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The gen e sis of the Vistula Spit (South ern Bal tic Sea) in the Postlitorina pe riod is re garded as oc cur ring by grad ual ad di tion of suc ces sive
dune ridges along the en tire length of the form. Based on the de gree of soil pro file de vel op ment and ra dio car bon dat ing of or ganic sed i -
ments three main stages of ae olian pro cesses are usu ally rec og nized. GIS anal y sis of a dig i tal el e va tion model (DEM) and thermo -
luminescence dat ing of dune sand sup ports the model of pro gres sive de vel op ment of dune ridges, and has iden ti fied four pe ri ods of
in tense ae olian ac tiv ity. These were es tab lished 5860–5400, 1930–1610, 1200–900 years ago from the pres ent, and from 500 years ago.
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INTRODUCTION

The South ern Bal tic sea shore is char ac ter ized by a
wave-eroded mo raine pla teau form ing cliffed coasts al ter nat -
ing with spits (formed as a re sult of both ma rine and ae olian ac -
cu mu la tion) that cut off bays and coastal low lands (Rosa, 1963; 
Augustowski, 1972; Borówka, 1990; Tomczak, 1995a, b).
Within this, the south ern coast of Gdañsk Bay com prises one of 
the lon gest spits in the Bal tic Sea. The Vistula Spit is a zone of
in ten sive ae olian ac cu mu la tion, the width of which ranges
from 300 m near Gdañsk and Sopot to 3 km near Stegna. Its
length is about 115 km (out of which 75 km lies in Pol ish ter ri -
tory; Fig. 1). Its west ern part ad joins the Vistula River delta,
and its east ern part has the char ac ter of a pen in sula sep a rat ing
the Vistula La goon from Gdañsk Bay. There are two op pos ing
views about the or i gin of the spit (Fedorowicz et al., 2009). The 
first sug gests that the spit ac cu mu lated by pro cesses trans port -
ing ma te rial from two op pos ing di rec tions (Klautzsch, 1919;
Beurlen, 1933), while the sec ond in volves grad ual ad di tion of
suc ces sive dune ridges along its whole length (Rosa, 1963;

Mojski et al., 1995; Tomczak, 1995a, b; Uœcinowicz, 2003). A 
sec ond prob lem is the age of ac cu mu la tion pro cesses, and es pe -
cially the be gin ning of spit de vel op ment. This is de ter mined as
dur ing the fi nal stage of the Litorina trans gres sion at 6300 BP –
Mid dle At lan tic (Rosa and Wypych, 1980; Tomczak, 1995b)
or at the Postlitorina pe riod in the Mid dle Subboreal (Tomczak
et al., 1989; Musielak, 1980). There is gen eral agree ment fol -
low ing Klautzsch (1919) that suc ces sive dune ridges were
formed in phases. Geomorphological sur vey, sup ported by ra -
dio car bon dat ing, has in di cated three phases: 3920–3160 BP,
1210–1060 BP and from 900 BP to pres ent (Tomczak et al.,
1989; Tomczak, 1995a, b). Tak ing into ac count cli mate
changes, i.e. the cool ing pe ri ods of Lit tle Ice Age (LIA) type
(McDermott et al., 2001) and os cil la tions of wa ter level in the
Bal tic Sea (Rosa, 1987; Tomczak, 1995a; Uœcinowicz, 2003;
Rotnicki, 2009) in the later Ho lo cene, con sid er ing ra dio car bon
dates (Tomczak, 1990), three se ries of TL dates (Fedorowicz et
al., 2009) and also op ti cally stim u lated lu mi nes cence (OSL)
ages of gen er a tion foredunes in the Œwina Bar rier (Reimann et
al., 2011) and ae olian ac cu mu la tion within the coastal dunes on 
the Jutland Pen in sula (Murray and Clemmensen, 2001;



Clemmensen et al., 2009), as many as five ae olian phases have
been dis tin guished in the later Ho lo cene.

In this con text, we have car ried out de tailed dat ing of ae -
olian sands in suc ces sive cross-sec tions of the Vistula Spit to
con strain the num ber and age of ae olian phases in which in di -
vid ual dune ridges were formed on the Vistula Spit.

METHODS

The aims of this pro ject need use of ad vanced an a lyt i cal
meth ods (as in Osadczuk, 2004). Firstly top o graphic maps at a
scale of 1:10 000 (sheet N-34-51-D-c-4) were cal i brated, and
then their hypsometric con tent was dig i tized. From this, a dig i -
tal el e va tion model was cre ated. It func tioned as an in put layer
in fur ther an a lyt i cal op er a tions, and from it were de rived pri -
mary top o graphic at trib utes, such as land slope, as pect and cur -
va ture. A geo log i cal layer (vectorized con tent of the De tailed
Geo log i cal Map of Po land at a scale of 1:50 000, Krynica
Morska sheet, Makowska, 1987) and soil layer (vectorized
con tent of the Soil-Hab i tat Map..., 1969) were also in cluded in
the anal y sis. Suc ces sive dune ridges can be in di cated by the de -
gree of soil podsolization (Keilhack, 1912). Based on this, the
ex tents of white, yel low and brown dunes were de ter mined that 

en abled us to de lin eate two re search pro files per pen dic u lar to
the spit (Fig. 2).

Two cross-sec tions through the spit (Fig. 3) were com piled
based on twelve a hand au ger-holes (Eijkelkamp, Neth er lands). 
Two or three sam ples at dif fer ent depths were taken from each
au ger-hole, at up to 5 metres from the dune sur face. In to tal, 29
sam ples were taken from the pro files for TL dat ing. At first
sam ple mois ture was mea sured. The dose rate (dr) was de ter -
mined for a dried sam ple with use of the MAZAR-95 gamma
spec trom e ter. The con cen tra tions of 226Ra, 232Th, 40K in dry
mass were mea sured. One sam ple was mea sured 20 times; each 
mea sure ment lasted 2000 s. The con cen tra tions of radio -
nuclides were con verted into dose rates for al pha, beta and
gamma ra di a tion. The dose rate was cal cu lated with cor rec tions 
for de posit mois ture, dose of cos mic ra di a tion, grain size, and
time of etch ing with hy dro gen flu o ride (HF; Aitken and Xie,
1985; Adamiec and Aitken, 1998). Un cer tainty of dose rate de -
ter mi na tion was about 3% (Porêba and Fedorowicz, 2005). The 
mea sure ment of equiv a lent dose (de) was pre ceded by pre lim i -
nary treat ment. The 80–100 mm quartz grain frac tion, sep a rated 
by siev ing, was treated with 10% HCl for twenty-four hours,
and then with 2% NaOH for twenty-four hours. Then grains
were etched with 40% HF for 45 min utes (Bluszcz, 2000). Af -
ter each treat ment a sam ple was washed with dis tilled wa ter.
The equiv a lent dose (de) was mea sured by the TL mul ti -
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Fig. 1. Lo ca tion of the Przebrno pro file shown on re lief map

The red ar row in di cates the lo ca tion of mainly fig ure



ple-aliquot re gen er a tion tech nique (Wintle and Prószyñska,
1983), ac cord ing to the de scrip tion pub lished by Fedorowicz
(2006). The glow curves were re corded us ing a TL
reader-analyser of RA’94 type (with an EMI 9789 QA
photomultiplier) linked with an IBM com puter. A sam ple was
heated in ar gon at mo sphere to 400oC with a heat ing rate of
8oC/s. The RA’94 reader-analyser was used with a BG-28 op ti -
cal fil ter (Berger et al., 1992). The peak ana lysed oc curred at
about 250oC. The pla teau oc curred be tween 230 and 280oC.
Grain sen si tiv ity was tested by ad di tional mea sure ments. 

RESULTS

Anal y sis of the dig i tal el e va tion model in di cates that 10.1% 
of the area ex am ined is cov ered by white dunes, 16.1% by yel -
low, and 73.9% by the brown1 dunes (Fig. 2). The white dunes
form the ridge of the fore-dune reach ing a height of slightly
over 10 m, be ing un der cut by coastal abra sion in places. Con -
sid er able lows to 3.75 m a.s.l. oc cur in this ridge, and ex tend, to

the south where they from wind-blown de pres sions up to 600 m 
long and 150 m wide. A sec ond dis con tin u ous ridge oc curs be -
tween these de pres sions. It is com posed of forms up to 140 m
long and 15 m high. In this zone, 6 sam ples from white dunes
and 4 sam ples from wind-blown de pres sions were taken (Ta -
ble 1). The TL ages ob tained for white dunes range from 0.3
±0.1 to 0.5 ±0.1 ka, and those for de pres sions range from 0.9
±0.1 to 1.2  ±0.1 ka. The TL ages were com pared with the re -
sults of ra dio car bon dat ing of sub-fos sil organogenic lay ers.
Two ra dio car bon dates were ob tained: cal. 295 ±125 BP
(Gd-30231) and cal. 500 ±110 BP (Gd-30232) (Fig. 3). The
high est train of dunes forms the zone (70–410 m wide) of yel -
low dunes. These are arch and par a bolic forms of dif fer ent size
of ten oc cur ring in the fore land of the wind-blown de pres sions
de scribed above. The larg est of these reach a height of 30 m in
the front part, a length of 900 m along the ridge, and their
arm-span is up to 400 m. Based on dat ing of 5 sam ples (PI-3,
PII-3), the age of these dunes was de ter mined at 1.61 ±0.2–1.85 
±0.2 ka (Fig. 3 and Ta ble 1). The next zone of brown dunes is
the wid est one (1050–1450 m) in the area ex am ined. It is com -
posed of three dune trains: 1) a con tin u ous dune train com posed 

Phases of aeolian accumulation on the Vistula Spit (Southern Baltic Sea) in the light of TL dating and analysis of a digital elevation model 347

Fig. 2. Lo ca tion of re search sites shown on: A – dig i tal el e va tion model near Przebrno;
B – dune gen er a tions, which were marked on the ba sis of the Soil-Hab i tat Map.... (1969)

1 The dune generations are characterized by the degree of soil development. The brown dunes have complete soil profile developed, the yellow ones are
covered by initial soils, and white dunes are active forms without soil cover.



of me dium and small arch and par a bolic forms up to 15 m high
and 200–300 m long; mor pho log i cally this train dis tinctly re -
sem bles yel low dunes but the soil cover and hypsometric con -
di tions are dif fer ent; 2) a dis con tin u ous train com posed of sin -
gle small arch dunes up to 5 m high and 200 m long, sep a rated
by small (50–150 m long) wa ter logged wind-blown de pres -
sions, and 3) ridge dunes about 10 m high and up to 250 m long
oc cur ring near the shore of the Vistula La goon and sep a rated
by larger wind-blown de pres sions, that are up to 200 m long
and 300 m wide. The TL ages of 14 sam ples oc cur in two in ter -
vals from 1.62 ±0.22 to 1.93 ±0.32 ka and from 5.40 ±0.52 to
5.86 ±0.62 ka (Fig. 3 and Ta ble 1). 

DISCUSSION OF RESULTS

The anal y sis of a DEM (dig i tal el e va tion model) and a
DTM (dig i tal ter rain model) shows the ex is tence of three dune
zones (Fig. 2). Dunes oc cur ring in each sep a rate zone are sim i -
lar in terms of hypsometry and mor phol ogy, so prob a bly have a 
com mon or i gin. This is es pe cially clear in the case of the yel -

low dunes – mostly arch and par a bolic forms of con sid er able
size and con cen tra tion, with ini tial soils. The zone of brown
dunes is less uni form. Podzolic soils form a con tin u ous cover
on the train ad ja cent to the yel low dune zone. In two other
trains podzolic soils oc cur only on dunes whereas peat and
hydrogenic soils are found in the inter-dune de pres sions. The
dif fer ent ar range ment and mor phol ogy of forms in di cate that
the zone is not uni form. We ten ta tively dis tin guish two
subzones within the zone of brown dunes. The first is char ac -
ter ized by a dense pat tern of dunes, which are mostly arch
forms. Scat tered ridge dunes dom i nate in the sec ond subzone.
It is more dif fi cult to de lin eate a clear bound ary be tween the
white and yel low dunes due to the oc cur rence of the sec ond dis -
con tin u ous ridge of white dunes, which is of ten sit u ated within
the wind-blown de pres sions sup ply ing the yel low dunes
(Fig. 2). There fore, it can be as sumed that this dune ridge is a
tran si tional unit be tween the white and yel low dunes as ob -
served by Fedorowicz et al. (2009), and also in pa pers de scrib -
ing the de vel op ment of the Vistula Spit (Tomczak, 1990). Two
gen er a tions of white dunes were also de scribed by Osadczuk
(2004) in the Œwina Bar rier.
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T a  b l e  1  

Lu mi nes cence dates of sam ples from Przebrno

No. of
drill ing Dune ridges Depth 

[m]
No. Lab. 

UG
Radionuclide con cen tra tion (Bq kg–1) Wa ter con tent

[%]
Dose rate dr 

[Gy/ka]
Equiv a lent

dose de [Gy]
TL age 

[ka]226Ra 232Th 40K dc

PI-1

white 1.00 6071 20.8 ±1.1 23.6 ±0.6 452 ±6 0.14 4 ±4 2.42 ±0.10 1.21 ±0.25 0.50 ±0.10

white 2.00 6072 20.4 ±1.1 22.8 ±0.6 449 ±6 0.11 5 ±4 2.37 ±0.09 1.19 ±0.25 0.51 ±0.11

white 4.00 6073 21.0 ±1.1 23.0 ±0.6 450 ±6 0.06 4 ±4 2.40 ±0.11 1.20 ±0.25 0.50 ±0.12

PI-2
white/yel low 2.00 6074 20.4 ±1.4 22.2 ±0.7 440 ±6 0.11 4 ±4 2.29 ±0.10 2.30 ±0.24 1.03 ±0.12

white/yel low 3.80 6075 20.8 ±1.2 23.0 ±0.7 445 ±7 0.06 4 ±4 2.37 ±0.11 2.37 ±0.24 1.03 ±0.10

PI-3

yel low 2.00 6076 24.0 ±1.1 26.0 ±0.6 475 ±7 0.11 4 ±4 2.63 ±0.12 4.81 ±0.48 1.83 ±0.21

yel low 4.00 6077 21.7 ±0.6 24.7 ±0.6 467 ±5 0.06 4 ±4 2.65 ±0.11 4.90 ±0.49 1.85 ±0.20

yel low 5.00 6078 20.8 ±0.6 24.4 ±0.7 453 ±6 0.04 4 ±4 2.62 ±0.10 4.72 ±0.50 1.80 ±0.22

PI-4
brown 2.00 6079 21.0 ±0.6 23.8 ±0.6 455 ±7 0.11 4 ±4 2.57 ±0.10 4.65 ±0.47 1.81 ±0.21

brown 4.00 6080 21.8 ±1.1 25.0 ±0.6 460 ±6 0.11 4 ±4 2.66 ±0.11 4.95 ±0.50 1.86 ±0.22

PI-5
brown 2.00 6081 20.8 ±1.2 22.9 ±0.7 458 ±6 0.11 4 ±4 2.58 ±0.11 4.72 ±0.47 1.83 ±0.20

brown 4.05 6082 20.9 ±1.0 23.6 ±0.7 459 ±6 0.06 4 ±4 2.58 ±0.10 4.67 ±0.47 1.81 ±0.20

PI-6

brown 1.50 6083 25.8 ±1.0 27.5 ±0.4 548 ±5 0.12 5 ±4 2.88 ±0.11 15.55 ±1.6  5.40 ±0.52

brown 4.05 6084 21.7 ±1.3 24.0 ±0.7 547 ±5 0.06 4 ±4 2.83 ±0.12 15.71 ±1.6  5.55 ±0.62

brown 4.40 6085 28.3 ±1.1 27.4 ±0.5 523 ±5 0.05 4 ±4 2.79 ±0.11 15.60 ±1.6  5.59 ±0.63

PII-1

white 2.00 6086 21.0 ±1.2 23.0 ±0.6 250 ±6 0.11 4 ±4 2.39 ±0.10 0.7 ±0.35 0.30 ±0.12

white 4.00 6087 21.8 ±1.1 22.6 ±0.6 255 ±6 0.06 4 ±4 2.42 ±0.09 1.21 ±0.25 0.52 ±0.11

white 5.00 6088 20.9 ±1.1 23.6 ±0.6 259 ±7 0.04 4 ±4 2.43 ±0.10 1.22 ±0.25 0.52 ±0.12

PII-2
white/yel low 2.00 6089 21.7 ±1.2 25.5 ±0.7 470 ±7 0.11 4 ±4 2.42 ±0.11 2.18 ±0.24 0.93 ±0.11

white/yel low 4.00 6090 20.0 ±1.1 21.4 ±0.6 454 ±6 0.06 4 ±4 2.32 ±0.10 2.78 ±0.28 1.20 ±0.10

PII-3
yel low 2.00 6091 23.8 ±0.7 25.9 ±0.7 479 ±7 0.11 5 ±4 2.59 ±0.10 4.17 ±0.42 1.61 ±0.22

yel low 4.00 6092 23.9 ±0.8 25.8 ±0.6 486 ±7 0.06 4 ±4 2.66 ±0.11 4.92 ±0.50 1.85 ±0.20

PII-4
brown 2.00 6093 20.9 ±0.7 23.6 ±0.7 458 ±7 0.11 4 ±4 2.60 ±0.10 4.21 ±0.44 1.62 ±0.22

brown 4.00 6094 21.0 ±0.7 23.0 ±0.6 450 ±6 0.06 4 ±4 2.57 ±0.10 4.65 ±0.48 1.81 ±0.21

PII-5

brown 2.00 6095 21.4 ±0.7 24.0 ±0.7 450 ±6 0.11 4 ±4 2.55 ±0.11 4.11 ±0.42 1.61 ±0.20

brown 4.00 6096 20.9 ±0.7 25.2 ±0.7 461 ±6 0.06 4 ±4 2.63 ±0.11 4.66 ±0.50 1.77 ±0.21

brown 5.00 6097 21.0 ±0.7 25.5 ±0.7 459 ±7 0.05 4 ±4 2.63 ±0.10 5.08 ±0.52 1.93 ±0.32

PII-6
brown 2.00 6098 19.2 ±1.4 26.6 ±0.7 540 ±6 0.11 4 ±4 2.87 ±0.12 15.67 ±1.6  5.46 ±0.60

brown 4.00 6099 20.8 ±1.3 27.1 ±0.6 528 ±7 0.06 4 ±4 2.79 ±0.12 16.35 ±1.7  5.86 ±0.62
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This mat ter is elu ci dated by TL dat ing of sep a rate dune
trains. The re sults ob tained in the white, yel low and tran si tional 
dune zones clearly in di cate their dif fer ent ages, and are con sis -
tent with dis tin guish ing a tran si tional zone be tween white and
yel low dunes. The dates from the brown dunes form two
groups. The first, dis tinctly youn ger, with dates rang ing from
1.62 to 1.93 ka, in terms of age re sem bles the yel low dunes.
Based on dat ing of dunes in Stegna, Fedorowicz et al. (2009)
dis tin guish also a tran si tional zone be tween yel low and brown
dunes but the dates ob tained, rang ing from 4.24 to 5.63 ka, cor -
re spond better to the age of brown dunes. There fore, the youn -
ger subzone of brown dunes discussed above can not be iden ti -
fied with this tran si tional zone of yel low-brown dunes. It seems 
rea son able to in clude the con tin u ous train of brown dunes in
the zone of yel low dunes based on their sim i lar mor phol ogy,
dune ori en ta tion, con tin u ous soil cover and TL age. They dif fer 
in hypsometric con di tions and de gree of pedogenesis de vel op -
ment. This prob lem needs fur ther in ves ti ga tion. Sim i larly dis -
trib uted ages in di cat ing dis tinct separation of the OSL dates
were ob tained by Reimann et al. (2011) from brown dunes
from the Œwina Bar rier.

The TL ages ob tained are clas si fied into four dis tinct pe ri -
ods/phases of in ten si fied ae olian ac cu mu la tion (Fig. 4). The
first of these is in di cated by the dat ing re sults of the old est train

of brown dunes ad ja cent to the Vistula La goon. The av er age
TL age cor re spond ing to this phase is 5.57 ±0.53 ka, and the
whole pe riod is es ti mated at over 400 years. These re sults dif fer 
con sid er ably from the for merly de ter mined time of the be gin -
ning and du ra tion of the first phase of dune ac cu mu la tion on the 
Vistula Spit. Based on the re sults of ra dio car bon dat ing of the
bot tom peats in the inter-dune de pres sions, Tomczak (1990) es -
ti mated the end of the first phase of the Spit de vel op ment at
3920–3160 BP (cal. 3380–4360 14C BP2). She also sug gested
that ma rine re gres sion ini ti ated this phase i.e. af ter the Litorina
trans gres sion; so the be gin ning of ae olian trans for ma tion of
beach ridges oc curred about 5000 BP. Anal o gous ra dio car bon
dat ing on the Œwina Spit (west ern part of Pol ish coast) in di cates 
an age of 4810 BP (cal. 5585 14C BP; Prusinkiewicz and
Noryœkiewicz, 1966) and on the Curonian Spit (Lith u a nian
coast) of 4630 BP (Gaigalas et al., 1989). These re sults better
cor re spond to those ob tained by us. The in creas ing num ber of
lu mi nes cence dates seems to con firm the ex is tence of a phase
of in ten si fied ae olian ac tiv ity in the coastal dune zone at the
turn of the At lan tic and Subboreal pe ri ods (Gaigalas et al.,
1989; Borówka, 1990, 2001; Murray and Clemmensen, 2001;
Osadczuk, 2004; Moe et al., 2005; Molodkov and Bitinas,
2006; Clemmensen et al., 2009; Reimann et al., 2011). This
phase of ae olian ac cu mu la tion on the Vistula Spit was dated at
7.28–5.12 TL ka by Fedorowicz et al. (2009). In the light of
OSL dat ing from the Œwina Bar rier, ae olian ac cu mu la tion of
the first gen er a tion of brown dunes be gan at 6.62 ±0.42 ka on
the Uznam Spit and at 5.39 ±0.37 ka on the Wolin Spit, while
its ter mi na tion is ex pressed by a date of 2.45 ±0.15 ka
(Reimann et al., 2011). On the Jutland Pen in sula, how ever, the
old est (4) phase of ae olian sand ac cu mu la tion oc curred at
4.6–4.3 ka (Murray and Clemmensen, 2001; Clemmensen et
al., 2009).

The sec ond phase of in ten si fied ae olian pro cesses on the
Vistula Spit is rep re sented by the dates rang ing from 1.93 to
1.61 ka. They cor re spond to the end of ac cu mu la tion of yel low
dunes de ter mined by Tomczak (1990) at 1210–1060 BP. How -
ever, yel low dunes on the Œwina Spit were dated by
Prusinkiewicz and Noryœkiewicz (1966) at the 15–17th cen -
tury. How ever, the OSL dates of 1.72 ±0.12 ka and 1.65
±0.11 ka ob tained from the sec ond gen er a tion of brown dunes
by Reimann et al. (2011) cor re spond well with the re sults de -
scribed here. The bot tom parts of dunes on the Curonian Spit
were OSL dated by Bitinas (2004) at cal. 1500 ±100 a. Moe et
al. (2005) ob tained a very sim i lar AMS (Ac cel er a tor Mass
Spec trom e try Ra dio car bon Dat ing) date (cal. 1900 ±40 14C
BP) from subfossil soil cov er ing the ae olian de pos its. A slightly 
youn ger age (1.2 ±0.1 ka) was ob tained for dune sands on the
Curonian Spit by Molodkov and Bitinas (2006). Fedorowicz et
al. (2009) ob tained a broad spec trum of TL dates (6.0–1.53 ka)
from the Stegna pro file (Vistula Spit). Clemmensen et al.
(2009) de ter mined the age of the dune-form ing phase de noted
as no. 2 on the Jutland Pen in sula at 2.0–1.59 ka. 

350 Stanis³aw Fedorowicz, Pawe³ Zieliñski, Gra¿yna Wysiecka and Beata Ho³ub

Fig. 4. Phases of in ten si fi ca tion of ae olian pro cesses
 on the ba sis of TL dates

2 Dates calibrated on the basis of tables by Reimer et al. (2004) included in Walanus and Goslar (2009). 



The third phase of ae olian pro cesses took place be tween 1.2 
and 0.9 ka. It re sulted in the for ma tion of the dis con tin u ous
dune ridge (be tween the yel low dunes and the foredune) and
the wind-blown de pres sions, and prob a bly in the build ing of
the north ern slopes of the yel low dunes. Ac cord ing to Tomczak 
(1990), a ma rine ingression on the Vistula delta in the Sztutow
re gion oc curred at that time. Sim i lar ob ser va tions were con -
ducted by Rotnicki (2009) on the Gardno–£eba Low land in di -
cat ing a rapid in crease in Bal tic sea level be tween 1.8 and
1.1 ka BP (3.4 mm/year), fol lowed by a sta ble high wa ter level
un til 0.7 ka BP. The rise in sea level caused the un der cut ting of
beach ridges that prob a bly nar rowed the beach, which was the
nat u ral alimentation area for dunes on the spit (Borówka,
1999). There fore, the ma te rial sup ply for dune for ma tion was
con sid er ably re duced. How ever, the de pos its of sim i lar age oc -
cur on the Lith u a nian coast (Molodkov and Bitinas, 2006), and
on the Dan ish coast where the dune-form ing phase de noted as
no. 1 is re lated to this pe riod (Clemmensen et al., 2009). So it
seems that the rise in sea level is not a sig nif i cant im ped i ment to 
the in ten si fi ca tion of dune-form ing pro cesses. Borówka (1999) 
in di cates that ae olian de po si tion in foredunes reaches sig nif i -
cant val ues now a days, of about 1.5 m/year, though the rise in
sea level is a con stant trend. Reimann et al. (2011), how ever,
re con struct the rate of the yel low dunes’ growth at
1.3–1.1 m/year. One thou sand years ago the de struc tion of
beach ridges on the Vistula Spit could have moved a great
amount of sand, which was then trans ported by long shore drift; 
af ter storms this sand could have been ac ces si ble for ae olian
trans port. Ad di tion ally, the wind-trans ported ma te rial could
have orig i nated from the for merly ac cu mu lated de pos its as is
shown by the oc cur rence of wind-blown de pres sions be tween
white and yel low dunes.

The youn gest phase of in ten si fi ca tion of ae olian pro cesses
is dated at 0.5–0.3 ka. A sim i lar age was ob tained for the
Stegna pro file by Fedorowicz et al. (2009). On the other hand,
ac cord ing to Tomczak (1990) this phase has con tin ued for the
last 900 years, with slightly less in ten se pro cesses from 480 to
340 years ago. This is un doubt edly cor rect be cause the pro -
cesses in the foredune zone are in ces santly ac tive though pe ri -
od i cally less in ten se. In the Przebrno pro file such weakenings
are ra dio car bon dated at 295 ±125 BP (Gd-30231) and 500
±110 BP (Gd-30232); these dates are sim i lar to the age range
given by Tomczak (1990). Borówka (1990, 2001) de scribed
the re ac ti va tion of ae olian pro cesses on the £eba Spit at about
500 BP, which was in flu enced by hu man ac tiv ity but caused
mainly by de te ri o rat ing cli ma tic con di tions ex pressed mainly
by a de crease in mean tem per a ture and an in crease in the num -
ber of storms. Sim i lar con clu sions about the age and causes of
ac ti va tion of ae olian pro cesses re sulted also from the in ves ti ga -
tions on the Wolin Spit (Reimann et al., 2011), on the Curonian 
Spit (Bitinas, 2004; Moe et al., 2005) and on the north ern coast
of Den mark (Aagaard et al., 2007; Clemmensen et al., 2009).

The four phases of ae olian ac cu mu la tion on the Vistula Spit
de scribed have their equiv a lents on other spits of the South ern

Bal tic as well as in the west ern and north ern parts of the Jutland
Pen in sula (Gaigalas et al., 1989; Borówka, 1990, 2001; Murray
and Clemmensen, 2001; Bitinas, 2004; Osadczuk, 2004; Moe et
al., 2005; Molodkov and Bitinas, 2006; Aagaard et al., 2007;
Clemmensen et al., 2009; Reimann et al., 2011). Com par ing the
age of these phases with the cool ing pe ri ods of LIA type
(McDermott et al., 2001) it seems that de po si tion was trig gered
by such weather con di tions. Ac cord ing to Reimann et al. (2011)
in ten si fied storms de liv ered larger amounts of sand ma te rial onto 
the beaches, which was sub se quently used in ae olian trans port
that was ac cel er ated by stron ger winds. These phases can also be
cor re lated with rel a tive os cil la tions of wa ter level in the south ern
Bal tic (Rotnicki, 2009); in gen eral, they cor re spond with pe ri ods
of de creased wa ter level. An ex cep tion  is the sec ond phase,
dated by the au thors be tween 1.93 and 1.61 ka (Fig. 4), which
cor re sponds with the Ro man Warm Pe riod (RWP; McDermott
et al., 2001; Reimann et al., 2011), and also a rel a tive in crease in
the wa ter level of the Bal tic (Rotnicki, 2001). Reimann et al.
(2001) in ter pret the re start of the ae olian trans port as due to hu -
man ac tiv ity in the area, mainly de for es ta tion. 

FINAL REMARKS

The data pre sented are a con tri bu tion to the dis cus sion on
the or i gin, age and phases of the for ma tion of the Vistula Spit.
They en large the col lec tion of ab so lute dat ing re sults ob tained
for this area. Based on the large set of TL ages, global ten den -
cies and lo cal vari a tion of the pro cesses dis cussed can be in di -
cated. The au thors con sider that three facts are worth not ing.

Based on the de gree of soil cover de vel op ment, only gen -
eral in for ma tion about the age and se quence of for ma tion of the 
dune ridges dis tin guished can be ob tained. This is most ev i dent  
within the zone of brown dunes where two dune ridges are dis -
tinctly dif fer ent in terms of age, and one of them in terms of age
re sem bles the yel low dunes. More over, we should take into ac -
count that sta ble dunes were/could have been trans formed to
some ex tent dur ing the ad di tion of suc ces sive dune ridges.

Ae olian pro cesses were ac ti vated pe ri od i cally. In the area
ex am ined they were in ten si fied in the fol low ing pe ri ods:
5860–5400, 1930–1610, 1200–900 and from 500 years ago.
This in ten si fi ca tion was most prob a bly de ter mined by de te ri o -
ra tion of cli ma tic con di tions of LIA type, which re sulted in a
de crease in mean an nual air tem per a ture, an in crease in the
num ber of storms, and low er ing of the wa ter level in the Bal tic
Sea. The ex cep tion was the phase oc cur ring 1930–1610 years
ago, which cor re sponded to a warm pe riod (RWP) and a rise of
sea level. So, the in ten si fi ca tion of ae olian de po si tion dur ing
this phase should be re lated to anthropogenic factors. 

Ac knowl edge ments. We would like to ex press our grat i -
tude to the re view ers for kind, valu able and thor ough re marks
on the sub mit ted manu script. 
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