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The study was car ried out in the wall of a cliff that formed as a re sult of ero sional cut ting in the west ern fore land of a mo raine
landform from the Pom er a nian and Gardno phases (Up per Plenivistulian, Rowy–Ustka clifs; north ern Po land). In di vid ual
lithostratigraphic units have been doc u mented: glaciofluvial delta de pos its, Podd¹bie Till, lac us trine-gla cial Wytowno For -
ma tion (con sist ing of three fa cies: deltaic, lower diamicton, and up per diamicton), lac us trine de pos its of the Orzechowo For -
ma tion with a thick peat layer, and ae olian se ries at the cliff crest. The Wytowno For ma tion de pos its in clude the fol low ing
lithologies: me dium-grained sands, fine-grained sands, muddy sands, muds, silty clays, clays, varved clays, fine-grained
multi-frac tion de pos its, and tills (Dêbina Till). Very high in cli na tion of the strata is the re sult of glaciodynamic de for ma tion.
The de pos its were ac cu mu lated in a proglacial lake. They are char ac ter ized by mud and clay as well as sand and
sand-muddy lithofacies. The vast ness of the wa ter body is ev i denced by a con sid er able size of the delta, and by mas sive
struc tures of the clay lay ers.
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INTRODUCTION

An im por tant place in the land scape of the
geomorphologically vari able coastal zone of the Bal tic Sea is
oc cu pied by the mag nif i cent cliffs ex tend ing be tween Dêbina
and Podd¹bie, which are part of the Rowy–Ustka cliffs, and are
among Po land’s coasts most af fected by sea ac tion. The in land 
coastal zone be tween Dêbina and Ustka is in ter est ing in terms
of its ge ol ogy and geo mor phol ogy. It is an area where the coast
rep re sented by the Pleis to cene pla teau edge meets the Ho lo -
cene spit-dune coast. A num ber of geodynamic pro cesses take
place in this area, trig gered by sea-wa ters, ground and sur face
wa ters, and un sta ble shore line con di tions. The sec tion of the
cliff un der study is a nat u ral landform, highly di verse, and free of 
any man-made hy drau lic struc tures. The cliff is sit u ated be -
tween 16°59’30”E and 17°00’00”E, and be tween 54°38’00”N
and 54°38’15”N, along the kilo metres 222.5–227.0 of coastal
chain age (Fig. 1).

The cliff sec tions are lo cated along the axis of a mo raine of
the Gardno Phase, and on the mo raine pla teau in its west ern

fore land. The re search, in clud ing de scrip tion of sites 1–13, was
car ried out be tween 225.5–227.0 km (Fig. 2), and de tailed anal -
y sis was con ducted in three ex po sures in the cliff wall be tween
222.5–223 km (Fig. 3).

A thor ough in ven tory of the lithologically highly vari able
Pleis to cene de pos its, ex posed in the cliff walls over a dis tance
of 1.5 km along the Pol ish coast, has al lowed iden ti fi ca tion of
gla cial and inter gla cial se ries of var i ous ages, which en abled
up dat ing the strati graphic scheme of the up per Pleis to cene for
the mid dle coast of the Bal tic Sea. The main goal of the study
was es tab lish ing the con di tions and depositional en vi ron ment,
based on lithostratigraphic and lithofacies char ac ter is tics of the
sed i ments that have never been char ac ter ized in any other sci -
en tific re ports. These were the ba sis for iden ti fi ca tion of the or i -
gin and stra tig ra phy of the de pos its in ter preted so far as
glacigenic and rep re sent ing the LGM (Last Gla cial Max i mum).
In ad di tion, the pa per pro vides more com pre hen sive in ter pre ta -
tion of de pos its ac cu mu lated dur ing inter gla cial pe ri ods and
out lined in pre vi ous stud ies.

GEOLOGICAL SETTING

In re gional ge ol ogy terms, the study area is lo cated in the
£eba El e va tion, which is a prom i nent struc tural-tec tonic unit in -
cluded in the south ern flank of the Bal tic Shield (Mojski et al.,
1978). The base-Qua ter nary sur face re lief is highly vari able be -
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cause the sub-Qua ter nary base ment was af fected by ero sion of 
melt wa ters, gla cial exaration pro cesses, and glaciotectonic
pro cesses. The thick ness of the Qua ter nary de pos its var ies
from ~40 m in Ustka to 130 m east of the £upawa River mouth
(Tomczak, 1995).

Im por tant el e ments of the cliffed coast be tween Dêbina and
Ustka are flow tills and glaciolimnic de pos its ac cu mu lated dur -
ing the late Vistulian. The pat tern of strata is highly com plex in
many ar eas, lo cally in de ci pher able. Their east ern out crops are
fre quently cov ered with col lu vial de pos its of vari able thick ness,
which is an ad di tional ob sta cle for geo log i cal map ping
(Dobrzyñski, 1996).

The stud ies of Petelski (1975, 1976, 1985, 1998, 2011),
Subotowicz (1982), Dziedzic (1990), Racinowski et al. (1992,
1993a, b), Dobrzyñski (1994, 1996), Dziedzic et al. (1994),
Krzyszkowski et al. (1998), Jasiewicz (1998, 1999, 2001a, b,
2005, 2007) and Jasiewicz et al. (2005) have shown vari abil ity
of the geo log i cal struc ture of the area, and al lowed sub di vid ing
the coastal zone into in di vid ual sec tions, pro vid ing de tails to the
cur rent knowl edge.

The whole cliffed coast be tween Dêbina and Ustka is di -
vided into two parts with re spect to the geo log i cal struc ture. Its
east ern part, be tween Dêbina and Orzechowo
(221.200–228.600 km chain age), in cludes the cliffed shore line
cut ting an end mo raine of the Gardno ice sheet lobe. The west -
ern part, be tween Orzechowo and Ustka (228.600–231.300 km  

chain age), ex poses thin Pleis to cene de pos its capped by
dunes. The top of the Pleis to cene de scends west wards
(Petelski, 1975, 1976).

In the east ern re gion, from Dêbina to Podd¹bie, two till
beds, glaciolimnic silty-clay de pos its with  glaciofluvial
sand-grav elly ma te rial, are ex posed. The lower bed is rep re -
sented by highly com pact gla cial till, brown ish in col our, with nu -
mer ous boul ders up to 0.7 m across. This till pre dates the
Gardno Phase. At the top, it is trun cated by the other till bed as -
so ci ated with the ad vanc ing Gardno Phase ice sheet. This bed
is rep re sented by brown sandy till that lo cally con tains interbeds 
of loamy sands and grav els (Petelski, 1975). In the ex posed cliff 
slope, both till beds dip eastwards.

The brown till is sep a rated from the brown ish till by a zone of 
glaciodynamic de for ma tion and glaciofluvial sands (Petelski,
1976, 1985; Jasiewicz, 1998, 2001a, 2005, 2007; Jasiewicz et
al., 2005). The glaciodynamic dis tur bance and de for ma tions
de vel oped at the con tact be tween the bed rock and the ice
sheet base. Deformational struc tures found at the base of the
brown till are a good in di ca tor of ice sheet move ment di rec tion.
The thick ness of the glaciodynamic de for ma tion zone ranges
from 1 to 8 m. It con sists of two, lo cally three de formed till beds
sep a rated by muds and var i ously grained, coarse and fine
sands. The muds of the glaciodynamic de for ma tion zone re veal 
diapiric and fold struc tures (Petelski, 1975, 1998; Jasiewicz,
1998, 2001a, 2005, 2007).

Stratigraphic position and sedimentary environment of Late Pleistocene deposits along the cliffed coast... 49

Fig. 1. Location of the study area
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The lithostratigraphy of the Gardno end mo raine struc ture in -
cludes five till lev els named: Stojcino Till, Podd¹bie Till, Dêbina Till
– up per and lower mem ber, and Gardno till (Jasiewicz et al.,
2005).

The first one, Stojcino Till, was iden ti fied in four po si tions: as 
the base ment of the ice-dammed lake sed i ments as so ci ated
with the re ces sion of Warta Gla ci ation or trans gres sion of  the
Leszno–Pom er a nian Phase of the Vistulian Gla ci ation; be low
sed i ments of the Gardno Phase ice-dammed lake
(Czerniawska, 2004; Jasiewicz et al., 2005); be low sed i ments
of the £upawa River, and un der the Podd¹bie Till. The till top oc -
curs at a depth of 4.0 m a.s.l. up to 16 m b.s.l. The K/W
petrographic co ef fi cient value of, rang ing from 0.89 to 1.26, al -
lows cor re lat ing the till with the Warta Gla ci ation.

Podd¹bie Till was found in cliff ex po sures in Dêbina and in
older (Warta Gla ci ation) ice-dammed lake sed i ments
(Jasiewicz et al., 2005) in the £upawa River val ley. It oc curs as
a basal till as well as a flow till de pos ited within the ice-dammed
lake, de rived from mud flats from the lake em bank ment and up -
land edges. The basal till, oc cur ring as the sub strate of
ice-dammed lake sed i ments, was found at a depth of 12 m a.s.l. 
up to 11 m b.s.l. In cliff ex po sures, the Podd¹bie Till is
glaciotectonically piled up. The K/W petrographic co ef fi cient
val ues, rang ing from 0.55 to 0.85, cor re late with the basal till
iden ti fied with the Leszczo–Pom er a nian Phase of Vistulian Gla -
ci ation (Krzyszkowski et al., 1998).

The up per and lower mem bers of the Dêbina Till were rec -
og nized only in cliff ex po sures in Dêbina and Podd¹bie. The
lower mem ber is a flow till de pos ited in aquatic con di tions.
Gravel frac tions are char ac ter ized by a high con tent of chalk, up 
to 30% of the to tal sam ple. The up per mem ber is a melt-out till.
Its petrographic com po si tion of gravel frac tions is char ac ter ized
by a bal ance be tween crys tal line rocks and car bon ates, orig i -
nat ing from the Bal tic ba sin. Both till lev els are cor re lated with
deglaciation stages of the Pom er a nian Phase ice sheet
(Jasiewicz, 2005).

The Gardno till is vis i ble in a cross-sec tion through the
Gardno end mo raine and dis cor dantly cov ers a gla cial de for ma -
tion zone. In the cliff ex po sure, the till reaches a thick ness of
sev eral tens of cm up to 2 m. De spite the com plete ab sence of
car bon ates, its petrographic dis tinct ness in the 5–10 mm frac -
tion is un der lined by the very high con tent of al ka line gran ites
(Jasiewicz et al., 2005).

MATERIAL AND METHODS

The study of the cliff in cluded geo log i cal map ping of the ex -
ist ing and self-made ex po sures. Three in ves ti gated pro files
were ana lysed in de tail (Fig. 3). Each mapped sed i ment layer
was thor oughly de scribed, in clud ing data on trans port di rec -
tions re corded in rip ple marks, and on the di rec tion and dip of
clay and mud lay ers. Mea sure ments of the ori en ta tion of long
axes of clasts in the till were made us ing a geo log i cal com pass.
The fi nal ef fect of the geo log i cal map ping is a clas si fi ca tion of
the in di vid ual lay ers of de pos its by us ing a lithofacies cod ing
sys tem (Krzyszkowski, 1993, 1996; Miall, 1996; Dobracki and
Krzyszkowski, 1997; Zieliñski and Pisarska-Jamro¿y, 2012).
The li thol ogy is pre sented in a mode pro posed by Rutkowski
(1995), in clud ing the max i mum grain size.

A num ber of lith o logic types, which were iden ti fied in the ex -
po sures, were de fined, and a to tal num ber of 19 sam ples were
col lected from the most typ i cal lay ers. Re sults ob tained from
weath ered till, flow-till or non-in-situ till have been re jected.
Petrographic anal y sis of the gravel frac tion 5–10 mm was per -
formed in or der to de ter mine petrographic co ef fi cients which
are the ba sic tool for the dis tinc tion of lithostratigraphic units on

the DGMP 1:50,000. The re sults ob tained from tills, which were
de ter mined to be weath ered, flow or not pres ent in situ, were re -
jected as not ac cu rate for the cor rect cal cu la tion of av er age
O/K-W/A/B petrographic co ef fi cients and the de ter mi na tion of
lo cal lithotypes of gla cial tills (Lisicki, 2000). The de pos its were
then sub jected to grain-size anal y sis us ing a set of sieves with
mesh di am e ters of 1.0, 0.5, 0.25, 0.1 and 0.05 mm, and to
aerometric anal y sis. The re sults of both anal y ses were com -
bined us ing a method pro vided by Mycielska-Dowgia³³o (1995).
The ma te ri als in clude also the re sults of mea sure ments of
trans port di rec tions in the rip ple-mark struc tures, the di rec tion
and an gle of dip of beds, ra dio car bon dates as well as
palynological and mol lusc anal y sis.

RESULTS

RESEARCH SITES NEAR PODD¥BIE

In the Podd¹bie area, there are six in di vid ual lithostrati -
graphic units. The low er most layer is rep re sented by sands and 
clays of a glaciofluvial delta, which are over lain by the Podd¹bie 
Till, glaciolacustrine de pos its of the Wytowno For ma tion, and
lac us trine de pos its of the Orzechowo For ma tion with a thick
peat layer, and ae olian se ries at the cliff crest. 

Lower glaciodeltaic se ries and lower till. The
glaciodeltaic de pos its are found only in a lo cal an ti cli nal zone to
226 km (Fig. 1). The ex posed part of the de pos its, ap prox i -
mately 5–6 m thick, is com posed of fine sands, small-scale
cross-lam i nated sandy clays, and two lam i nated diamictons
with a thick ness of up to 2 m.

Podd¹bie Till. The Podd¹bie Till, 5–13 m thick, is found in
the lower part of the cliff (Figs. 2 and 4), ex cept in a small area at 
km 226. The top of the till is well ex posed and the de pos its com -
monly pass into glaciolacustrine clays. The till is very mas sive,
gla cial dis tur bances (Dmm), dark grey to black in col our.

The Podd¹bie Till was ex am ined at 15 sur vey points
(Figs. 2 and 5). The over all dis tinct ori en ta tion of the till in di -
cates gla cial palaeotransport from the NNE or NE. How ever,
the di rec tions are dif fer ent in some places, e.g. at points 7, 8
and 13, which are lo cated at the high est el e va tions, where the
palaeotransport is from the NNW or NW. At point 5, the mea -
sure ment re sults are scat tered.

Petrographic study of the de pos its was done at 18 sur vey
points. The till con tains 82–94% of Scan di na vian rocks and of
Bal tic prov e nance. In gen eral, the dom i nant rock type is lime -
stone, and the ra tio of crys tal line to car bon ate rocks (K/W) var -
ies from 0.32 to 0.88 (av er age 0.64), ex cept for two sam ples (8
and 11), where the K/W is 1.1 (Ta ble 1).

The con tent of dolomites and Scan di na vian sand stones
and quartzites (0.0–5.2%) is rel a tively low, and Pa leo zoic
shales are very rare (0.02%). More over, it seems that the
petrographic char ac ter is tics of grav els change to wards the up -
per part of the till. Its lower part is the rich est in lime stones (K/W
is ~0.6) which are less abun dant in the mid dle part (K/W is
~0.81). The up per most part of the till con tains a lit tle bit more
crys tal line rocks than lime stones (K/W is ~1.1).

The con tent of lo cal rocks ranges from 8 to 18%. The dom i -
nant el e ments are Me so zoic sand stones and milky quartz
grains. Mudstones and phosphosiderite con cre tions are less
fre quent. Cre ta ceous lime stones and marls are rare (Ta ble 1).

Wytowno For ma tion. The Wytowno For ma tion con sists of 
glaciolimnic de pos its im me di ately over ly ing the Podd¹bie Till,
rang ing in thick ness from 1 to 10 m along the sec tion of
225.5–227 km (Fig. 6). They can be sub di vided into three units:
deltaic, lower diamicton, and up per diamicton (Figs. 5 and 7).
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The deltaic lithofacies oc cur in the SW part of the cliff  (8,
3–5; Fig. 6). These are largely fine-grained sands or sandy
muds with cur rent rip ple-marks, or, rarely, lam i nated sands,
muds, varved clays and highly com pressed muds. Most prob a -
bly, they rep re sent the base ment of the lower part of a gently in -
clined slope of a proglacial lake ba sin.

The base of the lithofacies is rep re sented by three dif fer ent
till types. These are finely lam i nated clays and highly com -
pressed clays with dropstones. All these sed i ments were de -
pos ited in the dis tal part of the lake and are pres ent only at
some sites (12, 4A and 1B; Fig. 6). The other lower lithofacies
types are more com mon and rep re sent de pos its of rel a tively
shal low lake.

Diamictons have been found within the deltaic and basal
lithofacies. They form beds rang ing in thick ness from sev eral
milli metres to 0.5 m, are lat er ally dis con tin u ous, and ex tend
over dis tances of 50–100 m. Two diamicton types are iden ti fied: 
sandy (re sem bling the till from Podd¹bie) and clayey. Sandy
diamictons com monly oc cur in the up per part of limnoglacial
de pos its and show a sim i lar lithological and petrographic com -
po si tion to the Podd¹bie Till (Ta ble 1). Sam ple 16 co mes from
decalcified till and is en riched in re sis tant min er als. Clayey
diamictons con tain few clasts, but their gravel con tent is sim i lar
to that of the Podd¹bie Till, ex cept for one diamicton that is en -
riched in lake marl (sur vey point 7). The ori en ta tion of clasts is
vari able, usu ally scat tered, but there are two sites where the
ma te rial is clearly ori ented (Figs. 3 and 6).

Orzechowo For ma tion. The Orzechowo For ma tion de -
pos its are mostly dis cor dantly over lain by a peat layer (Figs. 2
and 8). At two sites (9B and 6) there is an other unit be tween
them, 30–50 cm in thick ness, rep re sented by limnic mud con -
tain ing a mol lusc fauna. The full se quence of the Orzechowo
For ma tion con sists of or ganic mud (point 6) or peat (9B), light
grey or light brown clay, dark brown to grey clay, and up per peat 
(Figs. 8 and 9). The up per peat layer is up to 30 cm thick
(Fig. 9B), and at the other sites its thick ness var ies from sev eral
to 60 cm. In its up per most part the peat is usu ally interbedded
with me dium- and coarse-grained sand.

The thin peat layer (1–5 cm) is dated at 12,030 ± 260 14C
years (Gd 10835), over lain by an ~30-cm peat layer dated in the 
lower part at 10,240 ± 110 (Gd 11428) and in the up per part at
10,832 ± 220 (Gd 10510; Figs. 8 and 9B; Ta ble 2).

The lower part of the lac us trine se quences con tains rel a -
tively abun dant mol lusc re mains (Ta ble 3) and pol len (Fig. 10).

Fluvio-ae olian and ae olian units. The peat is di rectly
over lain by a num ber of 1–3 m-thick sand-muddy se ries con -
tain ing me dium- and coarse-grained lam i nated sands, clays
and highly com pressed sands.

The up per most se ries of the cliff at Podd¹bie is rep re sented
by ae olian de pos its of well-de vel oped dunes (Figs. 2 and 11).
Two sep a rate palaeosols dated at 2,100 ± 210 (Gd 10745) and
1,670 ± 110 (Gd 10746) show that there were two ma jor stages
of ae olian ac tiv ity in this area dur ing the late Ho lo cene
(Table 2). The dunes are com posed of hor i zon tally and

Fig. 4. The Podd¹bie Till

A – view of the cliff from the NE; B – view of the left part of the cliff; C – view of the middle part of the cliff; D – view of the right part of the cliff
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Fig. 5. The Podd¹bie cliff deposits

A – 1 – till, 2 – varved clay, 3 – fluvio-aeolian, 4 – aeolian; B – boulders in diamicton/varved clay; C – 1 – silt and peat; D – varved clay
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T a  b l e  1

Per cent age petrographic com po si tion of tills at Podd¹bie in the frac tion 5–10 mm
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Fig. 7. The Wytowno Formation deposits

A – 1 – varved clay, 2 – silt with mol lusc fauna; B – 1 – till/diamicton, 2 – lam i nated silt/peat mix; C – 1 – varved clay, 2 – or ganic mud,
grey-green mud, fine sand, grey-green sand, dark brown mud, peat, 3 – fluvio-ae olian se ries; D – view of part of the cliff; E – 1 – peat/silt, 2 –
fluvio-ae olian unit, 3 – dark brown or ganic silt, 4 – ae olian unit; F – dark brown or ganic silt; G – fluvio-ae olian se ries and ae olian se ries
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Fig. 8. Late Glacial lacustrine and fluvio-aeolian units
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Fig. 9. Late Glacial lacustrine units
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Fig. 11. Dunes near Podd¹bie and possible palaeowind directions

T a  b l e  2

Mol lusc fauna in lac us trine de pos its at Podd¹bie (Krzyszkowski et al., 1998)
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cross-lam i nated me dium-grained sands in di cat ing palaeo -
transport from dif fer ent di rec tions (Figs. 9 and 11).

PROFILES NEAR DÊBINA

De pos its of the Wytowno For ma tion and Dêbina Till oc cur
also in the cliff stretch ing be tween Podd¹bie and Dêbina, and
were ana lysed at three sur vey points along the sec tion
222.5–223 km. Limnoglacial de pos its, up to 40 m thick, are ex -
posed in this area.

They are rep re sented mainly by deltaic lithofacies in clud ing
fine-grained sands, sandy clays with rip ple marks of var i ous
types, and highly com pressed flaser-lam i nated clays. They are
spo rad i cally found as dropstones that melted out from float ing
ice bergs. These lithofacies prob a bly rep re sent a lake bot tom
en vi ron ment.

Pro file I. The cliff crest con sists of the pres ent-day soil layer 
and the an cient soil layer, sep a rated by a 2 m thick se ries of ae -
olian sands. Un der neath the an cient soil, there is a 1 m thick
layer of ae olian sands un der lain by clayey till, 3 m in thick ness.

The till re veals the up per brown ish part that con tains scarce
peb bles (up to 10 cm across) and shows many discolourations
due to iron com pounds, as well as the basal grey part in which
the quan tity and size of peb bles de crease down wards. The till
layer is un der lain by fine-grained de pos its (Dêbina Till).

Fine-grained rip ple-marked sands and silty sands al ter nate
with mas sive or lam i nated sandy and clayey de pos its or mas -
sive clays. Me dium-grained sands with ad mix ture of
fine-grained sands are ob served more rarely (Ta ble 4). The
char ac ter is tic fea tures of this part of the cliff are nu mer ous
glaciotectonic de for ma tion struc tures. Both low-am pli tude
faults, ob served within a sin gle bed or cut ting a num ber of
strata, and ma jor faults, ac com pa nied by fis sures filled with clay 
and silty ma te rial, are com mon (Hart et al., 1990; Hart, 1991;
Moretti, 2000).

Pro file II. The de pos its are dom i nated by fine-grained frac -
tions. These in clude fine sands and silty sands, lam i nated, rip -
ple-marked or mas sive, al ter nat ing with mas sive or lam i nated
muds and mas sive clays. The char ac ter is tic fea ture, un known
from other sec tions, is a thin, merely 2 cm thick layer of varved
clays. In di vid ual laminae, light to dark grey, have a thick ness of
1–2 mm and are highly co her ent.

Pro file III. At the cliff crest, there are two soil ho ri zons of
mod ern and an cient soil, sep a rated by a ~40 cm thick layer of
dune sands. The an cient soil ho ri zon is un der lain by a 5 cm

thick layer of coarse-grained sand which, in turn, is un der lain by
a sandy till layer, 2.3 m in thick ness. The till (Dêbina Till) is yel -
low at the top to beige and grey at the base, and shows dis col -
our ation due to the pres ence of iron com pounds. It con tains
con sid er able amounts of gravel-sized frac tions and nu mer ous
clasts, up to 20 cm in size. The till layer is un der lain by fine
sands and silty sands, which are lam i nated, rip ple-marked and
mas sive. They oc cur al ter nately with mas sive or lam i nated
muds and mas sive clays. There are also spo radic me -
dium-grained sands with ad mix ture of fine grains.

From pro files I, II and III, sam ples were col lected for the
stud ies sum ma rized in Ta ble 4.

The Dêbina Till of pro file I was in ves ti gated for the ori en ta -
tion of long axes of clasts. The mea sure ments were made sep -
a rately for two iden ti fied parts of the till: (1) the grey basal part,
and (2) the brown up per part. The re sults are pre sented on pie
charts (Figs. 12 and 13). For the up per part of the till, the re sul -
tant main trans port is NE–SW. In the basal part of the till, a bi -
modal pat tern is ob served. The main trans port di rec tion is
NE–SW, and the mi nor di rec tion is NW–SE (Figs. 12 and 13).

The mea sure ments of ripplemark struc tures were per -
formed on sandy and sand-muddy de pos its of pro files I and III.
The re sults are sum ma rized in Fig ures 12 and 13. Based on the 
anal y ses car ried out at the three sites, the fol low ing char ac ter is -
tic types of de pos its have been iden ti fied in the ex am ined part
of the cliff (see: Figs. 12 and 13):

Type I: rep re sented by sed i ment D/118, trans ported by
trac tion, me dium sand with ad mix ture of fine sand, poorly
sorted, con sists of mas sive (Sm), rip ple-marked (Sr) and flaser
(Sf) de pos its.

Type II: rep re sented by rip ple-marked sands (Sr): D/105
and D/108, fine sands, trans ported in ho mo ge neous sus pen -
sion, poorly sorted. It also in cludes mas sive and flaser de pos its
(Sf, Sm).

Type III: rep re sented by: IIIa – lam i nated de pos its (SFh,
FSh, SFw, FSw) D/104 – sandy mud; IIIb – rip ple-marked de -
pos its (SFr, FSr) D/109 – very fine silty sand; IIIC – flaser de -
pos its D/110 – sandy silt, and mas sive de pos its (SFm, FSm),
silty sands or sandy muds, trans ported in sus pen sion, poorly or
very poorly sorted.

Type IV: rep re sented by D/107, D/115 and IVb – lam i nated
muds (Fh), and by D/106 – muds, trans ported in ho mo ge neous
sus pen sion or de pos ited from pe lagic sus pen sion.

Type V: rep re sented by mas sive de pos its (Fm) D/112 and
D/114, silty clays, de pos ited from pe lagic sus pen sion, very
poorly sorted.

Type VI: rep re sented by mas sive de pos its (Fm) – D/119,
de pos ited from pe lagic sus pen sion, the sed i ment is al most
equigranular, its poor sort ing may be the ef fect of a small depth
of the sed i men tary ba sin.

Type VII: rep re sented by varved clays – D/116 (Fv),
grain-size fea tures as in mas sive clays. Small thick ness of
laminae (Ta ble 4) may sug gest that en vi ron men tal con di tions,
which fa voured de po si tion of varved clays, lasted very short
and the sup ply of ma te rial was low at that time (pro file II).

Type VIII: rep re sented by D/111, silty sand show ing
strongly de formed rip ple-marked struc ture (FSd), fine-grained
de pos its, de pos ited from het er o ge neous sus pen sion, very
poorly sorted.

Type IX: rep re sented by gla cial tills (Dêbina Till) de pos ited
di rectly from the ice sheet, very poorly sorted; two till types are
dis tin guished:

–  heavy clayey till (Dmm), rep re sented by D/101, D/102
and D/103 (pro file I, Ta ble 4);

– sandy till (Dmm), rep re sented by D/117 (pro file III, Ta -
ble 4).

T a  b l e  3

Re sults of sed i ment dat ing at the Podd¹bie site
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T a  b l e  4

Lithological char ac ter is tics of the de pos its
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Fig. 12. Sedimentological log of the glaciolacustrine Wytowno Formation and the Dêbina Till; profile I near Dêbina (223.0 km)
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Fig. 13. Sedimentological logs of the glaciolacustrine Wytowno Formation; profiles II and III near Dêbina (222.4 and 222.5 km)

Explanations as in Figure 12



INTERPRETATION

Lower glaciodeltaic de pos its are highly de formed. The
sand-muddy se ries are glaciolacustrine in or i gin, and were
prob a bly ac cu mu lated in a delta zone. The or i gin of the
diamictons is highly un cer tain. They may rep re sent flow tills, al -
though it is greatly prob a ble that they are parts of de formed
subglacial tills.

The petrographic com po si tion of the Podd¹bie Till is very
sim i lar to that of tills de pos ited dur ing the Pom er a nian Phase of
the last gla ci ation in other ar eas of the Pol ish coast, e.g. in
Trzêsacz (K/W 0.53–0.84; Krzyszkowski et al., 1998, 1999;
Olszak et al., 2008, 2011; Krzyszkowski, 2010). Based on
petrographic co ef fi cients, this till rep re sents the same gla cial
pe riod. The up ward-chang ing petrographic com po si tion and
ori en ta tions of gravel ma te rial in the till may re flect re gional
changes in the “ad vance” of the Pom er a nian ice sheet, ini tially
from the NE and fi nally from the NW. How ever, this in ter pre ta -
tion cer tainly can not be proved at the cur rent stage of re search.
It should be em pha sized that sam ples con tain ing more crys tal -
line rocks (8 and 11) sug gest the NW di rec tion, while the re -
main ing ones – NE. The other sur vey points of the NW di rec -
tions (7 and 13) are rich also in lime stones. These facts and the
dis tinctly ori ented ma te rial may sug gest a gla cial or i gin and be
cor re la tive with the Podd¹bie Till. Prob a bly, they could be
formed by flaser lam i na tion (over lap ping brec cia) in a subglacial 
zone (sands and muds; Henriksen et al., 2001; Jasiewicz,
2005).

Sandy diamictons of the Wytowno For ma tion rep re sent
prob a bly flow tills resedimented from the Podd¹bie Till or the
Dêbina Till. De po si tion could oc cur ei ther di rectly from the mar -
ginal zone (diamictons of large wa ter bod ies) or from ice bergs
(Houmark-Niel sen at al. 1990).

The pres ence of Pisidium obstusale lapponicum and P.
lillieborgi and Gyraulus laevis, and the lack of Bithynia
tentaculata in the Orzechowo For ma tion de pos its sug gest the
Late Vistulian Gla ci ation (Alexandrowicz et al., 1989;
Alexandrowicz, 1999). In the up per part of the se quence, the
fauna is scarcer and the dom i nant spe cies is Sphaerium
corneum that may in di cate grow ing eutrophication of the lake
catch ment ba sin. The lack of cold-lov ing spe cies sug gests
milder cli ma tic con di tions (Moretti, 2011).

Palynological anal y sis has re vealed the pres ence of mainly
cold-lov ing flora (Fig. 10). The lac us trine pol len spec tra are
dom i nated by Pinus (48.1%) and Betula (37.4%), in clud ing B.
nana, Juniperus and Salix. The con tent of Her ba ceous var ies
from 23.3 to 36.1%, in clud ing pre dom i nantly Poaceae,
Cyperaceae and Ar te mi sia (8.1%). Less fre quent are also
Helianthemum, Hippophaë and Selaginella. The peat layer is
char ac ter ized by a high con tent of her ba ceous plant pol len (up
to 57.1%), rep re sented ex clu sively by Cyperaceae and
Poaceae. Pinus and Betula oc cur in smaller quan ti ties, while
Juniperus and Betula nana are spo radic. The de pos its be neath
the peat layer rep re sent more se vere cli ma tic con di tions. The
flora spe cies sug gest a con sid er able num ber of open plant
com mu ni ties, in clud ing Ar te mi sia, Helianthemum, Hippophaë
and Selaginella. Marsz and Tobolski (1993) re ported sim i lar flo -
ral suc ces sions with peaty mud of lac us trine muds in
Orzechowo, in ter pret ing them as rep re sent ing the Bölling-
 Alleröd through the Youn ger Dryas.

Sand-muddy se ries di rectly above the peat may rep re sent
partly ae olian de pos its, dam aged dunes, or interdune de pos its
– lam i nated sands and muds. How ever, the pres ence of the
coarse-grained sand layer may also sug gest flu vial ac tiv ity. The 
ae olian de pos its are very poorly rounded, which sug gests a lo -

cal source of the sed i ment and its trans port over short dis -
tances (Dullek and Olszak, 2013).

Dur ing in ves ti ga tion of pro file I, we ob served that the strata
(youn ger) oc cu py ing a higher po si tion show a more south east -
ward trans port di rec tion; pre cisely, the ori en ta tion was chang -
ing from NW–SE to NNW–SSE (Fig. 14). The mea sure ments of 
the di rec tion and dip of the strata were per formed on mud and
clay de pos its at all sites (Figs. 12 and 13).

The ev i dence for the con tact be tween the ba sin and ice is
the pres ence of de pos its that melted out from drift ing ice rafts
bro ken off the ice sheet ter mi nus, re ferred to as dropstones.
This can also be in ferred from changes in the dip di rec tion and
dip an gle of mud and clay lay ers, but in the in stance of
glaciodynamic de for ma tion, the re sults of in ter pre ta tion are am -
big u ous. As re gards pro file I, the changes in the di rec tions re -
corded in rip ple-mark struc tures and by stra tal dips are sim i lar,
whereas in pro file III, they are quite dif fer ent, which may have
been caused by dif fer ent di rec tions of melt wa ter flow. De for ma -
tion of these de pos its is ev i denced by large-scale faults at the
site, and by smaller-scale faults ob served at all sites in ves ti -
gated. The stron gest de for ma tion is found at pro file I. This sug -
gests that the de pos its in this place were sub jected to the great -
est stresses.

DISCUSSION

The ana lysed sec tion of the cliff is com posed of limnoglacial 
de pos its, over lain by gla cial till, a se ries of dune sands, and a
soil layer. The cliff prob a bly ex poses also older de pos its – the
Podd¹bie Till, de pos ited be fore the ice sheet ad vance dur ing
the Gardno Phase, 16.8–16.6 cal ky BP (Wytowno For ma tion,
Dêbina Till and Gardno Till; Fig. 15; Krzyszkowski et al., 1998;
Jasiewicz, 1998, 2005, 2007; Jasiewicz et al., 2005, Marks et
al., 2016). The Podd¹bie-type till, 5-13 m thick, ob served in the
lower part of the cliff at Dêbina, is glaciotectonically stacked.
The val ues of petrographic co ef fi cients K/W, rang ing from 0.55
to 0.85, al low cor re lat ing the till with the basal till from Podd¹bie, 
as signed to the Leszno–Pom er a nian Phase of the Vistulian
Gla ci ation (Krzyszkowski et al., 1998, Marks et al., 2016). The
Dêbina-type till con sists of two sub units. The lower one is rep re -
sented by flow till de pos ited in an aque ous en vi ron ment. Its
gravel frac tions are char ac ter ized by a high pro por tion of chalk,
up to 30% of the whole sam ple. The up per sub unit is rep re -
sented by melt-out till, whose petrographic com po si tion of the
gravel frac tion is char ac ter ized by a bal ance be tween the quan -
tity of crys tal line rocks and car bon ates from the Bal tic De pres -
sion (Bellec, 2010). Both till sub units of the Dêbina-type till are
cor re lated with the stages of Pom er a nian ice sheet
deglaciation, and their lack within ice-dammed lake de pos its
may be due to ero sive ac tion of river wa ters. The Gardno-type
till was de pos ited in the form of thin flow lay ers, and it cov ers a
zone of glaciotectonic de for ma tion. The till is in ter preted as the
so-called Vistulian red till – the Gardno Till. The red till lo cally
lies upon the light brown till, but also on silt de pos its. It is formed 
ei ther as a flow till with fre quent interbeds of clay and sand, or
as a mas sive till (Jasiewicz, 1998, 2005, 2007). In the cliff ex po -
sure, the tills range in thick ness from sev eral centi metres to
2 m. De spite the com plete lack of car bon ates, prob a bly due to
post-depositional weath er ing, its petrographic dis tinc tive ness in 
the frac tion of 5–10 mm is high lighted by a very high pro por tion
of al kali gran ites.

The res er voir at the shore was shal low, so the ac cu mu la tion 
of the shal low-wa ter type of delta, so-called the Hjulström Delta
oc curred which es sen tial fea ture is the lack of steep slope
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Fig. 14.

A – till, the con tact be tween the up per brown till and the basal brown and grey till, pro file I, 4.0–7.1 m (Fig. 12); B – lam i nated silty sand, sep a -
rated by silty clay, (pro file I), 8.2–9.1 m, bed D/104 (Fig. 12); C – se quence of de pos its be tween 13 and 14 m in the in ves ti gated pro file
(Fig. 12), the lighter-col oured lay ers are sandy de pos its, the darker ones are muds and clays; D – fine rip ple-marked sand (with streaks of
iron and heavy min er als), pro file I, 9.1–9.95 m, bed D/105 (Fig. 12); E – de for ma tion in the sandy mud bed, pro file I, 13.2–14.0 m, bed D/111
(Fig. 12; Gostkowska, 1998)

Fig. 15. Geological structure of the analysed section of the cliff



(Hjulström, 1935). Its mor phol ogy is sim i lar to delta plain
(Kereszturia et al., 2014).

The shal low-wa ter del tas are slop ing, wide, and con sti tute a
tran si tional link to the sub aque ous cones, which can’t be con -
sid ered as del tas. Such de pos its arise when sed i ment is de pos -
ited by the bot tom cur rents (Zieliñski, 2014).

CONCLUSIONS

The analysed de pos its were ac cu mu lated in a proglacial ba -
sin. Dur ing the non-melt ing sea son, when there was no sup ply
of ma te rial to the ba sin, muddy and clayey de po si tion took place 
from pe lagic sus pen sion, form ing the char ac ter is tic lithofacies
types. Dur ing ab la tion sea sons, muddy and sand-muddy de -
pos its were ac cu mu lated.

Af ter re ces sion of the ice sheet, the wa ter level dropped in
the ba sin, and the delta re treated. As the last ice bergs had

melted, the newly ac cu mu lated de pos its no lon ger con tained
dropstone-type el e ments. Progradation and re treat of the delta
could also oc cur as a re sult of mi nor os cil la tions of the ice sheet
edge, when there was no con tact be tween the ba sin and the ice.

The an a lysed de pos its rep re sent a deltaic en vi ron ment and
were ac cu mu lated on a Hjulström-type delta, which is gently
slop ing and shows no typ i cal foreset unit. It is in di cated by the
lack of gravel and boul der frac tions. The sed i men tary ba sin was 
in con tact with the ice sheet only spo rad i cally, but gen er ally did
not in ter act with the ac tive ice. Apart from some se quences
there are no de pos its de rived from drift ing ice rafts.
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