 2011, Mastronuzzi & Sansò 2012, Koster et al. 2015, Willershäuser et al. 
2015, Quintela et al. 2016, Werner et al. 2018a, 2018b).

Transferring the described signatures found typical of Mediterranean tsunamis to the 
Geropotamos River mouth area, the following analogies can be found: EWE layers are poorly 
sorted, contain a broad spectrum of different grain sizes and shell fragments, show a fining 
upward sequence (layer ε), are bi- to multi-modal, contain a mixed foraminiferal signature, 
and show erosional unconformities towards the underlying strata. However, the Ca/Fe ratio of 
sediments from the study area do not depict a clear allochthonous signal most probably due to 
masking effects by local bedrock units.
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We also identified EWE layers in the sedimentary record of the landward Geropotamos 
valley study area. Here, they also appeared poorly sorted, contain a broad spectrum of differ-
ent grain sizes as well as shell fragments, contain a strong foraminiferal bedrock signal but also 
fresh displaced marine species. Finally, EWE layer characteristics are in contrast to the over- 
and underlying strata. Considering the distance of more than 1 km to the present coast – the 
palaeoshore line was situated even further seaward than today (see above) – storms as origin for 
these EWE layers can certainly be excluded. Bound to high-frequency waves, Mediterranean 
storms do not produce water masses large enough to realize inundation distances that long. A 
recent geomorphological survey in the neighbouring, funnel shaped Eko creek valley located 
some 600 meters to the SW of the Geropotamos River mouth, have shown that storm-driv-
en wooden debris and small cobbles were transported maximum 140 m inland during several 
storm events in 2014. These storm sediments were very thin-layered and patchy. For further 
discussion of the capacity of storms in the region see Soukissian et al. (2008), Alexandrakis 
et al. (2013), Ayat (2013), Tsoukala et al. (2016) and Werner et al. (2018b). We conclude, that 
the geomorphodynamic potential of the EWE candidate layers found at site GER 3A is far be-
yond what storms can produce in the Cretan Sea and in the Mediterranean. Consequently, it 
can be inferred as a reverse conclusion that corresponding EWE layers at the river mouth are of 
tsunami-related origin as well.

5.3 Tsunami inundation along river valleys

Rivers usually serve as drainage for surface waters. However, river mouth areas along the coasts 
are also prone to tsunami penetration as was observed by recent tsunami events of 2004 and 
2011 (Adityawan et al. 2012, Tanaka et al. 2012, 2014, Tolkova & Tanaka 2016). During the 
2011 Tōhoko-oki tsunami, tsunami waves entered the Kitakami River and propagated up to 
17 km inland causing widespread inundation along the riverbank (Tolkova & Tanaka 2016). 
Tsunami wave propagation along large rivers is characterised by reduced friction and waves 
maintain their energy far upstream and are able to cause massive landward damage (Tanaka 
et al. 2012). The river mouth geometry and geomorphological features such as sand spits or 
jetties directly influence wave propagation distances (Adityawan et al. 2012, Tanaka et al. 
2012). Other important factors are meanders, water depth, bottom friction and the river bed 
slope (Tanaka et al. 2012, Chanson & Lublin 2013). Based on laboratory experiments and a 
theoretical approach, Tsuji et al. (1991) suggested that the height of a tsunami in rivers may be 
amplified by a factor of 1.5. Furthermore, tsunami wave propagation in rivers was found to be 
associated with strong sediment mixing and massive input of terrestrial sediments (Chanson 
& Lublin 2013). In the central part of the Gulf of Cadiz, Morales et al. (2008) identified five 
different tsunami layers in the sedimentary record of the Huelva Estuary that could be traced 
upstream over a distance of ten kilometres. Viana-Baptista et al. (2006) calculated tsunami 
propagation models along the Tagus Estuary of Lisbon, Portugal, that are consistent with geo-
morphological and sedimentological field evidence and underline the risk of tsunami propaga-
tion in rivers and estuaries. In Greece, studies carried out by Ntageretzis et al. (2015b) in a 
valley to the northwest of Neapoli Vion, Vatika Bay, found tsunami evidence up to at least 400 m 
inland. The valley, incised into older lithified Pleistocene fans and marine terraces, produced 
funnelling and acceleration effects that let tsunami waters intrude far inland.
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5.4 Reconstruction of Geropotamos valley flow dynamics

Considering tsunami-related flooding of the Geropotamos River valley is only plausible if the 
valley morphology is taken into account. As shown above, the latter may have a significant 
influence on the tsunami propagation upstream (Tanaka et al. 2012, 2014). The Geropotamos 
River mouth area is triangle-type, funnel-shaped, non-blocked, and would to catch large water 
masses of long-wave tsunami waters. The subsequent narrow and incised valley would then 
have strongly channelled and accelerated intruding water masses towards inland.

We further suppose that channelled water inflow produced strong undercut in outer/
external bank positions. The GER 3A sedimentary record shows several sections of unit VII 
deposits, which are characterized by slate and other crystalline bedrock material which make 
up the valley flanks right seaward of the vibracoring site. We interpret these units as due to mass 
wasting triggered by strong undercut processes. It is furthermore striking that unit VII deposits 
were found directly on top of EWE candidate (units II) so that one might assume that tsunami 
landfall itself (rather than normal river dynamics) and following inland channelization of 
waters is the major cause for these slide masses retrieved in core GER 3A.

5.5 Age-depth relations

The study area is located to the east of the region of Crete that is known to have experienced 
co-seismic uplift during the AD 365 earthquake. In the frame of their study at Pirgos, located to 
the west of Rethymnon, Werner et al. (2018b) found sedimentary evidence of coseismic uplift 
in the range of 1.6 m during the AD 365 event. We compared age-depth trend lines achieved 
for selected sites along the north coast of Crete, namely the Pirgos site (Werner et al. 2018b), 
the area around Malia (Lespez et al. 2003), and the Geropotamos River study site (Fig. 15). The 
older part of the trend line obtained for the Geropotamos River study is almost identical with 
the general trend line obtained for the Pelekanos site near Pirgos, west of Rethymnon. Starting 
with a strong bend through the large hiatus in core GER 4A somewhere between ca. 4 m and 
5.20 m b.s., however, the trend line subsequently flattens and runs parallel to the line obtained 
for the Malia study site until more recent times. This general change in slope of the Geropota-
mos River trend line apparently indicates a change in the subsidence rate of the site (see above), 
in any case a considerable rise of the relative sea level. However there are several possibilities to 
explain and date the hiatus itself. First, it may be speculated that the hiatus was caused by strong 
coseismic uplift at some point in time between the 5th and the 1st mill. BC by which considerably 
reduced the accommodation space. Second, erosive processes may have removed large parts of 
the sedimentary record. As we are in the distal part of the fluvial system, namely at the river 
mouth, relevant erosion by the river system itself seems rather improbable. However, one may 
consider erosion by tremendous EWE from the seaside, possibly by the tsunami waves in con-
junction with the LBA Santorini eruption that hit the north coast of Crete (Lespez et al. 2003, 
Bruins et al. 2008, Werner et al. 2018b).

Based on the younger part of the Geropotamos River trend line, we approximated the depth 
where the sediments of the AD 365 earthquake and tsunami event can be expected as ca. 3 m 
b.s. (Fig. 15). This is exactly the depth where the sedimentary record of core GER 4A shows 
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EWE-related coarse-grained unit V deposits (Figs 5, 6, 7, and 15). We therefore hypothesize that 
EWE deposit ζ in core GER 4A is a candidate deposit of the AD 365 tsunami. Considering that 
the youngest tsunamites recorded in the Pirgos archive to west of Rethymnon are the LBA 
Santorini event and the AD 365 event (Werner et al. 2018b), we further hypothesize that the 
two major potential tsunamites A and B identified in core GER 3A may represent these two 
events (Fig. 16). On this speculative base, A would thus be consistent with the LBA Santorini 
event deposit and B would be consistent with the AD 365 tsunamite. However, to further study 
this question, more precise dating of the EWE deposits recovered from site GER 3A would be 
required. In this respect, the most promising approach is using OSL dating techniques.

Our evidence supports the suggestion, that the Geropotamos River mouth area is a good 
archive for mid-Holocene EWE events. For a period of minimum 1700 or so years from the 
midst of the 6th to the end of the 5th mill. BC, we found sedimentary and microfossil evidence of 
five EWE. In contrast, the Pirgos sedimentary archive (Werner et al. 2018b) has recorded three 
EWE for the time period between the midst of the 4th and the end of the 3rd mill. BC. Finally, as 
already discussed above, we suggest that both the LBA Santorini and the AD 365 tsunami events 
are recorded in both study areas. Overall, the event history based on our analyses indicates 10 
EWE (Werner et al. 2018b and this study), of them clearly defined as tsunamis, during the past 
ca. 7500 years. This results in a statistical average recurrence interval of ca. 750 years for major 
EWE in this area. This is consistent with the assessment of Shaw et al. (2008) and Shaw (2012), 
who stated that tsunami events of the AD 365-type magnitude may occur every 800 years along 
the Hellenic subduction zone.

6 Conclusions

The Geropotamos River mouth sedimentary archive revealed specific signatures of repeated 
EWE influence since the mid-Holocene. The EWE signatures are coarse-grained, sand-domi-
nated layers of few decimetres thickness with a shallow marine to marine foraminiferal back-
ground and intersect more or less homogeneous silt-dominated (fluvio-)lagoonal muds making 
up major parts of the local sedimentary record.

Based on grain size and microfossil evidence, at least during some EWE events, inundation 
reached minimum 1 km inland, leaving EWE signatures in a presently inactive external bank 
position of the Geropotamos River and triggering mass failures.

Signatures reliably assigned to storm influence are restricted to the uppermost 1.9 m of the 
sedimentary record in the Geropotamos River mouth area, when the lagoonal environment had 
already stopped to exist and littoral processes have dominated the vibracoring site. Obviously, 
storm influence seems to be mostly restricted to the (supra-)littoral zone itself. The appearance 
of Amphistegina lobifera, an alien species that spread with the opening of the Suez Canal in AD 
1869 through the Mediterranean basin, suggests a depositional period of ca. 150 years for the 
uppermost 1.20 m of the littoral facies.

We hypothesize that the major hiatus found in the Geropotamos River mouth archive may 
be related to erosional effects of the LBA Santorini tsunami known to have severely hit the north 
coast of Crete and/or may reflect changes in the subsidence rate and the local accommodation 



31Extreme wave events

space architecture. The youngest EWE signal – based on specific age-depth relations – appears 
to have been caused by the AD 365 tsunami event. Candidate deposits for both tsunami events 
were identified ca. 1 km further inland documenting channelling and acceleration effects 
of intruding water masses in the narrow and steeply incised Geropotamos River valley in 
an upstream direction. However, further geochronological studies based on OSL dating are 
required to render reliable age control for these deposits.

Together with the Pirgos sedimentary archive (Werner et al. 2018b), the Geropotamos 
River valley record revealed evidence of ten major EWE that hit the north coast of Crete during 
the past 7500 or so years leading to a statistical recurrence interval of ca. 750 years for large EWE 
impacts. This is consistent with statistical recurrence intervals for major tsunamis based on 
seismological studies (Shaw et al. 2008, Shaw 2012) and underlines the generally high tsunami 
hazard of the region.
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