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Tsu nami de pos its have not pre vi ously been re corded  along the south ern coast of the Bal tic Sea. The re sults of pres ent re -
search pro vide ev i dence of high-en ergy event lay ers that oc cur on the bot tom of two hemi spher i cal hol lows cut into
glaciolimnic silt and glaciofluvial sand and gravel of Late Weichselian age. The event de pos its are rep re sented by poorly
sorted ma rine sand with ad mix tures of peb bles and allochthonous biogenic de tri tus: ma rine, brack ish and oc ca sion ally
fresh wa ter shells and shell de bris of bi valves and snails, plant macrofossils from the nearshore zone, shreds and lumps of
peaty ma te rial, gyttja and organogenic silt, lumps of char coal, wood pieces and tree branches and trunks. All these fea tures
are com monly con sid ered in dic a tive of tsu na mis. The age of the biogenic de tri tus found in the tsu nami layer ranges from
6,630 to 10,390 cal. yr BP, whereas the old est gyttja cov er ing the event lay ers is 6,600 cal. yr BP old. This means that the tsu -
nami oc curred be tween 6,600 and 6,630 cal. yr BP. Var i ous causes of the tsu nami event are con sid ered, in clud ing the im -
pact of me te or ites within the coastal plain and the lit to ral zone of the south ern Bal tic Sea. 

Key words: Bal tic Sea, on shore tsu nami de pos its, age of tsu nami, Ho lo cene coastal changes, me te or ite im pact.

INTRODUCTION

In the last 30 years, there has been in creas ing in ter est in the 
causes, con se quences and fre quency of tsu nami and palaeo -
tsunami events (Bour geois, 2009; Goff et al., 2014). Re search
has in ten si fied as the re sult of the two megatsunamis that oc -
curred in Thai land in 2004 and in Ja pan in 2011. How ever, it re -
mains dif fi cult to rec og nize tsu nami events in the fos sil re cord
be cause their dis tinc tive fea tures, which in clude both sedi -
mento logical and geomorphologic im prints, are poorly known
(Scheffers and Kelletat, 2003). To de velop a cat a logue of such
fea tures, in creased field in ves ti ga tion of sed i ments de pos ited
by mod ern tsu na mis as well as those that took place in his tor i -
cal times are needed (Dawson, 1994; Dawson and Shi, 2000;
Gelfenbaum and Jaffe, 2003; Scheffers and Kelletat, 2003;
Dawson et al., 2004; Dawson and Stew art, 2007; Dominey -
-Howes, 2007; Kortegas and Dawson, 2007; Jaffe and Gelfen -
baum, 2007; Mor ton et al., 2007; Choowong et al., 2008; Bour -

geois, 2009; Goff et al., 2010; Engel and Brückner, 2011; Pe ter -
son and Cruikshank, 2011). The re sults will help to 1) de tect
palaeotsunami de pos its in places where the prob a bil ity of oc -
cur rence is low and their iden ti fi ca tion is of ten in ci den tal and 2)
ver ify knowl edge of the fre quency and lo ca tions at which tsu na -
mis can oc cur on a global scale be cause events clas si fied as
tsu na mis con sti tute and re main a frac tion of a per cent of the
events re spon si ble for coastal for ma tion in the his tor i cal re cord
(Scheffers and Kelletat, 2003). Geo log i cal study of tsu na mis is
a new field of re search in part be cause palaeotsunamis can be
in creas ingly iden ti fied in the geo log i cal re cords that are hid den
be neath youn ger sed i ments and by sub se quent re lief to po g ra -
phy (Dominey-Howes, 2002; Scheffers and Kelletat, 2003;
Dominey -Howes et al., 2006). 

The Bal tic coast has suf fered from fre quent tsu na mis in the
past. The deglaciation of the last ice sheet caused a strong iso -
static up lift of Scan di na via when the last gla ci ation gave way to
the Ho lo cene, a tran si tion ac com pa nied by nu mer ous earth -
quakes that of ten had mag ni tudes greater than 8.5 on the Rich -
ter scale (Mörner, 1996, 1999, 2003, 2004, 2005, 2008a, b,
2011). Of the seis mic events re corded since the be gin ning of
Ho lo cene, as many as 59 oc curred be low sea level and caused
tsu na mis. Their geo logic re cord has been doc u mented in 17
places along the Swed ish coast line (Mörner, 1996, 1999, 2003,
2005, 2008a, b, 2011; Mörner and Dawson, 2011). The up lift
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rate of Scan di na via and the seis mic ac tiv ity of the area de -
creased through out the Ho lo cene, but has not reached zero un -
til now (Kijko et al., 1993). Megatsunamis de tected on the coast
of Swe den and dated to the be gin ning of the Ho lo cene (Mörner, 
1996, 1999, 2003, 2005, 2008a, b) prob a bly reached the south -
ern coast of the Bal tic Sea, which at that time was sit u ated sev -
eral tens of kilo metres north of the pres ent-day coast line, and
the sea level was 45–50 m lower than it is to day (Uścinowicz,
2003, 2006). The geo log i cal traces of these events are now ei -
ther at the bot tom of the south ern part of the Bal tic Sea at a
depth of sev eral metres or have been de stroyed by the Ho lo -
cene ma rine trans gres sion, which reached the pres ent coastal
zone 7,500–8,000 cal. yr BP (Uścinowicz, 2003, 2006; Rotnicki, 
2009). These data de fined the lower age limit of the pe riod dur -
ing which a tsu nami might have oc curred on the pres ent south -
ern coast of the Bal tic Sea. 

No tsu nami de pos its have been re corded along the south ern
coast of the Bal tic Sea for a long time, al though in an cient chron i -
cles there are some ac counts de scrib ing ex tremely strong storm
surges or po ten tial tsu na mis that oc curred in his tor i cal times on
the west ern coast of Po land. Re cently, two con tin u ous sandy
lay ers con tain ing brack ish di a toms were found in a peat bog lo -
cated 1.4 km from the coast line; they prob a bly con sti tute a geo -
log i cal re cord of these events (Szczuciński, 2008; Piotrowski et
al., 2013). AMS 14C dat ing showed that these lay ers may have
been de pos ited dur ing ex treme ma rine
events that oc curred in 1497 and 1757
and are re corded at dif fer ent coastal
sites (Piotro wski et al., 2013). If these
were tsu na mis, their or i gin is un known.
Al though an earth quake of ca. 4.8 mag -
ni tude oc curred in south ern Swe den in
1497 (Kijko et al., 1993), there is no ev i -
dence these events were linked. 

During re search on changes in Bal -
tic Sea level dur ing the Ho lo cene, the
first suc ces sion of pre his toric de pos its
that ex hib its the char ac ter is tics of tsu -
nami de pos its was dis cov ered in the
Gardno–Łeba Coastal Plain (along the
mid dle coast of Po land; Rotnicki et al.,
2008, 2009b). Drill ing was used to de -
ter mine the dis tri bu tion of this suc ces -
sion and showed that it fills a bi par tite
hemi spher i cal hol low. From 2010 to
2014, a com ple men tary field sur vey
was per formed to ob tain better data on
the char ac ter is tics of the de pos its. 

The pur pose of the pa per is to pres -
ent the re sults of this re search and in
par tic u lar to:

–  de scribe the tex ture and struc -
ture of the tsu nami de pos its dis -
cov ered, 

– de ter mine their dis tri bu tion with -
in a geo log i cal frame work,

– es ti mate their age,

– dis cuss a hy poth e sis that ex pla -
ins the causes of this tsu nami
event,

– in di cate the scale on which the
coast was moulded by the tsu -
nami. 

PALAEOGEOGRAPHIC AND GEOMORPHIC
BACKGROUND OF THE SITE

The Gardno–Łeba Coastal Plain is the larg est low land on
the cen tral part of the Pol ish coast line, which is a well-de vel -
oped bar rier-la goon coast. The low land is sep a rated from the
Pleis to cene pla teau by an ero sional es carp ment with a height of 
20–60 m to the south and by a lobe-like thrust end mo raine from 
the Gardno Phase (17,500–18,000 cal. yr BP), which marks the
youn gest ice ad vance in the area to the south-west (Fig. 1;
Rotnicki and Borówka, 1995). The line de not ing the max i mum
ex tent of the Ho lo cene trans gres sion of the south Bal tic Sea
was reached twice in the area (at 8,200–9,000 and
6,300–7,000 cal. yr BP; Rotnicki, 2009) and in ter sects the pres -
ent-day Bal tic coast line 4 km east of the mouth of the Łupawa
River in the vil lage of Rowy (Figs. 1 and 2). This line di vides the
Gardno–Łeba Coastal Plain into two parts. The west ern part,
which is lo cated in side the lobe of the thrust end mo raine, has
fea tures of a postglacial land scape, which in clude the pres ence
of ground mo raines, kames and large ice tongue de pres sions.
As the gla cier re treated dur ing the Gardno Phase, this de pres -
sion was oc cu pied by an ice-dammed lake. Its de pos its –
glaciolacustrine clays over ten metres thick – are over lain by
glaciofluvial sand and gravel. From the end of the last gla ci ation
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Fig. 1. The lo ca tion of the study site and the main geomorphic fea tures
of the Gardno–Łeba Coastal Plain

DWL – Dołgie Wielkie Lake, DML – Dołgie Małe Lake



to the At lan tic Pe riod, the area was an ex ten sive peat bog
(Rotnicki and Borówka, 1995), which, dur ing the Littorina trans -
gres sion of the Bal tic Sea, evolved into Gardno Lake (Woj -
ciechowski, 1990). How ever, ac cord ing to Bogaczewicz -
-Adamczak et al. (1982), who per formed a palynological and di -
a tom anal y sis, the lake formed only in the sub-At lan tic Pe riod. 

The east ern part of the Gardno–Łeba low land showed a
com pletely dif fer ent mode of sed i men ta tion dur ing the Late
Gla cial Pe riod and the Ho lo cene. Dur ing deglaciation, melt -
waters formed in the north ern part of the low land two ter races,
which sub se quently be came cov ered with over bur den. The
youn ger one is bur ied be neath the floors of Łebsko Lake and
Dołgie Lake (Rotnicki, 2009). Rivers run ning from the Pleis to -
cene pla teau formed large al lu vial fans in the south ern part of
the coastal plain be tween which peat bog plains ex isted. Two
Ho lo cene ma rine trans gres sions cov ered a large part of the
coastal plain (Rotnicki, 2009). Dur ing the sec ond ingression
and the sub se quent long-term sta bi li za tion of sea level at an el -
e va tion of ap prox i mately –2 m, the bar rier-la goon depositional
sys tem de vel oped. It is es ti mated that this oc curred at ap prox i -
mately 6,000 cal. yr BP. In the pe riod be tween 4,100 and
4,800 cal. yr BP, the la goons trans formed into fresh wa ter lakes
(Łebsko and Sarbsko) that were sep a rated from the sea by the
Gardno–Łeba Bar rier (Rotnicki et al., 1999b, 2009a; Rotnicki,
2010). The east ern part of the bar rier formed dur ing sev eral
phases of sea level fluc tu a tion that caused the ma rine en vi ron -
ment to shift to a lake via a la goon (Fig. 3A). The sec tion of the
Gardno–Łeba Bar rier lo cated west of the line that de notes the

max i mum range of the Mid dle Ho lo cene
trans gres sions is the youn gest. It formed
dur ing the last few cen tu ries, and its geo log i -
cal struc ture dif fers from that of the east ern
part of the bar rier. It is a sin gle-phase bar rier
built of overwash sand de pos ited on the rem -
nants of a Pleis to cene pla teau built from till
over lain by a thick suc ces sion of dammed silt 
and clay as well as glaciofluvial sand and
gravel from the post-Gardno Phase (Rotni -
cki, 2009b; Fig. 3B). This part of the bar rier is
called the “Rowy Isth mus” (Rotnicki et al.,
2008, 2009b), and the tsu nami de po s its were 
found ex actly there.

The en tire Gardno–Łeba Bar rier is cov -
ered with sand dunes. On the east ern part of
the bar rier, there is a field of ac tive bar -
chan-like dunes that reach heights of 40 m
a.s.l., and the re main ing part of the bar rier is
dom i nated by for ested lin ear and arc dunes
and a few bar chan dunes (the height of the
high est Czołpino dune is 56 m a.s.l.). The
old est dunes on the east ern part of the bar -
rier are 3,000 yr old, and the par a bolic dunes
(which are up to 10 m high) in the Rowy Isth -
mus are 200–300 years old. The sur face of
the isth mus lies 2–3 m a.s.l., and the isth mus
is ca. 1 km wide. The isth mus is sep a rated
from the beach by one or two foredune
ridges. 

METHODS

GEOPHYSICAL METHODS 

The main pur poses of the geo phys i cal
sur vey (Fig. 4) were to de ter mine the size of the bi par tite fos sil
hemi spher i cal hol lows cut in the glaciolacustrine clays and to
re con struct the depositional ar chi tec ture of the de pos its that fill
these hol lows. The re sults of the geo phys i cal re search helped
with plan ning of the num ber and sites of bore holes. The fol low -
ing in ves ti ga tions were con ducted: 

1. Ver ti cal in duc tive sound ing us ing an EM34-3 with three
inter-coil spac ings (10, 20 and 40 m) and two di pole modes
(hor i zon tal – HD) and ver ti cal – VD). Soundings were per -
formed at 25 sites. The re sult ing maps of the ap par ent re sis tiv -
ity and con duc tiv ity showed two ar eas of anom a lies with low re -
sis tiv ity. The anom a lies are best iden ti fied on maps based on
the re sults of a sur vey con ducted with spac ings of HD = 10 m
and HD = 20 m (Fig. 5). The white line in Fig ure 5 marks the ex -
tent of the fos sil hol lows that were later in ter preted us ing the
bore holes. 

2. Di rect-push elec tri cal re sis tiv ity log ging was per formed
us ing a sen sor at tached to the end of a steel pipe that was
driven into the subsurface us ing a per cus sion ham mer (Geo -
probe Sys tems). Mea sure ments were made at 30 sites lo cated
along me rid i o nal (A–A’) and lat i tu di nal (B–B’) transects. The
sen sor was pushed un til the glaciolacustrine clays of the post -
-Gardno Phase were reached, i.e., to a depth of 12.0–18.5 m
b.g.s. (Fig. 6). The com par i sons of the re sis tiv ity logs with the
strati graphic logs from the bore holes made in the pre lim i nary
sur vey showed that this geo phys i cal method is use ful for iden ti -
fy ing par tic u lar types of de posit found in the sub strate and
within fos sil hol lows (Fig. 6). Re sis tiv ity cross-sec tions made
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Fig. 2. The sites of fos sil tsu nami de pos its in the Rowy Isth mus



along both transects clearly showed the lo cus of the fos sil hol -
lows and the spa tial dif fer en ti a tion of the li thol ogy within the
Rowy Isth mus (Fig. 7). 

3. GPR pro fil ing was per formed along the main A–A’
transect in the Rowy Isth mus (Fig. 4). The best re sults were ob -
tained at a fre quency of 50 MHz, at which the pen e tra tion depth
reached 18 m. 

GEOLOGICAL METHODS

In the area of the fos sil hol lows, 33 bore holes were drilled.
To ana lyse the palaeomorphology and depositional ar chi tec -
ture of the sed i ments fill ing and sur round ing these hol lows, data 
from 32 drillings made in 2003–2008 as part of a pre vi ous pro -
ject (Rotnicki, 2009) were used as sup ple ments. 

Drill ing to a depth of 10–20 m b.g.s. was per formed us ing a
me chan i cal-hy drau lic drill ing ma chine called “Meres” (Rotnicki
et al., 1999a). The spiral probe used for drill ing was 1 m long
and 0.08 m in di am e ter; the spi ral pitch was 0.05 m. The de posit 
cores were cleaned, and 0.05 m thick sam ples were col lected. 

For the sed i men tary logs, sieve par ti cle size anal y sis (PSA)
was per formed. A to tal of 228 sand sam ples from three logs
(L424, L501 and L507) lo cated in a geo log i cal cross-sec tion

along the A–A’ transect (Fig. 8) were col lected. All the sam ples
were dried at 105°C for 48 h, treated with H2O2 to re move or -
ganic mat ter, dried again and sieved at 3 phi in ter vals (from –2
to 4 phi). The grain-size sta tis tics were cal cu lated us ing the
method of mo ments (log a rith mic F) in Gradistat (Blott and Pye,
2001). 

The Kolmogorov-Smirnov test sta tis tic was em ployed to
pro vide a mea sure of the sim i lar ity of the grain-size dis tri bu tions 
of the tsu nami de pos its (TD) and the ma rine overwash sand
(MOS) over ly ing the TD. Sim i lar ity ma tri ces were gen er ated for
the suc ces sion of de pos its found in logs L424, L501, and L507.
The anal y sis aimed to com pare the hy dro dy namic con di tions of
de po si tion of these two types of sediment. 

The malacological anal y sis and anal y sis of the plant
macrofossils found in the tsu nami de pos its en com passed 57
sam ples col lected from four sed i ment logs: L500, L501, L504,
and L505. The or ganic mat ter was re moved us ing perhydrol. To 
col lect the shell de bris, sam ples were washed through a 1 phi
sieve. Shells frag ments were iden ti fied and counted us ing a
Nikon AZ 100 ste reo scopic mi cro scope. The tax o nomic clas si fi -
ca tion was based on stud ies by Jagnow and Gosselck (1987),
Skomp ski (1991) and Piechocki and Dyduch -Falinowska
(1993). To de ter mine the num ber of molluscs from the num ber
and size of frag ments, Ložek’s (1964) pro ce dure was ap plied.
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Fig. 3. Cross-sec tions of the Gardno–Łeba sandy bar rier (A) 
and the Rowy Isth mus (B)

The lo ca tion of cross-sec tions are marked in Fig ure 2
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Fig. 4. The lo ca tion of the geo phys i cal sur vey, bore holes and core soundings

Fig. 5. Ap par ent re sis tiv ity and con duc tiv -
ity charts ob tained by means of ver ti cal in -
duc tive sound ing with di pole spa c ing HD
= 10 m and HD = 20 m

The white line marks the ex ten sion of the
fos sil hol lows, which were in ter preted later

us ing data from bore holes
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Fig. 6. The ap par ent re sis tiv ity (log r [Ohm*m]) in ter po lated along the me rid i o nal cross-sec tion (A–A’) of the Rowy Isth mus

Dark blue marks the fos sil hemi spher i cal hol lows

Fig. 7. The Rowy Isth mus and the el e va tions of the bot toms of the hemi spher i cal hol lows
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Ad di tion ally, a tax o nomic anal y sis of the seeds found in the
sand sam ples was per formed. All these data were sup ple -
mented by a di a tom anal y sis per formed as part of a pre vi ous
pro ject (Rotnicki et al., 2009b). 

The age of the or ganic mat ter col lected from the sand sam -
ples was de ter mined us ing the AMS 14C method (31 sam ples)
at the Poznań Ra dio car bon Lab o ra tory and by the con ven tional 
method (18 sam ples) at the Gliwice Ra dio car bon Lab o ra tory. A
to tal of 49 sam ples were used to es ti mate the age of the tsu -
nami event; the types of ma te rial used in the dat ing were peat
(20), shells of Cerastoderma sp. (13), calcareousless gyttja (6),
wood (5), lumps of peat (3), lumps of silt (2), and char coal (1)
(see Ta ble 1). OxCal v. 4.2.3 was used for cal i bra tion (Bronk
Ramsey and Lee, 2013). For the Cerastoderma shells, the ma -
rine ra dio car bon cor rec tion was made us ing the soft ware’s Ma -
rine 13 curve (Reimer et al., 2013). The means and in ter vals of
the cal en dar ages are given, and the true ages of the sam ples
pro vided have prob a bil i ties of ca. 95%.

The pre lim i nary hy poth e sis for the cause of the Rowy tsu -
nami was a me te or ite im pact. It was based on the pres ence of
one microspherule com posed of pure iron within the tsu nami
layer (M. Michalik in Rotnicki et al., 2009b). There fore, a study
aimed to de ter mine the con tent of the ex tra ter res trial mat ter. To 
do this, the fol low ing pro ce dure was adopted. The vol u met ric
mag netic sus cep ti bil ity of the sed i ment sam ples from com plete
logs L500 and L501 (to tal 346 sam ples) and of 62 ad di tional
sam ples col lected from the tsu nami layer found in other logs
was de ter mined us ing a Bartington MS2B mag ne tom e ter with a 
low-fre quency (0.46 kHz) al ter nat ing mag netic field. To de ter -
mine the cause of the pos i tive ex cur sion of the mag netic sus -
cep ti bil ity, the heavy min er als were ana lysed. The heavy min er -
als were sep a rated from the 10 g sam ples with grain sizes of
2–3 phi us ing a so dium polytungstate liq uid with a den sity of

2.84 g/cm3. Be cause spher ules of cos mic or i gin are highly mag -
netic, a neo dym ium mag net was used to sep a rate the mag netic 
and non-mag netic frac tions of the heavy min eral as sem blage
ob tained. The mag netic frac tion was later placed within a strong 
mag netic field pro duced by a per ma nent mag net. The mag net
was placed over the sam ple – first at a dis tance of ~10 centi -
metres, then at sev eral centi metres and even tu ally at 1 cm. The 
mag net was sep a rated from the sam ples by a sheet of pa per.
The grains col lected were cov ered with graph ite and ana lysed
us ing a Hitachi 3700N scan ning elec tron mi cro scope paired
with a Noran SIX EDS, which al lowed the chem i cal com po si -
tions of microareas to be de ter mined. 

PALAEORELIEF AND LITHOLOGY 
OF THE TSUNAMI SUBSURFACE

The tsu nami de pos its oc cur in a fos sil hemi spher i cal and bi -
par tite hol low that is cut in de pos its from the Gardno Phase,
which is the youn gest ice ad vance in the Pol ish low lands
(Rotnicki and Borówka, 1995). The suc ces sion starts with gla -
cial till, which is over lain by ice-dammed glaciolacustrine clays,
partly varved, and cov ered by glaciofluvial sand and gravel. The 
thick ness of the ice-dammed de pos its ex ceeds 15 m. A thin
layer of peaty silt within the blue-grey glaciolacustrine clay is
17,210–17,630 cal. yr BP (Gd-4776) and slightly youn ger than
the thrust end mo raine of the Gardno Phase (Rotnicki and
Borówka, 1995). The sole of the Ho lo cene de pos its in the west -
ern and east ern parts of the Rowy Isth mus lies at an or di nate of
1–3 m a.s.l., whereas in the mid dle part of the isth mus it is lower
at –1 to –2 m b.s.l. (Figs. 7–9). South of the isth mus and cur -
rently in Gardno Lake, the sole of the Lower Ho lo cene peat is
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Fig. 9. A lon gi tu di nal geo log i cal cross-sec tion of the Rowy Isth mus show ing the po si tions 
of the tsu nami de pos its in the fos sil hemi spher i cal hol lows

For key to li thol ogy see Fig ure 8
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T a  b l e  1

Ra dio car bon ages of dif fer ent ma te ri als at the Rowy site 

Sam ple

num ber

Ma te rial

dated

Un cor rected 
14C ages 

[years BP]

Cal i brated age in ter val
(± 2s) and mean BP

(max–mean–min)

Lab o ra tory 
num ber

de pos its in situ cov er ing the tsu nami layer

1. L424/27 peat 420 ± 45 530–425–320 Gd-12680

2. L101/14 peat 470 ± 120 670–480–290 Gd-6570

3. L513/78 peat 645 ± 25 670–615–560 Poz-49608

4. L481/1 peat 825 ± 30 790–740–690 Poz-49615

5. L173/7 brown gyttja (-Ca) 1,040 ± 90 1,180–970–760 Gd-11388

6. L424/31 peat 1,550 ± 80 1,600–1,450–1,300 Gd-15708

7. L101/18 peat 1,800 ± 60 1,870–1,720–1,570 Gd-7019

8. L510/0 peat 1,825 ± 30 1,860–1,745–1,570 Poz-49607

9. L173/8 peat 2,100 ± 50 2,300–2,115–1,940 Gd-12694

10. L418/4 peat 2,330 ± 75 2,700–2,425–2,150 Gd-15715

11. L525/1 peat 2,820 ± 30 3,010–2,930–2,850 Poz-49614

12. L101/30 de tri tus gyttja (-Ca) 2,870 ± 120 3,340–3,050–2,760 Gd-6580

13. L426/19 de tri tus gyttja (-Ca) 3,195 ± 55 3,570–3,415–3,260 Gd12695

14. L418/6 peat 3,650 ± 100 4,290–3,995–3,700 Gd-15699

15. L98/12 black gyttja (-Ca) 4,180 ± 60 4,850–4,690–4,530 Gd-7020

16. L503/7 Cerastoderma sp. 5,270 ± 35 5,910–5,735–5,560 Poz-49458

17. L514/47 peat 5,150 ± 40 5,990–5,875–5,760 Poz-49609

18. L173/10 peat 5,275 ± 50 6,180–6,050–5,920 Gd-12659

19. L173/13 de tri tus gyttja (-Ca) 5,790 ± 120 6,880–6,600–6,320 Gd-15703

20. L101/51 de tri tus gyttja (-Ca) 5,790 ± 50 6,730–6,600–6,470 Gd-7018

re de pos ited macrofossils in the tsu nami layer

21. L505/45 Cerastoderma sp. 6,110 ± 40 6,850–6,630–6,410 Poz-49461

22. L505/37B Cerastoderma sp. 6,140 ± 40 6,880–6,665–6,450 Poz-49460

23. L503/12 lump of peat 5,870 ± 35 6,800–6,670–6,540 Poz-49600

24. L500/189A Cerastoderma sp. 6,220 ± 40 6,990–6,760–6,530 Poz-49452

25. L504/36A Cerastoderma sp. 6,220 ± 40 6,990–6,760–6,530 Poz-49459

26. L424/433/2 Cerastoderma sp. 6,230 ± 40 7,000–6,775–6,550 Poz-8261

27. Ga 3/02** Cerastoderma sp. 6,250 ± 40 6,900–6,790–6,680 Poz-9852

28. L500/183 or ganic mud (lump) 5,970 ± 39 6,910–6,795–6,680 Poz-49598

29. L43216/70 Cerastoderma sp. 6,260 ± 40 7,050–6,820–6,590 Poz-8262

30. L501/136 Cerastoderma sp. 6,350 ± 40 7,150–6,925–6,700 Poz-49455

31. L500/195 Cerastoderma sp. 6,405 ± 35 7,200–6,985–6,770 Poz-49454

32. L501/144 Cerastoderma sp. 6,410 ± 40 7,210–6,990–6,770 Poz-49456

33. L502/19 Cerastoderma sp. 6,520 ± 40 7,310–7,105–6,900 Poz-49457

34. L500/189B wood 6,670 ± 40 7,610–7,540–7,470 Poz-49599

35. L508/13 lump of peat 6,950 ± 40 7,920–7,805–7,690 Poz-49604

36. Ga3/03** peat 7,060 ± 40 7,960–7,860–7,760 Poz-9851

37. L504/36B wood 7,650 ± 40 8,540–8,465–8,390 Poz-49601

38. L505/37A wood 8,190 ± 40 9,270–9,150–9,030 Poz-49603

39. L522/7 char coal 8,200 ± 40 9,280–9,155–9,030 Poz-49612

40. L522/15 plant macrofossils 8,320 ± 40 9,470–9,310–9,150 Poz-49613

41. L508/24 wood 8,380 ± 40 9,490–9,395–9,300 Poz-49605

42. L517/26 lump (shred) of peat 8,940 ± 50 10,220–10,065–9,910 Poz-49610

43. L520/20 wood 9,220 ± 50 10,520–10,390–10,250 Poz-49611

de pos its in situ older than the tsu nami layer

44. L173/15 peat 6,340 ± 90 7,410–7,290–7,170 Gd-12078

45. AW-i4a* peat 6,350 ± 90 7,420–7,300–7,180 Gd-1553

46. Ga4/02** peat 6,530 ± 40 7,480–7,410–7,340 Poz-9854

47. Ga4/04** peat 6,790 ± 40 7,690–7,630–7,570 Poz-9853

48. AW-i4b* peat 8,550 ± 90 9,780–9,540–9,310 Gd-1554

49. L101/81 peaty silt 14,310 ± 150 17,860–17,440–17,020 Gd-4776

Dat ing marked Poz and Gd were made by AMS 14C method at the Poznań Ra dio car bon Lab o ra tory and by the con ven tional
method at the Gliwice Ra dio car bon Lab o ra tory, re spec tively; * – data after Wojciechowski (1990), ** – data af ter Lutyńska (2008)



found at –2 to –3.0) m b.s.l. The peat is over lain by a layer of
gyttja that is <1 m thick (Wojciechowski, 1990; Lutyńska, 2008). 
The cur rent depth of Gardno Lake av er ages 1.3 m
(Wojciechowski, 1990).

The con tour line at –2 to –3 m b.s.l. marks the fos sil bi par tite 
hol low in the subsurface of the Ho lo cene de pos its (Fig. 7). At
this depth, its di am e ter is ca. 625 m, but at the or di nate of –8 m
b.s.l., it is di vided into two smaller hol lows: a south west ern hol -
low with a di am e ter of ca. 250 m and a north east ern hol low with
a di am e ter of 130 m. The bot toms of the hol lows are –13.3 to
–14.8) m b.s.l. and –12.1 m b.s.l. deep, re spec tively, i.e.,
10–12 m be neath the sole of the Ho lo cene lac us trine gyttja de -
pos ited in Gardno Lake (Fig. 8).

CHARACTERISTICS 
OF THE TSUNAMI LAYER

Tsu nami de pos its (TD) cover the bot tom and slopes of the
fos sil hol lows and the sad dle sep a rat ing two subhollows (Figs.
8 and 9). The Rowy Isth mus is 500–600 m wide along me rid i o -
nal cross-sec tion A–A’; it be gins in the north, 180 m south of the 
pres ent coast line (log L510) and ends in the back ward delta of
the Łupawa River (log L426; Fig. 8). The TD are also traced be -
neath the lac us trine gyttja ac cu mu lated on the floor of Gar dno
Lake, which is 1800 m south of the pres ent coast of the Bal tic
Sea (Fig. 8). Along lat i tu di nal cross-sec tion B–B’, the hol low ex -
tends for 400 m be tween logs L173 and L425 (Fig. 9). The sole
of the TD lies be tween –14.8 m b.s.l. (L518) and –3.5 m b.s.l.
(L426). The thick ness of the TD var ies from 0.23 m to
3.05 m and av er ages 1.09 m, which is sig nif i cantly
greater than the thick nesses of tsu nami lay ers re ported
from along low-en ergy coasts around the world. Data
from such coasts show that tsu nami lay ers are usu ally
1–50 cm thick and are of ten <5 cm thick (Hindson et al.,
1996; Benson et al., 1997; Clague et al., 2000; Dawson
and Shi, 2000; Goff et al., 2000; Smoot et al., 2000;
Bryant and Nott, 2001; Scheffers and Kelletat, 2003;
Jaffe and Gelfenbaum, 2007; Mor ton et al., 2007;
Abrantes et al., 2008; Choowong et al., 2008; Pe ter son
et al., 2008; Fujino et al., 2008; Goff et al., 2010; Pe ter -
son and Cruikshank, 2011; Pe ter son et al., 2013). The
rel a tively large thick ness of the TD at Rowy is prob a bly
caused by the subsurface palaeorelief. Thicker (up to
2 m) tsu nami de pos its have been re ported only in ar eas
of ter rain low er ing such as la goons and lakes and in
front of dif fer ent ob struc tions (Clague et al., 1994a, b;
Dawson, 1994; Pe ters et al., 2001; Smith et al., 2007;
Vött et al., 2009; Goff et al., 2010). 

The thick est TD at Rowy were found on the bot tom
and on the north ern slope of the SW hol low (Fig. 8). Due 
to the subsurface re lief, the trans port ca pac ity of the tsu -
nami waves prob a bly de creased here, caus ing the rapid 
de po si tion of the thick layer. The TD lie on the ice -
-dammed lake de pos its that were cut by ero sion (Fig.
10). Ero sional con tact with subsurface de pos its is one of 
di ag nos tic fea tures of tsu na mis (Dawson, 1994; Clague
et al., 2000; Fujiwara et al., 2000; Goff et al., 2000; Pe -
ters et al., 2001; Dominey-Howes et al., 2006; Dawson
and Stew ard, 2007; Dominey-Howes, 2007; Mor ton et
al., 2007; Pe ters et al., 2007; Mamo et al., 2009; Engel
and Brüc kner, 2011). 

The tsu nami de pos its at Rowy are char ac ter ized by
cha otic ar range ments of min eral grains and allo chtho -
nous organodetrital ma te rial, in clud ing ma rine shells

and their de tri tus, lumps and rip-up clasts of peat, or ganic silt
and glaciolacustrine clays (Figs. 11 and 12). By vol ume, this
allochthonous ma te rial pre vails over the min eral ma te rial in
some parts of the sed i men tary logs. The TD also con tain nu -
mer ous lumps of char coal that are up to 10–15 cm across (Fig.
13) and a sig nif i cant ac cu mu la tion of densely packed pieces of
wood, branches, and tree trunks (Pinus sp.; Fig. 13). Most of
the de pos its re corded in the sed i men tary logs are mas sive and
con tain no in ter nal lam i na tion. The cha otic de po si tion of the TD
is re flected in the age of the shells and wood: very of ten, older
macrofossils oc cur above youn ger ones (Figs. 8, 9, and 11). All
these fea tures are di ag nos tic of tsu nami de pos its (Dawson,
1994; Clague et al., 2000; Bryant and Nott, 2001; Bondevik et
al., 2005; Jaffe and Gelfenbaum, 2007; Dawson and Stew art,
2007; Mor ton et al., 2007; Pe ters et al., 2007; Smith et al., 2007; 
Choowong et al., 2008; Mamo et al., 2009; Engel and Brückner, 
2011) and tes tify to the rapid de po si tion of sand set tling out from
the tsu nami’s waves. 

The cha otic ar range ment of com po nents of dif fer ent or i gin
ob served in most parts of the bore holes shows that the de posit
has the fea tures a dumped de posit (Bryant and Nott, 2001;
Dominey-Howes, 2007; Pe ters et al., 2007). How ever, some
trends in the com po si tion and dis tri bu tion of the TD are ob -
served. First, the com po si tion of the tsu nami layer changes spa -
tially – the con tent of shells and their de bris de creases to wards
the south, whereas the amount of wood (branches, trunks and
char coal) in creases. Be cause sand mixed with biogenic de tri tus
was trans ported by waves from the north, this spa tial dif fer en ti a -
tion of the TD’ com po si tion seems un der stand able. The loss in
wave en ergy that re sulted from fric tion on the sea-floor and a
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Fig. 10. The lower part of the tsu nami layer, which ex hib its an ero sive 
con tact with the un der ly ing blue-grey glaciolacustrine clay

The tsu nami de pos its con sist of ma rine sand mixed with shells and their de -
bris (L505 and L520); they also con tain strips of plant macrofossils and char -
coal lumps (L508); the yel low num bers de note the depth be low the ground
sur face
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Fig. 12. The tsu nami de pos its at Rowy 

These are char ac ter ized by an abun dance of ma rine shells and their de bris (se lected cores), large lumps of or ganic
silt (L520) and in di vid ual peb bles that oc cur mainly at the bot tom of the tsu nami layer (L520: yel low ar row); 

the yel low num bers de note the depth be low the ground sur face

Fig. 11. Se lected suc ces sions of de pos its con tain ing tsu nami sand, silty sand and sand and gravel with peb bles

The tsu nami de pos its are rich in ma rine shells and their de bris, lumps of peat, silt and clay, plant twigs and branches, and trunks of pine
(Pinus sp.); allochthonous ma te rial of dif fer ent ages oc curs in the same layer (L504, L505), and in some places a “strati graphic in ver sion” of
bioclasts oc curs (L500, L505, L508 and L522); sh – shell, w – wood, ch – char coal, ls – lump of silt, lp – lump of peat, TD – tsu nami de posit; 
6,795 ± 115 in cal. yr BP



large sed i ment load car ried by the waves caused the waves’ ve -
loc ity and trans port ca pac ity to de crease to wards the south. As a
re sult, the heavier com po nents (shells) were de pos ited first, and
the lighter frag ments of wood and other plants reached fur ther
south.

Sec ond, in places where the tsu nami layer (TD) is thin, it is
al ways mas sive; an ex am ple is the north ern hol low. In places
where it is thicker, its lower part is mas sive and its up per part is
lam i nated (log L514; Fig. 14). The lam i na tion prob a bly formed
dur ing the ter mi nal phase of in un da tion, when the wave en ergy
dis si pated, and it is the re cord of de po si tion from a wan ing cur -
rent and prob a bly, from back wash (Smith et al., 2007).

GRAIN-SIZE DISTRIBUTION

Af ter re moval of peb bles and organodetrital ma te rial, the
tsu nami de pos its are com posed of fine to me dium quartz sand.
The 43 sand sam ples col lected from cores L424, L501, and
L507 av er age 2.072 phi in di am e ter with a stan dard de vi a tion of 
0.467 phi. The sand is poorly to very poorly sorted (SD ±1s:

1.281 ± 0.423 phi; Fig. 15 and Ta ble 2). The skew ness of the
grain-size dis tri bu tions var ies (SD ±1s: 0.752 ± 1.481). The dis -
tri bu tions range from coarse skewed (–0.729) to very fine
skewed (2.233). How ever, coarse skewed dis tri bu tions dom i -
nate, sug gest ing that the sand has a ma rine or i gin (Fried man,
1961, 1967, 1979). Tsu nami de pos its of ten con tain ad mix tures
of coarse sand and silt. In many places within the tsu nami layer, 
an up ward-fin ing trend was ob served (Fig. 15B, C), but a mas -
sive struc ture was equally com mon (Fig. 15A). Such fea tures
have been re corded in tsu nami events around the world
(Dawson, 1994; Hindson et al., 1996; Clague et al., 2000;
Dawson and Shi, 2000; Goff et al., 2001; Pe ters et al., 2001;
Hori et al., 2007; Jaffe and Gelfenbaum, 2007; Kortegas and
Dawson, 2007; Moore et al., 2007; Pe ters et al., 2007;
Choowong et al., 2008; Smith et al., 2007; Goff et al., 2010; Pe -
ter son and Cruikshank, 2011).

In some tsu nami lay ers, peb bles with di am e ters be tween –1 
and –6 phi (Fig. 15) have been found. They usu ally oc cur at the
sole of the layer in sand mixed with nu mer ous frag ments of
wood and branches, and the peb bles are trapped be tween
these rem nants in the mid dle part of the layer. In this case, the
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Fig. 13. The tsu nami de pos its at Rowy 

The abun dance of twigs, wood pieces, trunks and char coal lumps in tsu nami de pos its is vis i ble; 
the yel low num bers de note the depth be low the ground sur face



up ward-fin ing trend of the grain-size is not ob served, and the
grain-size dis tri bu tion is very fine skewed (>+1.30) (L507; Fig.
15A). The sim i lar ity ma tri ces of grain size dis tri bu tions con -
structed us ing the Kolmogorov-Smirnov test for three sed i ment
logs show the lack of sim i lar ity of the tsu nami de pos its and Up -
per Ho lo cene ma rine overwash sand (Fig. 15). This dem on -
strates the ex cep tional hy dro dy namic con di tions dur ing the
sed i men ta tion of the event layer un der dis cus sion.

ALLOCHTHONOUS BIOGENIC MATERIAL 
IN THE TSUNAMI DEPOSITS

Tsu nami de pos its found at dif fer ent sites around the world
con tain var i ous biogenic rem nants, such as ma rine, brack ish
and fresh wa ter shells pre served in their en tirety or in the form of

de bris (Moore and Moore, 1988; Hindson et al., 1996; Benson
et al., 1997; Witter, 1999; Clague et al., 2000; Fujiwara et al.,
2000; Goff et al., 2000, 2001, 2006, 2010; Hutchison et al.,
2000; Bryant and Nott, 2001; Dominey-Howes et al., 2006;
Dominey-Howes, 2007; Pe ters et al., 2007; Mamo et al., 2009;
Engel and Brückner, 2011; Pe ter son and Cruikshank, 2011),
valves of ma rine and brack ish di a toms and other microfossils
(Clague et al., 1994a, 2000; Hemphill-Haley, 1996; Witter,
1999; Dawson and Shi, 2000; Hutch in son et al., 2000; Goff et
al., 2001, 2010; Pe ters et al., 2001; Schlichting and Pe ter son,
2006; Dominey-Howes, 2007; Nanayama et al., 2007;
Kokociński et al., 2009; Engel and Brückner, 2011; Pe ter son
and Cruikshank, 2011), and plant macrofossils (plant de tri tus,
seeds, cones, bark, twigs, branches, and leaves; Clague and
Bobrowsky, 1994a, b; Clague et al., 1994; Witter, 1999;
Domniney-Howes et al., 2006; Pe ters et al., 2007; Goff et al.,
2010). The tsu nami de pos its found at Rowy are also rich in a di -
verse and quan ti ta tively large ad mix ture of biogenic in con tent
de rived from ma rine, brack ish and fresh wa ter en vi ron ments as
well as from the ter res trial en vi ron ment. These com po nents are 
de scribed be low.

Shells and shell de bris. Shells and shell de bris oc cur in
the tsu nami layer found at Rowy in large quan ti ties; for ex am -
ple, in part of sed i ment bore hole L500, which is 0.7 m long and
has a di am e ter of 8 cm, 1398 spec i mens were iden ti fied (Ta ble
3, Figs. 12 and 16). In to tal, 4068 spec i mens were sep a rated
from the de pos its. A malacological anal y sis showed that the
num ber of spe cies in each sam ple var ies from 1 to 4, and the
num ber of rep re sen ta tives of spe cies in the sam ples var ies
from 21 to 391 in bore hole L500. The as sem blage of molluscs
in the de pos its is very poor in terms of spe cies com po si tion but
con tains spe cies be long ing to ma rine (M), brack ish (B) and
fresh wa ter (S) en vi ron ments. Ma rine spe cies dom i nate most of
the sam ples (Ta ble 3); they in clude the bi valves Cerastoderma
glaucum and Macoma balthica; the for mer is very com mon in
the TD, and the lat ter is rare. The brack ish spe cies rep re sented
by gas tro pods Peringia ulvae (for merly Hydrobia ulvae) and
Ventrosia ventrosa (for merly Hydrobia ventrosa) are in the mi -
nor ity (Ta ble 3). Fresh wa ter spe cies oc cur spo rad i cally and
com prise two spe cies of gas tro pods, Theodoxus fluviatilis and
Valvata piscinalis and the bi valve Pisidium casertanum.

The shells col lected were heavily dam aged. Most of the
sam ples con tain shell de bris (Figs. 12 and 16) which, us ing the
pro ce dure of Ložek (1964), was con verted to whole mol lusc
spec i mens. En tire half-shells are in the mi nor ity, and only some
spec i mens of whole shells were found. Their state of pres er va -
tion in di cates that the shells were re de pos ited from their pri mary
en vi ron ment. The abundance of the bi valve Cerastoderma
glaucum within the tsu nami layer also sup ports the idea of
redeposition. The shell of this bi valve is rel a tively thick and re -
sis tant, and dur ing trans port, it breaks into frag ments, un like
Mytilus trossulus (for mer Mytilus edulis) and Macoma balthica,
the shells of which are frag ile and usu ally be come crushed
while be ing re de pos ited. The size of C. glaucum, which is dom i -
nated by small spec i mens, sug gests that they came from the
shoreface, where they re pro duce (Żmudziński, 1982; Jagnow
and Gosselck, 1987), and were re de pos ited on land dur ing the
rapid in un da tion of the Rowy Isth mus.

Plant macrofossils. Plant macrofossils are rep re sented
mainly by seeds (Fig. 17). The fol low ing plant gen era and spe -
cies were iden ti fied: Zannichellia palustris, Najas flexilis, Ruppia 
mar i time, Schoenoplectus tabernaemontani, Sch. lacu -
stris/taber naemon tani (bul rush Tabernaemontani, Scirpus
taber naemontani), Bolboschoenus maritimus, and Cheno po -
dium. Most of the goose-foot taxa (Chenopodium) are aquatic
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Fig. 14. De pos its over ly ing the tsu nami de pos its 

GL – glaciolacustrine clays, P – peb bles, TD – tsu nami de pos its;
MOS – ma rine overwash sands; the rapid ter mi na tion of the tsu nami
event is ex pressed by the sharp bound ary be tween the tsu nami de -
pos its and the lac us trine gyttja shown in bore holes L502 and L514;
the yel low num bers de note the depth be low the ground sur face



plants that col o nize – among oth ers – brack ish en vi ron ments.
In par tic u lar, the dom i nance of ruppia (Ruppia maritima) is an
ad di tional sign that the test ma te rial was de rived from the
shoreface zone on land. 

Ma rine di a toms. Di a tom anal y sis was per formed on the
de pos its from sed i ment log L424 (M. Lutyńska in Rotnicki et al.,
2009). A rel a tively well-pre served di a tom flora was found at a
depth of 9.30–9.90 m b.g.s. in the up per part of the tsu nami
layer, which was com posed of me dium sand. The fol low ing di a -
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Fig. 15. A com par i son of the par ti cle size char ac ter is tics of the tsu nami de pos its (TD)
and the ma rine overwash sand (MOS) de pos ited dur ing the last sev eral cen tu ries 

The sim i lar ity matricies of the grain-size dis tri bu tions high light the dis sim i lar ity 
of these de pos its
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T a  b l e  2

Log a rith mic mo ment mea sures (phi scale) of tsu nami de pos its (TD) com pared with the same mea sures of the Up per Ho lo cene
ma rine overwash sands (MOS) at the Rowy site

Type of de pos its Num ber of 
sam ples

Mean di am e ter (1st mea sure) 
and its dis per sion

(Md ±1s)

Stan dard de vi a tion – sort ing 
(2nd mea sure) and its dis per sion

(SD ±1s)

Skew ness (3rd mea sure) 
and its dis per sion

(Sk ±1s)

Tsu nami sands
– Middle Ho lo cene 43 2.072 ± 0.467

 (with out peb bles) 1.281 ± 0.423 0.752 ± 1.481

Ma rine overwash sands –
Up per Ho lo cene
(cen tury-scale in ter val)

185 1.891 ± 0.102 0.424 ± 0.084 - 0.253 ± 0.448

Fig. 16. Spe cies of ma rine bi valves and brack ish and fresh wa ter gas tro pods found 
in the tsu nami de pos its at Rowy

A – Cerastoderma glaucum, B – de bris of Cerastoderma glaucum, C – Macoma balthica, 
D – Peringia ulvae (for merly Hydrobia ulvae), E – Ventrosa ventrosa (for merly Hydrobia ventrosa), 

F, G – Teodoxus fluviatilis, H – Valvata piscinalis



toms were iden ti fied: Am phora acutiuscula, Catenula ad her ent,
Cocconeis hofmanii, Co. scutellum, Co. peltoides, Dimero -
gramma mi nor, Diuploneis smithii and Grammatophora ma rina. 
Quan ti ta tively, the di a tom as sem blage is dom i nated by brack -
ish spec i mens; their con tent var ies be tween 53.1 and 73.2%.
Ma rine di a toms con sti tute 3%.

DEPOSITS OVERLYING 
THE TSUNAMI LAYER

The tsu nami de pos its are over lain by fresh wa ter lake gyttja
the thick ness of which var ies from 7.55 m in the cen tral parts of
the fos sil hol lows to 2.75 m in the sad dle be tween the hol lows. A 
sharp bound ary be tween the tsu nami de pos its and the over ly -

ing gyttja (L502, L514; Fig. 14) sug gests the abrupt ter mi na tion
of an ex treme event fol lowed by the for ma tion of fresh wa ter
lakes within the hemi spher i cal hol lows. In di vid ual shells of
Cerastoderma glaucum found in the gyttja pro vided ev i dence of 
rare ma rine in cur sions into the lake. Over time, due to gyttja de -
po si tion, the lake be came shal low and evolved into a peat bog.
The lake ex isted for ca. 5,000 years. The low er most part of the
gyttja layer is 6,600 ± 130 cal. yr BP old (Gd-7018, Gd-15703),
while the old est peat over ly ing the gyttja dates from 1,745 ±
115 cal. yr BP (Poz-49607) and 1,450 ± 150 cal. yr BP
(Gd-15708) (Ta ble 1; Figs. 8 and 9).

In the fi nal stage of peat for ma tion but be fore the ac cu mu la -
tion of ma rine bar rier sand, which be gan ap prox i mately 450
years BP (Rotnicki et al., 2009b), the pri mary thick ness of the
gyttja, prior to its com pac tion, was greater than 12 m in the
deep est parts of the Rowy Isth mus (Fig. 8; Rotnicki, 2008,
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T a  b l e  3  

Com po si tion of malacofauna in tsu nami de pos its at the Rowy site

Bore hole Amount of
sam ples

Depth
[m]

To tal num ber
of speciments

En vi ron ment of spe cies

Ma rine Brack ish Fresh wa ter

Cerastoderma
glaucum

Macoma 
balthica

Peringia 
ulvae1)

Ventrosia 
ventrosa2)

Teodoxus 
fluviatilis

L500 11 9.25–9.85 1398 1167 13 83 134 1

L501 14 13.1–13.8 479 465 –  2   9 3

L504 16  9.5–10.3 1061 959 – 45 55 –

L507 16 11.5–12.4 1130 951 1 47 128 3

To tal 4068 3542 14 177 326 7

87.07% <0.01% 4.35% 8.01% <0.01%

1)  – for mer: Hydrobia ulvae; 2) – for mer: Hydrobia ventrosa

Fig. 17. Plant macrofossils (seeds) found in the tsu nami de pos its at Rowy

A – Najas flexilis, B – Ruppia mar i time, C – Bolboschoenus maritimus, D – Zannichellia palustris, 
E – Schoenoplectus tabernaemontani, F – Sch. lacustris/tabernaemontani, G – Chenopodium spp.



2009). The sur faces of the peat de pos its be fore com pac tion
was at an or di nate of be tween 1.3 m a.s.l. and 0.8 m b.s.l. com -
pared to the pres ent-day sea level (the red dot ted line in Fig. 8)
and at el e va tions of 2.3 m and 0.2 m a.s.l. in re la tion to the sea
level be fore 400–600 years ago, when peat for ma tion ceased.
At that time, the sea level was ap prox i mately 1 m lower than it is
to day (Rotnicki, 2009).

The de po si tion of ma rine overwash sand on the peat and
gyttja caused their grad ual com pac tion and de creased their
thick ness, which led to changes in the el e va tions of their sole and 
ceil ing (Figs. 8 and 9). Pos i tive feed back be tween the sed i men -
ta tion of ma rine sand on the peat plain and the com pac tion of un -
der ly ing gyttja and peat al lowed a 7 m thick suc ces sion of MOS
to ac cu mu late in a short pe riod of 400–500 years dur ing the Lit tle
Ice Age (LIA). Its in ter nal struc ture (cross-bed ding) is very dis tinct 
in the GPR pro files (Fig. 18). MOS is com posed of me dium
quartz sand (1.891 ± 0.102 phi), which is well-sorted (SD ±1s:
0.424 ± 0.087 phi). The grain-size dis tri bu tion ranges from
coarse skewed to sym met ri cal (Sk ±1s: –0.253 ± 0.448; Ta ble 2). 
All of the sand suc ces sion is rel a tively ho mo ge neous (Fig. 15A,
B). In the past 100–200 years MOS has un der gone in ten sive ae -
olian re work ing and this re sulted in the de vel op ment of dunes.
The sur face of the sand bar rier – out side the dune field – is cur -
rently at an or di nate of 2.0–3.0 m a.s.l. 

Due to the time span of sev eral hun dred years since the
MOS ac cu mu lated, its de po si tion was prob a bly caused not only 
by or di nary storm surges but also by high, ex tremely en er getic
surges with a re cur rence in ter val of be tween 100 and 500
years. Com par ing the rel a tively uni form ef fects of these storm
surges with the event that caused the de po si tion of the TD in the 
hol lows, it is ob vi ous that the en ergy of these events must have
been very dif fer ent (Fig. 15).
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Fig. 19. The age of the tsu nami event



AGE OF THE TSUNAMI EVENT 
AND OF THE FOSSIL HOLLOWS

The tsu nami event was dated us ing the fol low ing pro ce -
dure. A to tal of 49 ra dio car bon dates were used. Six of them de -
ter mined the ages of in situ de pos its that were older than the
event layer and twenty de ter mined the ages of de pos its youn -
ger than this layer. A to tal of 23 dates were ob tained from
biogenic ma te rial found in the tsu nami layer. The youn gest date 
ob tained from a peat sam ple that was older than the TD was
7,290 ± 120 cal. yr BP (L173 in Fig. 9 and Ta ble 1), and there -
fore, the tsu nami event oc curred af ter that date. The ages of the 
re de pos ited biofossils col lected from the event layer vary be -
tween 10,390 ± 130 (a piece of wood) and 6,630 ± 130 cal. yr
BP (a lump of peat) (Ta ble 1: sam ples 49 and 21, re spec tively).
The old est in situ layer built of cal car e ous free de tri tus gyttja
over ly ing the TD was dated to 6,600 ± 220 cal. yr BP (Ta ble 1:
sam ple 20; Fig. 8). There fore, the tsu nami event oc curred be -
tween the last two dates, i.e., be tween 6,600 and 6,630 cal. yr
BP, with an ac cu racy of sev eral de cades (Fig. 19).

The fos sil hol lows must have been nearly syn chro nous
with the tsu nami de po si tion. The idea that these were gla cial
ket tle holes must be firmly re jected for sev eral rea sons. First,
the glaciolacustrine clays cov er ing the gla cial till of the Gardno 
Phase were dated to 17,000–18,000 cal. yr BP (Ta ble 1, date
49; bore hole 101 in Fig ure 8; Rotnicki and Borówka, 1995;
Rotnicki, 2001). Sec ondly, sed i men ta tion in the ice-dammed
lake was ter mi nated by the de po si tion of glaciofluvial sands
and grav els when the ice mar gin was sit u ated north of the
Rowy Isth mus; such con di tions were not for fa vour able to the
oc cur rence of dead ice blocks. Thirdly, bur ied dead ice melted
dur ing the AllerÝd Interstage (Kozarski, 1963). In many gla cial
tun nel val leys the Late Weichselian peat was orig i nally de pos -
ited on the dead ice. As the ice melted, the ac cu mu la tion of
lake gyttja on the peat be gan (Wojciechowski, 2000). At Rowy, 
the time span be tween the re ces sion of the last ice sheet and
the tsu nami event is 7,000–8,000 years and it is im pos si ble
that the hol lows sur vived with out the de po si tion of any type of
sed i ment.

CAUSE OF THE TSUNAMI EVENT 
– DISCUSSION

The de po si tion of ma rine sand con tain ing a large amount
of organodetrital ma te rial, in clud ing shells (mainly Cerasto -
derma sp.) and shell de tri tus, rip-up clasts of peat, or ganic silt
and glaciolacustrine clays, large pieces of char coal, and tree
branches and trunks, which cov ers a time span of 3,690 cal. yr 
(its age is be tween 10,385 ± 135 and 6,630 ± 130 cal. yr BP),
prob a bly re sulted from an ex tremely high-en ergy event with a
very low prob a bil ity of oc cur rence. The allochthonous ma te rial 
de pos ited within the ma rine sand came from dif fer ent sed i -
men tary en vi ron ments – start ing from the ma rine shoreface
and end ing with ter res trial en vi ron ments (lac us trine, marsh,
peat and for est). Clasts of peat, branches, trunks and char coal 
orig i nated in an Early Ho lo cene ter res trial en vi ron ment, which
was then pres ent far to the north of the pres ent-day coast line
(Uścinowicz, 2003, 2006). There fore, dur ing the ex treme
event un der dis cus sion, strong sea waves could have eroded
this organodetrital ma te rial from the land, and they might have
caused the ter res trial de pos its pres ent be neath the shoreface
to be ex humed and to serve as a source of such ma te rial. 

The de po si tion of ma rine sand mixed with abun dant shell
de tri tus was rapid. The poor sort ing of the sand, the lack of lam i -
na tion and the fin ing-up ward se quences found within the event
layer in some cores sup port this man ner of sed i men ta tion in the
hemi spher i cal hol lows. The rel a tively large thick ness of the tsu -
nami de pos its (1–3 m) prob a bly re sulted from their ac cu mu la -
tion in hol lows with out out lets in which the tsu nami waves
abruptly lost their energy.

The geo log i cal re cord shows no ev i dence of the pres ence
of a Ho lo cene sea in the area prior to the event un der dis cus -
sion (Rotnicki, 2009; Rotnicki et al., 2009b). On the other
hand, far ther south, tsu nami de pos its were found be neath the
gyttja of Gardno Lake, which is ap prox i mately 2 km south of
the pres ent Bal tic shore line (core Ga3/02 af ter Lutyńska,
2008; Figs. 4 and 8). It is not known how far from this place the
coast line was at that time, but there is ev i dence that the mean
sea level was 50–70 cm lower dur ing the event than it is to day
(Rotnicki, 2009). Be cause the top sur face of the glaciofluvial
sand and gravel out side the fos sil hol lows lies at an el e va tion
of 0–2 m a.s.l., it can be as sumed that the run-up of the tsu -
nami waves oc curred on sur faces that were 0.5–2.7 m a.s.l. at
that time. By con sid er ing the ex tent of tsu nami flood ing and
the land el e va tion, it can be con cluded – ac cord ing to Lowe
and de Lange (2000) and Dawson and Stew art (2007) – that
the height of the run-up reached at least 5 m above the ground
sur face. 

The causes of the tsu nami event are un known and they
may be con sid ered only in terms of prob a ble hy poth e ses. In ad -
di tion, a tsu nami does not ex plain the gen e sis of the hemi spher -
i cal hol lows at Rowy by it self. Around the world, tsu nami events
along flat coastal low lands have been re corded as thin lay ers of
sand up to 0.5 m thick that ex tended be tween several hun dred
metres and sev eral kilo metres in land (Hindson et al., 1996;
Benson et al., 1997; Clague et al., 2000; Dawson and Shi,
2000; Goff et al., 2000, 2010; Smoot et al., 2000; Bryant and
Nott, 2001; Scheffers and Kelletat, 2003; Jaffe and Gelfen -
baum, 2007; Mor ton et al., 2007; Abrantes et al., 2008; Choo -
wong et al., 2008; Pe ter son et al., 2008; Fujino et al., 2008; Pe -
ter son and Cruikshank, 2011; Pe ter son et al., 2013). The sand
came from the ero sion of a rel a tively nar row near shore and
beach zone (Dawson, 1994; Jaffe and Gelfenbaum, 2007; Mor -
ton et al., 2007) and cov ered the man tle re lief, which showed no 
signs of ero sional un con formity at its base (Dominey-Howes et
al., 2006; Dominey-Howes, 2007; Choowong et al., 2008;
Szczuciński, 2008; Piotrowski et al., 2013).

Dis tinct ero sional forms usu ally form along rocky cliff coasts
and head lands. They en com pass zones of abra sion ramps and
cliffs, whereas boul ders are trans ported and de pos ited along
the tops of cliffs (Young and Bryant, 1992; Bryant and Nott,
2001). Rect an gu lar de pres sions up to 1–1.5 m deep the sides
of which are a few tens of metres in length are char ac ter is tic of
rocky plat forms. Their shapes are de ter mined by joint and bed -
ding planes. The bot toms of such de pres sions and abra sion
ramps are of ten fluted (Young and Bryant, 1992). Other ero -
sional forms in clude can yons, drill holes and pot holes. The di -
am e ter of the lat ter is 30–40 m, and the depth is 1.0–1.5 m
(Young and Bryant, 1992; Bryant and Nott, 2001).

There are no known ex am ples of the deep ero sional ac tiv ity
of tsu nami waves in flat low land ar eas a few hun dred metres
from the shore line. In ad di tion, it is un likely that tsu nami waves
over loaded with a highly con cen trated bed and a sus pended
load in the form of tree branches and trunks, peb bles, shells
and sand were ca pa ble of erod ing the floor to a depth of
12–14 m. 
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The most likely hy poth e sis that ex plains the cause of the
tsu nami event and the gen e sis of the fos sil hol lows con sid ers
both me te or ite im pacts and tsu nami waves. Me te or ite falls in
the South ern Bal tic and Pol ish Low land are not un usual and oc -
curred sev eral times in the Mid dle Ho lo cene. They re sulted in
the for ma tion of crat ers, which are still well-pre served. Ex am -
ples of such crat ers in clude the Kaali crat ers on Saaremaa Is -
land (Raukas et al., 1999), the Ilumetsa crat ers in south-east
Es to nia (Raukas et al., 2001) and sev eral crat ers at Morasko
near Poznań (Stankowski, 2010). The ques tions arises how big
an impactor was to gen er ate the tsu nami wave and what was
the tsu nami am pli tude. 

How ever, the hy poth e sis of me te or ite im pacts and tsu nami
waves at Rowy ex plains in the full est pos si ble way both the de -
po si tion of the event layer and the for ma tion of the hol lows in
which it was found. The event might have oc curred as fol lows. A 
few me te or ites fell in the coastal zone. Some hit the land and
formed crat ers, and oth ers fell into the Bal tic Sea, caus ing huge 
waves that eroded the shoreface and re de pos ited ma te rial from 
this zone (mainly lit to ral sand with ma rine shells as well as
older, Lower Ho lo cene ter res trial de pos its) on, in clud ing in the
newly formed crat ers. Mod el ling the re la tion ship of crater di am -
e ter on the land to the di am e ter of the as ter oid shows that the
ra tio var ies be tween 1:20 and 1:24 (Kring, 1997; Hills and
Goda, 1998). Tak ing into ac count the di men sion of the bowl -
-shaped hol lows at Rowy the me te or ite was 8–12 m in di am e -
ter. How ever, this is a very rough es ti ma tion. Ac cord ing to
Shoe maker et al. (2005) es ti ma tion of the di men sion of the me -
te or ite that formed a crater is very dif fi cult be cause it de pends
not only on the size of a me te or ite but also on the
im pact ve loc ity and an gle. The depth and di am e ter
of the hol lows at Rowy are sim i lar to the pa ram e ters
of small Mid dle Ho lo cene me te or ite crat ers found in
Es to nia and Po land that were noted above (Raukas
et al., 1999, 2001; Stankowski, 2010). How ever, the 
crat ers at Rowy were re mod elled just af ter their for -
ma tion by tsu nami waves. The de ter mi na tion of the
di men sions and site of the me te or ite/me te or ites fall
into shal low nearshore wa ter of the Bal tic Sea is
now im pos si ble. In the case of shal low-wa ter im -
pact, the mass of ejected ma te rial con sist ing of wa -
ter and sed i ments from the sea-floor dom i nates
over the mass of wa ter dis placed from the tran sient
crater formed in the wa ter col umn (Wünne mann
and Wiess, 2015). The sedimentological fea tures of 
the event layer at Rowy sup port the sup po si tion that 
tsu nami waves were over loaded with ma te rial from
the sub stra tum.

It is also prob a ble that the crat ers at Rowy orig i -
nated in an ex plo sion and that tsu nami waves were
also gen er ated by this ex plo sion. This hy poth e sis
ex plains not only the ex is tence of the hol lows them -
selves but also the pres ence of ma rine sand con -
tain ing shells and de tri tus of Cerastoderma sp.,
lumps of peat, tree trunks and branches, and lumps
of charred wood at their bot toms. The im pact of a
me te or ite is rec og nized as one of the causes of tsu -
na mis (Bryant, 2008; Perkins, 2009, Wünnemann
and Weiss, 2015). Massel (2012) showed the o ret i -
cally that the im pact of a small me te or ite with a di -
am e ter of sev eral metres on the shal low sea wa ter
of a coastal zone can cause a tsu nami and Nem -
tschinov et al. (1997) es ti mated that the prob a bil ity
of a me te or ite with a ra dius of around 5 m im pact ing

the Earth is large at 50% per an num per the whole Earth sur -
face (Fig. 20). 

To test the hy poth e sis of me te or ite im pact, the as sem blage
of grains of mag netic min er als (with di am e ters of 2–3 phi) sep a -
rated from the tsu nami de pos its in the deep est parts of the hol -
lows was ana lysed to de ter mine its con tent of ex tra ter res trial
mat ter. A to tal of 191 anal y ses of the chem i cal com po si tion of
113 grains sep a rated from 23 sam ples from the microarea with
high mag netic sus cep ti bil i ties were per formed. How ever, no
spher ules com posed of iron and nickel were found; there fore,
no ev i dence of an ex tra ter res trial or i gin for these grains was
found. Most of the spher i cal grains con sisted of com pounds of
ei ther iron (mag ne tite–he ma tite) or iron and ti ta nium (titano -
magnetite). High nickel, chro mium and ti ta nium con tents in the
pres ence of iron were es tab lished in a few grains col lected from
sam ple no. L517/22. The shapes of the nickel-bear ing grains
were usu ally ir reg u lar; they may be com po nents of er ratic mafic
rocks from Scan di na via. The in creased mag netic sus cep ti bil ity
of some sam ples re sulted from their high iron con tents, which
ei ther formed min er als or was a com po nent of the sil i cates and
aluminosilicates pres ent. The only spherule that had an al most
per fectly smooth sur face com posed of pure iron was found in
the tsu nami de posit in sed i ment log L462 dur ing the ini tial
phase of re search (Rotnicki et al., 2009).

How ever, the hy poth e sis of me te or ite im pacts fol lowed by
tsu nami waves (with both im pact crat ers and ex plo sive crat ers), 
ex plains the pau city or lack of a min er al og i cal re cord of ex tra ter -
res trial ma te rial in the event layer on the bot toms of the fos sil
hol lows. There are known im pact crat ers that are full of sed i -

The first geological record of a palaeotsunami on the southern coast of the Baltic Sea, Poland 435

Fig. 20. Prob a bil ity dis tri bu tion (in terms of years) 
of the im pacts of me te or ites with var i ous ra dii 

(based on data from Massel, 2012)

Black rect an gle marks the prob a ble range of the ra dius of me te or ites
that fell at Rowy



ments that do not con tain ex tra ter res trial mat ter, such as the
crat ers formed by the fall of the iron me te or ite “Morasko” near
Poznań, Po land, dur ing the Mid dle Ho lo cene (Stankowski,
2010). Where it landed, there are sev eral crat ers with out rims
that are sim i lar in size to the fos sil hol lows at Rowy. Ex tra ter res -
trial ma te rial was found in the area ad ja cent to the crat ers.
These are lumps of iron weigh ing up to 300 kg found at depths
of up to 218 cm (Muszyński et al., 2012a, b) and sur rounded by
silty fine sand con tain ing with iron microspherules sim i lar to
those found on the bot tom of one of the fos sil hol lows at Rowy.
The chem i cal com po si tions of the spher ules found at Rowy and 
at Morasko are al most iden ti cal (Fig. 21; Stankowski et al.,
2006; Stankowski, 2010; Muszyński et al., 2012a, b). At Rowy,
the ex tra ter res trial mat ter could have been widely scat tered by
tsu nami waves, which could also have mod i fied the hy po thet i -
cal crat ers that re main to day at a depth of sev eral metres.
There fore, the chance of find ing such mat ter is small.

REORGANIZATION OF THE COASTAL AREA
WITHIN THE GARDNO-ŁEBA COASTAL PLAIN
CAUSED BY THE TSUNAMI EVENT THAT WAS
PROBABLY CAUSED BY METEORITE IMPACT

It is im por tant to note that tsu nami events usu ally cause
large-scale geomorphological changes in coastal ar eas (Da -
wson, 1994; Bryant et al., 1996; Bryant and Nott, 2001; Scheffers 
and Kelletat, 2003; Pe ters et al., 2007). There is ev i dence that

the to pog ra phy of the coastal zone in the Gardno–Łeba low land
and the geo log i cal ar chi tec ture and hy dro graphic re la tions in the
Rowy Isth mus changed sig nif i cantly due to the tsu nami event.
Dur ing this event, the Rowy Isth mus con sti tuted part of the flat
and slightly un du lat ing sur face of the Pleis to cene pla teau. A me -
te or ite im pact caused the for ma tion of hemi spher i cal hol lows,
which were then flooded by tsu nami waves. Nearly si mul ta -
neously, the sed i ment load they car ried was dumped. A lake
formed in the hol lows. Its depth was 14–16 m in re la tion to what
was then the top o graphic sur face (Fig. 22).

The tsu nami also in un dated the large peat bog that spread
as far south as the push mo raine of the Gardno Phase (Fig.
22A), caus ing the for ma tion of a large shal low lake that was ini -
tially con nected with the hemi spher i cal hol lows (Fig. 22B) at ap -
prox i mately 6,600–6,670 cal. yr BP. The lake was oc ca sion ally
con nected with the Bal tic Sea. Over time, the lake be came shal -
lower, and the sed i men ta tion of gyttja ter mi nated ap prox i mately 
1,500 cal. yr BP. The peat bog that de vel oped in this place ex -
isted for ca. 1,000 years. Dur ing the Lit tle Ice Age (XIII–XVIII
cen tu ries), ma rine overwash sand be gan to ac cu mu late (Fig.
22C). Storm surges caused the peat bog in the Rowy Isth mus to 
be come in un dated and the ini tial sandy bar rier to form. The de -
po si tion of a large vol ume of sand re sulted in com pac tion of the
un der ly ing gyttja and peat. Their orig i nal thick ness was re duced 
by ca. 50%. In the last 100–150 years, the sandy bar rier was
moulded by ae olian pro cesses, and sand dunes >10 metres
high de vel oped (Fig. 22D). 

The tsu nami de pos its that fill the hemi spher i cal hol lows date 
to 6,615 ± 130 cal. yr BP and con sti tute the pres ent geo log i cal
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Fig. 21. Mag netic microspherules from the low er most part of the tsu nami layer found on the bot tom of fos sil
hemi spher i cal hol low (A) at Rowy (af ter Rotnicki et al., 2009) and from the place near Poznań where 

the me te or ite called “Morasko” fell (B) (af ter Stankowski, 2010)



re cord of the past event. While the sedimentological fea tures of
these de pos its seem to in di cate their tsu nami or i gin, the gen e -
sis of the fos sil hol lows re mains only a hy poth e sis that in fers a
me te or ite im pact. This is the first pre his toric tsu nami doc u -
mented on the south ern coast of the Bal tic Sea. The only rem -
nant of a pow er ful tsu nami vis i ble in the land scape of the area is
cur rently the very large and shal low Gardno Lake, which was
pre vi ously re garded as a bay of the Bal tic Sea from the Ho lo -
cene trans gres sion pe riod.

CONCLUSIONS

The re search into the Ho lo cene de pos its found at Rowy (on
the cen tral coast of Po land) showed ev i dence that dur ing the
Middle Ho lo cene (6,615 ± 130 cal. yr BP), a tsu nami event oc -
curred on the south ern coast of the Bal tic Sea. This has been
re corded as a thick (up to 3 m) layer of ma rine sand that is rich
in ma rine shells, rip-up clasts of peat, silt and tree branches and 
trunks (Pinus sp.). Their pres ence is lim ited to two fos sil hemi -
spher i cal hol lows. The causes of the event are un known; how -
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Fig. 22. The re or ga ni za tion of the coastal zone at Rowy caused by the tsu nami



ever, the hy poth e sis of a me te or ite im pact in the coastal zone at 
Rowy may be con sid ered. The spa tial ex tent of the event is also 
un known. Fur ther re search is needed to de ter mine whether this 
event was lo cal in scale. If so, the hy poth e sis of a me te or ite im -
pact will be come more likely.
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