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The Baltic Sea is not typically considered as an area affected by tsunamis. However, during the Late Pleistocene and Holocene
several tsunami events have been interpreted from the sedimentary record, mainly in Sweden and Estonia. Furthermore, on
the southern coast of the Baltic Sea, there are historical accounts of catastrophical marine floodings called “der Seebar” (“the
Sea Bear”). Their descriptions reveal many features typical for tsunami, but their genesis remained unknown and sedimentary
evidence for such events has not been found. Here we provide evidence of sandy event layers from the area of Rogowo, NW
Poland — the area of historical catastrophic storms as well as “der Seebar” events. The study area is a low-lying coastal plain
with an average elevation of —0.5 to +0.5 m a.s.l., protected from the open sea by beach and coastal dune systems up to 5 m
high. Sedimentological, micropalaeontological and geochemical analyses along with AMS "C dating were applied to sedimen-
tary successions seen in 5 major trenches and 198 sediment cores up to 1.5 m long. Two sandy layers were identified in the
peat deposits that developed on the plain during the last ~2000 years. They reveal a number of typical features of tsunami de-
posits (significant lateral extent and thickness, rip-up clasts, chemical and micropalaeontological evidence of marine origin),
however, "“C dating along with the historical accounts revealed that the major layer, extending at least 1.2 km from the modern
coasts, was probably deposited by arguably the largest storm surge during the last 2000 years, which took place in 1497 AD.
These storm deposits were likely formed during inundation of the low-lying coastal plain after major breaching of coastal dunes
resulting in tsunami — like flow pattern and thus similar sedimentological effects. A discontinuous sand layer of younger age
(18th century) and sharing similar properties to the previous one may be related to “der Seebar” event or another storm surge.
The study revealed that the southern Baltic Sea coast may be affected by much greater coastal flooding than known from more
recent accounts and observations. Thus, the presented geological record should be taken as an example of a worst-case sce-
nario in coastal zone risk assessment from natural hazards. These events left sedimentary deposits that resemble tsunami de-
posits. It is likely that, in similar settings where storm surges cause unidirectional inundation of a coastal plain, it may not be
possible to establish whether the resulting deposits were laid down from storms or tsunamis.

Key words: tsunami deposits, storm surge deposits, grain size analysis, geochemistry, radiocarbon dating, Baltic Sea.

INTRODUCTION torical records existed of events of similar size, or existing re-
cords were of limited accuracy and were not taken into account
in coastal hazard assessments. Study of palaeotsunami and

palaeostorm deposits in coastal sedimentary archives may pro-

mis) may cause dramatic disasters as exemplified by a number
of recent catastrophic events (e.g., the 2004 Indian Ocean tsu-
nami; Hurricane Catherina in 2005; the 2011 Tohoku-oki tsu-
nami). Many of these appeared to be unexpected since no his-
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vide crucial information on the occurrence and minimum magni-
tude of such events in the past (e.g., Jankaew et al., 2008; Goto
etal.,, 2010, 2014).

However, at the same time it was found that both tsunami
and storm deposits are source-dependent and exhibit large
variability and their distinction may be difficult. They can be
identified using multiple proxy criteria interpreted in the local
context of sedimentary facies. Some diagnostic criteria have
been developed by studying recent and past catastrophic
events (e.g., Morton et al., 2007; Shiki et al., 2008; Bourgeois,
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2009; Chagué-Goff, 2010; Peters and Jaffe, 2010; Chagué-
-Goff et al., 2011, 2017; Goff et al., 2012; Szczucinski et al.,
2012b). However, there is no easy way to discriminate tsunami
from storm deposits (Andrade, 1992; Nanayama et al., 2000;
Goff et al., 2004; Luque et al., 2004; Tuttle et al., 2004;
Dominay-Howes et al., 2006; Kortekass and Dawson, 2007;
Morton et al., 2007; Switzer, 2008; Switzer and Jones, 2008;
Lario et al., 2010).

Although the low-seismicity Baltic Sea setting is not consid-
ered to be typical for tsunami generation, reports from the
northern shores (Morner, 1995, 1996, 1999, 2003, 2008, 2013;
Nikonov, 2004; Morner and Dawson, 2011) provide information
on a number of the past tsunami-like events. Recently, Rotnicki
et al. (2016) discussed the possible tsunami origin of an event
layer found in the middle part of southern Baltic Sea coastline,
which was dated at ~6 ka, while recent reports from Finland
provide information on “meteotsunami” phenomena (Pellikka et
al., 2014). Atypical marine inundations of unspecified origin
have been also known from the western part of the Baltic Sea
and the North Sea (e.g., Credner, 1889). The latter is related to
historical accounts of “der Seebar” (“the Sea Bear”) (Piotrowski,
2007a, b). Moreover, storms in the Baltic Sea have been dis-
cussed by many authors (Majewski, 1986, 1989, 1998a, b;
Stigge, 1994; Dziadziuszko and Jednorat, 1996; Hupfer et al.,
2003; Suursaar et al., 2003, 2006; Averkiev and Klevannyy,
2007, 2010; Gurwell, 2008; Jensen and Muller-Navarra, 2008;
Rosenhagen and Bork, 2009; Wisniewski and Wolski, 2009;
Richteretal., 2012; Wolski et al., 2014). In most of the accounts
storm deposits were described as washover fans with a lateral
range limited to a few tens of metres (e.g., Rudowski and
Wroblewski, 2000). However, some historical accounts descri-
bed much more extensive inundations.

The present study focuses on geological evidences of tsu-
nami-like events and storms on a low-lying (at sea level) coastal
plain protected by a low coastal dune belt in the Rogowo area,
southern Baltic Sea coast (Fig. 1). The major goals are to verify
historical accounts of extraordinary catastrophic floodings in the
past to provide better coastal hazard assessment, as well as to
contribute to discussion of the sedimentological characteristics
of tsunami and storm deposits.

STUDY AREA

The Baltic Sea is a shallow (55 m on average) semi-en-
closed marginal sea. It is composed of several sills and basins.
Consequently, water exchange between various parts, and be-
tween the Baltic and the North Sea, is limited. This makes the
Baltic Sea the largest brackish-water basin in the world. It is
considered a non-tidal sea, since the amplitude of tides rarely
exceeds a few centimetres (Medvedev et al., 2013). Currently
the Baltic Sea drainage area is populated by ~85 million people
from 14 countries and the exploitation of Baltic Sea resources
causes many conflicts between socio-economic interests and
the unique ecological environment.

The Polish coast is located in the southern Baltic and has a
total length of ~500 km. It is built of Quaternary glacial and
glaciofluvial deposits, and modern coastal deposits. Approxi-
mately 80% of the coastline is composed of sandy beaches and
dunes, while the rest is a cliff coast. Most of the coastline is not
affected by engineering structures. Many low-lying parts of the
shoreline are exposed to flooding caused by storm surges,
which result from a combination of high wind velocity, deep
low-pressure systems and thus a higher water level in the sea.

In the study area (Fig. 1) the morphology is dominated by a
large flat valley (the Old Rega River Valley) formed by glacial
meltwaters functioning at the end of the Late Vistulian (Pleisto-
cene). The valley is filled with Holocene deposits (mostly peat
and gyttja). Below the layer of peat are grey medium-grained
sands and dark grey sands with organic matter of fluvial origin
(Dobracka, 1990, 1992; Cedro, 2012). The Old Rega River Val-
ley floor lies at a height of 0.2-0.5 m a.s.l. The valley is sepa-
rated from the sea by a belt of coastal dunes (with heights of up
to 5 m in the eastern part and up to 17 m in the western part)
and also by inland dunes in the western part at heights of up to
31 m. The dune belt protects the low-lying plain from marine
flooding. The rate of coastal retreat in this region is 0.5-0.8 m/y.
The width of the beach in the study area is 4050 m (Dobracki
and Zachowicz, 1997).

At the mouth of modern Rega River marine inflows are ob-
served during storm surges. The current Rega mouth was artifi-
cially formed in 1457 AD (Riemann, 1873; Stoewer, 1897).
Along with this investment an embankment road was made
connecting the new port and fishing village of Treptowschen Tip
with Trzebiatow, a city located 10 km south of the sea.

Historical accounts report at least two catastrophic marine
inundation events in this area. The first event occurred along
most of the southern Baltic Sea coast and took place on 17th of
September 1497. It caused breaching of the Resko Przy-
morskie Lake barrier (Fig. 1), as well as coastal flooding re-
ported in areas a few tens of km eastwards to reach up to 4 km
inland. Kaliningrad (Kénigsberg) and Gdansk (Danzig) were
flooded, moreover Dartowo (Rligenwalde), Szczecin (Stettin),
Kotobrzeg (Kolberg), Stralsund, Wismar and other coastal
towns at the Baltic Sea were at least partly damaged (Riemann,
1873; Stoewer, 1897).

The second event occurred on the 3th April 1757.
Briggemann (1779) reported it as follows: “That happened on
the 3rd of April, 1757 about noon, in calm and bright weather,
the Baltic coast near Trzebiatéw on Rega River suddenly was
rolling so much that a ship, moored in the harbor, was snatched
away by high waves and shifted far on to the land. After that
(rolling) was repeated three times, the sea became calm again.
Local people call this phenomenon the Seebar”. Trzebiatow is a
town located 10 km away from the Baltic coast. The description
of this event from the mid-18th century is very similar to modern
reports of tsunamis of earthquake or landslide origin.

MATERIALS AND METHODS

FIELDWORK

Fieldwork followed detailed analysis of existing data, includ-
ing historical maps and notes. The key study sites identified
(Fig. 1) were visited several times. The present study included
documentation based on 4 major trenches and 198 boreholes
up to 1.5 m deep (Fig. 1). Samples for further analyses were
collected from trenches and boreholes, as well as from the
modern beach and dunes.

LABORATORY ANALYSIS

Grain size analysis. Altogether 115 samples taken from
the modern beach and dunes, as well as from event deposits
collected in transects A, B and C (Fig. 1); they were dried and
sieved on a Fritsch Vibratory Sieve Shaker Analysette 3 PRO.
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The mesh diameter interval of the sieves was 0.25 phi. Sam-
ples from trench no. 53 — dedicated to geochemical analyses —
were analysed using an optical diffractometry method on a la-
ser diffraction-based Mastersizer 2000 Particle Analyzer. Sta-
tistical parameters of grain size distributions (Folk and Ward,
1957) were calculated for each sample using the GRADISTAT
software (Blott and Pye, 2001).

Geochemistry. The 17 samples selected of beach and
dune sands, sandy event deposits, peat and soils were ana-
lysed for loss of ignition (LOI), major elements (SiO,, TiOy,
Al,O3, Fe;03, MnO, MgO, Ca0, Na,0, K;0, P,0s, SOs;, Cl and
F) and trace elements (Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb, Sn, Sr,
V, Zn). The measurements were conducted at the Central
Chemical Laboratory of the Polish Geological Institute — Na-
tional Research Institute in Warsaw (Poland). Major elements
were measured by XRF and trace elements by ICP-OES after
aqua regia digestion.

Micropalaeontological analysis. Nineteen samples for di-
atom, mollusc and ostracod analyses were collected from the
lowermost parts of the sandy event layers in selected sediment
cores and trenches. The diatom sample preparation and analy-
sis followed the standard method outlined by Battarbee (1986).
In short, sediment samples were treated with 10% hydrochloric
acid (HCI), 30% hydrogen peroxide (H20,) and heated to 170°C
in order to remove carbonates and organic matter. The micro-
scopic slides mounted with Naphrax were analysed with a Zeiss
Axio Scope A1 microscope at a magnification of 1000x. Up to
300 diatom valves were identified and counted per sample. The
diatom species were classified to ecological groups using
OMNIDIA software (Version 4.2) (Lecointe et al., 1993, 1999),
and then the resulting groups were distinguished according to
Kolbe classification (see Denys, 1991; van Dam et al., 1994).

For ostracod and mollusc analyses, the sediment was
treated with 30% H.,O, to digest all the organic matter, and then
washed with water on a 0.1 mm sieve. A Nikon binocular micro-
scope was used to identify the species present in each of the
samples.

Radiocarbon dating. The chronology of the sediment
samples studied and the approximate age of the event layers

were based on high-precision AMS “C dating performed on
bulk organic matter from soils and peat. The 26 samples were
selected and after careful removal of fresh rootlets they were
measured in the Poznan Radiocarbon Laboratory (Poland) us-
ing the 1.5 SDH — Pelletron Model “Compact Carbon AMS”.
The dates were converted into calibrated ages using the cali-
bration program CALIB Rev 7.1 (Stuvier et al., 2016) and the
IntCal13 calibration dataset (Reimer et al., 2013). Several sam-
ples contained modern, post-bomb carbon indicating a
post-1960 age. To constrain the age of the samples, they were
calibrated using the CALIBomb Radiocarbon Calibration pro-
gram and the northern hemisphere C datasets (Hua et al.,
2013). The modern samples are presented in percent modern
carbon (pMC). The calibrated results are reported with a two
standard error age range.

RESULTS

GENERAL SEDIMENT DESCRIPTION

The study focused on an area ~600 m to >1.4 km from the
coast, as the area closer to the coast is covered by dunes and
the area further inland is strongly affected by amelioration works
and agriculture. The coastal plain studied is covered by peaty
soils, with a relatively high sand content, which is intercalated
with one continuous sandy event layer, called here layer A
(Figs. 2—4). Moreover at least one discontinuous sandy layer
was documented at individual sites above layer A, e.g. in trench
no. 55 (Fig. 3). The maximum lateral extent of the most exten-
sive layer, A, is >600 m, reaching a distance of 1.2 km from the
modern coast (Figs. 2 and 4). The thickness of this event layer
varies between 0.5 and 50 cm (Fig. 4). The largest variations in
the event layer thickness were observed at a distance of 850 to
1200 m from the seashore (Fig. 4). The boundary of the sandy
event layer A with the underlying peat is sharp and erosional.
The structure is massive; no internal macroscopic stratification
was noted within the layer, and it contains root traces. The layer
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Fig. 2. An approximately 380 m long cross-section A-A’ (see Fig. 1 for location), located next to the dated trenches
and considered to be representative of the study area
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Fig. 3. Photographs of the event layers studied in trenches no. 28, 53, 54, 55 and their geochronology

A — examples of stratigraphic successions in trenches with identified sandy event layers A (trench 53, 54 and lower sandy layer in trench 55),
B (upper sandy layer in trench 55) and C (trench 28); the sampling locations and 2 sigma-calibrated '*C ages are included; B — overview of all
the calibrated "C dating results for sites 53, 54 and 55 (trench and coring sites next to them) from samples bracketing the major event layer
(A) and younger layer (B), see Appendix 1* for detail results; see Figure 1 for trench locations

includes fragments of peat in the form of rip-up clasts (Fig. 3).
The following grain size, geochemical and diatom analyses fo-
cused on this layer.

Event layer B was found in individual trench and several
sediment cores (e.g., Figs. 2 and 3). It shared similar macro-
scopic characteristics as layer A, differing in the limited spatial
distribution and smaller thickness. It was found to be <10 cm
thick. It cannot be excluded that layers A and B are amalgam-
ated in some places.

Event layer C was found only in trench 28 (Fig. 3) and pilot
trenches located up to a few metres away. It is also composed
of a discontinuous layer of well-sorted sand up to 3 cm thick with
rip-up clasts of the underlying clayey silt deposits. The latter are
characterized by the common presence of iron oxides.

GRAIN SIZE ANALYSIS

Event layer A is composed mostly of fine-grained sand
(90% of the samples analysed; Figs. 4-6). Medium-grained
sand occurred in 9% of the samples analysed, and coarse sand

in 1% of the samples. The standard deviation in most samples
(78%) shows them to be well-sorted deposits, although a slight
bimodality is common in most of the samples with major modes
at 2.0 and 2.5 phi (Figs. 2 and 5). Very well-sorted deposits
comprise 11% of samples and moderately sorted deposits
comprise 10% of samples. 79% of samples have values typical
for very negative-skewed distributions and in 11% they are neg-
ative-skewed. In 7% of samples the distributions are symmetri-
cal and in 2% they are positively skewed. Kurtosis in 82% of
samples shows mesokurtic distribution curves. In 17% of sam-
ples kurtosis was platykurtic and in 1% of samples it was
leptokurtic.

The grain size characteristics of event layer A does not re-
veal clear trends in landward direction (Fig. 4), or between par-
ticular cross-sections (Figs. 4—6). Vertical variations within the
event layer are small, with a slight fining-upwards trend (Fig. 7).

Grain size analysis revealed that the event layer deposits
are very similar to dune and beach deposits in terms of grain
size distribution and statistics (Figs. 4-6), including the same
pattern of biomodal distribution (Fig. 5). The event layer depos-
its revealed grain size distributions and statistics in between the

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1385
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E GEOCHEMISTRY
E 50 . Cross-section:
g 40 ‘ - g"B\: The geochemical composition of beach, dune,
2 30 — . C:C, soil and event deposits is summarized in Table 1 and
‘g 20 — T in Figure 7. The concentration ranges of the major
=z 10 and trace elements analysed in the event deposits
g 0 7‘ — — T and in the beach sediments overlap. This is particu-
2 500 500 200 800 900 1000 1100 1200 larly the case for potential seawater indicators such
as sodium and chlorine. However, the latter are only
Distance from shoreline (m) very slightly above the limits detected in dune sand
24 and soils. It must be stressed that in the case of dune
z 5 *‘ W sands the geochemical composition is also very simi-
e 4 lar, however, the soils and peats sandwiching the
§ 16 event layer are quite different. The event layer depos-
s 12— its are richer in SiO, and Cl than the peat and soil
08 ‘ ‘ \ ‘ ‘ ‘ samples, while they are poorer in most of the remain-
500 600 700 800 90 1000 1100 1200 NG major and trace elements analysed (Table 1).
Distance from shoreline (m) The vertical yarlgblllty of ggochemlcal composition in
event deposit A is small (Fig. 7).
§ 08
% 2; MICROPALAEONTOLOGICAL ANALYSIS
Tos
- Y. AII_thg samples taken from sandy layer A reveal
g 0 ] very similar diatom composition (Fig. 8), and con-
‘ ‘ [T ] tained up to 56 taxa per sample. Most of the species
500 600 700 800 900 1000 1100 1200  represent a freshwater habitat. However, several

Distance from shoreline (m)

Fig. 4. Thickness, mean grain size and standard deviation of grain size
distribution of the major sandy event layer (A), as documented

in cross-sections A-A’, B-B’ and C-C’

For locations see Figure 1

typical values for modern beach and dune deposits in the study
area. The modern beach deposits are generally slightly coarser
and more poorly sorted than the event deposits. The dune de-
posits are very uniform. They are characterized by slightly finer
mean grain size and better sorting than the event and beach
sediments.
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freshwater diatom species such as for example
Pseudostaurosira brevistriata, Staurosira constru-
ens, Diploneis ovalis, Fragilaria sopotensis or Calo-
neis bacillum have been often encountered in the
Baltic Sea (Hallfors, 2004). The most abundant (non
Baltic Sea) freshwater taxon is Pseudostaurosira
brevistriata with a percentage abundance of be-
tween 8.8 and 31.1%. The main contributors to the
brackish taxa community are Fragilaria martyi
(9.4-56.4%), Navicula cincta (10.1%), N. -cryptocephala
(13.9%) and F. subsalina (8.4%). The characteristic marine
species Diploneis stroemii was found in high abundance
(17.3%) only in one sample.

In order to show the ratio between the Baltic Sea diatom
communities and other freshwater and terrestrial taxa, all brack-

Grain size [phi]

— dune
beach

— cross-section A-A’
— cross-section B-B’
— cross-section C-C’

Fig. 5. Grain size distribution curves averaged for all the samples analysed taken
from the event deposit layer A sampled in cross-sections A-A’, B-B’, C-C’,
as well as modern dune and beach deposits

The grain size distributions are presented as cumulative curves (A) and frequency curves (B)
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Fig. 7. Vertical changes in mean grain size, organic matter content represented by loss on ignition in
550°C (LOI), and oxides of selected major elements: Fe, Na and Cl in trench no. 53

Samples in depth interval 16 to 33 cm represent sandy event deposits A, while the topmost and lowermost
samples are taken from peaty soils above and below the event layer

ish, marine and Baltic Sea freshwater species have been
merged into one group (Fig. 8). The average percentage abun-
dance of the Baltic Sea diatoms was 70%; the highest was 87%
in core no. 255, while the lowest (55%) was in core no. 26
(16—22 cm and 45-46 cm) (Fig. 8).

Neither ostracods nor molluscs were found in the samples
analysed.

RADIOCARBON DATING

All together 28 bulk sediment *C dates were obtained (Ap-
pendix 1). The dating strategy focused on identification of the
ages of particular sandy event layers, thus most of the samples
for the dating were collected just below and above the event lay-
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Table 1

Geochemistry of samples from modern beach, dune, modern
and old soils and peat deposits as well as of the investigated
sandy event layer A (provided are ranges of values in samples
from particular groups)

ers. The lowermost part of the coastal peat sequence was
dated in order to provide likely time span of its development.
The oldest ages from the lowermost part of the peat sequence
are from 370 to 91 calibrated years BC. Thus, the succession
studied represents approximately the last two thousand years.

The age of layer A is established on the basis of 8 samples
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2072527cm) | ]
209 32:35cm) |

Beach Dune | Soil/peat | Eventlayer taken just below the layer and 6 samples collected above it (Ap-
No samples 2 1 4 10 pendix 1 and Fig. 3). All the samples predating the event pro-
Si0,% 95.3-95.8 87.2 51.8-86.2 | 93.7-95.3 vide very similar calibrated age ranges covering the 14th and
TiO% 0.20 0.27 0.17-023 | 0.08-021 15th century AD'. The oldest .calibrated age range is
ALOY% 1721 226 26-35 2125 1301-1368 AD, while the youngest is 1414-1499 AD. The peat
samples collected above the event layer represent two groups
Fex0s% 0.36-0.39 0.49 0.7-1.9 0.2-0.4 of ages. The first group represents samples from sites where
MnO% 0.02 0.02 | 0.02-0.07 | 0.01-0.02 event layer A is a single layer. In these samples the ages are
MgO% 0.07-0.08 0.05 0.11-0.37 | 0.03-0.05 modern (19th and 20th century), likely due to contribution from
Ca0% 0.29-0.3 0.27 0.4-1.3 0.2-0.27 modern plants. In sites where the younger event layer B is pres-
Na,0% 043-05 043 | 044-053 | 0.46-056 ent (younger than 17th century), the calibrated age ranges of
o — . — the peat above layer A are in a similar range to the samples just
Ezg/:/ 0'55 02'68 8.3421 g'iz 8'2? 8'32 g'zg underneath the layer, namely in the range of 1392-1449 AD.
2572 : : T e The oldest sample taken some distance above layer A is peat
(SOs)% <0.01 <0.01 | <0.01-0.05 | <0.01 underlying layer B, dated to 1620—1675 AD. The most likely his-
(CH% 0.02-0.03 | 0.02 | 0.01-0.02 | 0.02-0.03 torical event which may correspond to the formation of the layer
(F)% 0.06-0.07 | 0.02 | <0.01-0.05 | <0.01-0.1 A'is the catastrophic storm of the 17th of September 1497. The
LOI% 0.35-0.51 8.34 | 7.92-39.32 | 0.47-1.65 slightly older ages of some samples collected just above the
As mg/kg <3 <3 <3-6 <3 sand_y layer may be_related to contribution of older _organic mat-
Ba mg/kg 16-18 12 20-50 10-23 ter, likely from erosion of pre-event peat, redeposited after the
emplacement of the sandy layer.

Cd mglkg <05 <05 <05 <05 The age of layer B is based on two sets of samples taken
Co mglkg <1 <1 <1-1 <1 from underneath and above the event layer (Appendix 1 and
Cr mg/kg 1 1 7-18 <1-2 Fig. 3). The calibrated age ranges of the peat below the layer
Cu mg/kg <1-1 6 3-8 <1-2 are 1719-1819 AD and 1621-1675 AD. The difference may be
Mo mg/kg <05 <05 <0.5-0.9 <05 due to erosion of some pre-event peat, which is likely due to the
Ni mg/kg <1 2 o7 <1 presence of rip-up clasts in the_ event deposits. However, con-
Pb mg/kg < 8 11-25 -3 tamination w!th younger organic matter due to modern plants
root penetration cannot be completely ruled out. Both samples
Sn mglkg <2 <2 <2 <2 taken above the layer provide modern ages. Taking into ac-
Sr mg/kg 7 5 10-37 4-6 count the youngest ages of the pre-event peat, the age of the
V mg/kg 2 2 11-32 <1-3 event likely took place during the 18th century or shortly after-
Zn mg/kg 3-4 13 9-46 25 wards. The historical record includes at least two events which
could be related to that layer, the “Seebar” from 1757 AD al-

ready noted or a major regional storm in 1779 AD.
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Fig. 8. Proportions of diatoms common in the modern Baltic Sea and other freshwater
diatoms present in samples collected from sandy event layer A

For sampling sites see Figure 1
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The age of layer C encountered in trench no. 28 (Figs. 1 and
3) is based on two samples taken from below and above the
layer. They provide overlapping age ranges: 1166—1266 AD
and 1204—-1285 AD, respectively. Thus the event likely took
place at the beginning of the 13th century. No historical record
of this event has been found.

RESULTS AND DISCUSSION

ORIGIN OF THE EVENT LAYERS

Geological identification of past marine catastrophic inun-
dations (tsunamis and storms) is important for coastal zone risk
assessment studies, especially in areas where the historical re-
cord is limited or absent (e.g., Jankaew et al., 2008; Goto et al.,
2014). The main problem when using the geological evidence is
to correctly identify the sedimentary record, in particular in dis-
tinguishing between tsunami and storm deposits. Both of these
are high-energy events that may leave coarser event deposits
containing marine indicators in coastal stratigraphic sequences
(e.g., Kortekaas and Dawson, 2007; Morton et al., 2007; Goff et
al., 2012; Chagué-Goff et al., 2017; Soria et al., 2017). More-
over, one always needs to take into account potential post-
-depositional changes of the deposits (e.g., Szczucinski, 2012).

The present study revealed the presence of three sand lay-
ers (Fig. 3) deposited and preserved on the coastal plain near
Rogowo and Mrzezyno. All of these share several characteris-
tics of event deposits. They are composed of coarser, sandy
sediments containing rip-up clasts of underlying soil or peat.
The "C dates of organic matter from below and above them
represent a short time span and thus suggest that the sand lay-
ers represent short-lasting events. Since the study area is in the
coastal zone, close to a river valley, several possible origins of
the event layers are possible including storms, tsunami, river
floods and wind transport.

Sand layer A is continuous, it extends for over 600 m inland,
and is very homogeneous in terms of grain size distribution
alongshore as well as in a landward direction (Figs. 2—4). The
thickness of the layer varies between a few and 20 cm, but in
some cores itis up to 50 cm thick. Its grain size distributions and
statistics suggest that the sediment may be of mixed dune and
beach origin (Figs. 5 and 6). The structure is massive and verti-
cal grain size variations (Fig. 7) reveal a slight fining-upwards
trend. The basal contact is sharp and erosional, as rip-up clasts
of underlying peat are present in the layer. The layer contains
slightly increased concentrations of Na and CI (Fig. 7) and sig-
nificant content of diatoms typical of the Baltic Sea (Fig. 8).
Ostracods and molluscs were not present in the samples ana-
lysed. The ages of the underlying peat provide calibrated age
ranges encompassing the 14 and 15th centuries AD. While
some above-layer ages are similar, where a sand layer B is also
present, modern ages were found in cases of where no overly-
ing event layer was present.

The geomorphological position, extent, grain size charac-
teristics and presence of marine indicators in layer A seem to
favour a storm or tsunami rather than a flood (e.g., Skolasinska
etal., 2015; Matsumoto et al., 2016) or wind-blown origin of the
event layer. However, one cannot exclude some post-depo-
sitional modification of the event layer due to wind transport af-
ter deposition, as was observed for instance after the 2011
Tohoku-oki tsunami on Sendai Plain, where sandy tsunami de-
posits were partly reworked by winds (Richmond et al., 2012).
This may be for instance a reason for the observed increased

sand layer thickness near the landward limit of the deposits
(Fig. 4). A similar observation was made by Williams (2015) on
recent North Atlantic hurricane deposits, which were partly re-
deposited landward due to onshore directed winds during the fi-
nal phase of hurricane.

A marine origin for the event layer is not easily demon-
strated in the case of the Baltic Sea, as it is a brackish sea with
very low salinity, 5 to 18 PSU in coastal waters of the southern
Baltic Sea (Krzyminski et al., 2004). So, it is not surprising that
the geochemical signature of salinity is only slight (Fig. 7). How-
ever, as salinity indicators are usually poorly preserved in sandy
deposits (e.g., Chagué-Goff et al., 2017), the documented in-
crease in Na and Cl may be meaningful. Ostracods and
molluscs were not present in the samples analysed. However,
their preservation depends on post-burial conditions. Peaty low-
land deposits are characterized by a large amount of humic acid
resulting in low pH, possibly leading to dissolution of carbonate
shells. The complete dissolution of carbonate fossils and
microfossils is a common phenomenon in acidic coastal set-
tings (e.g., Szczucinski et al., 2016). In such a case siliceous
remnants of diatoms are useful indicator. The Baltic Sea due to
its low salinity is a habitat for marine, brackish species but also
some species considered to be freshwater. All these groups are
also found in the event layer A (Fig. 8). Moreover, a marine ori-
gin of the deposits may be interpreted from the grain size of the
deposits, which seem to be of mixed source including coastal
dune and beach provenance.

It proved very difficult to distinguish between a tsunami de-
posit and storm deposits, especially in sediment cores, but also
in some trench sections. Comparative studies (e.g., Nanayama
et al., 2000; Goff et al., 2004; Tuttle et al., 2004; Kortekaas and
Dawson, 2007; Morton et al., 2007) showed that although both
types of deposits share many characteristics, several features
may be considered more typical of storm or tsunami deposits.
Storm deposits are often laminated, have shorter landward ex-
tent and reach thicknesses of several tens of centimetre or
more. Tsunami deposits are often more extensive and thinner
(from a few mm to <0.5 m) than storm deposits. Tsunami de-
posits are also often massive or fine upwards, contain intra-
clasts from underlying material (rip up clasts), are poorer
sorted, and are capped with mud laminae. However, in docu-
mentation of recent storms and tsunamis, features considered
to be typical of storms are found in tsunami deposits (e.g.,
Szczucinski et al., 2012a, b) and those considered to be char-
acteristic of a tsunami may be present in storm deposits (e.g.,
Soria et al., 2017).

Taking into account the criteria noted above the sand layer
A seems to contain more features typical of tsunami deposits: a
sharp lower contact, wide extent, massive structure with slight
grain size upward fining and rip-up clasts. However, the dating
of the event suggest that it is likely related to 17th September
1497 event. That event is reported as one of the strongest
storms in historical records, causing extensive flooding of the
coastal zone along a large part of the southern Baltic Sea coast
(Piotrowski, 2007b). Due to its extent and size with runup height
in Dartowo reported to possibly reach up to 20 m a.s.l., as well
as one of the biggest historical earthquakes in Sweden being
reported in the same year, Piotrowski (2007b) considered a
possible contribution to that event also from tsunami. However,
the more recent historical earthquake catalogue (Kulhanek and
Persson, 2011) specified the date of the 4.8 magnitude earth-
quake to be 20th January 1497, so excluding its contribution to
that storm event. The local historical descriptions from the
Rogowo region mention the complete erosion of a barrier spit
next to the nearby Resko Przymorskie Lake (Fig. 1) by a storm
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Table 2

Comparison of historical information and geological record of the tsunami/storm events

September 1497 | — lasted more than 2 days,

Dartowo,
— saltwater inundation

Event Historical descriptions Geological record
— storm ) — massive sand layer from dune and beach erosion,
— many ships damaged, — the layer is up to ~50 cm thick and extends up to 1.2 km inland
— noted along >500 km of southern Baltic Sea | _ 4 rip-up clasts
17th of coast, — contains marine diatoms,

— local runup height maybe up to 20 m a.s.l. in

— enriched in Na and Cl,

— interpreted as a storm surge flooding of a lowland plain
(~-0.5 to +0.5 m a.s.l.) with marine waters after coastal
dunes erosion

— calm and bright sky,

— peculiar roar or thunder,

— in other descriptions the sound effect,
is like ammunition storage explosion,

— retreat of the water before surge,

— three inundations (waves)

3th of April 1757

— non-continuous, massive sand layer,

— soil rip-up clasts,

— interpreted as a flooding of lowland, plain (~—0.5 to +0.5 m a.s.l.)
with marine waters during tsunami-like event (meteotsunami,
landslide-generated tsunami) or storm (not related to the noted
historical account)

lasting more than 2 days (Table 2). Thus it was likely the storm
surge event that most plausibly formed the extensive sand
sheet on the coastal plain.

The possible mechanism of formation of tsunami-like de-
posits by storm surge is shown in Figure 9. We consider the lo-
cal topography to be of importance. The dune at Rogowo is rel-
atively low in contrast to high barriers elsewhere along the
coast. Moreover, low-lying terrain landward of the dunes
caused specific conditions for formation of the event layer. Dur-
ing the extreme, long-lasting storm the water level may be
set-up by a couple of metres along the coast. This leads to a sit-
uation where sea level is several metres higher than the coastal
lowland behind the dunes. The overtopping of dunes, or dune
breaching could cause a massive saltwater inundation of the
coastal plain, likely supported by strong onshore wind. Thus,
the low-lying coastal plain could have been inundated by unidi-
rectional flow — similar to that observed in case of tsunamis.
Low elevations could promote unconfined flow and construction
of washover terraces or sheetwash deposits (Morton and
Sallenger, 2003). Backwash probably did not occur until the

storm ceased, but this is also the case in tsunamis flooding
coastal plains, where water is ponded for a long period of time
(e.g., Chagué-Goff et al., 2012; Tappin et al., 2012).

Sand layer B shares many sedimentological similarities with
sand layer A, including an erosional contact, a thickness of >10
cm and the presence of rip-up clasts. However, its extent is
much more confined, although it is not possible to exclude
some amalgamation of event layers. The dating suggests that
the origin of the layer could be related to strong storms which
were common along the southern Baltic Sea coast in the 18th
century, resulting in a similar scenario to the one described
above for the 1497 event. However, an alternative genesis of
these deposits is the “Seebar” from 1757 AD. A comparison of
historical accounts and sedimentological expressions of this
event is shown in Table 2. The evidence provided cannot allow
certain determination of the origin of the deposits studied. Tak-
ing into account that a tsunami (“Seebar”) could take place dur-
ing lower sea level (calm conditions) it might be more likely that
a storm surge with set-up of sea water level by a couple of
metres is responsible for the formation of the layer.

Layer C was found only in a small area. This
may be due to its limited preservation or its limited

“normal” conditions

coastal lowland

original extent. The location of the layer close to the
Rega River may suggest that it is a record of a for-
mer flood event. Taking into account the timing of
the event at the beginning of the 13th century, one

must keep in mind that the Rega River was entering

the Baltic not at its present position, as it then flowed

coastal lowland

through the Resko Przymorskie Lake (Fig. 1), so
marine inundation along the river valley is less likely.
The beginning of the 13th century was also a time of
increased precipitation in Poland (Gatka et al.,

2013; Starkel et al., 2013).

erosional
berm

event layer

IMPLICATIONS FOR COASTAL HAZARD
ASSESSMENT

This case study shows that some extreme salt-
water inundations reported in historical accounts

Fig. 9. A simple conceptual model showing the possible situation during
“normal” conditions, storm conditions and a possible scenario during the
1497 AD extreme storm surge event leading to formation of extensive sandy

deposit layer A, documented in the present contribution

may also be partly reconstructed using the geologi-
cal record. The record has some limitations due to
preservation issues, changes of coastline position
with time and human engineering actions. More-
over, the observations suggest that it is likely impos-
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sible in some cases to distinguish storm surge from tsunami de-
posits (Table 2). Nevertheless, it is important to look for such
geological records to constrain a worst case scenario. This is
particularly needed along the Baltic Sea coasts where coastal
hazards due to catastrophic events are little recognized while at
the same time large infrastructure investments are being con-
sidered, e.g. nuclear power plants. The probable geological re-
cord of the 1497 storm event reported here, which was possibly
the greatest such event of the last 2000 years, provides a kind
of minimum estimate of what may happen during such an
event, when the coastal plain may be flooded more than 1 km
inland.

CONCLUSIONS

Three sandy event layers have been identified in the coastal
peat and clayey deposits developed during the last ~2000
years. The most extensive layer reveals a number of typical
features of tsunami deposits (significant lateral extent, thick-
ness, rip-up clasts, chemical and micropalaeontological evi-
dence of marine origin). Precise *C dating along with historical
accounts showed that the major layer, extending at least 1.2 km
from the modern coast, was likely deposited by the biggest
storm surge during the last 2000 years, which took place in
1497. These storm deposits were likely formed during inunda-

tion of the low-lying coastal plain after major breaching of
coastal dunes resulting in a tsunami-like flow pattern and similar
sedimentological effects. Two discontinuous sand layers were
likely deposited by river flood (at the beginning of the 13th cen-
tury) and by storm surge or a “Seebar” tsunami-like event of
younger age (18th century). The study revealed that the south-
ern Baltic Sea coast may be affected by much larger coastal
floods than are known from more recent records and observa-
tions, something that should be taken into account in coastal
hazard assessment.

The event deposits documented, which resemble tsunami
deposits, are likely of storm surge origin. In specific settings
(coastal plain, low coastal dunes) a storm surge may cause uni-
directional inundation of a coastal plain and leave deposits alike
tsunami deposits. Thus in such cases storm or tsunami origin
may not be distinguishable.
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