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Re search by the Pol ish Geo log i cal Sur vey has been car ried out along the south ern Bal tic coastal zone over a dis tance of
38 km. The Bal tic Sea is clas si fied as non-tidal, and its south ern coasts are built en tirely of weakly lithified sed i men tary rocks. 
These de pos its form three main types of coast, namely cliffs, bar ri ers and al lu vial coasts (wetlands), with the re search fo cus -
ing on the first two. Meth ods in clud ing re mote sens ing, map ping (geo log i cal, hydrogeological), off shore sur vey (bathymetric
and geo phys i cal mea sure ments), lab o ra tory anal y ses and mod el ling re vealed a num ber of nat u ral haz ards. These are, re -
spec tively: (1) per ma nently oc cur ring haz ards, caus ing ma te rial dam age such as: land slides, coastal ero sion and sea bed
ero sion; (2) in ci den tal haz ards such as dune break age and storm surge over flow and (3) hy po thet i cal threats that may oc cur
in the fu ture, such as hydrogeohazards de fined here as flood ing re sult ing from ground wa ter level rise or more rarely, earth -
quake threats.
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INTRODUCTION

Geohazards (in clud ing ma rine geohazards) en com pass an
ex ten sive range of fea tures, pro cesses, and events re lated to
ge ol ogy (Yonggang et al., 2016; Culshaw, 2018) and as such
they must be in cluded in all ad ap ta tion-re lated and plan ning ac -
tiv i ties (Didier et al., 2019), and in ter est in nat u ral threats has
grown in re cent years (Camargo et al., 2019). Stud ies of threats 
are con ducted around the word in dif fer ent geo graph ical con di -
tions. This de ter mines the range and scope of in ter est from lo -
cal to broad, need ing a multi-dis ci plin ary ap proach. In com mon
un der stand ing, nat u ral haz ards are iden ti fied in par tic u lar with
endogenic pro cesses such as vol ca nic erup tions and earth -
quakes, or exo gen ic ones, as in moun tain ous ar eas where var i -
ous types of mass move ment can be ex pected, and val ley ar -
eas where threats re lated to floods and re lated pro cesses can
be fore cast. There fore, nat u ral haz ards oc cur in re gions where
geodynamic phe nom ena may take place and are of ten as so ci -
ated with hu man pres sure on land de vel op ment. One kind of lo -
ca tion that com bines these fea tures com prises the coastal
zones of oceans and seas, in clud ing the Bal tic Sea. Ris ing hu -

man in ter est in, and pres sure from, un fa vour able nat u ral pro -
cesses have been doc u mented from at least me di eval times
(Mörner, 2008; Ryabchuk et al., 2012; Uœcinowicz et al., 2013;
Piotrowski et al., 2017). In mod ern times, is sues re lated to nat u -
ral geo log i cal haz ards have been ex ten sively stud ied (Zeidler,
1995; Uœcinowicz et al., 2004; Valdmann et al., 2008; Harff and
Mayer, 2011; Spiridonov et al., 2011; Lidzbarski and Tarna -
wska, 2015; Palginámm et al., 2018; Moskalewicz et al., 2020;
Paprotny et al., 2020). In re cent years the Pol ish Geo log i cal
Sur vey has car ried out de tailed map ping of the south ern Bal tic
Sea coastal zone to gether with geohazard iden ti fi ca tion, of
which the re sults de scribed here are part. Stud ies of the geo log -
i cal struc ture and con cern ing pre dic tive mod els of coast line
change have been pub lished ear lier (Uœcinowicz et al., 2014,
2017, 2019; Uœcinowicz and Szarafin, 2018) and com ple ment
the re sults de scribed here. The com ple men tary ap proach in -
volved the re quire ments of stake holders, lo cal ground wa ter
man ag ers and us ers, en ti ties re spon si ble for en vi ron men tal
pro tec tion and coastal zone man age ment and all those who
con sider coastal ar eas as a shared en vi ron ment.

Most of the stud ies noted above re late to in di vid ual geo -
hazards. Our study by con trast aims to de scribe the oc cur rence
of all ex ist ing and po ten tial nat u ral, geo log i cal haz ards (geo -
hazards) iden ti fied along a sig nif i cant part of the Pol ish sec tion
of the south ern Bal tic Sea coast. The area un der dis cus sion en -
ables dis cus sion of the var i ous nat u ral haz ards oc cur ring in dif -
fer ent geo graph ical and geo log i cal con di tions (i.e. low lands –
bar rier type coast, morainic up land – cliff coast). It is also an
area of in tense hu man pres sure, es pe cially as re gards tour ism
and ag ri cul ture. 
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STUDY AREA

The study area is lo cated on the south ern Bal tic coast
(north ern Po land), and ex tends east-west along a 38 km stretch 
of coast line be tween 17°49’16“ and 18°23‘12”E. The area
reaches 2 km off shore and 2 km in land, its ge ol ogy be ing
mapped in de tail as part of wider re search. Geo graph i cally, the
area en com passes two dif fer ent mor pho log i cal units: a low land
where a bar rier is de vel oped and an up land bor dered by a steep 

cliff (Fig. 1A). The beach width reaches sev eral tens of metres
and its pro file var ies de pend ing on the sea son. The area is lim -
ited to the north by the sea, the sea bed grad u ally deep en ing to
the north or north-east to a depth of ~15 m, the isobaths be ing
more or less par al lel to the shore. There are two, some times
three, sand bars close to the shore in depths of up to 5 m. Their
el e va tion is be tween 1 and 4 m. To the south and east the area
un der dis cus sion is lim ited by a morainic up land while the west -
ern part con tin ues as a coastal low land cov ered by dunes
(Uœcinowicz and Szarafin, 2018).

2 Grzegorz Uœcinowicz et al. / Geological Quarterly, 2021, 65: 5

Fig. 1. Lo ca tion of the study area (A) and map doc u ment ing the geo log i cal stud ies un der taken (B)

Source of bathymetry – Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute, source of DTM’s – Mil i tary Cen ter of Ge od esy 
and Re mote Sens ing and IT sys tem of the Coun try’s Pro tec tion Against Ex treme Haz ards (ISOK)



The geo log i cal set ting of this area is closely linked with its
mor pho log i cal struc ture. The low-ly ing area (the west ern and
cen tral parts of the study area) is built of flu vio gla cial sands
over lain by Ho lo cene lac us trine and biogenic de pos its – fine
sand, mud, gyttja and peat. The bar rier is nar row, rang ing from
sev eral tens of metres to 400 m  across. It con sists of fine and
me dium sand over lain by ae olian dunes, which are not higher
than 20 m. Lo cally, peat is ex posed on the beach or is pres ent
un der a thin cover of beach sand. In gen eral, the thick ness of
the ma rine sand bar rier does not ex ceed 10 m. The east ern part 
is a morainic up land with its ad ja cent cliff. It is built of Mio cene
sand and silt with brown coal interbeds. Di rectly above lies flu -
vio gla cial sand and gravel, over lain in some places by a thin
layer of till. Lo cally, on the sur face of the up land, ae olian sheets
with a thick ness of up to 3 m oc cur. The ge ol ogy of the low land
and the morainic up land have sev eral pub lished de scrip tions
(Paw³owski, 1922; Rudowski, 1965; Uœcinowicz et al., 2014,
2017; Moskalewicz et al., 2016; Uœcinowicz and Szarafin, 2018; 
Widera, 2019) and may be il lus trated by geo log i cal cross-sec -
tions (Fig. 2).

Geo log i cal stud ies of the in land area have been con ducted
for de cades, though un til re cently the off shore area re mained
rel a tively un stud ied. The de scrip tion be low is based on the work 

of the Pol ish Geo log i cal Sur vey, and is the first to de scribe in
de tail the off shore part of the coastal zone.

The sim pli fied geo log i cal di vi sion de scribed above con tin -
ues off shore. Seismoacoustic re cords cor re lated with core pro -
files al lowed dis tinc tion of four lithological units build ing the sea
floor. These are: Ho lo cene ma rine sand, Ho lo cene la goon-lac -
us trine de pos its, Pleis to cene gla cial and flu vio gla cial de pos its,
Pleis to cene ice-mar ginal lake de pos its.

The Pleis to cene pro file is dom i nated by cal car e ous flu vial
me dium- and coarse sand and sandy gravel, rarely fine and
very fine sand. Till also oc curs in the Pleis to cene suc ces sion.
The Pleis to cene top is lo cated at depths from 0 m to ~17 m be -
low the sea floor (b.s.b.). The till top is lo cated at a depth of 1.2
to 4 m (b.s.b.). Pleis to cene out crops are lo cally pres ent out side
the sand bar zone in the north-cen tral part of the study area.

Ice-mar ginal lake de pos its (fine sand and silt) oc cur in the
north west ern part of the study area. They lie above older, ge net i -
cally dif fer ent Pleis to cene de pos its; a very clear bound ary may
be ob served be tween them in the seismoacoustic re cord. The
erosionally lev elled top of the ice-mar ginal de pos its is lo cated at
depths of 15–17 m (b.s.b.), and their thick ness reaches 5 m.

Ho lo cene la goon-lac us trine de pos its built of fine sand, silt,
clay, gyttja, peat con tain ing frag ments of fresh wa ter mol lusc
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Fig. 2. Se lected geo log i cal cross-sec tions il lus trat ing
 the geo log i cal con di tions of low land (bar rier – type coast) and up land (cliff coast) ar eas 

The line of cross-sec tion can be found on Figure 1B (Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute ma te ri als)



shells and lay ers of or ganic mat ter oc cur in the west ern part of
the study area. The age of the peat top ranges from ~12,000 to 
~9,000 cal BP. The de pos its de scribed lie on older Pleis to -
cene strata. In the sed i ment cores, there is a clear ero sional
con tact be tween the fresh wa ter lake and ma rine sands in the
form of a ma rine shell layer. The la goon-lac us trine de pos its
are max. 2 m thick.

The Ho lo cene ma rine sand, com posed mainly of non-cal -
car e ous fine sand with some me dium sand, con tain ing lay ers of 
or ganic mat ter and frag ments of ma rine mol lusc shells, lies on
an ero sional sur face of Pleis to cene age. The Ho lo cene and
Pleis to cene units are sep a rated by a clear ero sional bound ary
in the form of gravel and coarse sand layer. The thick ness of
the ma rine sand ranges from a few centi metres to ~10 m.

MATERIALS AND METHODS

The var ied meth ods used en abled iden ti fi ca tion of pro -
cesses that may be con sid ered as nat u ral threats (Fig. 1B and
Ta ble 1).

REMOTE SENSING ANALYSIS

A dig i tal ter rain model (DTM) based on la ser air borne scan -
ning with a res o lu tion (pixel size) of 0.5 x 0.5 m was ana lysed
us ing var i ous geoprocessing tech niques. Pa ram e ters af fect ing
the clar ity and read abil ity of the dig i tal model were ad justed;
these in cluded col our scale, con trast and con tours. GIS-based
fea tures – maps of slope (gra di ent of max i mum changes in
z-value), a shaded re lief map and a set of multi-tem po ral dig i tal
ter rain mod els from ras ter sur faces were cre ated. These fea -
tures were later used for mor pho log i cal anal y sis in clud ing gen -
eral de lim i ta tion of the main mor pho log i cal pat terns (edge and
foot of the cliff, bound aries of land slides, dune edges, de pres -
sions be tween dunes, etc.). The source of the DTMs was the
Mar i time Of fice in Gdynia where 8 points/m2 were scanned in a
LIDAR sur vey. A sec ond source was the IT sys tem of the Coun -
try’s Pro tec tion Against Ex treme Haz ards (ISOK) where 4
points/m2 were scanned.

The spa tial anal y ses were also made with the use of the
old est avail able car to graphic ma te ri als – Ger man top o graphic
maps at 1:25,000 scale, drawn ap prox i mately at be gin ning of
the 20th cen tury – Messtischblatter: 135-Wittenberg (1875),
136-Dembek (1875), 137-Ostrau (1875); 138-Rixhof (1908).
These maps served as the old est avail able re li able com par a -
tive ma te rial to study coast line changes.

FIELDWORK

Field work was con ducted to re fine in ter pre ta tion of the geo -
log i cal struc ture. Car to graphic field work (geo log i cal, hydro geolo -
gical and land slide map ping) is cru cial for ver i fi ca tion of in di rect
anal y sis (i.e. re mote sens ing). Field work en abled ver i fi ca tion of
land slide bound aries in ter preted from maps and dig i tal mod els
as well as as sess ment of the state of the coast, in clud ing ex ist ing
forms of shore pro tec tion. Prep a ra tion of ac cu rate geo log i cal
maps en ables link ing of the geo log i cal struc ture of the ana lysed
coast with its sus cep ti bil ity to var i ous geohazards. The field work
in cluded drill ing 71 bore holes 15 to 25 m deep, and 26 km of
elec tri cal re sis tiv ity pro fil ing for in ter po la tion be tween the bore -
holes. This al lowed definintion of the geo log i cally and mor pho -
log i cally sig nif i cant bound aries of the coastal area. The area in -
ves ti gated was geo log i cally mapped at scale 1:10,000.

HYDROGEOLOGICAL MAPPING

Hydrogeological anal y sis con cerned the oc cur rence and
cir cu la tion of ground wa ter in the coastal zone and es tab lish ing
the re la tion ship of ground wa ter with sur face wa ters. The anal y -
sis in volved: col lect ing and ver i fy ing ar chi val data; field map ping 
to spa tially as sess hydrogeological and hy dro log i cal con di tions; 
de vel op ing an a lyt i cal and dig i tal mod els of the hydrogeological
con di tions. The pre dic tive hydrogeohazard model was de vel -
oped based on the oc cur rence of the first aqui fer, as sum ing a
1 m sea level rise.

ModFlow 2000 soft ware were used for the mod el ling. The
hydrogeological con di tions were schematized by means of LPF 
(Layer Prop erty Flow), and PCG2 (Pre con di tioned Con ju -
gate-Gra di ent) was used to ap prox i mate de riv a tives in the fi nite
dif fer ence method. The re search area was discretized with a
100 x 100 m grid, which gave 30,044 com pu ta tional blocks.

Due to the het er o ge neous rec og ni tion of hydrogeological
con di tions and the small amount of data on deeper aqui fers, a
model was de vel oped based on one model layer, which in -
cluded Pleis to cene and Ho lo cene units re main ing in hy drau lic
con tact with each other in most of the re search area. They con -
sti tute the main wa ter cir cu la tion sys tem, es pe cially in the
coastal zone. The bound aries of the model in the north ern and
east ern parts were based on the Bal tic Sea coast line, while the
south ern and west ern bound aries were de ter mined along se -
lected grid lines. A Con stant Head Bound ary (type I) was as -
signed for all bound aries. Ma jor ground wa ter in takes and the in -
fil tra tion sup ply were sim u lated us ing a Well Re charge con di -
tion (type II). Rivers and ma jor sec tions of drain age ditches
were de fined as a con di tion of type III (River). The value of lat -
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T a  b l e  1

Meth ods and anal y ses used to iden tify and de scribe the nat u ral pro cesses

Geohazard Method of geohazard eval u a tion

Re mote sens ing and
spa tial anal y ses

Field
works

Hydrogeological 
mod el ling

Off shore
sur vey

Lab o ra tory
anal y ses

Land slides x x    

Coastal  ero sion x x  x x

Sea bed ero sion – sand def i cit    x x

Dune break age and storm surges x x    

Hydrogeohazard x x x   



eral sup ply over the en tire area of the ground wa ter flow was es -
ti mated us ing an a lyt i cal meth ods be fore start ing the model cal -
cu la tions. This was im por tant for model ver i fi ca tion and cal i bra -
tion. The cor rect ness of the math e mat i cal model de vel oped
was also checked by com par ing the mea sured wa ter level and
course of con tour-lines shown in ar chi val ma te ri als with cal cu -
lated val ues, and by ana lys ing the wa ter cy cle bal ance and
com par ing mea sured in di vid ual com po nents (evap o ra tion, in fil -
tra tion, drain age, out flow to the sea, etc.) with the val ues cal cu -
lated dur ing the prep a ra tion of the con cep tual model.

OFFSHORE SURVEY

Bathymetric mea sure ments were car ried out us ing a
multi-beam so nar (Geoswath GS4+, Kongsberg – fre quency
ver sions: 500 kHz) and were com prised pro files par al lel and
per pen dic u lar to the shore line at in ter vals that en sured al most
full cov er age of the bot tom in the open sea zone.

The mea sure ments were car ried out from the deck of a mo -
tor boat in a wa ter depth range from 18 m to ~1.5 m. In the depth 
zone from 1.5 m to the shore (in prac tice to the el e va tion 0.5 m
a.s.l.) the sur vey was car ried out man u ally us ing a RTK-GPS
re ceiver.

A seismoacoustic sur vey us ing a sub-bot tom profiler
[Meridata High-deffinition SBP – chirp trans ducer (2–9 kHz)]
was car ried out in pro files per pen dic u lar to the shore with pro -
files spaced 250 m apart, and 3 pro file strings par al lel to the
shore. The seismoacoustic pro fil ing con strained the geo log i cal
struc ture of the area to a depth of ~20 m be low sea bed. These
mea sure ments were car ried out to a depth of ~4 m, in part to
es ti mate the thick ness of ma rine sand. 

A so nar mo saic was also made, with pro fil ing along on the
same lines as the seismoacoustic sur vey, us ing a S-150
Sonartech side scan so nar. The fre quency for the so nar sur vey
was set to 400 kHz and the max i mum range for 140 m. This
brought in for ma tion on the na ture of the bot tom sur face and
con strained the bound aries of the ma rine sand cover. 

Col lec tion of sed i ment cores us ing a vibrocore sys tem
(VKG-03/04)  com ple mented the geo phys i cal data. 150 sed i -
ment cores each ~3 m long and 150 sea bed sed i ment sam ples
were col lected. 

All bathymetric data was post-pro cessed to cre ate a dig i tal
ter rain model (DTM) with a res o lu tion of 5 x 5 m and from this a
bathymetric map was made. The so nar data was as sem bled
into a mo saic.

Geo detic mea sure ments re lated to the ma rine sur vey were
made in the Pol ish co or di nate sys tem Pl-1992 (EPSG 2180). A
nav i ga tion sys tem with a po si tion mea sure ment ac cu racy
better than 0.5 m was used.

LABORATORY ANALYSIS

In the lab o ra tory, the cores and sur face sed i ment sam ples
were mac ro scop i cally de scribed, and sam ples were taken from
each layer based on mac ro scop i cally vis i ble dif fer ences in grain 
size dis tri bu tion.

GRAIN SIZE ANALYSIS

To de ter mine the grain size dis tri bu tion of the sed i ments,
the Udden-Wen tworth scale (Wen tworth, 1922), mod i fied by
the Pol ish Geo log i cal Sur vey, was used. This scale dis tin -
guishes 5 ba sic classes: <0.0039 mm (>8 F) clay, 0.0625–

0.0039 mm (4–8 F) silt, 2–0.0625 mm (–1–4 F) sand, 64–2 mm 
(–6– –1 F) gravel, >64 (<–6  F) mm boul der.

Grain size anal y sis was by siev ing method or by la ser dif -
frac tion, de pend ing on mac ro scopic es ti mate of grain size. With 
a pre dom i nance of grains >0.063 mm in di am e ter, siev ing was
used, while finer sam ples (and the fines com po nent of
sand-dom i nated sam ples) were ana lysed by la ser. 

Where sed i ment ag gre gates were ob served, the sed i ment
was washed through a sieve of a 0.063 mm mesh di am e ter, fol -
lowed by dry siev ing and la ser anal y sis of any fines.

MEASUREMENT OF 137Cs ACTIVITY

Mea sure ments of 137Cs ac tiv ity in the cores al lows es ti ma tion 
of the thick ness of the pres ent-day mo bile layer of sed i ments,
trans ported by cur rents and waves dur ing storms. Cae sium 137
is an ar ti fi cial radionuclide, which en tered the en vi ron ment af ter
1945 as a re sult of nu clear weap ons test ing and ac ci dents at nu -
clear power plants. Its pres ence in de pos its shows the thick ness
of the layer that has un der gone redeposition dur ing the last few
de cades (Uœcinowicz et al., 2014; Bunke et al., 2019). 

Mea sure ments of 137Cs ac tiv ity were car ried out at the In sti -
tute of Phys ics of the Silesian Uni ver sity of Tech nol ogy in
Gliwice. The Cae sium 137 ac tiv ity was mea sured in 30 sam ples 
from 4 cores, by means of gamma-ray spec trom e try. All sam -
ples were first dried at 60°C un til their mass was con stant. Af ter -
wards sam ples were care fully mixed and ho mogen ised and
placed in 0.65 dm3 Marinelli beak ers closed tightly. The 137Cs
iso tope ac tiv ity was mea sured on the ba sis of a 661.7 keV
gamma peak. The de tec tion limit was equal to 0.5 Bq/kg. The
ref er ence IAEA-375 (dis trib uted by the Lab o ra tory of Seibers -
dorf IAEA, Vi enna, Aus tria) was used as a stan dard for 137Cs
ac tiv ity. Fi nally, the 137Cs ac tiv i ties in the sam ples were de -
cay-cor rected to the date of sam pling and the re sult was ex -
pressed in Bq/kg.

RESULTS

LANDSLIDES

The most ob vi ous nat u ral threat in the area un der dis cus -
sion con cerns var i ous mass wast ing pro cesses, ob served over
the en tire, 9 km cliff sec tion. The sur vey doc u mented con tin u -
ous mass move ments at dif fer ent scales — from sim ple to ge -
net i cally and mor pho log i cally com plex forms. The landsliding is
re pet i tive in re la tion to scale. At the west ern end of the area,
there are al ter nat ing zones of in creased land slide vul ner a bil ity
and zones with lower land slide po ten tial. The ex act num ber of
land slides var ies, within the dy namic sys tem of the coastal
zone. Ad ja cent land slides can merge as a re sult of slope pro -
cesses, and smaller forms can be formed within larger ones.
One may thus talk about landsliding zones, or a con tin u ous oc -
cur rence of var i ous mass wast ing move ments through out the
en tire cliff sec tion. The ob ser va tions made are the re sult of on -
go ing work (Uœcinowicz et al., 2014, 2017; Lidzbarski and
Tarnawska, 2015; Uœcinowicz and Szarafin, 2018).

The most ac tive and dev as tat ing land slide, lo cated in the
west ern most part of the up land (134.25–134.50 km), has been
re shaped and cov ered with a heavy hydrotechnical con struc -
tion which is 235 m long and nearly 30 m high. The con struc tion
con sists of four lev els/steps se cured on the outer side by blocks 
of rock which are en hanced with a steel mesh. In the ad ja cent
land slide to the east. the slope has been re duced and the foot of 
the cliff is pro tected with a seawall (Fig. 3). Nev er the less, even
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these mea sures did not stop the mass move ments, which sub -
se quently be came re ac ti vated (Fig. 4).

Land slides are lo cated over 5.2 km of the 9 km coastal sec -
tion, which cor re sponds to 69% of the up land’s edge. Some of
these, es pe cially in the area of Jastrzêbia Góra and Rozewie
(be tween 130 and 135 km), di rectly threaten ur ban (Fig. 5) and
nav i ga tion in fra struc ture.

COASTAL EROSION

Com par i son of the old est avail able and re li able top o graphic
maps and mod ern dig i tal ter rain mod els re veals ar eas of sig nif i -
cant coastal ero sion. Such ar eas can be found in the vi cin ity of
Ch³apowo (127.0–130.5 km) be tween Jastrzêbia Góra and
Karwia (135.0–138.5 km), the vil lages of Karwia and Dêbki
(144.0–145.5 km of coast line) (Fig. 6) and in the vi cin ity of
Lubiatowo (163.0 km). The first of these is as so ci ated with a cliff 
sec tion while the rest are linked with a bar rier type coast. The to -
tal shore line dis place ment in the area of Ch³apowo is up to
70 m, while the area Jastrzêbia Góra–Karwia re veals that the
shore line has shifted land ward by 125–150 m. A sim i lar sit u a -
tion is vis i ble in the other ar eas i.e., Karwia–Dêbki – up to 125 m 
and Lubiatowo – up to 75 m. This shows that bar ri ers here are
much more prone to ero sion than cliffs. 

22.5 km of coast line is un der ero sion, 59% of the area
stud ied. 

SEABED EROSION – SAND DEFICIT

Coastal ero sion is closely re lated to the pro cesses oc cur ring
at the sea floor, es pe cially in the shal low wa ter area, where the
un der wa ter slope in the area dis cussed has a slope rarely ex -
ceed ing 2°. In the vi cin ity of Jastrzêbia Góra the layer of ma rine
sands lies on an ero sion sur face of the Pleis to cene and Neo -
gene/Paleogene de pos its. This layer is dis con tin u ous and its
thick ness ranges from a few centi metres to 5 m. The thin nest
cover com prises re sid ual coarse-grained de pos its with nu mer -
ous boul ders. In these ar eas there is in suf fi cient sand to en hance  
the sea shore. For the pur pose of this study, a thick ness of 2 m
was as sumed as a min i mum value with re spect to haz ard. This
value is con sis tent with the re sults ob tained of 137Cs anal y ses, re -
flect ing the mo bil ity of the sand layer (Uœcinowicz et al., 2014).
The 137Cs ac tiv ity in the sam ples was low, rang ing from con cen -
tra tions be low de tec tion lim its in the low er most sam ples (in the
range of 1.2–2.0 m b.s.b.) to 4.19 ±0.21 Bq/kg in the sur face part
of the cores. This means that in the study area a layer of sand at
least 2 m thick can be mixed or moved. If a 2 m layer of sand is
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Fig. 3. Re claimed and partly re ac ti vated land slide 
at the Jastrzêbia Góra re sort (phot. M. Olkowicz) 

Fig. 4. Pro tec tive con struc tion fail ure (phot. G. Uœcinowicz)

Fig. 5. Land slides on a slope map in the vi cin ity of threat ened in fra struc ture



dis placed, the older sub strate (Pleis to cene and/or Neo gene) is
hence pe ri od i cally ex posed and more in tensely eroded. The lack
of a ma rine sand cover on the sea bed fa cil i tates the ero sion of
the sub strate and may cause a lack of sand bars, which has tens
the ero sion of the sea shore.

Def i cit zones are places of in creased ero sion of the sea bed
and the ad ja cent coast. A good ex am ple of this sit u a tion is the
re gion of Jastrzêbia Góra and Karwia, where both the cliff sec -
tion (Fig. 7) and the bar rier is eroded. The bar rier type coast is
much more vul ner a ble to ma rine ero sion than are cliffs, which is 
why the ob served shore line re treat is much larger and better
vis i ble there. This, in turn, cre ates pres sure to use fur ther forms
of coastal pro tec tion that raises new prob lems (Fig. 8).

The larg est sand def i cit ar eas ad ja cent to the shore are lo -
cated in sec tions be tween 128.5–129.5 km; 133.0–134.5 km;
137.5–140.0 km; 145 km; 150.0–152.0 km; 157.0–158.5 km;
and 161.5–163.0 km. The to tal area of def i cit iden ti fied is
33.2 km2. This area is bounded by the shore line and the bound -
aries of the study area (2 km off shore).

DUNE BREAKAGE AND STORM 
SURGE OVERFLOWS

Flood ing of low-ly ing ar eas is an other po ten tial nat u ral haz -
ard in the area. One source of flood ing is storm surges caus ing

Grzegorz Uœcinowicz et al. / Geological Quarterly, 2021, 65: 5 7

Fig. 6. Area of in tense ma rine ero sion (vi cin ity of the 145 km of Pol ish coast line)

Source of DTM – ISOK

Fig. 7. Sand def i cit in front of a set of com plex land slides

Source of bathymetry – Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute, source of DTM – ISOK



dune break age. The bar rier part of the coast be tween 135 and
143.5 km is the most ex posed to this type of threat. Places of
de fla tion de pres sion as well as hu man-made pas sages across
the dunes are the most li a ble to breaks (Fig. 9). Such a pro cess
con cerns the ex tremely low and nar row bar rier in the area of
Karwia, where the dunes do not ex ceed 5 m in height and
where the in flow of sea wa ter en coun ters lit tle ob sta cle. This sit -
u a tion has changed sig nif i cantly as a re sult of ma jor coastal
pro tec tive work. A flood em bank ment and seawall have been
raised in the vi cin ity of Karwia and Dêbki. These con struc tions
ex tend be tween 135 and 143.5 km of coast. 

A sec ond source of flood ing is the po ten tial in flow of sea wa -
ter through river out lets: of the Piaœnica, Czarna Woda and
other mi nor streams and rivers. Due to storm waves, river flow
near the out let can be stopped or even turned back to the land,
caus ing flood ing. This phe nom e non may be com bined with a
tem po rary rise of the ground wa ter ta ble flow ing to wards the
drain age base, which is the sea, rivers and lo cal streams.

In the area dis cussed, the land most ex posed to flood ing
does not ex ceed 1 m a.s.l. Anthropogenic fac tors as so ci ated
with land de vel op ment (e.g., ne glect of drain age ditches) pre -
dis pose an area to this type of threat.

HYDROGEOHAZARD

Sea level rise can also par tic u larly af fect aqui fers, es pe cially
their dy nam ics. A model as sum ing an in crease of sea level of
1 m, as widely pre dicted, was adopted for sim u la tion. Var i ous
sce nar ios have been made for the south ern Bal tic, pro ject ing an
in crease in sea level by 2100 from ~0.5 m to >1 m (Meier et al.,
2004; Staud et al., 2006). The worst-case sce nario as sum ing an
in crease of 1 m has been adopted in this pa per. This sce nario,
ana lys ing the change in hy dro dy namic con di tions with drain age
base lev elled to 1 m a.s.l. showed far-reach ing changes not only
in ground wa ter dy nam ics, but also in the hy dro graphic sys tem.
De pend ing on the pa ram e ters of the aqui fer sys tem and its dis -
tance from the Bal tic Sea, which is the main drain age base, the
ground wa ter level will rise. As a con se quence, sig nif i cant
floodplains are pro jected to oc cur in the river val leys and coastal
low-ly ing ar eas, and some ar eas will be per ma nently flooded with 
ground wa ter (Fig. 10). Given these as sump tions, an area of
27.4 km2 may be flooded, which is 37% of the area in ves ti gated. 

In creas ing the drain age base level in the low land will re duce 
the amount of wa ter in volved in cir cu la tion by ~15%. By con trast 
the in ten sity of out flow from the up lands into the Bal tic Sea will
in crease. Con se quently, ground wa ter out flows at the cliff foot
and in the col lu vium of land slides should also be ex pected to in -
crease by ~10%. 

EARTHQUAKES?

Brief men tion of the pos si ble im pact of an earth quake on
this coastal sec tion has been made (Uœcinowicz et al., 2019),
and is rel e vant to the po ten tial geohazards of the re gion. 

The southern Bal tic re gion is tra di tion ally re garded as
aseismic. How ever, the oc cur rence, on Sep tem ber 21, 2004, of
a se ries of trem ors of mag ni tude 4.7–5.2 in the Kaliningrad re -
gion (Wiejacz, 2006; Assinovskaya and Ovsov, 2008) means
that this type of po ten tial threat ex ists. 

It may be linked to an event that in flu enced the coast in the
vi cin ity of the Rozewie head land. The Rozewie cliff by the be -
gin ning of the 20th cen tury was pro tected by sev eral types of
pro tec tive con struc tion and since then was con sid ered in ac -
tive. Mass move ments were un ex pect edly ac ti vated in April
2005 af ter ~100 years of sta bil ity. The event in 2005 re sulted
in dam age to the seawall at the base of the cliff. This re newal
of land slides took place 6 months af ter the earth quake in the
Kaliningrad re gion, which may have weak ened the struc ture
and sta bil ity of the slope. Rain fall in au tumn 2004 and frost in
the win ter of 2004/2005 as well as the snow melt and spring
pre cip i ta tion might have caused fur ther dis tur bance.

Sum ma ries of these nat u ral haz ards are shown in Ta ble 2
and Fig ure 11.

GEOHAZARD ASSESSMENT

To as sess the im por tance (“weight”) of each phe nom e non
some fun da men tal ques tions should be an swered. Is the phe -
nom e non real or hy po thet i cal? Did the phe nom e non oc cur in
the last 20 years? Is the phe nom e non per ma nent or in ci den tal?
Did the phe nom e non cause ma te rial dam age? Have at tempts
been made to pre vent the phe nom e non? In an swer ing these
ques tions, we are able to nat u rally rank the phe nom ena de -
scribed above (Table 3). An swers to each ques tion can be
ranked from 1 to 0 points, and over all as sess ment can dem on -
strate whether the threat dis cussed may be con sid ered as of
high, mod er ate or low im por tance.
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Fig. 8. Lack of beach in front of a seawall

Fig. 9. Dune gap – a pas sage way for sea wa ter

Photo taken on a bar rier type coast (phot. G. Uœcinowicz)



DISCUSSION

In ter ac tion of the nat u ral haz ards iden ti fied plays an im por -
tant role, gen er ally mak ing them more se ri ous. In ten si fied ma -
rine ero sion in ar eas of a def i cit of sand on the beach and off -
shore pro vides a good ex am ple. This is sue is not lim ited to the
south ern Bal tic cliff coast, where these re la tions have been re -
corded (Uœcinowicz et al., 2019), but also in re la tion to other
coasts (Lee, 2008; Orviku et al., 2013; Earlie et al., 2018). In
such in stances a suf fi ciently thick layer of sand on the sea bed is 
of fun da men tal im por tance for lim it ing ero sion pro cesses.

How ever, not all coast sec tions are eroded, ero sional zones 
be ing sep a rated by ac cu mu la tive sec tions (Furmañczyk and
Musielak, 2002; Uœcinowicz and Szarafin, 2018). The re la tion -
ships be tween these sec tions, their sta bil ity or mo bil ity, is only
partly in ves ti gated and un der stood (Furmañczyk and Musielak,
1999, 2002).

This is the case to as re gards a po ten tial in crease in
ground wa ter level (hydrogeohazard), where the drain age base

on the up land will be raised caus ing in creased wa ter out flow
through the cliffs. As a re sult the rate of mass-wast ing pro -
cesses will in crease. Mean while, the bar rier-type coast will be
ex posed to de struc tive pro cesses from two di rec tions: in -
creased ma rine ero sion from the north and ero sion of dunes
from the south, where ar eas of per ma nent floodplain will be
greater. The risk of in gress of salt wa ter into aqui fers and lo cal
ground wa ter in takes lo cated near the coastal zone will also
prob a bly in crease.

And fi nally, there is the po ten tial for earth quakes. Earth -
quakes oc cur ring in the past in the area of the Bal tic Sea were
caused by glacioisostatic move ments (Mörner, 2004) and had
sig nif i cant mag ni tude. Now a days, the Bal tic Sea re gion is con -
sid ered as a low-seis mic ity area. Nev er the less, earth quakes
have oc curred to a lesser ex tent in mod ern times with epi -
centres in the Kaliningrad and Tallinn re gions (Assinovskaya
and Ovsov, 2008; Spiridonov et al., 2011). Re oc cur rence of this 
type of event can not be ex cluded, with im pacts on the coastal
zone that may in clude the re newal of mass move ments. Such
sit u a tion has been re ported from Alaska (Miller, 1960; Hansen,
1965) and from New Zea land (Lari et al., 2014).

The great ma jor ity of anal y ses in this study were based on
con tem po rary work, the use of ar chi val ma te ri als posed some
meth od olog i cal dif fi cul ties. Old top o graphic maps dat ing from
the end of the 19th and the be gin ning of the 20th cen tury were
used to ana lyse coast line changes by com par i son with the lat -
est dig i tal ter rain mod els. To what ex tent are such maps are a
use ful and re li able source of in for ma tion? These old Ger man
maps (Messtischblatt) in scale 1:25,000 are char ac ter ized by
high level of de tails and ac cu racy by com par i son with mod ern
maps (Deng et al., 2017), and so pro vide re li able in for ma tion
con cern ing the coastal to pog ra phy at the be gin ning of the 20th
cen tury, to help de ter mine the gen eral evo lu tion of the study
area.
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Fig. 10. Fore cast of area threat ened by floods as a re sult of ground wa ter level rise

Source of DTM – ISOK

T a  b l e  2

A quan ti ta tive sum mary of the threats de scribed 

Geohazard
Units

Length [km] %

Coast line un der ero sion 22.5 59

Land slide cov er age of the cliff coast 5.2 69

 Area [km2] %

Ar eas of sand def i cit 33.2 43

Ar eas potentialy threat ened by flood 27.4 37



CONCLUSIONS

The nat u ral haz ards ana lysed in this study al lowed the fol -
low ing con clu sions:

– Land slides can be ob served over the en tire, 9 km cliff sec -
tion. As a steep cliff coast is highly dy namic, it is most rea son -
able to talk about landsliding zones or of the con tin u ous oc cur -
rence of var i ous mass wast ing move ments through out the en -
tire cliff sec tion.

– Sig nif i cant sec tions of the stud ied coast line (22.5 km in to -
tal) are un der go ing coastal ero sion. The eroded sec tions are

re lated to off shore ar eas where sand def i cit has been rec og -
nized. This phe nom e non should be stud ied fur ther in re la tion to
ac cu mu la tion/ero sion changes along the coast line.

– Sea bed ero sion (sand def i cit) can be ob served over a sig -
nif i cant part (~ 33 km2) of the area stud ied and should be per -
ceived as sig nif i cantly in flu enc ing the whole coastal zone (both
cliff and bar rier).

– Dune break age and storm surges are most likely in places 
of de fla tion de pres sion, river out lets as well as ar ti fi cial paths
cre ated by man. This pro cess most con cerns the ex tremely low
and nar row bar rier sec tions, where the in flow of sea wa ter en -
coun ters only a slight ob sta cle.
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Fig. 11. Sum mary pic ture of the nat u ral geo log i cal haz ards iden ti fied



– Hydrogeohazard – as out flow of ground wa ter at the cliff
and in the col lu vium be comes more in tense, the risk of ma rine
ero sion will in crease, and the rate of ero sion and mass move -
ments will be much higher. The bar rier coast will be ex posed to
de struc tive pro cesses from two di rec tions: in creased abra sion
from the sea and ero sion of dunes from the south, where a per -
ma nent floodplain may oc cur.

– The area of in ves ti ga tion is tra di tion ally con sid ered as a
low-seis mic ity zone, but the oc cur rence of earth quakes that
may in flu ence the coastal zone can not be com pletely ex cluded
(as with the earth quake of Sep tem ber 2004).

– In ter ac tions be tween dif fer ent types of nat u ral haz ards
may ex ac er bate the prob lem. The re la tion ships be tween these
pro cesses, their con nec tions and im pacts are not fully un der -
stood and should be the sub ject of fur ther re search.

– Even in lo ca tions where the level of haz ard is po ten tially
low (i.e. a non-tidal sea, with low seis mic ity) some se ri ous
threats can be iden ti fied and thus their so cio eco nomic im pact
should be also taken into con sid er ation dur ing spa tial plan ning
and the prep a ra tion of ad ap ta tion and risk re duc tion strat e gies.
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