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Ab stract
The ar ti cle pres ents the re sults of a de tailed study of the geo log i cal struc ture of the £eba Bar rier in the R¹bka cross-
sec tion (South ern Bal tic, Po land). The bar rier sep a rates Lake £ebsko from the Bal tic. Five sed i men tary com plexes
were dis tin guished there (M2–M6). The spa tial vari abil ity of the grain-size dis tri bu tion was ex am ined and suc ces sion
stages of the mol lusc fauna oc cur ring in the in di vid ual sed i men tary com plexes were dis tin guished. Ra dio car bon dat -
ing was used to es tab lish the age of the most im por tant events dur ing the pro cess of for ma tion of the bar rier, which
took place in the course of sev eral rel a tive sea-level changes. The first sed i men tary com plex (M2) at R¹bka is con -
nected with the sec ond ingression (i2) of the Bal tic Sea (ca. 6,700–6,000 14C years BP), sea-level sta bi li za tion (6,000–
5,500 14C years BP), and at last sea-level low er ing (5,500–5,000 14C years BP) in the re gion of the Gardno-£eba
Coastal Plain. The sed i men tary com plex M3 de vel oped in a la goonal en vi ron ment when the bar rier was sit u ated north
of its pres ent po si tion (5,000–3,000 14C BP). The next low er ing of the sea-level made the la goon shal lower and caused
the emer gence of small but al ready subaerial stretches of bar rier land with a fresh wa ter fauna in the north (4,880±40
14C BP). With the next ingression stage (i3), which took place be tween 4,500 and 3,000 BP, the bar rier shifted to its
pres ent-day po si tion and the la goon changed into a fresh wa ter lake. From 3,000 to 1,700 14C BP fos sil soil and peats
de vel oped on the bar rier sur face as a re sult of an other sea-level low er ing. The last ingression stages (i4 and i5), youn -
ger than 1,700 BP, built up the bar rier, prac ti cally in its to day’s lo ca tion (sed i men tary com plexes M4 and M5). The
youn gest sed i men tary com plex (M-6) is rep re sented by pres ent-day beach sands.
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IN TRO DUC TION

Rela tive changes in the sea level dur ing the Holo cene are 
among the ma jor is sues of re search of the south ern Bal tic
shore. It has been the fo cus of a con sid er able number of stud -
ies, the most im por tant in clud ing: Bülow (1928, 1933, 1937), 
Rosa (1958, 1959, 1963, 1968, 1987, 1991), Kliwe and
Jahnke (1982), Kolp (1979, 1981, 1983), To bol ski (1987,
1989, 1997, 2001), Wo jciechowski (1988, 1990, 1995), Mo -
jski (1995), Tomc zak (1993, 1995a, b), Kra mar ska et al.
(1995), Rot nicki (1999, 2001), Rot nicki et al. (1999a), Rot -
nicki and Pazdur (2003), Uœci nowicz (1999, 2000, 2001,
2003), Uœci nowicz and Miotk- Szpiganowicz (2003), and
Zachowicz et al. (1992). Only few stud ies com prise the
trans for ma tion of bays of the open south ern Bal tic sea into la -
goons and lakes, and es pe cially with the con nec tion be tween

changes in the sedi men tary en vi ron ment of this coastal zone
and the de vel op ment of a bar rier sys tem and sea- level fluc -
tua tions (Ber glund 1964, 1971; Wypych 1973, 1980; Przy-
by³owska-Lange 1979; Bogaczewicz- Adamczak, Mi otk
1985; Wo jciechowski 1994a, b, 1995; Haden ström, Ris berg
1999; Rot nicki et al. 1999a; Borówka et al. 2001a, b; Jan-
czak-Kostecka, Kos tecki 2008). They are of ten based on an
analy sis of sin gle geo logi cal pro files.

The pres ent ar ti cle seeks to bridge this gap. It de scribes
the re sults of de tailed lithos tra tigraphic stud ies, some sedi -
men to logi cal and mala co logi cal ones, ra dio car bon dat ing of
chief de posit se ries, and the age of the defi nite clo sure of the
£eba la goon and its trans for ma tion into a fresh wa ter lake.
The en tire re search, with the ex cep tion of drill ing the bore-
 holes L- 001, L- 002 and L- 002C, was fi nanced by the Com -
mit tee for Sci en tific Re search Pro ject No 3 P04E 028 23.



To start with, a ter mi no logi cal ques tion has to be set tled:
is the ris ing sea- level in the south ern Bal tic zone a re gional
trans gres sion or se ries of lo cal in gres sions? In the opin ion of
Al ex androwicz (1999), with ref er ence to the Bal tic as a
whole, the term ‘Li tt orina Trans gres sion’ should be re placed
with ‘Ca rdium Trans gres sion’. He be lieves that in the Holo -
cene cli matic op ti mum there were pe ri odic in un da tions of
some lower- lying ar eas situ ated south of to day’s coast line.
He terms them a ‘Po mer anian In gres sion’. It fol lows from his 
defi ni tion of this no tion that it em braces events more or less
lo cal in range. Be cause of the spa tial scale of the is sues ana -
lysed in the pres ent ar ti cle, the sea- level changes dis cussed
can only be con sid ered rela tively. That is why pe ri ods of ele -
vated sea- levels are termed in gres sions, which has been jus ti -
fied else where (Rot nicki 2001). They are cov ered by the
no tion ‘Po mer anian in gres sion’ or ‘i ngre ssions’.

RE SEARCH AREA, SCOPE AND METH ODS

The ana lysed pro files are situ ated on the £eba Bar rier
near a lo cal ity of R¹bka, which lies 2.5 km west of the town

of £eba (Fig. 1). Drill ing was per formed us -
ing a MERES hydraulic- mechanical drill ing
rig (Rot nicki et al. 1999b). Bore- holes L- 001
(1.9 m a.s.l.) and L- 002 (1.0 m a.s.l.), reach -
ing down to a depth of 10- 12 m and drilled in
1986, are situ ated on the me ridi onal cross-
 section of the bar rier lo cated in the area of an
old V-1 rocket launch ing pad 3 km west of
R¹bka. The £eba Bar rier is 900 m wide here.
The pres ence of a mol lusc fauna in the pro file
of the L- 002 bore- hole at a depth of 3.0 to
9.5 m in the Holo cene ma rine de pos its, both
la goon and la cus trine, prompted the drill ing
of an other bore- hole (L- 002c) a few me tres
away in or der to take 39 sam ples for mala co -
logi cal stud ies from a depth of 2.90 to 9.40 m.
The L- 001 pro file lies in the north ern part of
the bar rier, at the south ern foot of a fore dune,
while bore- holes L- 002 and L- 002c are situ -
ated 25 m from the north ern shore of Lake
£eb sko. Some what later, un der the same proj -
ect of the AMU De part ment of Qua ter nary
Ge ol ogy and Pa leo ge og ra phy on the so-
 called Holo cene trans gres sion of the southern 
Bal tic, Wo jciechowski (1994a, b, 1995) took
five cores through the ice along the me ridi -
onal cross- section em brac ing the east ern part
of Lake £eb sko. A stan dard Rus sian peat
corer was used. It is an ex ten sion of the cross-
sec tion marked by the pro files L001-L002-
L002c (Fig. 1). The pro file of Wojciechow-
ski’s D1a sound ing has been used in a sim pli -
fied form in geo logi cal cross-sec tion of the
£eba Bar rier. Much later, in 1998, the first
author of this ar ti cle made the L- 268 bore-
 hole (0.5 m a.s.l.) on the beach, 2 km east of
the cross- section above (Fig. 1). The abun -
dance of the mol lusc fauna found in the cross-
sec tion at a depth of 5.35 to 8.80 m caused the

drill ing to be re peated twice in 2002. The sam ples taken were
then used for the study of the mol lusc fauna. To ob tain ma te -
rial for sedi men to logi cal stud ies and for ra dio car bon analy sis 
of shells of Car dium sp., in 2002 three fur ther bore- holes
were drilled, L314, L315 and L316 (0.5 m a.s.l.), all lo cated
in the im me di ate vi cin ity of L- 268. The type and or der of ma -
rine, la goon and lake de pos its are simi lar in all of them, tak -
ing into con sid era tion their spa tial fa cies vari abil ity.

To char ac ter ise the lithos tra tigraphic pro file, grain- size
analy sis was per formed for 102 sam ples from the L- 002 pro -
file and 93 sam ples from L- 315. The sam ples were taken in a
con tinu ous se quence. The analy sis was car ried out in the
Labo ra tory of the De part ment of Qua ter nary Ge ol ogy and
Pa leo ge og ra phy of the Adam Mick iewicz Uni ver sity in a
way de scribed else where (Rot nicki, M³yn arc zyk 1990). Sta -
tis ti cal mo ment meas ures of the grain- size dis tri bu tion were
cal cu lated us ing an origi nally de signed com puter pro gram.

The same labo ra tory ana lysed se lected geo chemi cal pro- 
perties of sedi ments sam pled from the L- 002 pro file. The
prop er ties in cluded: loss on ig ni tion, per cent con tent of cal -
cium car bon ate, bio genic and ter ri ge nous sil ica, as well as
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Fig. 1. Study area and the lo ca tion of the ana lysed pro files. 1 – pro files ob tained us -
ing MERES drill ing rig, 2 – Instorf sound ing (af ter Wojciechowski 1994b, 1995).



Na, K, Ca, Mg, Mn and Fe. The analy ses were made us ing
meth ods de scribed ear lier by Borówka (1988). Fresh sedi -
ment sam ples were dried at 105°C and then min er al ised by
roast ing at 550°C. The re main ing ash (min eral mat ter) was
solu bi lised first in aqua re gia and then in hy dro chlo ric acid
(Janusz kiewicz 1978; Borówka 1992). The so lu tion was
used to de ter mine the lev els of the ele ments listed, with so -
dium and po tas sium be ing de ter mined by flame spec trome try 
while cal cium, mag ne sium and iron, by atomic ab sorp tion
spec trome try. To avoid in ter ac tion among the ele ments, a
lan tha num so lu tion was used in con cen tra tions pro posed by
Pinta (1977).

Mala co logi cal analy sis en com passed 114 sam ples taken
in two pro files: 41 from L- 002c and 73 from L- 268. In the
former, all the sam ples (1 to 41) con tained mol lusc shells; in
the lat ter, some fauna was found in sam ples 17–71 and
73–77, while in the rest (1–16, 72 and 78–88) no re mains of
bi valves or snails were found. The analy sis was per formed
us ing the stan dard pro ce dure de scribed in Ložek (1964) and
Al ex androwicz (1988). The oc cur rence of shell banks rich in
de tri tus of bi valve shells but only spo radi cally com plete
speci mens, forced us to es ti mate the number of re mains
found and to ac com mo date semi- quantitative sym bols (Al -
ex androwicz 1988). In the mala co logi cal spec tra Bithynia
oper cula were not in cluded.

To de ter mine the age of peat lay ers found in the ana lysed
pro files as well as of shells from the lev els of their ex cep -
tional abun dance, a to tal of 5 peat sam ples and 6 sam ples
from the shell- bank lev els were taken in the L- 314 bore- hole, 
situ ated 1 m from L- 315, both pro files re veal ing the same
suc ces sion of lay ers. Be sides, we used the date of the low er -
most peat layer in the D1a sedi ment pro file from the north ern
part of Lake £eb sko (Wo jciechowski 1995). Sam ples of
Car dium shells were taken from lay ers 5 cm thick. Ow ing to
the mini mum mass re quire ment for the con ven tional ra dio -
car bon dat ing, in two cases two suc ces sive sam ples were
com bined into one; thus, each of them rep re sented a layer 10
cm thick. In one case, a 10- cm thick layer yielded not only
Car dium sp. shells but also those of Hy dro bia sp. Most 14C
dates were ob tained in the GADAM Cen tre, In sti tute of
Phys ics, the Sile sian Uni ver sity of Tech nol ogy in Gli wice,
us ing the tra di tional tech nique with gas pro por tional coun -
ters filled with CO2 (Pazdur et al. 2000). 14C age of four shell
sam ples from the L- 002C pro file and one from L- 268 was
meas ured us ing the AMS tech nique in the Poznañ Ra dio car -
bon Labo ra tory (Go slar et al. 2004).

LITHOSTRATIGRAPHY OF SED I MENTS
BUILD ING THE £EBA BAR RIER BE TWEEN

AC TIVE DUNES AND R¥BKA

Char ac ter is tics of se lected pro files

Pro file L-002. It starts with grav elly sands (at a depth of
12.0–10.3 m) which un der lie me dium sands (10.3–9.8 m)
fol lowed by coarse sands (9.8–9.4 m), in the top most part
vis i bly en riched with fine gravel form ing a thin layer of ero -
sion pave ment (Fig. 2). These are sed i ments de pos ited in an
en vi ron ment of run ning wa ters, both riverine and glacioflu-
vial, at the close of the Up per Pleni-Vistulian (Rotnicki

2001). Above the pave ment starts a fine-grained se ries of in -
ter ca lated ma rine, la goon and lac us trine sed i ments. It rea-
ches up to the pres ent-day sur face of the southern part of the
barrier.

The se ries starts with ma rine sands, me dium and fine
(9.4–9.25 m), con tain ing sparse plant macro-re mains. At a
depth of 9.25 to 5.25 m there is a 4-metre-thick la goon-lake
se ries com posed of the fol low ing layers:

(a) two lay ers of dark ol ive-grey brack ish silts with a
small ad mix ture of sand (8.9–8.0 m and 5.6–5.25 m),

(b) fine light-grey sands in ter ca lated with thin stripes of
ol ive-grey silts (6.9–5.8 m),

(c) gyttja of beige col our, also con tain ing a slight ad mix -
ture of fine sand, and found in three lay ers (9.25–8.9; 8.0–
6.9; and 5.8–5.6 m).

In the pro file of this se ries shells and their frag ments oc -
cur in vary ing amounts. They are rare in the beige gyttja, but
more abun dant in the ol ive-grey silts and sands with in ter ca -
la tions of silts (Fig. 2).

The top se ries of ma rine sands is 5.25 m thick. These are
fine sands, at places with an ad mix ture of me dium sands
light-grey in col our. Near the bot tom (5.25–4.75 m) and at a
depth of 4.25–3.80 m a few thin in ter ca la tions of ol ive-grey
silt still ap pear. Be tween 1.5–2.5 m the sands ap pear dirty-
grey in col our, re sult ing from the pres ence of scat tered hu -
mus. There is also an ad mix ture of small plant macro-re -
mains. Con sid er ing that the dis cussed pro file lies some 25 m
from the to day’s north ern shore of Lake £ebsko, one can
con clude that this layer is a rem nant of a fos sil soil ho ri zon
as so ci ated with a once higher level of Lake £ebsko.

Pro file L-315 (next to pro file L-268). Like pro file L-002, 
it starts with grav elly sands pen e trated at a depth of 9.5–8.75
m (Fig. 3). They are cov ered by a thin layer of well de com -
posed black peat (8.75–8.68 m) on which lies a com plex of
fine-grained sed i ments rep re sent ing var i ous fa cies of lit to ral
ma rine en vi ron ment reach ing up to the sur face of the pres -
ent-day Bal tic beach. From the bot tom up wards, the fol low -
ing sed i ments can be distinguished in it:

(1) Bot tom sands, very fine and fine, grey and dark-grey
(8.68–7.95 m), con tain ing shells of Cardium sp. at a depth of
7.95 to 7.40 m.

(2) A se ries of silt and silt-sand sed i ments (7.95–6.15 m). 
It con sists of: (a) rather thin lay ers of ol ive-grey silt, usu ally
sandy (7.95–7.4 m; 6.4–6.15 m), and (b) very fine sands, grey 
or some times dark-grey, with oc ca sional in ter ca la tions of ol -
ive-grey silt (7.4–6.4 m; 6.15–5.65 m). In both, silts and
sands, there oc cur shells and shell de tri tus, but the fre quency
of those ad mix tures is low. It is only in the up per sandy layer,
at a depth of 5.70–5.65 m, that there is a dis tinct shell level
from which two shell sam ples were taken to de ter mine their
ra dio car bon age. One con tained the shells of Cardium sp.,
the other of Hydrobia sp.

(3) A lamina of fine and very fine sand, dark-grey in col -
our with a clear ad mix ture of hu mus and fine plant macro-re -
mains, oc cur ring at a depth of 5.65 to 5.50 m. It prob a bly
cor re sponds to the lamina of fine, ol ive-grey sand with thin
peaty in ter ca la tions found at a depth of 5.85–5.92 cm in the
pro file L-268, for which stud ies of the mol lusc fauna were
made. This lamina might have formed in a ter res trial en vi ron- 
ment.
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Fig. 2. Lithostratigraphic pro file of the L-002 bore-hole and the vari abil ity of its grain-size dis tri bu tion and main sta tis ti cal mea sures. LF – 
lithofacies: M-BF – sub-lithofacies of finer va ri ety of fine ma rine sands; M-BC – sub-lithofacies of coarser va ri ety of fine ma rine sands;
M-BVF – very fine ma rine and ma rine-la goonal sands; M-L – silty la goonal sands; L – la goonal silts and sandy silts; F1 and F2 – riverine and
glaciofluvial varigrained and grav elly sands, in top part of F1 lithofacies base pave ment of sea ingression; GSC – grain-size dis tri bu tion;
MD±SD – mean di am e ter ± stan dard de vi a tion; Sq – skew ness. 1 – varigrained sands, 2 – coarse sands, 3 – grav elly sands, 4 – silts, 5 – sandy
silts, 6 – sands in ter ca lated with silts, 7 – fine silty sands, 8 – very fine sands, 9 – fine sands, 10 – fine humic sands, 11 – fine and me dium
sands, 12 – me dium sands, 13 – lag de posit (pave ment), 14 – beach pave ments, 15 – gyttjas, 16 – peats, 17 – plant macro-re mains, 18 – pres -
ence of mol lusc fauna in pro file, 19 – lev els of shell banks, 20 – oc cur rence of hu mus.



(4) A com plex of sandy and silty-sandy lay ers more than
1 me ter thick, con tain ing sev eral abun dant shell lev els (5.50– 
4.32 m). From the depths of 5.5–5.55 m, 5.2–5.17 m and
5.0–4.96 m, Cardium sp. sam ples were taken for ra dio car bon 
dating.

(5) Fine, humic and humic-ferruginous sands, beige-
brown and some times brown in col our, with nu mer ous fine
or ange and brown plant macro-re mains (4.32–2.45 m).

(6) Fine light-grey sands, in the top part whit ish-yel low,
be ing the youn gest ma rine de posit of the bar rier (2.45–
0.0 m).

Lithofacies

To dis tin guish the lithofacies of sed i ments build ing the
£eba Bar rier in the R¹bka re gion, we used the method of sim -
i lar ity of the grain-size dis tri bu tion em ploy ing the non-para -
met ric Kolmogorov-Smirnov test and the U test of two
means. Next, grain-size dis tri bu tion means were cal cu lated
(Fig. 4) as well as means of the chief mo ment mea sures char -
ac ter is ing this dis tri bu tion and their stan dard de vi a tions in
each of the lithofacies (Ta ble 1). In this way the fol low ing
lithofacies were distinguished:

Lithofacies of fine sands (M-B). This is a lithofacies of
ma rine bar rier sands. Its mean di am e ter (M) is +2.41 phi (Fig. 
5). It is fairly ho mo ge neous, as proved by a very low stan dard 
de vi a tion of the mean (0.26 phi). It is best sorted of all the
lithofacies (SD = 0.92 phi). The grain-size dis tri bu tion is
slightly pos i tively skewed (Sq = 0.53), and the dis tri bu tion in
this lithofacies is clos est to sym me try. There is a slight spa tial 
vari abil ity: the ma te rial found in the north ern part of the bar -
rier is some what coarser (M = 2.38±0.30, SD = 0.64±0.39
phi) than in the south ern part (M = 2.43±0.22, SD = 0.55±
0.41 phi). The modal frac tion (2.25–2.50 phi) is more de -
fined in the south ern part is where it at tains 30%, against 20% 
in the north ern part (Figs 5, 6; lithofacies M-B).

Two sub-lithofacies can be dis tin guished in the lithofa -
cies M-B: M-BC, built of some what coarser ma te rial, and
M-BF, com posed of finer ma te rial. They oc cur in sim i lar pro -
por tions in both the north ern and south ern parts of the bar rier
(Fig. 6).

Coarser sub-lithofacies M-BC shows a neg a tive skew -
ness of its grain-size dis tri bu tion vis i ble in both the north ern
and south ern parts of the bar rier. Dis tri bu tion of the finer
sub-lithofacies, in turn, is clearly pos i tively skewed (Ta ble
1). The for mer one is better sorted (SD = 0.41–0.52) than the
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Fig. 3. Lithostratigraphic pro file of the L-315 bore-hole and the vari abil ity of its grain-size dis tri bu tion and main sta tis ti cal mea sures. Ex -
pla na tions as in Fig. 2.



lat ter (0.67–0.69). Like the en tire lithofacies, they both dis -
play sim i lar char ac ter of me rid i o nal de pend ence of the mean
di am e ter and sort ing, al though in nu mer i cal terms these pa -
ram e ters span a small in ter val. In gen eral the sands are finer
and better sorted in the la goon-ward than in the seaward part
of the barrier (Table 1).

Lithofacies of fine and very fine sands (M-BVF). Its mean
grain di am e ter is a mid way be tween fine and very fine sands

(M = 2.95±0.24 phi), and sort ing is slightly better than that of
lithofacies M-B as a whole. Its pos i tive skew ness is def i nitely 
more pro nounced than in the first of the dis cussed lithofacies
and its vari ants (Sq = 2.01±1.06), which re sults from re mark -
able ad mix ture of very fine sand and coarse silt. This litho-
fa cies oc curs only in the bot tom of the la goon-ward part of
the bar rier, in a strati graphic po si tion in dic a tive of ap pear -
ance of a tran si tional en vi ron ment be tween the lagoon and
the barrier (Figs 4, 5).

Lithofacies of silty sands (M-L). In the lithostratigraphic
pro files of the bar rier, this lithofacies forms the fun da men tal
part of sed i ments of the la goon en vi ron ment (Figs 2, 3, 4, 5).
While its mean grain di am e ter oc cu pies a mid-po si tion in the
in ter val of very fine sands, the lithofacies shows con sid er -
able non-ho mo ge ne ity (M = 3.42±0.71 phi) re sult ing pri mar -
ily from its very dis tinct spa tial vari abil ity (Ta ble 1). The
high stan dard de vi a tion of the grain-size dis tri bu tion (SD =
1.24±0.46 phi) shows it to con tain a wide range of frac tions.
The clear bimodality of the grain-size dis tri bu tion in di cates
con tri bu tion of two sed i men tary en vi ron ments: la goon and
ma rine to the for ma tion of this lithofacies. The sandy part of
the lithofacies is prob a bly the dis tal sec tion of ingression
cones de pos ited in places of tem po rary breaches in the bar -
rier be tween the la goon and the open sea, or de pos ited as a re -
sult of in flows of sea wa ter over the low bar rier dur ing high
storm surges. The very high pos i tive skew ness of the grain-
size dis tri bu tion, the high est among the lithofacies dis tin -
guished (Sq = 2.66±1.73), is also widely vari able spa tially.

8 K. ROTNICKI  et al.

Ta ble 1
Sta tis ti cal mea sures of grain-size dis tri bu tion of lilthofacies build ing the £eba Bar rier sys tem at R¹bka

Lagoonward part of the bar rier
Mean mea sures  for the £eba Bar rier at

R¹bka
Sea ward part of the bar rier

Mean mea sure for the whole lithofacies

MB

MD = 2.43 ± 0.22
SD = 0.55 ± 0.41
Sq = 0.06 ± 1.64

MD = 2.41 ± 0.26
SD = 0.92 ± 0.83
Sq = 0.53 ± 1.64

MD = 2.38 ± 0.30
SD = 0.64 ± 0.39
Sq = 0.61 ± 1.60

Sub-lithofacies MBF

MD = 2.54 ± 0.22
SD = 0.67 ± 0.49
Sq = 0.43 ± 1.96

MD = 2.52 ± 0.26
SD = 0.69 ± 0.48
Sq = 0.81 ± 1.81

MD = 2.48 ± 0.28
SD = 0.69 ± 0.45
Sq = 1.06 ± 1.66

Sub-lithofacies MBC

MD = 2.28 ± 0.06
SD = 0.41 ± 0.06
Sq = -0.51 ± 0.94

MD = 2.23 ± 0.14
SD = 0.44 ± 0.07
Sq = -0.51 ± 0.82

MD = 2.05 ± 0.16
SD = 0.52 ± 0.04
Sq = - 0.52 ± 0.45

MBVF

MD = 2.95 ± 0.24
SD = 0.83 ± 0.37
Sq = 2.01 ± 1.06

--------------- ---------------

ML
MD = 4.40 ± 0.61
SD = 1.86 ± 0.15
Sq = 0.58 ± 0.46

MD = 3.42 ± 0.71
SD = 1.24 ± 0.46
Sq = 2.66 ± 1.73

MD = 3.10 ± 0.36
SD = 1.03 ± 0.31
Sq = 3.36 ± 1.41

L
MD = 5.12 ± 0.77
SD = 1.73 ± 0.17
Sq = 0.40 ± 0.48

MD = 4.62 ± 0.93
SD = 1.82 ± 0.34
Sq = 0.82 ± 0.92

MD = 3.93 ± 0.64
SD = 1.95 ± 0.45
Sq = 1.39 ± 1.05

F ---------------
MD = 1.10 ± 0.64
SD = 1.10 ± 0.49
Sq = -0.06 ± 0.72

---------------

Lithofacies: MB – ma rine fine sands, sub-lithofacies MBF – finer frac tions of fine sands, sub-lithofacies MBC – coarser frac tions of fine sands, MBVF – very
fine sands, ML – la goon silty sands, L – la goon silts and sandy silts, F – var ied grained sands and grav elly sands, flu vial and glacio-flu vial; MD – mean di am e -
ter ± stan dard de vi a tion, SD – stan dard de vi a tion as a mea sure of sort ing ± stan dard de vi a tion, Sq – skew ness of grain size dis tri bu tion ± stan dard de vi a tion

Fig. 4. Curves of mean grain-size dis tri bu tions of the lithofacies
dis tin guished. Lithofacies sym bols as in Fig. 2



The reg u lar i ties of the spatial variability of the silty sands
(M-L) include (Table 1, Fig. 5):

(1) A shift in the mean di am e ter, from the bor der land be -
tween fine and very fine sands in the sea ward zone of the bar -
rier (M = 3.10±0.36 phi) to coarse-grained silts in the la goon-
ward part (M = 4.40±0.61 phi), with a si mul ta neous in crease
in the non-ho mo ge ne ity of the mean diameter.

(2) A shift in the grain-size dis tri bu tion from the cat e -
gory of fine and very fine sands in the sea ward zone of the
bar rier – where those sands (+2 – +4 phi) con trib ute as much
as 85.7% – to the cat e gory of typ i cal silty sands in which the
men tioned sands are as abun dant (35.5% each) as the coarse
and me dium silts (+4 to +6 phi). It needs no ex pla na tion why
the pro por tion of the sandy frac tion de clines to wards the
mid dle of the la goon ba sin while that of silts in creases. As to
the coars est (+2 phi) and the fin est ( +6 phi) frac tions, there is
a clear asym me try in fa vour of fine silts and the clay frac tion

(from +6 to +10 phi), which make up 21.3%, against 7.7% of
frac tions coarser than +2 phi. This is in dic a tive of the grow -
ing dom i nance of the la goon en vi ron ment over the tem po rary 
in flu ence of the ma rine en vi ron ment towards the middle part
of the lagoon.

(3) A mark edly lower skew ness of the grain-size dis tri -
bu tion in the la goon-ward area (Sq = 0.58±0.46) than that
char ac ter is ing the sea ward side of the bar rier (Sq = 3.36±
1.41), in ac cor dance with the facts dis cussed in points (1) and 
(2).

Lithofacies of sandy silts (L). This is the fin est lithofacies 
among those dis tin guished (Figs 4, 5, Ta ble 1). It is com -
posed of both, dark ol ive-grey brack ish silts and min eral ad -
mix tures con tained in beige and beige-brown gyttja. Thus, its 
for ma tion took place in the mid dle part of the ba sin (far from
the shores) when the la goon was chang ing into a closed
fresh wa ter lake.
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Fig. 5. His to grams of mean grain-size dis tri bu tions of the lithofacies build ing the £eba Bar rier near R¹bka and av er ages for the
lagoonward and sea ward parts of the bar rier. Lithofacies sym bols as in Fig. 2.



The mean grain di am e ter of this lithofacies falls into the
frac tion of coarse-grained silts (M = 4.62±0.93 phi). In frac -
tion terms, this is the most di ver si fied lithofacies among
those dis tin guished, which is in dic a tive of the poor est sort ing 
(SD = 1.82±0.34 phi). How ever, the pos i tive skew ness of its
grain-size dis tri bu tion is less pro nounced than in the lithofa -
cies of silty sands (M-L). The reg u lar i ties of its spa tial di ver -
sity are sim i lar to those found in the lithofacies dis cussed
ear lier: (a) the mean grain di am e ter di min ishes from the sea -
ward side of the bar rier to wards its la goon-ward side, while
non-ho mo ge ne ity of sandy silts in the la goon-ward zone in -
creases (Ta ble 1), and (b) there is a dis tinct bimodality in the
grain-size dis tri bu tion caused by sim i lar fac tors as in the case
of the silty sand lithofacies (M-L). In the sea ward zone there
is a slight pre dom i nance of sandy frac tions, while in the
lagoon-ward zone silty fractions clearly prevail.

Lithofacies of varigrained and grav elly sands (F). Sandy 
de pos its with ad mix ture of grav els, found in the sub stra tum
of the four lithofacies above, and con nected with ma rine, la -
goon and lake en vi ron ments, were treated as one class (Ta ble
1, Figs 4, 5). Also, no anal y sis of their spa tial vari abil ity was
made. Be ing de pos its of run ning-wa ter en vi ron ment, their
vari abil ity obeys dif fer ent rules and its scale is dif fer ent too.
The mean grain di am e ter of those de pos its is in the lower
limit of coarse-grained sand (M = 1.10±0.64 phi). The high
stan dard de vi a tion of the M val ues in di cates that the de pos its
are com posed of both, coarse-grained grav elly sands with a
mean di am e ter of 0.46 phi as well as me dium and fine sands
(M = 1.74 phi). Their grain-size dis tri bu tion is close to nor -
mal with a min i mum neg a tive skew ness (Sq = –0.06). Sort ing 
is fairly good (SD = 1.10±0.49 phi). Modal classes in clude
the frac tions of coarse and me dium sand. This lithofacies also 
con tains 7.1% of very coarse sand and 5.2% of gravels with a
diameter from –6 to –1 phi.

SE LECTED GEO CHEM I CAL
CHAR AC TER IS TICS OF THE SE RIES
OF LA GOON AND MA RINE SED I MENTS

The vari abil ity in the con tent of in di vid ual geo chem i cal
el e ments in the de pos its of the £eba Bar rier at R¹bka is il lus -
trated on the ex am ple of bore-hole L-002 (Fig. 7). Each
lithofacies is clearly dis tinct from the oth ers, and they all cor -
re spond to spe cific sed i men tary en vi ron ments.

The geo chem i cal fea tures di vide the pro file into three
sec tions: (1) de pos its of the sub stra tum, (2) la goon-lake de -
pos its, and (3) lit to ral marine sands.

Flu vial and glaciofluvial varigrained and grav elly
sands of the sub stra tum. Prac ti cally the only com po nent of
glaciofluvial and flu vial de pos its is terrigenous sil ica, whose
pro por tion reaches 96–99%. Car bon ates come sec ond, but
their share does not ex ceed 3.4%. Or ganic mat ter and bio-
genic sil ica ap pear in trace amounts: 0.3–0.6% and 0.5–
0.7%, respectively.

La goon silty sands. They are char ac ter ised by a great
vari abil ity of geo chem i cal prop er ties. In the bot tom lay ers of
the la goon-lake se ries (9.4–9.2 m) the con tent of or ganic
mat ter ranges from 4% to 27% (17.5% on av er age), car bon -
ates from 45% to 71% (61.7% on av er age), terrigenous sil ica
10.1–26.4% (20.3% on av er age), and biogenic sil ica merely
0.4–1.1% (0.5% on av er age). In the mid dle, thick est layer of
the silty sands (6.8–5.8 m) the pro por tions of or ganic mat ter
and car bon ates are much lower, 0.2–3.8% (2.1% on av er age)
and 0.9–6.6% (3.4% on av er age), re spec tively. The con tent
of biogenic sil ica is low too (2.3% on av er age). Fi nally, the
top layer of the silty sands ly ing di rectly un der ma rine bar rier
sands (5.2 to 4.7 m) shows a de crease in the con tent of or -
ganic mat ter from 5.7% at the bot tom to 2.6% at the top, of
car bon ates from 6.6% to 3.9%, and of biogenic silica from
2.6% to 1.7% (Fig. 7).

La goon sandy silts. Their lower, thick est, layer sit u ated
at a depth of 8.8 to 8.0 m con tains from 5% to 10.1% or ganic
mat ter (8.0% on av er age), 11.7% to 20.7% car bon ates
(18.1% on av er age), and 4.3% to 9.8% biogenic sil ica (7.0%
on av er age). The pro por tions of car bon ates and biogenic sil -
ica grow up wards, from 11.7% to 22.7% (CaCO3) and from
4.3% to 9.1% (biogenic sil ica). The up per layer of brack ish
silts sit u ated at a depth of 5.6 to 5.2 m con tains on av er age
9.9% or ganic mat ter (a max i mum of 22.9%), 13.6% car bon -
ates (a max i mum of 25.3%) and 7.6% biogenic sil ica (a max i -
mum of 15.7%). The pro por tions of those com po nents are the 
high est in the middle laminae of this section.

Beige lac us trine gyttjas. They oc cur in three lay ers. The
con tent of or ganic mat ter in the bot tom (9.2–8.8 m) and top
lay ers (5.6–5.8 m) is sim i lar (13.0% and 13.8%, re spec -
tively), and it is the high est in the mid dle layer (8.2–6.8 m)
where it av er ages 17.7%. The car bon ate con tent is the high -
est in the bot tom layer where it var ies from 52% to 80%
(64.2% on av er age). In the mid dle layer, car bon ate lev els are
lower, be tween 22% and 53% (39.6% on av er age). Fi nally,
in the top layer there are only 18–21% of car bon ates, with a
mean of 19.7%. The pro por tion of biogenic sil ica is also the
high est in the mid dle layer, 12.3% on av er age. In the top
layer its con tent is only a bit lower (it av er ages 10.5%), while
the bot tom layer shows a mere 1.1% of this component.
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Fig. 6. His to grams of mean grain-size dis tri bu tions for the sub-
lithofacies of fine ma rine sands (M-B) for the lagoonward and sea -
ward zones of the £eba Bar rier near R¹bka.
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Sum ming up the vari abil ity of the men tioned com po -
nents of the la goon-lake sed i ments, it is worth not ing that
gen er ally, from the bot tom of the lower layer of beige gyttja
to the top of the mid dle, thick est, layer of this gyttja, we can
ob serve a non-uni form in crease in the con tent of or ganic
mat ter from 5.1% to 32.0% and of biogenic sil ica from 0.5%
to 18.4%, with a con com i tant de cline in car bon ates and
terrigenous silica.

Fine ma rine sands. These sands con tain only traces of
or ganic mat ter (0.1–0.5%), car bon ates (0.30–0.7%) and bio-
genic sil ica (0.3–0.7%), against as much as 98–99% of
terrigenous sil ica (Fig. 7).

The curve of the mag ne sium/cal cium ra tio, in di cat ing
some trends in sa lin ity, is very in ter est ing. The ra tio grows
mark edly just above the layer of the base pave ment of the
first ingression of the Ho lo cene Bal tic sit u ated at the bot tom
of the la goon-ma rine se ries (Rotnicki 2001). Then, the fig ure
drops in the stages where gyttjas ap pear, and rises again
where the gyttjas are cov ered with la goon silts and sands,
with the ex cep tion of lay ers of la goon silts and sands ly ing on
the shal low est layer of beige gyttja (Fig. 7). In this layer and
the two lower lay ers of the beige gyttja the Mg/Ca ra tio is
low; it is also low in the top la goon silts and silty sands sit u -

ated at a depth of 5.6 to 5.2 m. In the bot tom lay ers of ma rine
sands ly ing at a depth of 4.8–4.2 m the Mg/Ca ra tio grows
slightly but gen er ally re mains low up to the shal low est layer
of silty sands at a depth of 4.20–3.80 m. From a depth of 3.80
m up to the sur face the Mg/Ca ra tio rises mark edly to at tain a
maximum in the last, shallowest-lying sample.

Ob vi ously, the Mg/Ca ra tio does not cor re spond di rectly
to ac tual sa lin ity lev els be cause it is also af fected by diagene-
tic pro cesses in the sed i ment and by mi gra tion of ions in the
ground wa ter. Gen er ally, how ever, the curve may cor rectly
in di cate rel a tive di rec tions of change in sa lin ity, first in the
la goon-lake and then the marine environment.

THE MOL LUSC FAUNA

In two pro files of sed i ments con sist ing of fine-grained
sands, silts and gyttjas, malacological anal y sis was made. It
al lowed for sep a ra tion of mark edly dif fer ent mol lusc as so ci -
a tions, char ac ter is ing changes in the eco log i cal and sed i men -
tary con di tions. The as so ci a tions are com posed of fresh wa ter 
snails (V), fresh wa ter bi valves (P), snails typ i cal of a brack -
ish en vi ron ment (H), and ma rine bi valves adapted to liv ing in 
wa ter bod ies with re duced sa lin ity lev els (C).
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Ta ble 2
Mol lus can as sem blages in the la goon-side pro file L-002C at R¹bka (sam ple num bers from the top to the bot tom)

Species
Samples

1–2 3–13 4–19 20–21 22–24 25 26–29 30–37 38–39 40–41

V Theodoxus fluviatilis I I I I II I

V Valvata piscinalis III V III III I III III

V Valvata cristata II

V Bithynia tentaculata III II II I I II

V Bithynia - operculum II IV II II IV IV

V Lymnaea ovata I I

V Gyraulus laevis III

P Unionidae I

P Sphaerium corneum I

P Pisidium henslovanum I II I III

P Pisidium milium II

P Pisidium subtruncatum I I

P Pisidium nitidum II I III

P Pisidium crassum I I

P Pisidium casertanum I I II

P Pisidium ponderosum II I I I

P Pisidium moitessierianum I II I II

H Hydrobia ulvae I II I III I

H Hydrobia ventrosa I II I I III III I

H Rissoa I II

C Cardium glaucum II III IV II VI III

C Macoma baltica I I I II II

C Mytilus edulis I I I II II

C Scrobicularia plana    II I

V – fresh wa ter snails, P – fresh wa ter bi valves, H – snails typ i cal of a brack ish en vi ron ment, C – ma rine bi valves. Ro man nu mer als de note the fol low ing num -
bers of ana lysed shells: I – 1–3; II – 4–9; III – 10–31; IV – 32–99; V – 100–316; VI – 317–999.



Pro file L-002c. The malacological suc ces sion em braces
10 fau nal as so ci a tions de scribed in strati graphic or der and
iden ti fied by sam ple num bers marked in Ta ble 2 and Fig. 8.

Sam ples 41–40: an as so ci a tion of fresh wa ter molluscs
char ac ter ised by a con sid er able num ber of snail and bi valve
spe cies, with abun dant shells of Valvata piscinalis, Gyraulus 
laevis, Pisidium henslovanum, P. nitidum, and P. caserta-
num. There are large amounts of Bithynia opercula, greatly
ex ceed ing the num ber of shells of this snail.

Sam ples 39–38: an as so ci a tion of mixed com po si tion,
em brac ing sev eral fresh wa ter spe cies, in clud ing abun dant
Valvata piscinalis shells and Bithynia opercula, as well as
snails of the ge nus Hydrobia and four spe cies of marine
bivalves.

Sam ples 37–30: a shell bank com posed of bi valves and
ma rine snails, with a mass con tri bu tion of Cardium glaucum, 
rep re sented by a de tri tus of eas ily iden ti fi able shells and

sparse, com pletely pre served spec i mens; readily vis i ble is
the pres ence of Scrobicularia plana.

Sam ples 29–26: a very poor fauna rep re sented only by
sparse shell frag ments of ma rine molluscs.

Sam ple 25: abun dant shell frag ments of Cardium glau-
cum and sparse ones of sev eral other spe cies of ma rine mol-
luscs.

Sam ples 24–22: a fauna rep re sented by fairly abun dant
frag ments of Cardium shells, sin gle spec i mens of other ma -
rine spe cies, and three spe cies of fresh wa ter snails.

Sam ples 21–20: a poor as so ci a tion of fresh wa ter snails
with an ad mix ture of ma rine molluscs.

Sam ples 19–14: an as so ci a tion of fresh wa ter molluscs
with fairly nu mer ous shells of Valvata piscinalis.

Sam ples 13–3: a rich fauna of fresh wa ter molluscs dom i -
nated by Valvata piscinalis, with an abun dant con tri bu tion of 
shells and opercula of Bithynia tentaculata.
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Fig. 8. Changes in the mol lusc fauna in the la goon-ward/lake-ward part of the £eba Bar rier (L-002C pro file). En – stages of malacological
suc ces sion, SN – sam ple num ber, V – fresh wa ter snails, P – fresh wa ter bi valves, H – snails typ i cal of a brack ish en vi ron ment, C – ma rine bi -
valves adopted to liv ing in wa ter bod ies with re duced sa lin ity level; ex pla na tion for geo log i cal pro file as in Fig. 2.



Sam ples 2–1: a poor fresh wa ter fauna with Valvata
piscinalis.

The de scribed se quence of mol lusc as so ci a tions is a
good re flec tion of changes that oc curred in the en vi ron ment
dur ing the for ma tion of the dis cussed sed i ment se ries (Fig.
8). In the first stage of de po si tion (A), it was a body of fresh
wa ter with an in let and out let, i.e. a lake. The high val ues of
the ‘Bithynia in dex’ (Alexandrowicz 1999a) cor re spond ing
to a very abun dant oc cur rence of Bithynia opercula sug gest
that the lit to ral zone of this body was over grown with reeds.
Worth not ing is the pres ence of Gyraulus laevis, a spe cies
typ i cal of the bo real cli mate re corded in many pro files of
Early Ho lo cene lake sed i ments in northern Poland (Alexan-
drowicz 1995).

The ap pear ance, be side fresh wa ter molluscs, of a fauna
typ i cal of the Bal tic (Cardium, Hydrobia) means the on set of
a sea ingression mark ing the sec ond stage (B), while the next
stage (C) cor re sponds to the ingression at its height. This is
marked by the ap pear ance of a rich Bal tic fauna which soon
be came the only com po nent of a subfossil malacocenosis. A
char ac ter is tic fea ture of this as so ci a tion is the pres ence of
Scrobicularia plana, a spe cies re quir ing el e vated sa lin ity (of
at least 10–12‰). The next stage (D) is re flected in the as so -
ci a tion get ting poorer, and scarce fau nal re mains, with one
ep i sode dis tin guished by abun dant ac cu mu la tion of frag -
ments of Cardium shells. The two last stages (E and F) cor re -
spond to the de vel op ment of the lac us trine fauna with espe-
cially abun dant shells of Valvata piscinalis (Table 2, Fig. 8).
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Fig. 9. Changes in the mol lusc fauna in the sea ward part of the £eba Bar rier in the L-268 pro file. En – stages of malacological suc ces sion,
SN – sam ple num ber, V – fresh wa ter snails, P – fresh wa ter bi valves, H – snails typ i cal of a brack ish en vi ron ment, C – ma rine bi valves
adopted to liv ing in wa ter bod ies with re duced sa lin ity level; ex pla na tion for geo log i cal pro file as in Fig. 2.



Pro file L-268. As in the pro file de scribed above, the
malacological suc ces sion also em braces 10 fau nal as so ci a -
tions (Ta ble 3, Fig. 9). It is strik ing, how ever that the mol-
luscs in this pro file are al most ex clu sively marine.

Sam ples 77–72: sin gle frag ments of shells of ma rine bi -
valves of the spe cies Cardium edule and Scrobicularia
plana.

Sam ples 71–70: a rich fauna em brac ing 7 spe cies dom i -
nated by Cardium glaucum, with a fairly high pro por tion of
Scrobicularia plana and Macoma baltica.

Sam ples 69–66: an as so ci a tion com posed of the same
spe cies rep re sented by rare spec i mens or shell frag ments
among which Mytilus edulis pre dom i nates.

Sam ples 65–57: scant re mains of shells of three bi valve
spe cies.

Sam ples 56–54: abun dant frag ments of Cardium and
Scrobicularia shells and sparse ones of two other spe cies.

Sam ples 53–46: spo radic re mains of bi valves.
Sam ples 45–44: an as so ci a tion of fresh wa ter molluscs

marked by an abun dant oc cur rence of Theodoxus fluviatilis
and fairly nu mer ous Valvata piscinalis, with a slight ad mix -
ture of ma rine spe cies (Cardium, Hydrobia).

Sam ples 43–33: a shell bank con sist ing al most ex clu -
sively of shells or shell frag ments of Cardium edule, ac com -
pa nied by abun dant spec i mens of Hydrobia ulvae and H.
ventrosa (Fig. 10).

Sam ples 32–28: frag ments of Cardium shells oc cur ring
in fair abun dance only in sam ple 29, and in the re main ing
sam ples only spo rad i cally.

The pre sented se quence of mol lusc as so ci a tions shows
that the sed i ments con tain ing them, formed all the time in a
ma rine en vi ron ment or un der its di rect in flu ence (Figs 8, 9).
Its first stage (A) cor re sponds to the con di tions of a ma rine
lit to ral en vi ron ment out side the zone of con cen tra tion of
shell ma te rial. In the sec ond stage (B) there de vel oped shell
thanatocenosis com posed al most ex clu sively of shells of
four bi valve spe cies, with a con sid er able share of Scrobicu-
laria plana. The next stage of the malacological suc ces sion

(C) shows that rather sta ble con di tions of sed i men ta tion per -
sisted for a lon ger time. The next stage (D) is a short ep i sode
with the ap pear ance of fresh wa ter fauna. The sub stan tial pro -
por tion of rheophilous spe cies Theodoxus fluviatilis and an
ad mix ture of ma rine molluscs in di cate that sed i ments con -
tain ing this fauna were de pos ited in the lit to ral zone at a
mouth of river or brook. The most char ac ter is tic el e ment of
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Ta ble 3
Mol lus can as sem blages in the sea-side pro file L-268 at R¹bka (sam ple num bers from the top to the bot tom)

Species
Samples

29 30–32 33–43 44–45 46–53 54–56 57–65 66–69 70–71 72–77

V Theodoxus fluviatilis IV I

V Valvata piscinalis III

P Unionidae II

P Pisidium henslovanum I

P Pisidium nitidum I

H Hydrobia ulvae III I II I

H Hydrobia ventrosa V I I I

H Rissoa II I II

C Cardium glaucum IV I VI II II IV II II V II

C Macoma baltica II III

C Mytilus edulis II I III II

C Scrobicularia plana III I II III I

V – fresh wa ter snails, P – fresh wa ter bi valves, H – snails typ i cal of a brack ish en vi ron ment, C – ma rine bi valves Ro man nu mer als de note the fol low ing num -
bers of ana lysed shells: I – 1–3; II – 4–9; III – 10–31; IV – 32–99; V – 100–316; VI – 317–999

Fig. 10. Ma rine mol lusc shells in the L-268 pro file, 470–498 cm
be low sea-level.



the suc ces sion is a bank with Cardium edule (stage E),
formed as a shell bank in the eulittoral or supralittoral zone.
The se quence ends with the sec tion of poor, sin gle-spe cies
fauna with Cardium (stage F).

The com po si tion of the dis cussed mol lusc as so ci a tions
and the na ture of the malacological suc ces sion, show more or 
less abun dant ag gre ga tions of shells, their frag ments or even
de tri tus, better re flect ing dy nam ics of the en vi ron ment than
its eco log i cal con di tions. Worth not ing is the oc cur rence of
Scrobicularia plana, a bi valve in di cat ing sea sa lin ity higher
than re corded to day in the south ern and cen tral Bal tic. Its
pres ence in the sed i ments of Lake £ebsko was re ported by
Wojciechowski (1995), ac cord ing to whom the spe cies is
char ac ter is tic of the early stage of the Littorina transgression
at the southern Baltic coast.

RE SULTS OF RA DIO CAR BON DAT ING

To de ter mine the age of the chief sed i men tary se ries and
some lev els of the mol lusc fauna, ini tially 11 sam ples: six of
peats and five of shells were taken for 14C dat ing. Two peat
sam ples were taken from lay ers ly ing di rectly un der the en -
tire se quence of la goon and ma rine sed i ments in bore-holes
L-001 and L-268, and four from the peat layer sep a rat ing the
up per se ries of ma rine sands in the same bore-holes. The
shell sam ples were taken from the lev els of pro file L-315
con tain ing fairly abun dant shell ma te rial al low ing for ra dio -
car bon dat ing with the con ven tional tech nique (Pazdur et al.
2000). These lev els oc cur in the lower and mid dle parts of the 
up per se ries of ma rine sands. Af ter the malacological anal y -
sis had been per formed, the Poznañ Ra dio car bon Lab o ra tory

(AMS) dated ad di tional 5 shell sam ples, com ing from lev els
of cru cial sig nif i cance for changes in the mol lusc fauna and
its en vi ron ment. Un for tu nately, the la goon-lake se ries was
not sam pled be cause of its pau city of shell ma te rial. The la -
goon silts and gyttjas them selves were un suit able for ra dio-
car bon dat ing ow ing to their high car bon ate con tent.

Ra dio car bon dates of the ana lysed sam ples are listed in
Ta ble 4. Be sides con ven tional 14C dates, Ta ble 4 shows also
cal i brated ages, cal cu lated us ing the pro gram OxCal ver.
3.10 (Bronk Ramsey 2001). For 14C dates of ma rine shells,
cor rec tion for res er voir ef fect had to be ap plied. As the in ter -
na tional da ta base of ma rine res er voir cor rec tion (Hughen et
al. 2004, www.calib.org/ma rine) does not con tain any data
on lo cal res er voir age on the Pol ish Bal tic coast, we used the
av er age value of DR at the south ern Swed ish coast, with un -
cer tainty ar bi trarily set as high as ±100 yr. Hav ing in mind
this ob vi ous draw back of the cal i bra tion, in the fur ther dis -
cus sion we pre ferred still to use con ven tional ra dio car bon
ages (in 14C years BP).

MAIN SE RIES OF MA RINE, LA GOON
AND LAKE SED I MENTS AND REL A TIVE

CHANGES IN THE LEVEL OF THE
HO LO CENE SOUTH ERN BAL TIC IN THE

RE GION OF THE £EBA BARRIER

The above re sults of anal y ses of lithostratigraphy, se -
lected geo chem i cal prop er ties, mol lusc fauna, and ra dio car -
bon dat ing of the £eba Bar rier in the re gion of R¹bka al lowed 
for iden ti fi ca tion of sed i men tary se ries, malacological lev els
and ero sion sur faces. On this ba sis it was pos si ble not only to
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Ta ble 4
Ra dio car bon dates of the sam ples taken from the geo log i cal cross-sec tion at R¹bka

(£eba Bar rier, south ern Bal tic coast, Po land)
Right to con ven tional 14C ages (in years BP), 68% con fi dence in ter vals of cal i brated dates are given (in BC or AD)

Bore-hole
num ber

Sam ple num ber Depth (m)
Me ters be low

sea level
Ma te rial dated Lab. code 14C age BP Year AD/BC

L-001 015 2.80–2.90 0.9–1.0 Peat Gd-5068 1730 ± 60 240-390 AD

L-001 018A 3.15–3.25 1.25–1.35 Peat Gd-5066 2910 ± 70 1260-1000 BC

L-001 072 10.60–10.64 8.30–8.34 Peat Gd-5067 9840 ±110 9650-9180 BC

L-002C 013 5.10–5.20 3.90–3.92 Shells Poz-8591 3680±35 1910-1620 BC

L-002C 021 6.40–6.50 5.20–5.25 Shells Poz-8592 4115±35 2490-2190 BC

L-002C 039 9.30–9.40 7.70–7.75 Shells Poz-8593 6480±40 5280-5020 BC

L-002C 040 9.40–9.50 8.20–8.30 Shells Poz-8395 10,610± 60 10410-9910 BC

L-265 007 0.80–0.90 1.30–1.40 Peat Gd-12682 1720±50 250-390 AD

L-268 014 2.60–2.75 2.10–2.25 Peat Gd-12142 1770±50 170-350 AD

L-268 044 5.85–5.88 5.35–5.45 Shells Poz-8621 4880±40 3530-3180 BC

L-268 079 8.86–8.89 8.36–8.39 Peat Gd-11463 8350±110 7540-7190 BC

L-315 035 4.96–5.00 4.46–4.50 Shells Gd-12204 4980±60 3620-3360 BC

L-315 039 5.15–5.20 4.65–4.70 Shells Gd-12202 5210±60 3880-3620 BC

L-315 046, 047 5.55–5.60 5.05–5.10 Shells Gd-12205 4970 ±80 3620-3340 BC

L-315 048, 049 5.75–5.80 5.25–5.30 Shells Gd-15077 5760±110 4500-4150 BC

L-315 048, 049 5.75–5.80 5.25–5.30 Shells Gd-16014 5510±250 4350-3750 BC

D1a* £e-D1a 8.50–8.60 8.70–8.80 Peat Gd-4784 9700±110 9290-8850 BC

* Pro file Le-D1a and dat ing the peat ac cord ing to Wojciechowski (1994, 1995).



de ter mine the struc ture of the bar rier but also to dis tin guish
three pe ri ods: (1) ap pear ance and per sis tence of a ma rine en -
vi ron ment, (2) its trans for ma tion into la goon and lake en vi -
ron ment, and (3) rel a tive changes in the level of the south ern
Bal tic Sea in this area.

Five com plexes of ma rine and la goonal sed i ments (M2–
M6) were dis tin guished near R¹bka, i.e. more than had been
iden ti fied pre vi ously in the Kluki cross-sec tion (Rotnicki
2001) sit u ated some 8 km west of the R¹bka cross-sec tion
(Fig. 11). The old est ingression (i1) and ma rine sed i men tary
com plex (M1: 7800–7300 14C years BP), known from Kluki
as W-1, has not been found at R¹bka. Most prob a bly, the ma -
rine com plex M1 has been eroded in R¹bka dur ing the sec ond 
ma rine ingression. There is a cor re spon dence be tween the
Kluki com plex W-2 (Rotnicki 2001) and the R¹bka com plex
M2, and be tween W-3 and the three R¹bka com plexes:
M4–M6. The sed i men tary com plexes in R¹bka re cord stages
characterised below (Fig. 12).

De pos its of the sub stra tum

In the sub stra tum of the Ho lo cene ma rine lit to ral de pos -
its there are varigrained flu vial sands from the end of the Late
Vistulian. Their top lies be tween 8.40 m and 10.0 m b.s.l.
What in di cates their riverine or i gin is the pres ence of sev eral
lev els of up ward-fin ing se quences of sands, from me dium

and coarse to fine and very fine (Fig. 12). In pro file L-002C,
the flu vial sands are over lain by a 10-cm-thick layer of humic 
sands of the lit to ral fa cies of a fresh wa ter lake that ex isted
here in the Youn ger Dryas with an as so ci a tion of fresh wa ter
molluscs (Fig. 8). 14C age of the dated shells was de ter mined
at 10,610±60 years BP (Poz-8595). No other traces of this
wa ter body were found, as most prob a bly they were de -
stroyed by the first (i1) and sec ond (i2) in gres sions of the Ho -
lo cene Bal tic. It was not a deep ba sin be cause at the level of
the or di nates be tween which it was sit u ated only thin lay ers
of Early-Ho lo cene peats were found in the vi cin ity. Their age 
was de ter mined at 9,840±110 years BP (Gd-5067) in pro file
L001 and 9,700±110 years BP (Gd-4784) in pro file D1a
(Wojciechowski 1994a, 1995).

Sed i men tary com plex M2
Stage 1: sea ingression i2 (6,700–6,000 14C years BP)
(Rotnicki, Pazdur 2003)

It is re corded in sev eral pro files of the R¹bka cross-sec -
tion as an ero sion pave ment tak ing the form of varigrained
sands with ad mix ture of gravel 0.2–3.0 cm in di am e ter (Fig.
12). The pave ment is over lain by a layer of coarse, me dium
and fine sands con tain ing sparse shells of Cardium sp. and
their frag ments. The to tal thick ness of the ero sion pave ment
and the sand layer ranges from 30 cm near the south ern limit
of the ingression to 180 cm un der the to day’s beach of the
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Fig. 11. Cor re la tion of ma rine, la goon and lac us trine de pos its in the Kluki cross-sec tion, the mid dle part of the £eba Bar rier and near R¹bka
(af ter Rotnicki, 2001). Up per Pleni-Vistulian and Late Vistulian: 1 – glacio-flu vial and flu vial sands; Ho lo cene: 2 – ma rine sands, 3 –
lagoonalsilts and sandy silts, 4 – gyttjas, 5 – la goonal sandy silts intebedded with ma rine sands, 6 – gyttjas and hu mus sands, 7 – peats, 8 – ma -
rine sands (Subboreal and Subatlantic), 9 – pres ent-day ma rine sands; i1 – basal sur face of of the Early At lan tic sea ingression; i2 – basal sur -
face of the Mid-At lan tic sea ingression; i3 – basal sur face of the Subboreal and Subatlantic in gres sions; R:N1 – sur face and ex tent of the
Mid-At lan tic sea re gres sion; R:N2 – sur face of the Post-At lan tic sea re gres sions; W1, W2, W3 – sed i men tary com plexes re cog nised in the
Kluki cross-sec tion; M2–M6 – sed i men tary com plexes in the R¹bka cross-sec tion.
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bar rier (L-265). It can be seen in the cross-sec tion that the
first ingression merely reached the south ern coastal zone of
the fu ture bar rier. In some places the sands and ero sion pave -
ment con tain an ad mix ture of hu mus and plant macro-re -
mains com ing prob a bly from older orga- nogenic de pos its
de stroyed by the ingression. In pro file L-002C such lay ers
con tain as so ci a tions of mol lusc fauna of mixed com po si tion
em brac ing sev eral spe cies of fresh wa ter snails as well as ma -
rine snails and bi valves (sam ples 38–39 in Fig. 8). It is prob a -
ble that the fresh wa ter fauna was re de pos ited at this site from
the men tioned Late Gla cial wa ter body by the sea ingression.
The ap pear ance of the first ma rine spe cies was de ter mined in
the R¹bka cross-sec tion at 6,480±40 14C years BP (Poz-
8593). It can not be ex cluded, how ever, that the ma rine sed i -
ments of an ear lier ingression, which is es ti mated to have
taken place on the Gardno-£eba Coastal Plain be tween the
7,800–7,300 14C years BP (i1; Rotnicki 2001, Rotnicki,
Pazdur 2003), later un der went de struc tion at R¹bka (Figs 10
and 11).

On the sea ward side of the bar rier, in pro file L-268 (Figs
9 and 10), M2 lay ers (sam ples 72–77) con tain sin gle frag -
ments of shells of ma rine bi valves (Cardium edule and
Scrobicularia plana). In the geo chem i cal pro file L-002, in
the mid dle part of the bot tom ma rine sands, re mark able in -
crease of car bon ates con tent oc curs. It is prob a bly caused by
the pres ence of shells and their frag ments. An el e vated con -
tent of or ganic mat ter re sults from the pres ence of the men -
tioned plant macro-re mains. Be sides, above the pave ment,
there is a clear in crease in the Mg/Ca ra tio (Fig. 7). These
facts are in dic a tive of ma rine or i gin of the sands. There were
first some lo cal de pres sions, where shal low wa ter bod ies ap -
peared in pe ri odic con tact with the sea. The old est sed i ments
formed there, were silts and silty sands of a la goonal en vi ron -
ment. Only then they were over lain by layers of light-grey
marine sands (L-265 and L-268).

Stage 2a: la goon (6,000–5,50014C years BP), sea-level sta -
bili sa tion

The sed i men tary en vi ron ments of this stage are di ver si -
fied spa tially (Fig. 12). In the north ern, sea ward part of the
bar rier, it is rep re sented by 2–3 lay ers of brack ish silts dark
ol ive-grey in col our; def i nitely pre dom i nant in this part are
light-grey sands and silty sands in ter ca lated with thin stripes
of ol ive-grey silts. In the pro files of those de pos its with a to tal 
thick ness of 2.10 m to 2.80 m, ma rine bi valves and snails oc -
cur prac ti cally con tin u ously but usu ally in small num bers
(as so ci a tion C, Fig. 9). Ex cep tions are the bot tom layer of
silts in pro file L-268 con tain ing a very abun dant ma rine mol -
lusc fauna (as so ci a tion B, Fig. 9) and the layer of sands, silts
and sandy silts at a depth of 6.75–6.55 m (samples 54–56).

In the south ern, la goon-ward, part of the bar rier the num -
ber of lay ers of light-grey fine sands with stripes of ol -
ive-grey silts is very small. In stead, there ap pear dark ol ive-
grey silts in greater amounts as well as three lay ers of beige
gyttjas with vari able car bon ate con tent. The to tal thick ness
of the gyttja lay ers in creases south wards. Such spa tial dif fer -
ences in di cate that: (1) at the time of for ma tion of the sed i -
men tary com plex M2, the bar rier was sit u ated north of the
cross-sec tion dis cussed, (2) the de pos its build ing the north -
ern part of the sed i men tary com plex M2, which were closer

to the bar rier of that time, are more sandy be cause over flows
of ma rine wa ters dur ing storm surges, de pos ited overwash
fans there, and (3) dur ing some pe ri ods the la goon was more
open to the sea, dur ing oth ers more iso lated from it, de pend -
ing on the de gree of com pact ness of the bar rier. This is in di -
cated by vari a tions in the Mg/Ca ra tio (Fig. 7), which is
es pe cially low dur ing the sed i men ta tion of gyttjas and grows
at the times of sed i men ta tion of la goon silts and sands. How -
ever, this la goon had never turned into a fresh wa ter body,
even for the short time of de po si tion of the sed i men tary com -
plex M2, as in di cated by the con tin u ous pres ence of the ma -
rine mol lusc fauna in it (Figs 8, 9). It is also un der stand able
that this fauna could find better liv ing con di tions in the more
quiet, south ern part of the la goon than in its near-bar rier part,
more ex posed to in flows of wa ter and sand masses. That is
why the fre quency of the mol lusc fauna in the ‘la goon-ward’
pro file L-002C (Fig. 8) is sev eral times higher than in the
‘sea ward’ pro file L-268 (Fig. 9). The oc cur rence of Scrobi-
cularia plana in the suc ces sion stage C (Figs 8, 9) is in dic a -
tive of el e vated sa lin ity (10–12‰) of the lagoon waters and
of its still broad contact with the sea during the first stage of
formation of the complex M2.

Stage 2b: con sid er able shallowing of the la goon and re -
gres sion of the sea (5,500–ca. 4,800 14C years BP)

The age at which the sea dropped to its low est level is not
well known; in ear lier stud ies it used to be de ter mined at
about 5,000 14C years BP (Rotnicki 1999, 2001, Rotnicki,
Pazdur 2003), but in the light of the new ra dio car bon dates
ob tained for the cross-sec tion dis cussed, it should rather be
shifted to 4,900– 4,500 ra dio car bon years BP. In the south ern 
part of the la goon, this stage is very in dis tinct due to the fact
that la goon sed i men ta tion did not cease at that time. This
stage is per haps re flected by the mid dle gyttja layer in to day’s 
Lake £ebsko (pro file D1A, Wojciechowski 1995) and the
up per gyttja of the sed i men tary com plex M2 in the south ern
part the bar rier (in pro files L-002C and L-002) and far ther
north by the top of sand-in ter ca lated silts ly ing on the gyttja
(L-001 and L-265). In the suc ces sion stage D (Fig. 8) there is
a clear de cline in the abun dance of the mol lusc fauna, which
may re flect low er ing sea-level and hence growing isolation
and shallowing of the lagoon.

In turn, in the north ern part of the bar rier, in the zone of
the to day’s beach, the pe riod of the ma rine re gres sion is re -
corded in a layer of fine, humic, ol ive-grey sand with thin
peat in ter ca la tions, sit u ated be tween the or di nates of –5.45
and –5.35 m mea sured with ref er ence to the pres ent-day
sea-level (pro file L-268). This lay ers also oc curs in pro files
L-315 and L-314 (the lat ter not in cluded in the cross-sec tion)
where it is built of fine and very fine sand dark-grey in col our
rich in hu mus and small plant macro-re mains. The layer may
be a rem nant of a small coastal marshy plain which ex isted
for a short time at this or di nate. Some of the dis cussed area
might have pro truded slightly above the low ered sea-level at
its quiet and low stages. In this layer in pro file L-268, be side
small num bers of the ma rine mol lusc fauna, a fresh wa ter
fauna ap pears with a con sid er able share of the rheophilous
spe cies Theodoxus fluviatilis (sam ples 44 and 45 in Fig. 9),
in di cat ing that the fauna was de pos ited at a mouth of river or
brook, but in a di rect vi cin ity of the sea shore. The paleomor-
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phological sit u a tion of this layer and the un der ly ing de pos its
rule out the pres ence of river or brook in this place. It could
only have been a small, short creek run ning on one of the is -
lets which el e vated from the shal low wa ter and formed the
out line of the fu ture bar rier, and flow ing south to the £eba
La goon. The age of shells from the up per sam ple of this layer
(no. 44; Figs 9, 10) was de ter mined at 4,880±40 BP (Poz-
8621) 14C years BP. In pro files L-315 and L-314 the layer oc -
curs be tween two groups of shell banks. The age of the lower
banks is in the in ter val of 5,760±110 14C years BP (Gd-
15077) to 4,970±80 14C years BP (Gd-12205). Hence the age
of this layer can be as sumed a bit younger than 5,000 BP,
probably between 5,000 and 4,800 radiocarbon years BP.

As shown by the ear lier stud ies car ried out be tween Cape 
Czo³pino and Rowy, the peats formed dur ing this phase of
sea-level low er ing lie at an or di nate of about –4 m (Rotnicki
1999, 2001, Rotnicki, Pazdur 2003). In the light of new re -
sults that take into ac count the com pac tion of la goon silts,
lac us trine gyttjas and peats, the low er ing was 1 to 2 m less
(Rotnicki 2008).

Sed i men tary com plex M3
Stage 3: ingression (i3); shift of the bar rier to the
pres ent-day po si tion and trans for ma tion of the la goon into 
a fresh wa ter lake (4,800–3,000 14C years BP)

The re cord of this ingression is con tained in the sed i men -
tary com plex M3. It shows clear spa tial dif fer ences in the
north-south cross- sec tion. In the sea ward part of the bar rier
(L-268, L-315) the ingression is re corded in the form of
sandy lay ers 2.5 m thick (L-315); to the south the thick ness
in creases to 4 m in the mid dle part of the bar rier (L-001; Fig.
12) to reach 5.5 m in its south ern part (L-002, L-002C, Fig.
12). This sed i men tary com plex rep re sents the bar rier shift ing 
to the po si tion it oc cu pies to day and dem on strates that the
bar rier bor dered first a la goon, and then a fresh wa ter lake.
The bar rier‘s move ment to the pres ent-day area is ev i denced
by nu mer ous shell banks be long ing to the suc ces sion stage E
and sit u ated in the bot tom of com plex M3 in pro files L-268
and L-315 (Figs 9, 10, 11). They were formed in the eulittoral 
zone; pe ri od i cally they might have been in a supralittoral sit -
u a tion in ar eas fea tur ing overwash fans on the south ern side
of the la goon’s bar rier. While the south ern shore line of the
bar rier moved south wards, pass ing through the north ern
zone of to day’s £eba Bar rier and leav ing there the above-
men tioned sands with shell banks, there was a la goon south
of it. In the south ern, la goon-ward part of the bar rier, in the
bot tom of the sed i men tary com plex M-2, there are brack ish
dark ol ive-grey silts and sandy silts pass ing up wards into
fine, light-grey sands with in ter ca la tions of ol ive-grey silts
and in the top part of the com plex into fine, light-grey sands.
This se quence of de pos its shows that the south-mov ing bar -
rier sed i men ta tion had reached the south ern edge of the bar -
rier in its pres ent-day lo ca tion.

Changes in the mol lusc fauna in the lagoonward part of
the sed i men tary com plex, pro vide a ba sis for dis tin guish ing
two sub-com plexes (Figs 2, 8, 10). The lower, la goon one
(M3a) starts in the la goon silts rest ing on a thick gyttja layer
of com plex M2, to gether with the malacological suc ces sion
stage E, at a depth of 6.55 m (the or di nate of –5.65 m; sam ple
21). It marks the start of de vel op ment of a fresh wa ter-lake

mol lusc fauna dated at 4,115±35 14C years BP (Poz-8592).
Sin gle spec i mens of fresh wa ter molluscs ap pear al ready 10
cm lower. Stage E passed into F with a stepwise in crease in
num bers of the fresh wa ter fauna, which took place around
3,680±35 14C years BP (Poz-8591). The de po si tion of the
sed i men tary com plex M3a ended some what ear lier, namely
when the ma rine mol lusc fauna dis ap peared from the la goon.
This oc curred prob a bly about 3,900 ra dio car bon years BP.
Be tween 3,900–3,000 years BP there de vel oped the up per
sub-com plex M3b em brac ing the stage when the south ern
part of the to day’s bar rier still re mained un der wa ter level
(stage F). The end of this stage is marked by a grow ing sand
con tent of the lac us trine lit to ral sed i ments. The de po si tion of
the sed i men tary sub-com plex M3b ends with the ap pear ance
of subaerial parts of the bar rier, in di cat ing sea re gres sion. It
was prob a bly the time when the first dunes began to form on
the bare sandy surfaces, while peatbogs developed in inter-
dune depressions.

Sed i men tary com plex M4
Stage 4: re gres sion (3,000–1,700 14C years BP).

Dur ing the re gres sion of the sea and the low er ing of sea
level, for ma tion of peat started in shal low de pres sions of the
al ready ter res trial sur face of the bar rier while soils de vel oped 
on higher- ly ing land; what re mained of them are humic
sands. Bas ing on 14C dates of peat, the pe riod of sea-level
low er ing can de ter mined to 3,000–1,700 ra dio car bon years
BP (Fig. 12). Dune fields kept de vel op ing throughout the
whole stage 4.

Sed i men tary com plexes M5 and M6
Stage 5: ingression (i4); ter res trial-lac us trine (youn ger
than 1,700 14C years BP) and pres ent-day beach for ma -
tion).

t is rep re sented by lay ers of fine and me dium sands with
a thick ness of 1.3 m to 2.9 m. It is as so ci ated with the ten -
dency of sea-level to rise to its pres ent-day or di nate. There
were also pe ri odic rises of the level of Lake £ebsko, as ev i -
denced by two laminae of gyttja in ter ca lat ing sands of this
sed i men tary com plex in the south ern part of the bar rier. Con -
sid er ing the fact that west of R¹bka, within the field of mov -
ing dunes, old fos sil soils oc cur on top of older dunes (now
also fos sil), dated at 2,900–3,000 14C years BP (Tobolski
1975, To- bolski 2001), it must be stated that the £eba Bar rier 
took quite a long time (the last 4,000–4,500 ra dio car bon
years) to de velop its pres ent form. Ini tially it was a chain of
is lands and is lets on which the wind al ready formed the first
gen er a tions of dunes, while the youn ger parts of the bar rier
de vel oped as overwash fans at a later time, e.g. as the
sedimentary complex M5.

Fi nally, it is worth not ing that the com plexes M3–M5
cor re spond to the sed i men tary com plex W3 in the Kluki
cross-sec tion in the mid dle part of the £eba Bar rier (Rotnicki
2001). In both cases the se ries are youn ger than the Mid -
dle-Ho lo cene re gres sion of the south ern Bal tic on the mid dle
coast caused by a marked rel a tive low er ing of sea-level
(Rotnicki 1999, 2001, Rotnicki and Pazdur 2003).

The youn gest sed i men tary com plex (M-6) is rep re sented 
by pres ent-day beach sands reach ing the thick ness of 0.5–
3.5 m
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SUM MING UP

The lithofacies, sed i ment-tex ture, paleomorphological
and malacological anal y ses as well as ra dio car bon dat ing of
the sed i ments form ing the £eba Bar rier made it pos si ble to
es tab lish the fol low ing facts:

1. Traces of the old est, very shal low fresh wa ter body of
Youn ger Dryas age can be found un der the south ern part of
the bar rier. Its pres ence is doc u mented in humic sands by
shells of fresh wa ter bi valves and snails.

2. There are five sed i men tary com plexes (M2–M6) in
the struc ture of the bar rier. The first one (M2) de vel oped be -
tween 6,700 and 4,500 14C years BP. There are ero sion pave -
ments and ma rine sands in their bot tom, while their main
body con sists of the la goon de pos its of the M2 com plex: in
the south ern part these are gyttjas, silts and sandy silts with
the ma rine mol lusc fauna, while in the north ern part the com -
plex is built pri mar ily of silty sands in ter ca lated with ma rine
sands, also with the ma rine mol lusc fauna. The bar rier was
then still sit u ated north of to day’s sea coast. A char ac ter is tic
fea ture of this suc ces sion stage of the mol lusc fauna is the
pres ence of Scrobicularia piperata in di cat ing sa lin ity higher
than the pres ent level (10–12‰). The fi nal stage of the M2
com plex for ma tion is the pe riod of a marked sea-level low er -
ing reg is tered in a sand-peat layer (L-268) with the fresh wa -
ter mol lusc fauna dated at 4,880±40 14C years BP. The layer
shows that at that time there ap peared small land sur faces in
the zone of shal lows and is lets out lin ing the fu ture shape of a
solid bar rier. Be tween 4,500 and 3,000 14C years BP the bar -
rier shifted to its pres ent lo ca tion (sed i men tary com plex M3). 
The first dune fields started to de velop. At the same time this
is the stage of trans for ma tion of the la goon into a fresh wa ter
lake, which took place be tween 4,200 and 3,900 years BP. At
its start the fresh wa ter mol lusc fauna ap peared in the lake,
and by its end (3,900 years BP) the ma rine fauna had dis ap -
peared. An other low er ing of sea-level took place be tween
3,000 and 1,700 14C years BP. At that time soil de vel oped on
the bar rier and peat bogs ap peared in lower-ly ing places. Dur -
ing the last ingression, youn ger than 1,700 years BP, the bar -
rier re mained in its pres ent-day po si tion and accreted more
sediment. The youngest sedimentary complex (M-6) builds
up the present-day beach.

3. Anal y sis of the grain-size dis tri bu tion of sed i ments
build ing the men tioned sed i men tary com plexes and their
spa tial sit u a tion prove that the £eba Bar rier be longs to the
type of trans gres sion bar ri ers (Roy et al. 1997). It is only in
the fi nal stage of for ma tion that it was a stationary barrier.

4. The com pli cated sed i men tary sys tem in the study area
is the re sult of sev eral rel a tive sea-level changes am pli tudes
of which, how ever, could not be stud ied in the two-di men -
sional space of a sin gle geo log i cal cross-section.
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