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Editor’s Address to BALTICA Readers

EDITORIAL

“Navigare necesse est” — with such wishes Acade-
mician Wylautas Gudelis saw the BALTICA Year-
book off already twice: in 1963, when this publica-
tion was born in the scientific world, and in 1994,
when he passed to me the honour 1o rencw
BALTICAS publication from its volume 8.

BALTICASs way to the family of rescarch pub-
lications is not easy. T think, frstly, that Baltic Sea
investipators are insufficiently informed about the
rebirth of this Yearbook, Sccondly, actively orga-
nized conferences and various international projects
publish their own special cditions “collecting” guite
a few of research results. Thirdly, distribution of
the BALTICA wyearbook and its presentalion via
international information systems is nol well enough
organized. Bul, these are nol very large problems,
they ean be and will be gradually solved.

Thus, BALTICA came back, BALTICA again
ook ils road. The nearest foture will show how
this road looks. BALTTCA would like 1o join the
family of such NORDIC journals as HOREAS,
LETHAIA, GFF ete, Volume 8 of BALTICA has

already shown its dircetion — serious scientilic pa-
pers and information typical of a yearbook at the
same time; such is the credo of BALTICA. Studics
of the Baltic Sca and its shores make up a field
where successful development of BALTTCA is quite
real.

The suceess of BALTICA Tully depends on how
much new papers and information is being received.
Therelore, Editor expecls lavour of authors, grace
of readers and attention of publishers.

Traditions of BALTICA created by Vylautas
Cindelis can be continued. Please, wrile and scnd
articles. BALTICAS papercase is open all the time.

On this occasion | would like o express my
gratitude 1w the authors of BALTICA volumes 8
and 9 and, with a greal pleasure, 1o the manu-
script referces whose assistance was really of grean
value. 1 expect that BALTICAS sponsor - The Sci-
ence Council of Lithuania — and supporters -
Lithuanian Academy of Sciences and Institote of
Gicology will help us lTurther as belore, that this
publication could reach readers cach year,

Algimantas Grigelis

Chemical Components and Elements
in the Suspended Matter and Sediments

of the Western Baltic

Emelyan M. Emelyanov

Emelyanov, IZM. 1996: Chemical com-
ponents and eclements in the sus-
pended  matter and  sediments  of
the Western Baltie. Baltica, Vol 9,
pp. 5-15. Vilnius. ISBN 9986-615-05-4 /
[85N 006T-3004

Fmelvan M. Emelvanov, PP Shirshov
Institure of Oceanclogy of Russian Acad-
ey of Sciences,  Atlantic  Branch,
Progpekt Mira [, 236000 Kaliningrad,
Russian Federation; received [2th Sep-
fember, [994, accepred 3d November,
1905,

Chemical componems (CaCOy, Sikd, b oand demens (¢ :ﬂ. Ca, Mg, P, Fe,
Mn, Th. K, Na, BRh, 13, Zr, Ba, £, Cu, Cr, ML, Co, 'V, Mo, Sn) have been
ivestigated B0 the surfice and Lawe Quaternary sedimems ol the Banhobing
Basin, Fe, Mn, Zn and Cu
samiples were also invesigared for Se, B, Se, s, HEG Ta Thy la, Ce, M,
S, Eog Thye ¥b, Lo, U, Aw The behaviour of dhe elemems in the warer
column and bowtom sediments 15 discussed.

I{e-_rwnwd.t Bakic Sea, Arkora, Bombolm, sedimems, sedismensinon, pooche-

Illifll'}l'. SIIJI'UIK“.‘F.. INANEANCEE, R -I.'ll.'l11l!l'|'|ﬁ..I ItI!LH."Ill.l:I.‘il nErer,

i the suspended  marer, Some sedimene

INTRODUCTION

The Baltic Sea is an extremely interesting area from
a peochemical point of view. Periodical stagnation
of the near-bottom waters in the deep basing causes
sedimentation in these deeps of sapropel-like muds,
which are enriched not only in organic matter (C_ ),
bt also in Mn, P Fe, Mo, and in some cases, Cu,
£n, Ni, Ba. VT.Gorshkova (1961)), A Blazhchishin
(1976), and 15 Emelyanov (1976) compiled maps
for the Baltic proper showing arcas with highest
concentrations of CaClO,, Cpe Fe, Mn, B Cr, M,
V, Ba, Zr, Mo, So in surface sediments, Laler some
of  these maps were improved (Emelyanov
1988, 1992, 1995). The distribution of chemical com-
ponents and clements in the scdiments of the
Western Baltic was shown [ragmentarily in the pub-
lished maps. During the last decade hundreds of
new samples of bottom sediments were colleeted
and apalysed (our unpublished data, data of
I Brigmann & D.Lange 1990, and M.Periilla &
L. Briigmann 1992),

The main purpose ol this paper is, on the one
hand, to show (1) the influence of the land (ter-
rigenous input) on the chemical composition of the
sea wialer, suspended matter and botiom sediments
of the Bornholm and the Arkona Basins, and (2)
the influence of stagnant environment in the
Bornholm Basin 1o the chemical composition of

the suspended matter and bottom sediments. On
the other hand, author should like o compare the
average conlents of elements (1) in Late Glacial
and recent sediments, and (2) in the Western Baltic
and other parts ol this sea.

SAMPLING AND ANALYTICAL PROCEDURES

Sediment samples were collected mainly during So-
viet expeditions (1970-1991) on RV “Professor
Dabrynin™,  “Shell”, “Akademik  Kurchatov™,
“Akademik Sergey Vavilov”, and “Professor Shiok-
man”, Surface sediment samples were collected by
prab “Okean-25", cores were taken by simple light
pravity corer (diameter 72 mm), heavy gravity corer
(diameter 127 mm) and Niemisto corer. Sediment
samples were collected from 106 stations (48 cores)
in the Bornholm Basin and 43 stations (15 cores)
in the Arkona Basin (Emelyanov 1995). The long-
esl core in the Arkona Basin exceceds 470 m, in
the Bombolm Basin it is 7.47 m long The cores
consist of Boreal sediments in the Arkona Basin
and of tills in the Bormholm Basin (station AK-
1414). In wel samples the grain size distribution
was analysed by sieving and pipette methods, and
the sediments were classified according 1o the clas-
sification of the Institute of Occanology, ISSR
(Bezmkov & Lisitzin 1960). For chemical analyses
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samples were dried (50-70°C), pounded and ana-
lyzed. Carbon (total and organic) was analysed by
a volumetric method on a Leco analyser AN 7529,
phosphorus and titanium — by colorimetric method,
amorphous silica - in sodium carbonate extraction,
Fe, Mn, K. Na. Li. Rbh, Ca, Mg, Zn, Cu, Cr, Ni,
(o = by atomic absorption spectroscopy (Khandros
& Shaidurov 1980}, Ba, V, Zr, Mo, Be, Ge, 5n -
by emission spectroscopy (Meishtas 1970). Soviet
{Russian) state geological standards SDO-1, S0-2
and SD0O-3 were used for control. All analyses were
perfomed in the Atlantic Geological Laboratory of
the DEShirshov Institute of Oceanology (Atlantic
Branch) of the Russian Academy of Sciences,
Kaliningrad, Some rare microclements and the rare
earth elements (REE) were analysed by neutron
activation. These results were given o the author
by .Baturin.

The water sampling was cartied out by using 5 |
plastic samplers at drift stations and with Niskin
samplers  attached to a  hydrochemical sonde
“Rozett”. Water from the samplers was filled into

polyethylene bottles and filtered immediately using
pressure [iltration through precleaned polvearbon-
ate 1.5 mm nuclepore filters. The filters were
soaked for 3 days in cold 6 moll HCL. rinsed
again soaked for 3 days in 1% HCI and twice
distilled at 50°C. Filters with suspension were suc-
cessive by treated with acid (ultrapure HF, HINO,
and HCL) in teflon dishes, heated and poured into
special 10 ml test wbes for final concentration in
solution less 2% HCL The content of clements in
the suspended matter was analyzed by atomic ab-
SOTpHion Spectroscopy.

HYDROGRAPHIC CONDITIONS

The Arkona and Bornholm Basins are located in
the Western Baltic near the Danish straits (Fig. 1),
The maximum depth is 51 m in the first basin
and 105 m in the sccond one, The North Sea
saline waters reach first the Arkona Basin and
enter the Bornholm Basin through the Bornholm
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+-PD-RV Professor Dobrynin
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Fig: 2. Map of botom sediments (03 cm layer), Bomholm Basin. The dismiburion of sediments i shown Tn‘-.‘-n“.l'lj{ w the
listinne of Occanology classification (Bezrmkov & Lisizin, 1960). 1 - finegrained sand, quaneose; 2 medimi and coarse-
various-grained sand with gravel, pebble and boulders: 5
alewnine mud; T~ aleurioe-peline mmd; # sapropelic md {or sapropel-like lllll_f'-"-!--'i'ﬁ L"lu]: I
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Fig. 1. Map of geological statfons perfomed on board of Sovier vessels A
1L - Tines of peochemical ranseers (see Fige. 3 and 4).
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gale. There is a well-expressed halocline. Its level
i located between 20-25 m in the Arkona Basin
and 35-65 m in the Bornholm Basin. A hydrogene
sulphide contamination of near-bottom walters was
alserved in the Bornholm Basin only, During our

expeditions the O -H.S interface (strongest redox-
barrier) was found at a depth of 72-75 m in
many cases. During our expeditions the decpest
part of Bornholm Basin was under stagnani con-
ditions.



SEDIMENT TYPES AND THEIR COMPOSITION

In all cases sediments were classified by litho-
stratigraphy and faunal contents (benthic and plank-
tonic foraminifera), by absolute age determination
(", and some of them by distom and pollen analy-
ses (Kupisov et al. 1984; Emelyanov ct al. 1989).

In the Arkona Basin, sands are widespread in
the nearshore areas. Al a depth of 3040 m they
arc replaced by silt and fine aleuritic (fine silty)
mud and aleuritic-pelitic mud (with a content of
S0-70% of the fraction < 0.01 mm). Only some
spots in the central part of the Arkona Hasin have
a pelitic (clayey) mud with a content of 70-75% of
the fraction < 0.01 mm (Fig 2). The Holocene
marine muds of the Bornholm Deep are accumu-
lated beneath the halocline, where the environment
is calm, sands ocour above the halocline (Emelya-
nov, 1995), coarse and fine aleurites (silts) are at
the level of the halocline or just beneath it. In the
Arkona Basin with depths lower than of the
Bornholm Deep, the sediments are not so well-
sorted: the inluence of the halocline in this basin
on the sediment distribution is much less than in
the Bornholm Deep. The mud thickness in the
Borpholm Deep is 280-300 em according lo the
coring results. However, according to CSP data, it
may cxceed this value, The thickness of mud pre-
sumably reaches 8-10 m in some places. Here,
accumulation rate exceeds 0.3 mm per year, and at
some stations (station PSh-2564) it reaches even
L0 mm per year. It seems to be a characteristic
feature that, in the deep-sea areas of the Bornholm
Basin, muds arc either completely absent (stations
P5h-2551, PD-2202) or considerably less thick. One
miy assume that strong near-bottom currents pre-
venting accumulation of large masses of muddy
malterial oceur in these regions.

The sediments of the Bornholm and the Arkona
Basins are terrigenous: biogenic and chemogenic
components do not exceed 10-15% of the total
sample. Sands and silts consist mainly of quartz.
Content of Si0), (total) exceeds 93.70% (Blazh-
chishin 1985). Muds are slightly reduced - the Eh
value is wvsnally negative and reaches — 135 mV.
The muds contain 46.92-53.63% Si0, (total) and
12.51-16.67% ALO,. They arc enriched in C,, (up
to 7.31% in Bornholm Basin, up 1o 5.13% in
Arkona Basin), P,O,, and sometimes in MnO,. The
mean conlents (Tables 1 and 2) of CaCO, and Ca
are decreasing, U, Zn and Cu are increasing from
ull 1o sulphidic clay (Emelyanov 1995). There are
more e, “n, Cu, K and Na in sulphidic clay than
in homogeneous (grey or brown) clays accumulated
beneath the sulphidic clay .

Unlike tills and Late Glacial clays, the Holocene
sediments contain distinctly increased amounts of
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Table 1. Chemical composition of the sapropel-like muds of the Arkona Basin (with content of Cup more than 4 %)

Li

Eb

10-4 L

Ni

Cr

Cu

Zn

Ca Mg

Ma

K

Ti

Mn

Fe

Co

<0.01

mm, % |CaCO,|Si0,

Fraction

Ype

L)

Depth, | Horizon, | Sediment

Station

1]
32
30

44

0.09 433 002 0.38

773
4.76
4.08
4.30
4.44
5.13
4.30
4.08
4.82
4,34
4,70
4.90

2.40
2.42
1.81

3.20

1.84

0.84

0.75

0.66
0.00
1.75
7%
0.33
2.20
1.25
15.91
15.50
14.55
5.03

10.3

Ca

0-20
025
0-25
0-25

35
42
44

PD-1455
PD-1457

93

358 005 0.39
0.06 452 0.03 040

006 322 0.05 0.32

0.07

62.2

A.pom.

96

61.8

A.p.m.

PD-1463
PD-1468

AK-2656

56.2

A.p.m.

47

40
47

52
42
T
88

36

3.60 0.03

0=5 F.am.

120-125

4?

it}
78

1.90

'y

04

379 005 041

3.20 0.03

F.a.m.

29
Ll

1.34

F.am,

160-165

42
38

88

62

26
20
34

52

74 56
64
78

41

36

(13

102

42

34

38
40

2
119
&3

¥

245

86
52

39

28

ar

45

Q.
0.05 043

9.98 0.04
3.65
0.0 386 0.04

25-30 Aopam. 53.8
40-45

4

Sh-296

208

5.54

A.pam,

0.73

248 2.06

.06
2.06

0.39

1.91
1.62

4.28 003 042
516 0.05

0-5 P.m: .
8.8

40-45
B0-B5

Sh-997

Adpum.

0.61

0.43

Apom,

47 0-3 Apam. 623

Sh-1301

10

386 0.04 041 2

0.07

4.57

246

Average

peline mud

- alewritie-pelitic mud, P.n.

- fine afeurite mud, Apm,

Sediment type: Cia. — coarse aleurite, Fam.

jo 2. Maximm (for HI2Z-3) and average content of
B el clements in the sapropelic-like (3-5% of C_‘]
e “.F:.-dpditi'c (=5% of C n.u.l.d 1.'I-f the Bornholm Basin,
(Note: a0, -Mg i o, otherwise in 1090%)

Tab

Companenl. 1 s mum h“.:mr‘u Sheales {clay)?
elemuenn (0--3 €m)
CaCOd, 19.90 3.70
S0, 4.5% 1.77
o 7.75 4.29
P 0.0 0.08 0.08
Al 7.8 7.29 -
Fe 7.3 4.54 B
Ma 0.64 0.14 0.07
Ti 0.53 0.42 0.45
K 116 241 .28
Na 262 1.90 0,66
Ca 209 0.66 -
Mg 1.96 0.29 -
Kb 249 141 M)
Li 78 47 50
Ba 2300 B0 200
Sr 170 156" 450
Cu 343 A4 57
An 268 148 75
Cr 154 Fr 100
Mi BE 57 95
Co [ 52 20
v X 134 130
Mo I8 1 2
1" 101 By 2
KA} 520 214 200
S 101 42 10
B 110 168 100
S 51 171 10
As 28 M 10
Sh 26.70 4.10 1.50
Cx 1240 &.10 1200
Hi 5.10 4.40 .00
Ta 1.70 1.20: -
Th 2 14 I
La 58 b
e 127 o0
Md 65 47
S 8.90 T.00 -
Fu 1.60 1.50:
Th 1.50 1.30 .
Yh 600 4.90 -
L .60 0,50 -
] 4.00 4.30 -
Au 001 =

' The microclements Sr, Sc, As, Sb, Cs, HF, Ta, Th, La,

Ce, Nd, Sm, Euw, Th, Yb. Lu, U are given after the daa of

GBawrin and EEmelyanov (9 sumples) (Emelyanoy 1995).
! Shales (clay of the land arca) are pgiven as an average,
dccording 1o AP Vinogradoy (1962).

e SOmetimes Mn, obviously increased amounts
of P Na, Co, and decreased amounis of K, Rb,
CaC’0), in the marine Holocene (HIZ-3) mud

(Tables 1 and 2). The rest of the elements is ob-

served in the same amounts a8 in the Late Cilacial
clays. The maximum amounts of clements amd
componenis are usually found in the sedimentary
strata. In the upper layer (0-3 em) there are
maxima for Si0,_ . Zn, Ba, Rb only. The maxi-
mum conlenl exeeed the minimum ones in many
times for some elements and 1.5-3 times over the
average conlent.

The elements and components in the upper
sediment layver (0-3 em) are distributed in differ-
enl ways throughout the main granulometric sedi-
ment Wypes (sand — coarse aleurite — fine aleuritic
— aleuritic/pelitic - pelitic muds). According to the
averape content (Emelyanov 1995), they can be
grouped as follows: (1) SiO, total and Sn: (2)
CaCO,, Zr, W; (3) Cr, Zn, Cu, Mo, S5i0, ., C_;
(4) Al P K, Na, Fe, Ti, Rb, Ba, V, B, (Co, Li);
(5) Mn and Ni. The elements of the first group
are represenled by minerals of the sandy (I1-
0.1 mm) and silty (0.1-0.01 mm) fractions: quarlz
and feldspar prevail among clastic minerals in the
fraction > 0L.01 mm According to granulometric
sediment types the distribution of Si0),  and Sn
is similar o the quariz distribution in the bulk
samples: the maximum in the sands (or in shallow
water arcas of the basins at the map), the mini-
mum — in pelitic muds (hence, in the deep areas
of the basins) (Emelyanov 1986).

Calcium carbonate, “r and W are also associ-
ated with clastic minerals (Emelyanov 1976, 1986;
Pilipchuk & Emelyanov 1979) in the aleuritic [rac-
tion ((L1-0.01 mm) but not in the sandy onc (l-
0.1 mm). So, their maximum average conlents are
confined to aleurites related 1o the slopes ol the
basin and bottom depressions in the Bornholm
Basin. Zirconium as a typical element-hydrolysate
is present in sediments mainly with ilmenite,
titanomagnetite, biotite, and amphiboles. Tungsten
in sediments has a clear positive correlation with
clastic iron (that part of Fe which is in the crys-
talline lattice of minerals) (Pilipchuk & Emeclyanov
1979). Positively charged colloids of ferric hydrate
well adsorb  anions, including (WO)Y'. In the
Bormholm Basin this process should ocour in the
sediments above the O, — HLS boundary, i.c. within
the oxid zone where aleuritic-pelitic muds are re-
placed by fine-aleuritic ones. This explains why W
is conlined to the periphery of the basin and to
aleuritic sediments.

The elements of the third group are present in
aleuritic/pelitic muds. The sediment distribution
map shows this group corresponds either to the
periphery of the Bornholm Deep floor (see Cr and
Zn) or to its central part (see Cu). Chromium, as
one of low-mobile eclements, is represented by
finc-dispersed  (0.01-0.001 mm) clastic minerals
(including clay minerals) in the marine sediments.
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The largest amount of the clement is found in
alenritic-pelitic muds. The elements Zn, Ca and
Mo, on the one hand, are found in the same
minerals as Cr, and, on the other hand, they are
found in authigenic minerals (hydrous ferric ox-
ides, sulphides) and organic detritus. The latter ones
are also concentrated mainly in the fraction of 0.05-
0.001 mm. Amorphous silica and € are being
grouped together with Cr, Zn, Cu and Mo, bat
they are not genetically related 1o them. These two
components are represented in sediments by light
biogenic components — diatom skeletons (Si0, ),
spore and pollen grains, fragments of algac tissue.
All these particles are found usually with grain size
fraction of 050,001 mm. They are accumulating
mainly in the deep part of the basin. Besides, €
is sorbed on clayey particles.

The fourth group of elements is closely con-
nected with the pelite fraction <001 mm (with
clayey and subeolloidal particles, mainly). These
clements are distributed in accordance with the rule
of the pelitic (=001 mm) fraction (Emelyanov 1986,
1982, 1995); the higher the content of <0.00 mm
fraction the higher is the element content. The
map shows maxima of element concentrations lo-
cated in the central arcas of the basin, Marine
Holocene muds are sometimes enriched in barium,
vamadium, molvbdenum and lead. The map shows
barium maximom located in the peripheral arca of
the Bornholm Deep, ie. in the iransitional envi-
ronment (between stagnant and oxic conditions)
{Emclyanov 1976). This element occurs in the mud
usnally in a form of BaSO, (barite) (Blazhchishin
1976). Vanadium and molybdenum (and probably
lead) are attracted towards the central area of the
basin taking them closer 1o manganese. The con-
centrations of boron in the Baltic Sea sediments
{and in the Bornholm Deecp sediments as well)
are close 1o the Clarke values (Sukhorukov &
Emelyanov 1969), i.c. they are typical for sedimen-
tary rocks: a low boron content (20-35 ppm) is
observed in sands and aleurites and a high content

in pelitic muds (150-180 ppm). Boron is con-
nected mainly with illite in the Baltic Sea sedi-
ments.

Mn and Ni stand apart from the clements of
the fourth group, though in other regions ol the
Baltic Sea (Emelyanov 1986, 1987) they strictly
follow the rule of the pelitic fraction. This could
be explained by the [act that the major part of
Mn in the sediments is contained not in clastic
but in fine authigenic minerals (Manheim 1961;
Hartmann 1964; Emelyanov et al. 1982). These
are vither hydroxides of Fe and Mn (flakes and
hydroxide particles of irregular form, micronodules)
or fine dispersed carbonates of Mn which prede-
termine increased Mn content in the sediments

11

(Emelyancoy  1981). Manganese carbonates  are
found in higher amounts in the pelitic muds of
Giotland, Fird, and Landsort Dreeps (Emelyanov
et al. 1982), Nickel is associated with manganese.
Copper is sorbed by manganese hydroxides and
iron hydroxide, therefore, according 1o granulo-
metric sediment types, its distribution is similar
o that of Mn and Fe.

Marine Holocene (1HI12-3) sediments in the cores
contain approximately the same amounls of chemi
cal components and elements as the (-3 cm layes
of corresponding sediment types. The maxima [or
C_, Mn, K, Li, Cu, Cr, Co and Mo are displaced
from the top of the cores down to the sedimentary
strata . In the Holocene muds Ni, Cu, #n, B Rb,
Fe. K coincide with Al; whereas Rb, 12 Mn, Ti and
Ni coincide with e and Al whereas 11, Na and
Li — with K. As mentioned above, sapropelic (5-
0% ) and sapropel-like (3-5% C_) muds arc
characteristic for the Bornholm Deep, as well as
for many other Baltic Sca basins.

DISCUSSION

Thus, on the basis of data [rom the Bornholm,
Arkona and other deeps [(Gdafsk and Gotland
basing) of the Ballic Sea one may conclude that
the mechanical separation of the sedimentary ma-
terial during transportation in the sea is the main
factor controlling the differentiation of the chemi-
cal clements in the Baltic Sca and the [ormation
of different geochemical [acics: the shallow (or
silicious) lacies and the deep (or alumosilicite-
sapropelic) facies.

The halocline is the main depth boundary be-
iween  these two  facies, Another  conclusion
concerns the chemical separation ol the clements,
This separation begins in the water column, espe-
cially in the basins with hydrogene  sulphide
(Emelyanov 1981, 1982, 1980; Kremling [983;
Kravizov 1994), In the Bornholm basin the mini-
mum amouni of iron in the suspended matier is
found in the upper water layer (Figs. 3 and 4)
Al the depths of 20-50 m ils conlent increascs
and within the halocline (or below it) decreases
again. The maximum Fe content was observed
within the transitional layer 0<HLS (between oxic
and anoxic conditions). In the laver with an oxy-
gen contenl of 1 ml/l, iron concentration reaches
its maximum (10.0%). In stagnant waler, the Fe
content in the suspension decreases, I we con-
sider individual layers in the wpper hydrodynami-
cally active water layer (-1 m). the Fe content
ranges within 0.48-4.85%, in the O-H.S layer
within 1.7-10.0% and in the near-bottom layer -
within 1.67-10.0%,
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A more complicated picture is observed for Mn
distribution in the suspension (Emelyanov & Stryuk
1981). In the upper water layer (0-1 m), two areas
of suspension enrichment in Mn can be outlined
(Up 10 17 and 0.40% respectively). At the depths
of about 60-70 m, there is a layer (lens) with a
l'fli-li'ii‘m'l.lrrl Mn content in suspension lor all stations
Stndjed (Figs. 3 and 4).

aunple sites (maximuwm conrent is also indicaed); 8

All daa are given in per e 1w 5 e contenis (nad. ot

surface !t‘lEil1Il'II| LS 1Nt‘ll1'

Within this layer Mn content reaches 35.5%
penerally. A layver of the sharply increased (>1%)
and maximum (20-35.5%) Mn content is confined
strictly to the isoxygene of | mll. Usually, a laver
of maximum Mn content in the suspended matter
is located several metres above the analogous layer
for Fe. The reasons of suspension enrichment in
metals are related to the chemical propertics ol
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Fig. 4. Diswribution of Fe, Mn, % and Cu i
along the wanseer 11-]] (see Fig. 1), The

the clements, discussed in previous  publications

(Emelyvanov 1981, [982 V5; Kremli
KHMEW W 1982, 1986, 1995: Kremling 1983:
In the near-bottom layer, the arcas ol high Mn
content in the suspension form a ring-shaped struc-
ture. This structure encireles the Bornholm Dee
al a depth of 60-70 m, ic. it is located in lh:-:I
place where the | mia isoxygene touches the bot-
tom, This occurs at the fool of the slope. The
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particulare wiaiter of watcts (rom the
legend is given i Fig. 3.

4113,-:.1:1"-: slope places contain the band widening, and
il the slope is steep (near Christiansd Island), the
band becomes significantly narrower, L

. Below !hn: isoxygene of 1 mif, the Mn content
in suspension sharply drops down 1o <0,05%: un-
der stagnant conditions, manganese is mainly con-
centrated not in a particulate (Mn oxide), but in a
ci:m:hlrcd form (Mn"*). This explains low Mn con-
tents in the suspended matier of (he near-hotiom

Bombolm Basin based an several stations

Jayer in the central part ol the Bornholm Decp
(Figs: 3 and 4). Jiomy B2

A complex, mottled :h.-:lrl'lzuutlun is observed for
7n and Cu in the suspension (Figs. 3 ,Hnd ib).
However, nearly all the profiles have an interme-
diate layer distinguished where lh{:. suspended
matier contains increased amounts of Zn and .{:“'
This layer is usually confined to the halocline.
Another layer of high content of both Zn an Cu
i confined to the transitional layer (O-H,S). But,
in contrast 10 Mn, the increased content of Zn
and Cu in suspension of the transitional layer
hetween oxic and anoxic conditions is nol constantly
ahserved.

A comparison between Fe, Mn, Zn, and Cu
conitents in suspension of the near-bottom layer and
hottom sediments shows, that the surface sediments
contain 1.5-3 times more of Fe, 10 times more of
Mn and 10 times less of Zn and Cu. The main
reason of these phenomena is suggested to be the
high solubility of mangancse under the stagnant
conditions and its (Mn"') diffusion from pore wa-
ter (o the near-botlom water. The solubility of iron
is less than the solubility of manganese (Kremling
1983; Kravisov 1994). The behaviour of Yo and
Cu depends, in the most cases, on the behaviour
of Fe and Mn. This behaviour was discussed in
previons  publications (Kremling 1983; Kravizov
1994).

The mobile iron (Fe') in the sediments is
mainly in a form of iron sulphides dispersed (hori-
zomtally and vertically) in the reduced sediments of
the Arkona and Bornholm basins.

In comparison with Fe, the maximum for Mn
it the sediments shifted towards the centre of the
Bornholm Basin. This is caused by the [acl that
stagnant condilions are [requently prevailing in the
centre of the deep. That leads 1o high (maximum)
accumulation of Mn thal, under strongly reduced
conditions, accumulates in the Bornholm Basin
diagenctically in a form of manganese carbonales
ol 4 complex composition (Manheim 1961; Emelya-
nov 1981), According to M. Hartmann (1964), a1
the station E13 (depth of 68 m), 1.05% Mn (the
maximum Mn content for the Bornholm Deep
mudds) and 4.05 % Fe were found in the layer
between (05 and | em

The  sediments  (especially muds) of  the
Borbolm Deep contain much more CaCO,, Cogr
K. MNa and Mn than the sediments of Gdansk Basin
(maximum depth 110 m) (Blazhchishin & TEmelya-
nov 1977, Emelyanov 1986, 1987). This is explained
by (1) & wide occurence of carbonate rocks in the
sediment source areas adjacent to the Bornholm
Basin (Riigen lsland, Swedish shore) and a high
cantent of clastic calcite in the sediments {1-14%

of heavy (L1005 subfraction); (2) a higher salinity
of the sea and pore waters (for Na and, partially,
K); (3) longer periods of stagnation of the near-
bottom water (lor Mn). 11 is significant that the P
concentration in aleurites (silis) and muds ol the
Bornholm Deep is appreciably less than in analo-
pous sediment types ol the Gdaask Deep (Emelya-
noy 1986). The Bomholm arca is apparently less
alfected by agricultural activity on mainland (the
Bornholm Deep is larther from the mainland than
the Gdansk Deep). Moreover, the large Vistuly
river brings high amounts of phosphates into the
Cidansk Basin (Emelyanov 1956),

Thus, the maximum content of Cp 88 well as
of Si0,_ is located in the central part of the
Hornholm Basin, i.e. beneath the halocline (Emelya-
nov 1991,

Sapropelic and sapropel-like (or sapropelitic)
muds in the Boroholm Deep as well as in some
places of the Arkona Basin and in all the decps of
the Baltic Sca were Formed during the Middle and
Late Holocene (Atlantic phase, HI2-3) (Blazhehi-
shin 1976; Emclyanov 1981, 1986, 1988, 1992),
These are terrigenons microlaminated muds of
greenish- and dark-grey (1o black) color, they con-
tain up to 7.753% l‘.'“: and a considerable amount
ol carbonates (up o 1990 % Ca('C). Sapropel-
like and sapropelic muds in the Bornholm Deep as
in the Gdansk and the Arkona Basins are nol
laminated because hydmogen-sulphide contamination
in HIZ and HI3 was not so strong as in the Gotland,
Firdg and other deeps (Emelyanov 1981), This ex-
plains, why the muds of the Bormholm Basin and,
especially, in the Gdansk (Emelyanov 1986) and
Arkona Hasing contain such low contents ol man-
ganese, phosphorus and microclements. Carban-
pceous mailer in the ceniral paris of the Firo,
Gotland and Landsort Decps is almost enlirely
represented by manganese carbonates. Al the same
time Mn content here is rather high (up to 1286 %)
(Emelyanoy 1995), Sapropelic himinated layer regu-
larly reaches 30-50 em thickness and sometimes up
o 1 m. They cover the bottom of the deeps in an
irregular way (Emelyanoy 1988). 1T the thickness of
sapropelic muds increases, the degree ol organic
matler enrichment decreases. Maximum L, con-
tent (0.0=9.5%) are found in o S0-80 cm thick
layer of the Gotland Deep. A degree of organic
matter enrichment is variable both in horizontal
and vertical directions. The sapropelic and sapropel-
like muds are enriched not only in Mn but also in
a number of minor elements (Tables | and 2), The
maximum and average concentrations of . Mn,
P, Mo, Se and As are increasing with the increase
of the depth amd the depree ol stagnation, ie.
from the Arkona — Gdansk - Bornholm Basins 1o
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the Faré — Gotland Deeps (Emelyanov 1981).
Compared with the shales and clays [rom the land
(Table 2), sapropel-like and sapropelic muds of the
Bornholm Hasin are cnriched in Fe, Mn, Na, Mo,
5n, B3, Se, As, 5b and depleted in Sr, Cr, Ni, Ta.
Other elements are found in the same concentra-
tions as in the shales of the land.

The formation of the sapropel-like mud took
place under conditions of a warm humid climate
and water transgression. Geochemical indicators
(Hallberg 1974; Emelyanov 1978) testify the
sapropelic mud accumulation to have occured un-
der conditions of a hydrosulphur contamination
of the near-bottom water. The sapropelic micro-
laminated layer is usually represented by a
aleuritic-pelitiec mud with 50-70% content of the
fraction <0.01 mm. Organic matter enrichment is
obviously the prevailing process and is not directly
conneeted with terrigenous organics. The plank-
tonic nature of the major part of organic matter
is manifested in the character of its areal extent
as well. Due to powerful inflow of ocean saline
water, a stratified water column was formed in
the basins, abyssal layers were enriched in nutri-
enls. Near-bottom water enriched in nutrients
ascended periodically into the photic layer in the
centres of cyclonic rotation that resulted a rapid
phytoplankton bloom and further fossilization of
organic matter in the sediments. This process was
very intensive because of small (60-70 m) depths.
The deeper northern part of the Gotland Deep
and the Firo, North Baltic, and Landsort Deeps,
where winter heat loss was stronger than in the
Bornholm Basin, is typical for a seasonal vertical
water mixing accompanied by carbonate precipita-
tion. However, the accumulation of sediments rich
in organic matter does not take place in a large
scale in the Baltic Sea. They are usually restricted
to small-sized basins and individual layers in
the Holocene strata column. These small basins
serve as effective traps not only for organic mai-

ter but also for many chemical clements (Emelya-
nov 1986, 1988

CONCLUSION

Une may use the Baltic Sea deeps as a recent
natural model for the explanation of the origin of
recent sapropelic and sapropel-like muds, ancient
black clay and ancient sedimentary manganese ores
formed during Oligocene in the southerm part of
the Russian Plate (Emelyanov 1986; Emelyanov &
Lisitzin 1986). The Bornholm Basin with slightly
increascd contents of manganese in the mud is
considered 10 be the first one in the chain of those
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basins (deeps) leading to the ancient basins wheg
manganese ores have developed.
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The ardcle deals with the changes of the Lavian sea coast erosion rae
during the last 50 years and recent decades with the relationship 1w sl
and extreme sea level nise, as owell as with the wind direction and lrequency
changes. Accelerared sea coass crosion around the Latva coustline dunng the
last decides has inereased 2-5 tmes 0 companson with pan 50 years pe.
fiod, and mainly i is comrolled by consrmly mercased wind velosiy
energy during storms. Beach and  blofl crosion mapid growih in Latvia i
relaged Hnihly 1w the glullaF and H:E,iun:ll climage change realized by changes
i wind dicecvion, velociry and frequency, as well as an aceelerared rise 0 sea
level (extremne wa level during stonms), closely comeoisd with human i
such as constrmction of seapons and decpening of sea-coering channels,

Keywords: comstal crosion. erosion mie, sea level, wind, climare change,
wea coast of Lawvia,

INTRODUCTION

Throughout the history of mankind, coastal ar-
cas— the boundary between the land and the
sei — have played an important role in society and
have primarily been the sites for human settle-
menis.

Coastal zopes are particularly vulnerable to the
impact of nature and man and are physically very
unstable. Brosion and associated loss of land is the
most evident sign of this instability. Negative shore-
line trends cause secondary effects that affect soci-
ety through threats o human settlements, harbors,
coastal reereation arcas, wellands, marches cte. These
impacts are expected lo increase as a resull of cli-
mate change leading to a rise in sea level

Thus, in a short- as well as in a long-term
perspective, coastal erosion must be regarded as
an environmental problem that deserves much alt-
leniion.

Loss of land has direel and indirect conse-
quences for coastal communitics, as well as it cre-
ales a conflict belween coastal users and interest
groups,

A more or less widespread opinion among sci-
entists involved in studies of coastal processes sug-
pesis that there may be an increased global ero-
sion pattern (Bird 1987, 1990; Kaplin & Lukjanova
1992, Kaplin, Porotov & Selivanov 1992; Hanson
& Lindh 1993).
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This hypothesis stems [rom the results of the
study performed by the International Geographical
Union from 1972 1o 1976

A survey of coastal arcas supporis the notion of
increased global erosion. In the LLS., currently, 687
ol coastal beaches are moderately eroded and 537
are scevercly affected by erosion (Williams, Dodd &
Gohn 1991). An increased erosion has been observed
in Buropean coastline. The French, Dutch (Lousse
& Kuik 1990), Danish and Swedish coasts (Hanson
& Lindh 1993) arc ablo subject 1o aceelerated ero-
sion. An increased crosion has been olserved also
in the Black Sea. About 80% of Crimea Peninsula
and 71% ol Georgia coastal zone are moderately
eroded, 538% of coastal areas in the Azov Sea (the
Ukraine coast) are also subjected 1o accelerated
erosion (Kaplin, Porotov & Selivanov [9932),

Cilobal warming and the associated rise in sea
level are processes of vital significance 1o Latvia
which has the sea coast length exceeding 496 km.
In 1993, a total of 150 km ol the sea coast was
being severely alfected by erosion. In the Latvian
coastal areas threatened by erosion (in a zone 20
to 50 metres wide) there are 11 towns and small
coaslal scttlement arcas with 38 residential zones,
2 cemeteries, 3 lighthouses, local roads, the sewape
treatment  plants  in  Liepdja  and  Ventspils
(Eberhards & Sallupe 1993),

This paper describes the initial resulis of the
investigations:

_ historical topographical maps and plans, hy-
drological and meteorological data (sea level, wind,
gtorms) applied to determine historical changes and
erosional rates attributed to sea level rise, increased
changes in storm intensity or frequency, the Kinetic
encrgy Of sustained storm winds during the last 50
yudrs

~ examples of characteristic ¢lill erosion rates
and aceclerated erosional trends in last deeade, ag
well as the results of recent blulf erosion studics;

- short analysis of factors that influence the
qecclerated coastal erosion;

— an altempl made to guantify rates of erosion
and 10 identify provesses responsible for increased
crosion al the site and to map the spatial distribu-
tions of high-risk coasts.

COASTAL EROSION RATE
IN THE OPEN BALTIC COAST
DURING THE LAST 50 YEARS

The most recent data include topographical maps
umd plans al various scales (125000, 1:10000, 1:5000

The important data include plans and maps [rom
193271935, 1947 and 198171985, The erosional rates
were calenlated aceording 1o the changes in loca-
tion ol erosional cliff wp line.

Examination of charts and maps compiled in
19351938 and 19811985, as well as 198]—1985
and 1993 was done, The examination of the coastal
zone development and bluff face crosion during
the last deeade is based on ficld mapping and
mEeastremenis,

Total maximum coastal zone erosion and acere-
lion during the last 50 years is shown in Fig |,
From the 1935/1938 1o 19811985 the shoreline
generially was eroded only in some localized ero-
sional arcas, while during the last decade the in-
lerval of about 150 km on the shoreline area was
critical or signilicantly eroded (Fig 2),

We present here three separated coastal areas
in the open Baltic Sea without dircet influence of
scaports, each coastline is about 10-25 km in length.
The lirst study arca is situated in SW Latvia be-
tween the Pape and Nida (Fig. 1)

During the last 45-50 years (before 1U81/1U83)
the width ol wash-out zone in the Pape-Nida arca

and  1:2500)  and  data back o 1900-1930.  has reached 20-50 m, in the Steante-Jiirkalne and
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Fable 1. Coastal erosion and accretion rate between Nida and Cape Owidi during the last 50 years (1931/35 - 1981/8

i ‘oastal crosion Accrenion
iaxi i prevalens IRGRER TR prevalem
Kbt sotier e width of ; width of . width of rateof widh of iy
CTOSIMI Crosion . constal wone ) covtstal g
watshiom St witshou iy AeCrenion ai AECECEIN D
RONE, 111 s 0N, RS Ko, W i e, 1 i
iy m.f:n

Jain ||1'w—?:la|.1|n'r|r kL] LO 10-20 0.2-0.5 |
Staldzene-Venspils 130 26 An-60 0.6-1.2
Sarmane=Jurkal e Bli] 1.2 2040 .4-0.8
Jrinkaalive=A Hivale 59 1.1 2040 0.4-0.8
Uonnale-Serane % 1.3 520 105
Paveilosta-Abovieprags 50 1.0 S0 1.0 20-30 hA4-0.5
Adanenirags- Sic po i ] 0.4 A0 0.4 10 A0 D04
Liemmpe-Saraiki 0% 1.3 1625 0.2-0.5
Saraika-Skede 40 th6 = - 80 b 2040 0.4-0.8
Pape 500 1.0 | 530 3.3-0.6 A0 .8
Pagpre-Mida 125 27 15-50 0.3-1.1 A5 0.8

20--130 0.6-2.6 1000 0.1-1.2 0-80 0.3-1.6 20-30

(50-65)  (1.0-1.3) (25-35) (00.5.0.6) {20-50)

::il,:étlr: area it ranges in 20-100 and 20-65 m, cor-
respondingly (Figs. 3. 4 and 5). The caleulation
has shown that mean erosion rate during this pe-
rioel ranged in (0L5-1.0 m/yr, mainly, and only
in some local areas it reached 1.5 mjyr. Similar
rates were figured out for other coasial arcas
(Table 1).

Coasial Erosion Raite During the Last Decade

Different situation was observed during the  last
decade. The width of wash-out zones in all three
arcas scparated and  determined  before  reach
1040 m, but mean erosional rate of soft diffs in.
creased considerably o L5535 mjyr (Figs. 3 and o).
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Talile

(1981785~ 1993)

) Coastal erosion rate on the open Baltic coastline (Kolka—Nida) during the last 6-12 year period

I

¢ oisral mone ane Height of blulls, m

Coastal erosion

Erosion rae, m

Width of wash=ou wone, m

e

olkasrags 2-9 1th-20 e X
Jan i pe-Liepene 5-15 T80 12-15
Lieptite -1 40 25

I.h-l.h-lu'-'ilz'ldw:llr 517 50 1958
Graldeene-Yenspils 817 P )] 40.4.0
Varve 217 0-70 1558
inrkalne-Strame 10-15 2040 [.5.50
Cajpe Bemanu A-8 LI 5060
Cape Mietrags 28 20-30 2030
I’:ulnr-NiLﬁ 1.5-4 1040 1030

10-80 {20-50) 10150 (1.5-4.0)

Table 2 gives the erosional rates along the open
Baltic coastal zone (250 km) with a mean ero-
sional rate in some separated areas ranging (rom
L0 w 15 miyr and prevailing in 1.5-4.0 miyr. It
gives evidence that coastal erosion rate during last
decade has experienced a 2-5-fold increase if com-
pared to that for the past 50 years.

COASTAL EROSION ALONG GULF OF RIGA

Coastline of Gulf of Riga during last 50 years has
changed as well (Fig. 1). More important wash-oul
ook place only on a low-lying accumulative wesl-

em (Kurzeme) coast particularly from Boja 1o
Jiirmala. Significant coastline changes conld not he
fixed in the accumulative southern part of the Gulf
with the equilibrium of coastal processes or with
accumulation near the mouths of the Gaujs and
the Lielupe rivers. Insignificant mainly low erosion
{(2-6 m) of soft cliffs or those with sandstone ero-
sion are located in the zone from the Age to the
Vitrupe rivers.

A ioial widih of the eroded zone in the Kur-
zeme coast has reached 40-100 m (Fig. 1, Tab. 3)
and mean crosional rate is 0.1-0.5 miyr,

The recent soft low bluffs erosion rates were
calculated  according 1o the measurements in

Table % Coastal crosion and accretion along the western side (Kurzeme coast) of the Gulf of Riga during last 50 years

{1932/37-1981/83)

Erosion

Aeuretiom

. Maxpnung
Cloasnal some are

Prevalem

Erasion raie,

Wideh ol washi-our

Whdih of weashi-oui

Erasion rare. | Madnmom, m | Prevalens, m

wole, m nulyr FoMLe, 1 miyr
Roja 30-32 0.6 5-15 0.1-0.3
Rajoicki 50 1.0 0-15 0-0.3 An 010
Kalwre | 45 0.9 10 <1
Kalwne 11 40 (%] 5-20 0-0.4 14
Kaltene-Valgalciems 7 0.5 5-20 004 44 1529
i'--"il."r-' 115 2.5 A0-50 0310 1.20 S0
Kesterndiens 80 1.7 1540 0.4-0.6
I1|il1.“ e 5 .4 - N n-15
Aptucicms 70 1.5 -0 01,1 1]
Khl’h‘!“ﬂil‘llﬁ il 1.5 1040 0208 »
!‘"1]-5“1 1."'|||-!--ngﬂll|.|;l.'il"|“)| i} 20 20-50 0.2-1.0
30115 D.5- 2% 550 110 (LA B T sl
(501040 {0.8—1.5) (1030 (0.1-10.5) {040} {00 )




15 stationary arcas fixed up specially with more
than 290 measuring lines. During the recent strong
storm in winter 1992 low coastal sandy bluffs ero-
sion rate prevailed from 1.0 to 20 m per storm,
rarcly 3-5 m (Table 4).

Table 4. Soft diff erosion rate during the January 1993 storms along the Kurzeme coast of the Gulf of Riga (Eberhardsy

& Saltupe 1993)

The recent rates of high (8-15 m) safl cliff
crosion on the Ballic coastline during the laieg
strong, storm period (January 1993) was mare
considerable than along the Gulf of Riga. Maxi.
mum rate in some measured profiles has reached

Coastal erosion Coasthine Height of erosional | Measurement Coastal Erosion ]

tesearch arca lenghe, m bluil, m profiles Forsd1h | Pitvikait 1
Airklani 1 160 5-12 8 0-2.0 T8
Kaja 300 1-3 44 0.2.0
Sellidumi 200 2- 13 0-4.0
Valgalciems 330 I-1.5 1 0-0.7
Upesgriva | 450 1-1.7 17 0-1.7
Upesgriva 11 560 1-1.5 19 0.2-3.5 1.0-2.0
Abragciems | 480 I-1. 2 0-4.5 20-3.0
Abragiemns 11 200 1-1.7 13 0-2.0 LO-1.4
Engure 900 1-4 15 1.0-4.0 1020
Kﬂll‘ﬂ:llrllls I 590 0.5-1.2 33 0-2.4 LO-1.8
Kestercicis 11 490 0.5-2.2 21 0-5.7 1.5 Jln
Plienciems-Apiuciems 180 0.7-0.5 10 0.2-2.1 I.ﬂ- 1 .‘i
Ragacicons (cape) 1280 1-25 33 1.5-4.6 1020
R..H.Rﬂ.!!rlllli 250 -5 16 1.0-4.5 0.5 I.-l}
Bigaupcicms 30 1-L.5 19 1.5-3.6 20

0-4.6 L.0-2.0

Table 5. Recenr rates of soft JifT erosion on the open Baltic (sorm series January 1993}, Stationary measurement dara

Cloastal erosion . ’ Lenght of coastline, i eotision ol
RS Heighr of <liff, m s m " | Numiber of profiles Masximum, m Mean, m
e STOrm serics {rer storin scrics
Kolka | 2-8 Q40 A6
Kolks 11 1.5-10 530 19 15 v
_I::unupr 2-5 150 9 75 4.8
Licpene =13 330 20 2.0 !
Buduicki 111 5-13 390 21 5.7
Budnicki 11 4-17 330 16 3.1
Rugnicki | A6 130 9 4-1 2.9
Svaldwene 5-8 460 20 LII] L
Venupils 1V 7-16 (% 1] o] 5.9 4.2
Vemspils 111 810 420 21 10 3
Venspils 11 B-lG 120 9 1-3 T.Z
Venspils | 812 350 18 5.6 12
Virve 15 820 38 67 1.2
Jiirkalne 1V 15-17 360 1] 6.0 -4.11
Jarkalue 111 14-15 200 12 34 20
ackabue | 10-15 360 18 72 3.0
Jrirkalie 11 10-15 170 B -'i.-‘i 11.'5
Muisa 11-15 00 iz IU.;J' ;’:ril
Riva 11=15% 480 22 5.0 l-'i
Ul 11 15 270 7 .6 -E
Ulmale 1 10-12 420 30 7.0 o
Straiter 112 530 34 Frl‘i jr“
Bernaci 111 1.-8 750 22 !Z:ﬁ "IU
Bernan | 155 1400 29 18.0 141‘5
[.0-18 1.2-14.5
(4.0-18.0) (2.6-6.0)
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j0-18 m, mean rate ranged from 1.2 to 14.5 m, or
prﬁw!ikd in 2.5-0.0 m per storm (Table 5).

EROSION AND ACCRETION ZONES
ALONG THE OPEN BALTIC SEA COASTLINE

First special geomorphological mapping of the
coastal zome was done in 1989 and repeated in
19921993, it enabled us to indicate recent perma-
nent erosion zones in succession with accumulative
(accretion) or equilibrium zones along the Baltic
Sen coastline from Nida to cape Owvidi (Fig. 7).
The length of scparated crosion arcas mainly is 7-
10 km, but areas with accelerated sediment accu-
mulation and Toredunes growth or zones with
coastal processes equilibrium reached 3-8 km in
length. Only to the north from Pavilosta, there
giretches o 10=15 m high soft cliflf zone for about
25 km, it is constantly ancient because of perma-
pent wash-oul which was in progress during the
last centuries (Danilans & Veinbergs 1992). Other
much vaster and continuous soft blufl zone stretches
to the northeast from the seaport of Ventspils. In
the 6Us, active eroded sandy bluffs stretched only
for 3 km, usually with only 8-17 m high bluffs,
later the zone increased and became 14 km long
in January 1993 (Fig. 7).

Particularly visible increase of coasl crosion lea-
turc has appeared on those accumulative coastal
arcas where the accretion dominated during the
last century. Such most typical examples, as Cape
Berniti and Mictrags situated southwest from
Liepija, are characteristic. The episodic erosion
near Berniti lasted all this century and width of
the eroded cliff zone was only | km. During recent
decade, the aceelerated wash-out area spread and
reached about 7 km in 1993, The erosion during
winter and autumn storms destroyed backshore zone
with 3-4 foredunes. In recent times, the wash-oul
of coastal dune ridges has started (Fig. 8). A simi-
lar accumulative coast wash-oul is widespread also
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al Cape Mictrags located 15 km o the south,
V.Venska measurement data northwards from the
seaports of Licpaja and Ventspils show that high
annual crosional mate in some sandy il arcas reach
510 m

The zones of significant accumulation during last
century existed southwards from  Licpija  and
Venlspils,

The general dircetion of beach and nearshore
sediment transport is northward or northeastward.
This littoral flow is known as the South Baltic
longshore current (Fig. 9; Knaps 1966). There is
an evident deposit transport southeastwards along
Lthe western coast and sonthwards—northwards along
the eastern coast of the Gull of Riga

The calculated erosion rates show values differ-
ing from place to place in terms of the shoreline
direction, and high cliff crosion being caused by
the combination of marine and subacral factors and
controlled by local geology.

Examination of hydrographic charts compiled in
1947 and 1978 or 1984 show an increase in
nearshore water depths at the open Baltic and Gull
of Riga arcas with the deterioration of shoals, wave
cnergy almost certainly has increased and caused
the increased potential for erosion.

The wave refraction modelled by | Weishar,
WiTilTney and De Kimpe Je.N. (1991) darified that
focusing of wave encrgy on the beach is controlled
strongly by the configuration and location of shoals.
Episodicity in longshore sediment transport s
controled by wind azimuth, velocity and wave cli-
mate (Seymour & Castel 1985). Main values of
longshore sediment transport must be completed
during the only one strong stormy day or some
decades of hours.

Lasting permanent wind azimuth in storm has
caused successional crosional and aceretion zones
exchange in longshore sediment transport stream.
The patterns of crosion and aceretion along the
coast appear o be related to the position of large
accumulation of sand referred 1o here as the “lobe”
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Fig. 8 Geomorphological map showing the aceelerawed acennlative coasial zone erosion along the Cape Ternan,

(Weishar, Tiffney & De Kimpe 1991), or “sand-
waves” (Verhagen 1991) with about 0.3-0.6 million
m' ol deposits and length as far as 1.5 km or
more (Safjanov 1987 Kozuhov [9G5).

We have discovered similar sandy blufl erosion
zones and zones without clifl erosion successional
exchange northeastwards {rom Ventspils after the
1993 strong, winter storm scrics mainly with south:
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Gullof Riga 4

Erosional zones

Ml

west and west azimuth. The length of these zones
ranges from (0.8 o L0 km.

SEA LEVEL CHANGES

Accelerated worldwide beach and cliff erosion which
ok place during the last decades is estimated by
the scientists as the result of an increase in global
mean emperature, a rise in mean sea level and an
increase in storm [requency (Bruun 1962; Armah

1 em
J o=

20 -

0 -
fh

<10 ]
=20

Longshore currenis E g Accumulation zones

E' Sediment transport by longshore
| currents, in thowsand |u3.f3rr

Fig. 9. Lomgshore currems, crosion and accumulation zones along the Lavian coasdline (Knaps 1965).

1991; Wiles 1989). During the century, sca level
rise has been approximately 10 cm (Hanson &
Lindh 1993),

Observations of sea level rise at 10 coastal zone
stations of Latvia cover S0-100 years of measure-
ments. The analysis of annual mean sea level time
seales eonld not confirm the general increase trends.
The accelerated annual sea-level rise is observed
in three stations (Skulte, Daugavgriva and Giriva)
in the southern part of the Gulf of Riga (Fig. 10A;
Eberhards & Salpe 1993), while in other coastline
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Fig. 11 Time series of annual high sealevel: Vemspils (A}, Liepija (B, Dawgavpnva (C).

areas, including the open Baltic Sca coasl, similar
tendeney could not be observed (Fig. 10 B).

The effect of global sca level rise on the shore-
line will be spatially non-uniform because of the
presence of loeal vertical crustal movements, dif-
ferences in resistance (o crosion, varying wave cli-
maic and longshore currents (Gornitz, White &
Custman 1991,

Moreover, along all the Latvian coasi, the sea
level observation data show the increase in annual
extreme (storm) waler levels during the last cen-
tury, especially since sixtics-seventies (Fig 11). This
annual extreme sca level rise trend has a good
correspondence  with an  increased  aceelerated
cosstal erosion rate during the last decade, as it is
discusscd above in this article,
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It is able to tolerate that extreme sea level rise
reflected by the number of severe storms in win-
lers and stormy autumn scasons,

STORM FREQUENCY

Still the analysis of frequency of storms (the num-
ber of observed storms exceeding 14 mfs) conld
not confirm a similar increase (Fig. 12), but guite
the opposite — scawards the number of strong winds
decreased during the last decades, although the fre-
quency of south, southwest and west winds has in-
creascd during winter (Table 6).

Therefore, il secems thal acceleraled sea coast
crosion around the Latvian coastline during the

Mumber of observations

60 :
40 _-:
20 ]
, . . " ; : .
1930 1940 1950 1960 1970 1980 1990

Fip. 12 Time serics of annual srong winds (=14 mds) duning the anmmmn—wiiier seasoins (LRIl X XEoXIT) dn Vemspils,

Table 6. Wind azimuth changes in Ventspils during the autwmn-winter seasons (19661991}

Month Wind
NNE N MW HW WHW w WEW W S5W 5
—— Sy,
(ictober /-"" - ~.a
Movember ‘.'_"..-D'rII /.--*—-.. N f'- —
December ,—""” - _J_ ;f -‘\ o
| January {_'::‘.-’ L
= E o —
February T — b= = _.—-""’ e _,.-"""
E T .
Inereasing number of winds Pecreasing number of winds
/ aliarply expressive 2 sharply eapressive
/ expressive \\ cxpressive

< e lwwer expressive 8

cyclie ehanges

last one-two decades is mainly controlled by con-
stantly increasing wind velocity and energy.

The opposite point of view is cxpressed by
I.Veinbergs  and  1.Danilans  (1992), whereas
G.A Safjanov (1987) explained the increased cro-
sional rate by sand deposits which dry up in the
littoral zone, as well as where there are a larpe
number of seaports (with breakwaters, jetties) and
regular deepening of sea—entering channels, as well
as where dragged material is being dumped in the
offshore zone and the longshore sediment flow is
interrupted.

CONCLUSIONS
It seems that beach and cliff erosion rapid growth

in Latvian coastline during last decades is connected
mainly with global and regional climate change

lower expressive

expressed in changes of wind azimuth, velocity and
frequency and an aceelerated rise (mainly extreme)
in sea level under a human impact: construction of
scaports, decpening of sca-entering channels, as well
as sand and gravel extraction from the litloral zone,
beaches and large river channcls.

1. Bluff crosion rates caleulated from the topo-
graphical charts during the last decade mainly pro-
duce a good coincidence with the recent coastal
bluff erosion rate observed on coastal blufl erosion
rescarch stalionary arcas.

2 The coastal enviropmenl represenls an ex-
tremely complex interaction between climatic Fac-
tors, waves, currents and bottom sediments causing
continuous physical change in beaches and cliffs at
a scale ranging from local (e.g erosional of par-
ticular beach or cliff) 1o global (e.g. the rise in
mean sea level), The resulting conflicts between
the croding coast and the human activities, thai
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we see along coastlines around the world, may be
traced back 1o misconceptions about the natural
behavior ol sandy beaches and 1o actions based on
these misconeeptions. The differences between our
perceptions and the reality of coastal behaviour may
uften lead 1o unforeseen degradation of coasts.

3. The only way 1o avoid this is by developing
methods which allow quantitatively 1o determine
the behaviour of beaches and cliffs.
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INTRODUCTION

An aceurale and high-resolution chronology is ex-
tremely important in the Holocene stratigraphy but
to realize it will be rather difficult, because all
available physical dating methods have a lot of
limitations and errors. Especially complicated is the
dating of sediments which do not contain organic
material. The stratigraphy of the deposits of the
Baltic Sca in the coastal area of Estonia is based
mainly on the dating of buried organic layers un-
tler the transgressional formations of the sea and
lagoonal sediments, which allow to establish ap-
proximately also the age of neighbouring coastal
relicl forms. But in the history of the last stage of
the Baltic — Limnea Sea in Estonia transgressional
series are absent. It means that all the sediments
of the Baltic Sea which were formed in Estonia

during the Subboreal and Subatlantic chronozones
Since 4000 years ago until present, were formed in

regressional conditions what hampers the correla-
tion of deposits and shorelines.

The Limnea Sea was recognized in 1886 by G,
Lindstram on the basis of disappearance ol the
genus Litoring and the introduction to the Baltic
Of the [resh-water molluse Lymnaea ovata ( Dieap.)
[ baliica Nilss. According to Kessel (1958), the im-
“?iﬂl'-'“l't"ﬂ of 1. ovata 1w the coastal waters of
Estonia took place about 4000 years ago. There-
fore, and in agreement with the image commaon in
Sweden (Fredén 1979), it was proposed 1o define
the Litorina/Limnea boundary at that chrono-
!Ir:utigmphical level (Hyvarinen et al. 1992), how-

VEr the boundary itselfl is gradual and the

palacoenvironmental conditions at the beginning of
the Limnea Sea were rather similar to those at the
end of the Litorina Sea. The salinity of the coustal
waters in the western part of the Gull of Finland
in the [lirst hall of the Limnea Sca was approxi-
mately 10%o. The salinity of the water in the
coastal arcay of the Litoring Sea varicd between 8
and 5% (Kessel & Raukas 1979), Already abowt
2500 years ago the salinity of the waler was only
2-3%w higher than in the contemporary sca
(Raukas, Kessel & Hyviirinen 1992),

The Limnea Sca in Estonia is represented by
five regressive phases (Lim, ). The maximum level
of the Limnea Sea (Lim) is al an absolute height
of 13-3 m, and the level of the latest phase Lim,,
at a height of only 25-1.5 m above the contempo-
rary water level (Kessel & Raukas 1979). In sev-
eral places (Niibi, Olbiku a. 0.} it was possible 1o
date lagoonal deposits of Limnea age using "
method, but these did not give a precise answer 1o
the question concerning concrele shorelines and
therefore direct dating methods are highly needed.

Kinigsson and Olsson (1981} attempted  radio-
carban dating ol subfossil molluses, However, there
is @ potential danger that small shells can be con-
taminated with nonrepresentative carbon from the
environment. In several cases the thermolumines-
cence (TL) method has also been applicd 1o dat-
ing of marine sands, but as to the Upper Ho-
locene. the method has been limited by uncertain-
lies associated with the residual TL. signal found in
recent sediments. More recently, a4 dating method
based on new luminescence readont technigue us-
ing a laser (Huntley et al 1985) or infra-red (1K)
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diodes with 2=880 nm (Godfrey-Smith et al. 1987;
Ciodlrey-Smith et al 1988) to stimulate clectrons
from light-sensitive traps in quartz and feldspars
has been developed. Although almost all other steps
in the optically stimulated Juminescence (OSL)
dating procedure are similar to those used in the
conventional TL dating of unheated sediments, the
new  readout technigque can utilize light-sensitive
traps lor dating, because lose of the electrons when
cxposed 1o direet sunlight, can occur for a very
short time, and hence the residual signals for
modern sediments can be easily zeroed. This, in
principle, will enable to date in much reliable way
the younger sediments. However, subagueous sedi-
ments scem o be not the best objects for the OS],
dating because the use of wavelengths outside the
range ca. 500 to 625 nm would be inappropriate
for zeroing the residual signals due to strong at-
tenuation of the shorter and longer wave length by
water (sec c.g. Berger 1988). The aforesaid ac-
counts for the interest of geologists in the ESR
dating, of Late Holocene shells which have given
already promising results (see e.p. Molodkov 1986,
1988, 1989a; Molodkov & Raukas 1988 Molodkoy
el al 1992,

In order to check the reliability of the results,
obtained on young subfossil Holocene shells by the
ESK dating method, we undertook a detailed re-
scarch into the Limnea sediments on Hiiumaa Is-
land, where due to the intensive crustal uplift (at
present 25 to 3 mm per year) the Limnea shore-
lines are better preserved, and Limnea sediments
ol different age lic at some distances from each
other. Four localities - Vanajoe, Muda, Kaderna

Fig. 1. Location of investigaied sites and the evolution of the
Hibsinaa Laband i postglacial e after Kessel and  Rankas
(1967). with complemenis. 1 — small island {abour | sq k)
at the gime of the Ancylus wransgression abour 9000 (147
years age; &~ Hitwmaa ar dhe end of the Liroring Sea
Asteriks represent the locations where subfossil molluse shells
lor ahe ESR analysis were colleceed.

30

and Viiri were subject to detailed geological, mg.
lacological and ESR studies (Fig 1).

We had no task in this study to compare s
results with those obiained by "7 method becausy
shells (and bones) are acknowledged a5 e
nonpromising material due 1o the possible conlimj.
nation from the environment or during sampling,
handling, preparation or storing, According lo somg
authors (sce e.g Goslar el al. 1986), thinwalleg

[reshwater molluse shells are entirely unsuitable for

14C dating. Our main control here was geological
We believed that the neotectonic uplift in the |ag
Holocene during last 4000 years was more or less
linear.

ESR-DATING

ESR-dating is based on the direct measurement of
the amount of radiation-induced paramagnetic cen-
ters (radiation damage) in shell substance that are
created by the natural radiation resulting from
radioactivity in the shell itsell and from the envi-
ronment (embedding matrix and cosmic), In FSR
spectrometry the presence of paramagnelic carbon-
ate centers in molluse shell substance can be de-
tected beeause they show characteristic absorption
patterns atl certain Jocations within the recorded
spectrum. The position of the peaks within the
spectrum: are identificd by their g-factor values
(Fig. 2a). The concentration of the cenlers can be
determined from ESR signal intensity. The signals
are absent in modern shells, but increases in inten-
sity (amplitude or peak height) as a function of
the total radiation dose absorbed by the shell over
the time of burial.

The ESR age, T, of the shell samples studicd in
the present work was determined by the equation
(Molodkov 1986):

P
T == g ; tres e
I-}r-r‘ w‘p[}mr + thl ch-lr + R Ikn.l}inm +k 'I];uul

where P is the accumulated palacodose determined
by ESR; D is the cosmic dose rate: W and W arc
the correction factors for water; k-k, are the
correction factors for a- and P-radiation; k_ is the
a-cfliciency; D is the external dose rate; r');;, B
is the internal dose rale due 10 “*1J in the shell

To determine the unknown value of accumu-
lated palacodose, the cleaned, ciched, powdered
and sicved 1o 75400 pm fraction of shell samples
were divided into 6-10 aliquots, 200-300 mg each,
and then irradiated from 15 w0 300 Gy using a
“Co source delivering 1.5 % 107 Gy s After irra-
diation, all shell aliquots were anncaled for 2.5 hr
at 100°C to reduce the effeet of shori-lived

signals, For reconstruction of the grow curve out-
side the additive dose section, logarithmic transfor-
mation was made of dose-vs-ESR intensity.

‘Typical spectrum of Holocene shells from
Himmaa Island recorded with microwave power of
7 mW and a modulation amplitude of 0.25 < 107 T
is shown in Fig. 2a

In our previous works (see c.g. Molodkov 1986,
1088, 1989h, 1993) it was shown, that paramag-
petic centers with the g-factor at 2.0012 and the
relevant signal (line width = 2.25 « 10* T) are most
reliable for guantitative analysis and daling of
Ouaternary molluse shells including those of ma-
rine and brackish-water origin. The signal at

Cerastoderma glaucum

97=2.0060
95%2.0034

g=2.0012 £ 0.0001

=100 mw
C
1 Sample QBE- 089
0.3
e
j"' 0.2
;-‘ r= 099968
T oo
. -

-20 © 20 40 60 80 100 120
Dose Gy}

Fig. 2. Typical ESR-specia of Holocene brackish-water inaol-
luse shells from Limnes Sea deposits (A); analytical signal a
E-20012 (B) is srpanml from tlllll'[i-l;'ul||pu||r||| ESR—!}'I!{‘&
W of shell sample by high microwave power (HMP) 1ech-
Wigue; () duse-tesponse of the carbonare cenrer ar g=240012
for the shell samples from Limunea Ses deposies and  marh-
eaaiical evalwation of the sccumulated palacodose by the loga-
fithinic fining of e data points; | is the ESR inmensig; 1_

i the ESR inwnsity ar sauration dose. rois the corrclation
roeflicicnn

£=20012 is not vsually detected in multi-compuo-
nent differential spectra of the shells due 10 its
interference with the signals of other centers, in-
chuding those of non-radiation origin. In the present
study the signal was separated by high microwave
power (HMP) technique described in Molodkov
(1988). Dosimetric reading was performed with
microwave power of 100 mW and a modulation
amplitude of 0.25 « 10*°T (Fig. 2b).

L concentration in the shells was measured by
neutron activation analysis. The external dose rate
wis deduced from the gamma-spectrometric analy-
sis of the embedding matrix (Molodkoy 1992) us-
ing conversion factors of Mambi and Aitken (1980)
and taking into account the shell geometry and
water conlent in the sediments,

The cosmic dose rate was caleulated following
Prescott and Stephan (1982) and the half-depth of
burial.

The accumulated palacodoses were determined
from the c¢nhancement of the intensity of the
g=20012 signal by exposure of the shell samples
o increasing gamma-doses. For determination of
palacodose outside the additive dose section, the
ESR response 1o irradiation must be known and
mithematically expressed. In contrast to other five
lincs, normally observed in the ESR spectra of the
aragonite shell substance, the dose dependence of
the g=2.0012 signal is well described by exponen-
tial function in the range of the doses applicd
(Molodkov 1988), Tt allows (o convert the data point
into a straight line to determine the unknown value
ol accumulated palacodose by extrapolation of the
dose dependence o zero-ESR-intensity (Fig 2c).

A SHORT DESCRIPTION OF LOCALITIES
AND DISCUSSION OF RESULTS

Fig. | shows the Holocene shorelines of Hilumaa
Island and the location of investigated sites. The
evolution of Hiiumaa Island in postglacial time has
been described by Kents (1939), Kessel and Raukas
(1967) and in most detail by Urve Sepp-Ratas (Sepp
1974). The Kopu Peninsula, the westernmost part
of Hiiumaa, which is up 1o 68 m above the present
sea level, was the first picee of land 1o rise above
sea level at the end of the Baltic lee Lake regres-
sion about 10,500 10,200 conventional non-correeted
UC yr BR But due to the rather flat topography.
most of Hilwmaa Island emerged from the sea
during last several thousand vears only. The shore-
line of the regressive phase of the Litorina Sca
L,y lies at Hilumaa at an absoluie height of 17-19
m and regressive phase L, 14-16 m above the sca
level (Fig. 1). when in the central part of the
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conlemporary  THiomaan (989 s, km) the island
about 120 km' in area is formed (Sepp 1974). Ac-
cording to Scpp-Ratas (Sepp 1974) the shorelines
of Lim, arc on Hiiumaa Island al a height of 11.8-
13.6 m. Lim, 9.5-10.6 m, I..imm 0.3-8.5 m, Lim,,
40-52 m and Lim, 2.0-3.0 m.

water molluse shells (mainly Cerastodernma ol b
— 59.6% and Macoma baltica — 19.1%). 11, Kee
found in the section also the shells of Litig N
littorea (14.2%

The Vanajoe scction

The Vianajoe section is situated in the south-west-
ern part of Hilumaa Island (Fig. 1) a1 an absolute
height of 12-15 m, where the Vanajde River flows
aver the coastal and bottom depaosits of the Litorina

and Limnea scas (Fig, 3). The river banky, il
N metres 1o the west of the Fmmaste
highway expose medium- and line-grained
bedded sands. The upper 4-3 m of the seg
barren of molluses, while several lower Ia

ter every (L6-1.2 m) abound in subfossil bragks

). Lymnaea peregra (Miller) [ balie
Nilss. (4.8%), Theodoxus fluviatilis (1), 1, firo ali
L. (2.3%%), and a lot of broken [tagments of Mw‘
edulis 1. The shell samples 085089 and 086

31,2
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2 086-089 e
3 0B7-0B9 i R RE
088-088
089-089 gy .13
4 084-089 & [ sere s
091-089 o G RNCL]
092-089 g0 8
B Muda
Sample  Sample E[
location  Ne. =
1 050-027
2 049-027
3 074-089
075-089 : :
4 076-089 o,
G Valgu |
C Kadema
Sample Sample
location No.
1 080-089
081-089
2 O7B-0ag
079-089
105-089 13,4
3 082-089
4 083-089
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; ESR-datiog results on subfossil molluse shells from Limnea Sea deposits

Site Depth () Molliscs ESK age (ve BIY)

Kauderma .50 Cerstodernm gl 2940
i Kadema 2.50 Crerastodernn gl 2990
I:Iw' it Kadema 3.00 Mucoma baleen 19043
!'Iu,;_uaq Kadera A.00 Cerustodermn glttcm 2500
:n-.rﬁ..usu Raderia 3.00 Crraitodermu  glauciom 2590
180089 Raderiia a.60 Micomi  fulsica aTon
081089 Kadema A.60 Cenvioderma gl 3270
(176089 Muda 0,30 Macona bulticn 2330
(7089 Muda 030 Certseorlerima  whiaweiim A7
75089 Muda .40 Macoma dualticr 2RE0
ng9-027 Muda 0o Cermiodern  glancim ARRO
050-027 Muds 0,90 Cerntoderma  glaneum 4060
2089 Vana jie 5.00 Mucema  balifcn 1920
(184-DED Vanajbe 5.00 Micama  baleicn 030
{4108 WVanapbe 5.00 Cermrtardermmg ghnictn 4050
847027 Vanajbe 7.0 Crrmtaderm glivcinm A200
6027 Vanajie 7.00 Certitovtermut  ghtenmn 4730
W7T-124 Vianajoe 7.00 {eraticoelerma  gltucum 3700
N8&-08Y Vihajie 730 Macoma  Daltvcn 3580
890849 Vanajie 7.30 Cerstoderma ghoicom 3820
OR7-089 Vanajie 7.30 Cerastoderma glhtnenm A120
086-089 Vanajbe 3.30 Ceratstndrrnma  glinctm 4100
Ng5-089 Vanajbe 3.50 Macome  balticn 41710
51-027 Viiri 0.40 Ceraseoelernm  shimeum 980
052-027 Yiiri 0.45 Ceraitaddernm  glictm 1020

Mot The precision of the ESR dates is aypically aroomd 100 %,

Jable & Clusters of ESR-ages obtained on the Limnea Sea
hell-bearing deposits from Hijumaa Island

Ma. Site Averape ESR-age, yr BI
i Kadema 2350 + 280
2 Kaderna 2970 « 25
3 Fadermi A0%0 + 240
4 Muda 2640 & 230
5 Muda 3970 + 20
] Yanapoe 1980 « 270
7 Vanajor 3700 + 280
K Vanajine 4135 + 35
g Vi 1000 + 30

—

Mot The aueeiee] errors pepresent the dispersion berween
the ages obiained from the several shell sunples,

former at the water level and the latter ca. 20 em
higher, The dates are mutually consistent, giving
in average age of 4135 = 50 years BE The next
series of samples (087-089, 088-089 and 089-059)
Was laken 1.2 m above the water level, several
metres downstream. Samples 007-124, 046-027 and
47027 originate in the same layer, but these were
collected from the other ouicrops of the Vanajoe
River some metres downstream (location 5, not
shown in the Fig 3). The average age of the
samples is 3700 = 300 years BE Samples 084089,
091089 and 092-089 (2030, 3050 and 1920 VCATS

LT

BE respectively) were taken 3.5 m above the water
level. If to omit an “outlier™ with the age of 3050
years BIP (sample (091-089) the average age of
this series of the samples makes up 1950 % 80
vears HIEY

The obtained ESRK dates (see Tables 1, 2) are
in a rather pood agreement with the predicted geo-
logical age and show a clear dependence on the
mode of occurrence. Thus, they enable one to
establish not only the rates of sediment accumula-
tion, but also the gradual fall of the sea level and
retreal of the shoreline.

The Muda section

In the central part of southern Hilumaa near Muda
the Emmaste-Minnamaa csker ridge of the Palivere
stage (Raukas 1992) ends, and is bordered by
descending beach nidges of limestone gravel The
esker was overwashed by the waves of the Litoring
Sea, and the beach ridges formed during the ensu-
ing regression of the Litorina and Limnea seas as
waves reworked the sandy-gravel esker deposits. The
Muda quarry lies at a height of 10 m above the
sealevel and exposes sands and shingle up to 4 m
thick. Sands are rich in subfossil shells Macoma
baltica, Cerasroderma glavewm and other species
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typical of the Limnea Sea. The supposable non-
corrected "Coage is about 4000 years, because the
deposits related to such absolute heights in south-
ern Hiiumaa belong to the end of the Litorina Sea
and the beginning of the Limnea Sea (Kessel &
Raukas 1979; Sepp 1974).

Series of dates were obtained for two layers,
One of those, about 0.2 m thick occuring between
depths 0.93-0.65 m, consists of sand and shingles
with an abundance of Cerastoderma glaucum shells,
The sand in the lower part of the layer is coarse-
grained, in the upper part it is line-grained. Shells
for ESR-dating were taken from both parts of the
layer 1o check the resolution of the method. ESR-
analysis yielded internally consistent ages: 4060 +
370 and 3880 = 360 years BF for the lower and
upper parls, respectively. The average age ol the
layer is 3970 % 130 years BP Series ol dates for
the samples (074-089, 075-089 and 076-08Y9 taken
from the upper layer, occured at depths of 0.23-
0.35 m, yiclded an average age of 2640 = 250
years BP (sce Tables | and 2).

The Kaderna section

The Kaderna section is situated in the western part
of Hitnmaa, north of the settlement of Nurste, al
an ahsolute height of 6-8 m, showing the deposi-
tion of Limnea Sea scdiments, The sand quarry,
dabout 4 m deep, contains a lot of subfossil mollusc
shells Cerastodernma glaveum and Macomae  Daltica
typical of the Limneca Sea. From the bottom of the
quarry two samples (080-089 and 081-089) yielded
an average age ol 3030 # 340 years BE samples
(078-089, 079-089 and 105-089, situated 0.6 m
higher — 2350 = 340 years BE and close to the
same level from the other side of the quarry
(Fig. 3) 2970 £ 40 years BP (samples U82-089 and
(183-089), COn the whole, the dates obtaiped arc
consistent with the predicted geological ages of the
deposits.

The Viiri site

The youngest shells, analyzed in the present study,
were laken in southern part of Hilumaa Island near
the Metsalauka-Séru highway (Fig. 1). Deposits
abundam of Cerasroderma glawceum  shells were
found here near Viir farm some hundred metres
from the modern seashore at an absolute height of
1-2 m. According to Kessel and Raukas (1979),
these deposits may be attributed to the Limnea
Sea phase Lim,. The shells for dating were taken
al depths of 045 m (sample 052-027) and (04 m
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(sample 051-027) from the surface. The sampling
poinis were 2 m apart. The shells analyzed, vieldeg
concordant dates of 1020 = 100 years BP for sample
051027 and 980 = 100 years BI* Tor sample 052
027, The resulls are consistent with the predicieg
geological ages of the deposits and stratigraphicy|
position of these samples. Besides, the resulis of
ESK analysis of these shells are encouraging and
suggesl that even shells as young as 300400 years
BP can be successfully dated by ESR.

CONCLUSIONS Postplarsizalsed

Fearis

The aim of the present work on ESR dating is 1
point out that the new dating method can be used
in correlating Holocene deposits on the basis of
both relative and pumerical age, The resulis of (e
study confirmed a complex history of regressive
phases of Limmnea Sea in north-west Bstonia, where
a large varicty ol ancient and conlemporary sca
deposits, rich in subfossil molluse shells were found,
It gve & good possibility to check the reliability o
the ESR datings of young Holocene shells. Most
of dates on shells studied are in agrecment with
the stratigraphy and relative ages of the deposits.
Revealed elusters of ESR-ages imply some sca-level
Muctuations or other palacoccological conditions
around 4000, 3700, 3000, 2600, 2300, 2000 and 1000
years BE On the other hand, the experiments made
with young shell samples give every reason 1o hope
that even very young, (300400 years BI') Holocen:
shells can also be successfully dated by ESR in
addition 1o those from Pleistocene deposits,

ESR - dating.  Archaeamerry 28,

mibifossl shells from marine deposits. Ancieme 7L 4730
40-54

ACKNOWLEDGEMENTS

The authors are grateful to Mrs. Kai Vares who
provided us with some of the samples and helpful
information, Mr. Rein Vaher Tor help in ligore
preparation, and Mrs. Helle Kukk for a thorough
revision of the English text. The authors acknowl-
edge financial support from the Estonian Scicno
Foundation (grants 326 and 971),

References

Berger, GUWL 1988 Dadng Quarcroary evenss by lumines
vence, Ceeofagrenl Society of Awersca, Special Puper 227,
13-50.

Fredén, M. 1979 The Quaternary Hissory of e Balic The
Western Pare. Acer Univ. Ulpe. Swmp.  (lps. Annsmt
Chringerieeiinmn Celebraiin, 1, 5974,

Godfrey-Smith, 100, FHumdey, D), & Clen, W.-H
The optical behaviour of quanz and (eldspar sedinwit
extraces, Sib Imternational Specialin Seminar on T A
ESR Daring, Cambridge. (Oral conummii.)

1987

1979 The Quaternary History of

Molodkav, A 1986: Application of FSE 1o the daring of

Molodkov, A 1988 ESR dasing of Guarernary shells meeem
wlvances.  Clnatermiry Scdence Beviens 7, 477484,

Molodkav, Ao 1989 An experienee of ESR-dating of solls
shell applied for simatigraphic schemes correlation of Clia-
wrnary deposite. fo Alckseew, MUN. & Nikiforova, K.V,
(Eds.b: Quavernary period, Seratigeaply. Moscow, Nk,
204213, (In Russian).

Molodkov, Ao 1989b: The problem of long-enn Guling of
absorbed palacodose on ESR-dating of Cuarernary ol
shells. Applied Kadiaron amd lsatepes 40, 10871093,

Molodkov, A, 1992 The method for determining comcentrations
of matveral  radionnclides i a0 reck matvie SU Pa N
1R17934 A3,

Molodkov, A, 1993 ESH-dating of nonsmarine mollose shells.
Appilied Noolarion wned feoraper 44, 145-148,

Molodkow, A 8 Raukas, A 1989: O the age of e Ancylus
Lake on the basis of ESR-dadng of sublosil smolluse shells.
I Raukas, A (Ed): Proteceion ind evolurion of secos,
Exenesion guide and abstraces, Tallion, 61-62

Molodkow, A, Raonkas, A, Makeew, VM. & Raranovskaya,
CLE. 1992 On ESR-chronosrarigraply of the Norihem
Eurasia mmnne deposits and  their correlation with the
Pleystocene evens. fn Mursewa VLE, Ponming =M. ad
Chichagova (VA (Fds): Creachrmnalory of Ciarernary e
rioel. Moscow, Manda, 40147 (lo Russian),

Prescon, L & Stephan, LG 1982 Comribmion of cosmic
radiation o e envionmen dose for dhenmolumineseene:
daving - Bvide, aliinde and deguh dependencies. PACT 9,
17-25.

Raukas, A 1992 lee margimal foomarions of the Palivere zone
in the casiern Baliic. Sverigey Ceologiiky Undenilning. Ser.
Ca A1, 277-284,

Rankas, A, Kesel, Ho & Hyvirinen, FL 1992 Linnes Sea.
In Raukas, Ao 8 Hyvirinen, H. {Eds): Garalogy af the
Gulf of Finkend. Estopian  Academy of Sciences. Tallinn.
122517, (In Raussian).

Sepp, WL 1874 Hitwmaa maastilline iscloommsis, Ve,
Tallinn. 149 pp. (o Esonian).



Formation and Distribution of Storm Layers
in Western Baltic Sea Muds

Doris Milkert
and Friedrich Werner

Milkert, D. & Werner, F 1996: For-
mation and  distribution  of  storm
layers in Western Baltic Sca  muds.
Bultica, Vol 0. pp. 36-50. Vilnins.
[SBN 9986615054 [/ ISSN (Ha7-3004
Doris Milkert and  Friedich Wemner
Creologisch—Paliomologisches  Insiina,
Ulniversitit Kief, (lshausenso; 40, 24008
Kiel, Crermany; received 10th April, 1995,
accepied foth July, 1995,

Storims are an dmportam agent for sedimentary processes in the wesen,
Baltic Sea. Mud sedinens were examinesd wsing box cores 1o evaliaie i
deposition and preseevation ol sonn beds. Aceorling w the intensity, diree.
ton sl duradon a2 storm produces different wypes of sorm layers. The
sorm layer of a “cenmury sonn” (due ar Mew Year 197879 can snill he
mapped in Eckermforde Bay 10 years lwer Tv s possible w enablish o aomm
su'lli|lll'|||;:|i|,||| llql;utr'l t'm 1r|'r; 113}!‘, Tlh‘ pl:r.u‘nr.uirpn ol Erorin 1J_'9.':|.1. ot wnly
depends on high sedimentaion mes reflecung diceer physical infleences b
similarly on the lack of anthropogenic dismrbanee and resmicied  biogenic
activity. Uonsidering thiese relanonships, the analysis of storm layers pring-
pally may provide a posd wel w teconsmier the Molocene dinsealogical
history of the Baltic Sca.

Keywords: western Balue Sea, Holocene, sedimentation, storm layers, ofic
muatic hisvory.

INTRODUCTTON

Storm-generated scdiments as a product of high
encrgy, and short time cvents have increasingly
drawn attention to geologists. They are not only
of preat relevance for the dynamics of marine
sedimentation processes. they also provide a usc-
ful ool for event stratigraphy in ancient sedi-
mentary sequences (Ager 1974; Hantzschel &
Reineck 1968; Aigner 1982; Duke 1990). The
actualistic counterparts were analysed in various
environments all over the world (e.g. 1nited
States Cull coast of Mexico: Hayes 1967; Ball et
al. 1967; Morton 1981, Snedden et al 1988,
Siringan & Anderson 1994; Beaufort Sea: Hill &
Madean 1989; Great Barrier Reel: Gagan et al,
1988, 199} German Bight, North Sea: Reineck
et al. 1968, Gadow & Reineck 1969 Aigner &
KReineck [1982).

[huring these studies, an increasing debate raised
on the oceanographic processes pencraling slorm
layers. Noteworthy. the question about relationships
between shore-parallel (e.g. geostrophic) and shore-
normal and offshore directed flows stimulated the
discussion (Duke 1920). It became obwvious that
more  data [rom diflerent  environments  were
needed. 1o particular, little is known on storm layer
formation and distribution in shallow adjacent seas
as the Baltic. In this context, the relationships in
shallow, tideless seas, as the Baltic, can give good
contributions.
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Another aim [or our study was the recenl dis-
cussion concerning @ possible increase ol storms
and storm intensity due 1o greenhouse effects. An
important factor in this context is 1o monitor the
storm events as they are documented in the voung-
est, historical relevant sedimeniary record. In addi-
tion storm layer may give indications on the sig-
nificance of reworking and re-distribution of pal-
lutants of the sediments, such as trace-metals (Lapp
& Balzer 1993) and PAH's (Gerlach 199403,

In the Baltic Sea, only a few publications exist
considering storm sedimentation in basins. Werner
(1968) attributed laminated and sandy-silty layers
to storm situations, Khandriche et al, (19867 were
able to show that a century storm due in winler
1978/79 formed a fine-sandy, ripple like structure
of I to L5 cm thickness in Eckernforde DBay
Niedermeyer ¢t al. (1993) interpreted shelly amd
sandy layers in Greilswalder Bodden (a4 semi-en-
closed bay in the southern Baltic) as storm layers,

In this paper we emphasize the following ques-
tions:

- How can storm layers be recognized?

— Which amount of sediment is reworked and
redeposited by a single storm event?

— Can we determine a preferred hvdrodynamic
and meteorological setting [or storms 1o originate
storm layers? Does a storm have 1o last for 2
certain minimum period of time before it can be
documented in the sediment?

- Uan we recognize a Holocene climatic record?

Geological and Hydrographical Setting

Kiel Bay as a semi-enclosed, sub-rectangular basin
represents the westernmost part of the Baltic, bui
.}-piml[y many features and relationships of the

larger basins of the Baltic Sea can be studicd quasi
in model character.

Hydrographically and peologically Kiel Bay is
classified as an ‘adjacent sea’ with humid climate
(Seibold et al. 1971), characterized by a sequence

BTN =

SETN =

Germuny

¥ 1000

1010 10°20°'E

Fig.l. Generalized map of northern Europe with the investigation area in Eckernforde Bay (modified after Oed et al, o press)
A lnner part of Echernforde Bay, over tawl fishery prohibiied, B. Boknis Fek. € NW Stoller Grunl.
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of basins with decreasing salinity as well as oxvgen
supply form west 1o east. Tis origin resulls mostly
by the Scandinavian ice sheet, which shaped the
depression ol the western Baltic (Gripp 1964),
Glacial till (boulder clay) deposited during the
Pleistocene forms the present coastline and covers
the Prequaternary bedrock. In Kiel Bay a system
of submarine channels was originated as sub-glacial
channels (Seibold ¢t al. 1971; Winn ct al, [982;
Atzler 1995),

Currents and waves are the main transporting
and croding agents in Kiel Bay (Walden 1960). Kiel
Bay has a minimal tidal range, but strong currents
can be penerated by wind [orcing compensational
currents, storm surges and seiches (Dictrich 1951).
Witlstock (1982) sugeesicd a dynamic resonance
model for waler exchange between the Baltic Sca
and the Skagperrak region. Current speeds of 20
emfsvee during inflow of surface water and 9 cm/
sec, in 27 m waler depth, 3 m above the seafloor,
for outflow out of Kicl Bay during ‘normal’ peri-
ods are common (Gieyer 1965).

Our investigalion focused on sediments in
Fckernforde Bay (Fig. 1), which was in the centre
ol imerest [or many rescarch activities based at
Kiel University during the last decades (e.g. Geyer
1965; Wermer 1968; Dold 1980; Rumohr et al. 1987
Gierlach 1990; Krost 1990; Lapp 1991). The bay is
divided by the sill “Mittelgrund™ in a deeper north-
crn channel with a maximum depth of 29 m, and
a shallower southern channel with a maximum of
22 m water depth (Fig. 1).

Cicnerally, a strong depth dependence of the
sediments similar to other parts of Kiel (Werner ¢l
al. 1987) is obscrved, In detail the sediment-cover
is variable in thickness and grain size. Cilacial till,
thinly covered with coarse lag sediments and alier-
nating with coarse or medium sand is found from
shallower than 10 m down to 16 m water depth,
where wave action is ceasing. Below this level grain
size is contiguously decreasing with an increasing
amount of silt fraction {Werner 1968), Depending
on the exposition, the transition 1o mnd dominated
sediments occurs between |8 1o 22 m water depth
Below 22 m water depth fine mud dominates the
central parts of BEckernforde Bay. The thickness of
Holocene puid sediment reaches its maximum in
the inner part of Eckernfirde Hay with more than
I} m, the real thickness remaining unknown be-
cause of the strong acoustic wrbidity, which masks
the deeper strata in the seismic records (Atzler
[993).

Bottom eurrenis in Eckernlorde Bay are closely
correlated 1o wind directions. Westerly winds gen-
crale surface outllow and compensated bollom
water inflow from the open parts. Current speeds
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with a maximum ol 55 emfsee, 4 m above sea [Ty,
were observed west of Mittelgrund by Geyer (1065
(Fig.1) during a gale force 8 Beaufort from SSw
as effect of such a compensation current into {he
bay. Easterly winds produce inflow of surlace wy.
ter and outlow of bottom water (Dietrich 195
Rumohr et al. 1987) because of the larger feich
from east and therelore higher water levels, The
hydrographic conditions show strong seasonal ef.
feets by development of a thermocline in summer
and salinity layering throughout most parts ol (he
year. Long periods with reduced oxygen content o
hydrogen sulphate in the bottom waler lead 1o
reduced or even missing benthic biological activity,
Intense ground fishery with otter trawls is common
in the outer parts of the bay (Krost et al, (980
Werner et al 1990).

Weather System amd Major Storm Evenis

The weather system in this arca is strongly influ-
enced by the Atantic circulation system. Main wind
direction is west during all parts of the year (Fig 2).
The main direction lor winter storms is correlanel
o the major pathways of the Atlantic depressions
(Defant 1974), Storms (rom west canse sea level
low stands in the bay with almost no influence on
the coastline becnuse of the lee side. Strong storms
from the castern dircction are less common, bt
create major damages on the coast beeaose of their
high water levels and op-land waves,

Repular and continuous daily weather obse rva-
lions started as late as 1870, Former historic storm
events were normally only remembered due 1o the
loss of human lives and the destruction. thereflone
the record of siorm events conld sometimes be
incomplete. Wegemann (1911) tried 1o summarise
the most important storm events between 1044
and 1908 AD, Increasing storm intensity since 1900
was recorded by Petersen & Rohde (1979), who
reviewed the storm intensities through the last 100
years, Per definition all easterly storms, which
reach a sca-level of more than one meter above
ero are major storms, Figure 3A summarizes (he
water level high stands for major events between
1872 and 1989, Figure 3B shows all cvents be-
tween 1976 and 199, The investigated storms
which were likely 1o produce a storm layer are
marked with an arrow. It can be seen, tha there
arc several storm events with much higher sea
levels. and even duration than those observed, nml
originating a storm layer, which do oot effect the
sediment.

Table | exhibits the observed storms in 980
with respect o their influence on the sediments 1

All data
Uz 0 m/s
(57,000 data points = 100%

Strong winds
U 12 m/s (Bft 5 to 8)]
(= 23 % of 57,000 data points

Storm winds
Uz 20 m/s (*BFT 9)

(57,000 data points = 100%

Fig. 2. Distribion of wind dircctions and foree for Kicl Bay in percent abwer Eiben (1979), based on 57,000 single

PP AT P DA

may not be considered as belonging to the first
range, when comparcd to the events in 1872 or
New Year 1978/79. but they show a significant
degree in intensity, sea level and duration.
During the observation period (1988-1991)
three major storms (> § Beaufort, duration of
high tide more than 10 hours) are documented,
in April 1989 mainly from an ecasterly direction,
in August 1989 from N/NE (Table 1), and in Janu-
ary 1990 fram SW. The south-westerly storm in

lanuary 1990 lead to a sca-level low stand ol

160 em and had 3 duration of 18 hours (up o
8 Beaulort).

Predicted oceurrence (MELF 1984) for sea level
high stands caused by major storm evenls arc s
follows: = 285 cm (above normal sca level)
1150 years, =200 em — 1/17 years, =175 cm -
I/ years, > 150 em — 1/6 years. This estimate,
however, does not take into account the duration,
which scems to be the most important factor for
the formation of distingt storm layers in the sedi-
ment. Nevertheless it shows that there is a high
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of basins with decreasing salinity as well as oxygen
supply Torm west 1o east. Tis origin resulls mostly
by the Scandinavian ice sheet, which shaped the
depression of the western Baltic (Gripp  1964),
Cilacial till (boulder clay) deposited during the
Pleistocene forms the present coastline and covers
the Prequaternary bedrock. In Kiel Bay a system
of submarine channels was originated as sub-glacial
channels (Seibold et al 1971; Winn et al. 1982,
Adzler 1995),

Currents and waves arc the main (ransporting
and croding agents in Kiel Bay (Walden 1960). Kiel
Bay has a minimal tidal range, bul strong currents
can be generated by wind forcing compensational
currents, storm surges and seiches (Dietrich 1951),
Wittstock (1982) suggested a dynamic resonance
model for water exchange between the Baltic Sea
and the Skapperrak region. Current speeds of 20
cmfsec during inflow of surface water and 9 emy/
see, in 27 m water depth, 3 m above the seaflloor,
for outfllow oul of Kiel Bay during ‘normal’ peri-
ods are common (Geyer 1965).

Our  investigation  focused on  sediments in
Lekernforde Bay (Fig. 1), which was in the centre
of interest for many rescarch activitics based al
Kiel University during the last decades (e.p. Geyer
1965; Wemner 1968:; Dold 1980; Rumohr et al, 1957
Cierlach 1990 Krost 1990 Lapp 1991), The bay is
divided by the sill “Mittelgrund™ in a deeper north-
crn channel with a maximum depth of 29 m, and
i shallower southern channel with a maximum of
22 m water depth (Fig 1),

Cicnerally, a strong depth dependence of the
sediments similar (o other parts of Kiel (Werner et
al. 1987) is obscrved. In detail the sediment-cover
is variable in thickness and grain size. Glacial till,
thinly covered with coarse lag sediments and alter-
nating with coarse or medium sand is found from
shallower than 10 m down to 16 m water depth,
where wave action is ceasing. Below this level grain
size is contipuously decreasing with an increasing
amount of silt fraction (Werner [968). Depending
on the exposition, the transition to mud dominated
sediments occurs between 18 1o 22 m water depth.
Below 22 m o water depth line mud dominates the
centril parts of Eckernftrde Bay. The thickness of
Haolocene muod sediment reaches ils maximum in
the inner part of Lckernforde Bay with more than
10 m, the real thickness remaining unknown be-
cause of the strong acoustie turbidity, which masks
the deeper strata in the seismic records (Atzler
19953,

Bottom currents in Eckernforde Hay are closely
correlated 1o wind directions. Westerly winds pen-
erate surface outflow and compensated bottom
water inflow from the open parts. Current speeds
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with a maximum of 55 cmfsee, 4 m above sea flygr
were observed west of Mittelgmind bw Gieyer | 1965
(Fig.1) during a gale force 8 Beaufort from Sgyy
as cffeet of such a compensation current inta hy
bay. Easterly winds produce infllow of surface wy,
ter and outfllow of bottom water (Dictrich 19513
Rumohr et al. 1987) because of the larger felcly
from east and therefore higher waler levels, The
hydrographic conditions show strong scasonal ¢f.
fects by development of a thermocline in summgy
and salinily layering throughout most parts of he
year. Long periods with reduced oxygen content op
hydrogen sulphate in the bottom water Jead g
reduced or even missing benthie hiological .'It'[i'lri'[yl..
Intense ground fishery with otter trawls is commuop
in the outer parts of the bay (Krost et al 1959
Werner et al, 1990),

Weather Svstem and Major Storm Evenls

The weather system in this area is strongly infly-
enced by the Atlantic dreulation sysiem Main wind
direction is west during all parts of the year (IFg 2),
The main direction [or winter storms is eorrelated
o the major pathways ol the Atlantic depressions
(Defant 1974), Storms from west cause sea lovel
low stands in the bay with almost no infllucnee on
the coastline because of the lee side. Strong storms
from the eastern direction are less common, but
create major damages on the coast because of their
high water levels and on-land waves,

Regular and continnous daily weather abservae
tions started as late as 1870, Former historic storm
events were normally only remembered due 1o the
loss of human lives and the destruction, therefore
the record of storm evenis could sometimes be
incomplete. Wegemann (1911) wied 1o summarise
the most important storm events between 1044
and 1908 Al Increasing storm intensity since 1900
was recorded by Petersen & Rohde (1979), who
reviewed the storm intensities through the last 100
years, Per deflinition all casterly storms, which
reach a sca-level of more than one meter above
zero are major storms. Figure 3A summurizes the
witler level high stands Tor major cvents between
IRTY and 1989, Figure 3H shows all events be-
tween 1978 and 199, The investigated storms
which were likely to produce a storm layer are
marked with an arrow, It can be seen, that there
are several storm events with much higher sca
levels, and even duration than those observed, and
originating a storm layer. which do not effect the
sediment.

Table 1 exhibits the observed storms in 19589
with respect to their influence on the sediments 1
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may not be considered as belonging to the first
range, when compared 1o the events in 1872 or
New Year 1978/79. but they show a significant
depree in intensity, sea level and duration.
During the obscrvation period (1988-1991)
three major storms (> § Beanfort, duration of
high tide more than 10 hours) are documented,
in April 1989 mainly from an casterly direction,
in August 1989 from N/NE (Table 1), and in Janu-
ary 1990 from SW., The south-westerly storm in
January 1990 lead to a sea-level low stand ol

All data
Uz 0 m/s
(57,000 data points = 100%

Strong winds
Us 12 m/s (Bft 5 to B)

(=23 % of 57,000 data points

Storm winds
Us 20 m/s (2BFT 9)

(57,000 data points = 100%

Bay in percent afier Eiben (1979, based on 57,000 singhe

160 em and had a duration of 18 hours (up (o
8 Beaufort).

Predicted oceurrence (MELF 1984) for sea level
high stands caused by major storm cvenls arc as
follows: = 285 cm (above normal sca level) -
/150 years, =200 em — 1/17 years, =175 em -
IM years, = 150 em - 1/6 years. This estimate,
however, does not take into account the duration,
which seems to be the most important factor for
the formation of distinet storm layers in the sedi-
ment. Nevertheless it shows that there is a high
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Table 1. Major casterly storm events in the last 100 years (after Pralle 1875 Fiihrbtee 1979 Klug 1986; and

Eiben 1989)

Perind 1672 1904 1954 1978779 1989 April TUEY Adignsi
l.]irr:'tiun ME E NINE NINE E MIME
Sea level (above NN +A50 cin +220 cm t 183 cm +175 cim v 138 e p 162 cm
Duration of high tide (=1 m) 44 s 4 24 hes 72 hrs 12 firs 12 lrs
Dwration (8 Peaulon) 48 lire ¥ ¥ A48 hrs 8 hirs A6 hrs
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ssibility for the occurrence of sea level high
giands during storm events.

MATERIAL AND METHODS

For our investigation (see also Milkert 1994) around
100 short box cores (maximum length 45 em long)
were analysed. To make sure that the surface sedi-
ment was undisturbed by the influence of ground
fishery (Werner et al. 1990), the box corer equipped
with a video camera. Sediment slabs for X-radio-
graphs and samples for grain size analysis, radio-
carbon dating and. *“Pb dating werc taken.
|‘ Continnous bimonthly sampling was carried out
in the inner part of Eckernforde Bay (Fig. 1, box
D A, between 24 and 26 m water depth) at Boknis

Fek (Fig. 1, box B, between 23 and 28 m waler
depth) and Northwest of Stoller Grund (Fig. 1,
box €5, between 20 and 22 m waler depth).
Navigation was by using GPS and
SYLEDIS as high resolution navigational tools with
an inaccuracy of less than 30 m respectively 10 m.
We use the local names and ferms as given and
approved by Babenerd & Gerlach (1987).

done

' RESULTS

In particular three major storms (April 1989,
August 1989 and January 1990) and their sedi-
| mentological impacts could be verified. Referring
{ to the detailed bimonthly sampling we were able
o recognize the effect of these storms.

Tvpes of Storm Layers

According to the intensity, direction, and duration,
storms produce different types of storm layers.
Observations after the east storm in April 1989
(Fig. 4a) showed erosion of sediment and a very
thin (0.4 cm) layer of laminated mud, similar to
the type A storm laver displayed in Figure 5A,
was detected. Figure d4a shows the variability of
the surface sediment after the April 1989 storm.
A layer of coarse silt of approximately 0.3 ¢m
was traceable in the deepest parts of the north-
ern channel just at the sediment surface. This
layer was soon reworked by benthic activity as
I well by ground fishery as revealed by subsequent

sampling.

The north-north-east storm in August 1989
(Fig, 4b) deposited an approximately | em thick
layer of laminated mud, underlain by a 1- to
2-mm thick lamina of fine sand (sce also Fig, 3A).

-

This sequence could be mapped in the deeper parts
of the bay, during a sampling campaign three weeks
after the storm (Fig 4b, GIK 13674 1o GIK 13676).
Al the shallower positions, northwest ol Stoller
Girund (Fig. 1, box C; GIK 13677, GIK 13678) in
20 m water depth, the surface sediment was made
up by a | cm thick fine sand layer. This may give
a hint that the duration andfor probably the wave
action on the coastline in April 1989 was not sul-
licient enough to build a storm layer, whereas in
Angust 19589 we could observe the [ormation at all
stalions,

As an effect of similar order of magnitude, after
the MNew Year storm 197879 Khandriche et al,
(1986) were able 1o show a newly built sandy layer
of | 1o 3 em thickness partially showing lenticular
or flaser bedding (Fig. SB. Fig. 6).

According to these results, three distinel tvpes
ol storm layers arc distinguished. They are shown
in Figures 5 a 1o ¢

Figure 5a Type “A" represents luminated mud
with silty bases from waler depths between 24 1o
28 m. The structure consists of a parallel lnmina-
tion with cross-stratification ol clayey silt to sandy
sill. It 15 underlain by a line-sand layer of ca. |
mm thickness. This type was obscrved after the
1978/79 event by Khandriche et al. (1980), the
thickness gencrally varies between 0.5 em 1o | cm.

A second lype (Fig. Sb, Type “B™) s made up
by very fine sand ripples, occasionally overlain by
homogenecous mud (Fig. 5b). The ripples show ci-
ther internal lamination or homogeneous structure
depending on the distance from the shore. With
increasing water depth and shore distance they show
decreasing ripple height and decreasing sand con-
tent. [t is possible to map this storm laver through-
oul most parts of the bay (Milkert 1994}, The good
preservation of this layer in the inner parts of
Eckernforde Bay can be atiributed to reduced bio-
logical activity and lack of otter trawl net lishery.

The third type of storm layer is & homogeneous
coarse silt layer (Fig. 5¢). Owverlying the 197879
storm horizon, wvsually three of these 3 to 4 mm
thick coarse silt layers with virtually no internal
struciure ocour as they are shown in Figure o,

Box core GIK 13680 (Fig 6) gives a very
good example [or the upper sedimentary sequence
(025 em depth) in the inner parts of Bckernfirde
Bay, and includes all described types of storm lay-
ers. Using the “"Pb technique for dating these sedi-
ments (Milkert 19943, we were able to date sandy
layers for the last 100 years.

As a different type of event layer, the ocour-
rence of a unigue ripple struciure of extremely
small ripples (“crypto-ripples™) in 21 m watcr

41



107 00'E

Sediment surface

April 1989

A

> Sediment surface B

S4°30°N

HEH'E
Fig. 4A. Samd coment anid surface layer Tuhology afier the cast-ssann in April 1989 and afier the uorth-nortecast storn
a'l.u;-;-:st 1989, | - laninadon, FS « fine sand layer, - bioturbed  surface

I1 cm

L H'E

2 km : J{ August 1989
Boknis Eck * 20m

Legend

cley

slity clay
II cm

4 coarse silt ripples

-,,E: _._—_.____§__il~ji=ihmentsurface ______‘:—--_—__ laminated mud
{HF}, Bioturbation

L 54730'N

547 30N
Fig. 5. Differem types of sworm layers a8 observed in Eckemifiirde Bav. A - ihe storm layer of Type A - lamimareid sl winh
ware sl base as observed w0 Echernforde Bay. B - the Type B s faver which congeos ol Tsmagenous. coame sile underkain

by fine sand nipples as observed o Fokernfiide Bay. © - e Type © moom layer, fine sand pples widh overlving Taminae
id, s absereed in Eckernforde Hay.

10°00'E

depth {(for location see Fig. 1, box O7) may be  layer varics between 0.1 em at the base to (13 em
Mentioned. The whole layer has a thickness of  in the upper part of the seguence. The distance
‘?“"“ (Milkert 1994). It appears to be a kind of  between single ripple crests varics between (06 cm
slightly wavy lamination with discordant internal  and 007 em It is underlain by an 0.2 1w 005 em
laminge (Fig. 7). The thickness of a single ripple  thick fine sand laver which overlies crosive 1he

; . ination, IS - fing
Fig AR Saml coment and surface layer lithology alter the north-northecane storms o August 1989, L« bumnation |

zaiid layer, g rbesd surlace.

43



19vaTe

1954

1904 (7)

Fig. 6. Sedimentary structure ol box core GIK 13680, mken in 26 m water depth with oripmal deprh seale. The daies are
determiined by “1"%Pb and placed a1 the base of the observed coarser grained stonn layers. B - biogenic structures, ' = b
of  Pectinarta beorensi, 8 shells of Afre il

S e R T &~

|1 cm

Fin = Fxample for a complete “rypro-nipple-sequence (eerdiography, posiive, scale 1:1) ol box core G1R 16549, 20 im0 waret

llq.llll. morthwest Stoller Geand [Fl.g_.. | Al o pell Crypio lii1|1||.'|.. E crosiomal base of ST, B |Iinl;'.l'l:lt SITUCTIreS

44

intensely mottled basal mud. A similar type of
ripple layer has been described first by Wcrm.:r
(1968) in about 1 m sediment depth from sedi-
ment cores taken 4 nautical miles north-cast of
the present position on the northern channel in
17 m of water depth. Preliminary dating shows that
this layer NW of Stoller Grund is older than 1954,
Wwe assume that it is the product ol a turbulent,
gnidirectional boundary layer flow on a weakly
cohesive bed (due to high water content). Because
of the structural constancy we suggest that the
layer is the product of a single (storm) evenl
Further evidence gives the occurrence of an ero-
sional layer at the base. Just a very few escape
structures can be observed throughout the layer.
Only the top parts of this structure are reworked
by benthic fauna, but bioturbation from above
pever reaches the bottom.

Erosion and Resuspension After Storm Events

Since the amount of crosion is usually an unknown
guantity in balance calculation, experiments 1o es-
timate the depth of erosion after a major storm
were performed in different water depths (23 m,
sandy-silty mud; 24 m, silty mud and 25 m, mud)
in the outer parts of Eckernfirde Bay (Milkert
19903, Milkert 1994), Baryte bearing, soluble tracer
bars (similar 1o those described by Hunte 1989)
were inscrted into the sediment by divers, based
on the idea that eroded sediment thicknesses could
be measured by the length of the remaining bars
observed in x-radiographs.

The storm event in August 1989 eroded up 1o
3.3 em of silty clay on the upper parts of the slope,
with about 2 cm of silty clay scitling at the same
pasition, Other indications for the erosion of mud
sediments during storm events were  given by
Smetacek (1950) by means of peak values of sedi-
ments collected in sediment traps. During stormy
weather, very high values of resuspended material
have been encountered in the water column
(Milkert 1994; Smetacek [980). Sedimentation of
material is rapidly following the storm cessation.
Material settled in winter shows a higher organic
carbon content, and the proportion of humic acids
o total orpanics is lower, as compared 1o the
bottom sediment (Smetacek, 1980). This indicates
that particle selection occurs during resuspension
by the winnowing effect of turbulence due to bol-
lom currenis,

As effects of boltom currenis because of the
influence of storms, wo phenomena on the bot-

tom of Fckernfirde Bay, can be mentioned: (1)
Plant debris (twigs and leaves) together with beer
cans aceumulated in fishery trawl tracks as found
by ROV observations (Werner et al. 1990); (2)
Fields of parallel ripple-like leatures on muddy
bottom with a spacing of ca. 2 m were mapped
with high-resolution side scan sonar (Khandriche
& Werner, in press), which probably likewise con-
sist of organic debris and may be interpreted as
transverse ribs (Allen 1984).

According 1o these observalions we supgest
storm sedimentation model for BEckernfirde Bay.
It shows that mainly casterly storms cause
transport of material into the decpest parts ol
the channel.

Distribution of Storm Lavers

‘Century storms’, like the Mew Year storm 197879
produce a storm layer which could be recognized
and mapped in most parts of Eckernforde Bay muds
even alter ten years still nearly undisturbed (Milkert
1994),

Figure ¥ exhibits the X-radiographs of two box-
cores, GIK 14471 (taken in July 1979 and GIK
16595 [taken al the same posilion in July 1988)
In core GIK 14471 the newly deposited storm Tayer
is visible on the sediment surface, whereas in Gl
16595 the storm layer can clearly be identified in
4.5 cm sediment depth. At the base ol this layer
an assemblage of tubes formed by the polychacie
Pectinaria korenii oceurs, This layer is atteibuted 1o
a mass extine! during the hot summer of 1976 (Dol
1980). The Pectinaria bed can be found in nearly
all parts of Fekernforde Bay (Khandriche et al
1986; Milkert 1994). It seems possible that the
conical tubes were eroded from the very soft mud
during the New Year storm and swepl together
without being destroyed, thus, forming an oriented
layer,

The recognition of storm layers (lempoestite
layers) in this case studics is based on lithological
differentiation of coarse clastics (fine sand) within
a silt/clay sequence. This holds also true for the
definition of “tempestite” (Einsele & Seilacher
1982; Aigner 1982). In most cases @ dilferentia-
tion of sandy/silty layvers visually  discerned
as coarser scdiments within [ine-grained serics
were the basis [or observations. In fact, these
observations are therefore related to a transport
eriterion. The physical properties  being  origi-
nated by bed load respectively suspension load
material.
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A MODEL FOR STORM SEDIMENTATION
IN ECKERNFORDE BAY AND DISCUSSION

According 1o the observations described above, a
storm sedimentation model for Eckernldrde bay is
suggested (Fig. 9).

It shows thal casterly storms cause waler trans-
port into the bay combined with sea level rise and
high surface waves (Fig. 9a). This leads 1o strong
wave action on the casterly exposed cliffs and
beaches and 1o a corresponding material input
which is transported to deeper water supporied by
down welling low. By dircet wave action, oscilla-
tion ripples are formed in greater depths than under
normal conditions, i. €. about 22 m in the exposed
parts of the bay. Accompanied by resuspension of
material which takes place at the same location,
and because ol missing availability of non cohesive
material, oscillation ripples can not be formed.
Simultancous boitom currents, developed by com-
pensation of the inward lransport al the surface,
and generated in outward direction, may move the
saml and silt seeed material, and, thus [orm coarser,

distinet layers, partly as current ripples. With ceas-
ing storm intensity, the finer grain sizes amd even-
tually organic material, e.g plant debris are depos-
ited, and a complete, graded storm layer sequence
is formed.

On the contrary, with strong west  storms
(Fig. 9h) show outllow of surface waler, amd o sip-
nificant drop of the sea level can be observed. In
Lickernforde Bay this may expose al least the fist,
somelimes even the second ollshore bar. As a
conscquence, some material might reach decper
waler duc to colian transport (Werner 968). Os-
cillation ripples are, ol course, not activated be-
cause ol the small letch. As inlerred from our
observations alter strong events, the corresponding
compensation corrent at the bottom is commonly
(perhaps with extreme  situations?) not  sirong
enough to deposit significant and surviving sedi-
ment layers, despile the cited meassurements of
Gieyer (1965). This indircetly may give an addi-
tional suggestion of the effects of extreme casterly
cvents, Considering our resulis in the light of the

Model for East Storm Situation

Easl storm
(=111 e
om 4 - e e e e eSS T T Homn(NN) — — = = = = — = = S o =
-— Inflow
e - down welling
baotiom compansation

Wwm - custant —

' resusponsion sedims on

s 7?—;7‘,—-7!.-"14 :"ﬁ i S i i i il

Fig. 9A. Siorm sedimeniation model for a ford-like bay in the western Balic Sea, generalised for Eckemlinde Bay, which
displays whe simation for case siorms with seaclevel high sand  awd coasial see-up

Model for West Storm Situation

West storm
Cii -
Boach
My Ty, e e e Huﬂ:uniHN‘:"——-—-—————;——_F-_:'_T.—'-
e i o !
s ——— - — R Chitflow —e=—
1m -
batiom compansation
HMm - ' curronl
oceaslonally
- o rasuspanalon A
:""‘-l'—;-r—ﬁ- e A A P S e i U S e e

Abr afba

Fig. 9B, Storm sedimentation model for o fGord-like bay in the woestern Palie Sea, gencralised for Fobemibole Pay, which

displays ahie shuation for west sorms with seatewd low sand aid “wind ebly”

fig 8. Companison berween box core GIK 14471 {(A), raken in November 1979 in ihe intier Eckernfirde Bav and

rows fmarck

al

47




discussions on storm-sedimentation models in the
lterature (Hayes 1967; Walker 1984; Swift et al,
1985; Duke 19M)) we have to emphasize that the
geological effects we have observed are essentially
connected with a “bay situation™ which leads 10
relative strong bottom currents due to the high
witler stands and corresponding compensational
bollom current,

Consequently, in many parts of the Baltic Sea
as well in the deep sea, storm layer cannot be
described. In other words, efforts for establishing a
“storm stratigraphy™ in Baltic Sea sediments are
only reasonable for an area of favourable prereg-
wisites of the transport model. This seems 1o be
self-understanding, but it has to be emphasised that
only restricted arcas will fullil these conditions.

In contrast 10 the model presented in this pa-
per. stays the model proposed by Aigner & Reineck
(1982) Tor tidal influenced sedimentary environ-
ments, i, the North Sea, Sediments are largely
denved [rom the coastal sand and from tidal flats,
They are partly transported in channels; by back-
Dowing water, due (o wind-induced gradient cur-
rents, these sediments are [inally swapped onto the
open shell in @ “jet-like™ way. Storm sand sheets
in this environment are most abundant beyond the
mouth of the major tidal channels. Aigner &
Reineck (1982) postulate that offshore transport
does not require density currents. This is the major
difference to the formation of storm layers in the
(almost) tide-free western Baltic Sea, where most
of the storm-induced sedimentation is correlated
to density currents, and even to compensational
currents flowing downslope (Fig. 9).

CONCLUSIONS

Storms are an important agent for sedimentary pro-
cesses in the western Baltic Sea. Eckernforde Bay
is considered as a good example for the formation
of storm layers in similar Gord-like bays for the
whole Baltic Sea. Therefore, a storm sedimenta-
tion model for Eckernforde Bay is suggested that
emphasize the significance of sea level fluctuations
and corresponding bottom current intensity corre-
lated to the main wind direction. We can deter-
mine that storm layers in this bay are basically
originated. alter east storm events, whereas west
storms do not influence the sediment.

It can be summarized that the generation and
preservation of storm layer sequences in the Baltie
Sea requires: (1) water level rise during storms with
near-bollom compensation currents and transport
ol sediment downslope; (2) mud basins where short
coastal distances with steep slopes allow the supply
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of sand with grain-sizes fine enough to be trang.
ported as bed load of weak bottom currents; (3)
restricted bottom fauna (as characteristic [or My
Baltic Sca basins) in order 1o avoid complete re.
working by bioturbation; (4) litlle anthropogenic
influence on the surface sediments,

Major storms from eastern direction could he
recognized during the last 100 years, further investj.
gations might lead to a Holocene storm stratigraphy.
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INTRODUCTION

The southeastern part of the Baltic Sea borders
with lands of Russia, Lithuania and southwestern
Latvia. The plateaus, the depressions and the other
large and small [orms of glacial and marine origin
are distinguished in the bottom lopography ol this
area of the Baltic Sea. The Liepija, Klaipéda and
Kurish Plateaus, as well as the Gotland and Gdasisk
Depressions are the basic macroforms of the (o-
pography. The ecastern slopes of Gotland and
Gdaiisk Depressions, the Klaipéda-Licpaja Saddle,
the Cidansk Swell, Palanga, Klaipéda and Kurish
Lowerings and Nemunas Lowland are alse scen
clearly (Fig. 1, Veinberga et al. 1986). Some of
cnumerated forms of the bottom topography are
of a lower class, than macroforms known from the
latest regional maps of the Baltic Sea bottom and
adjacent land arcas (Gelumbauskaité et al. 1990;
Grigelis (ed.) 1991; Bjerkéus et al. 1995),
Locations of mentioned morphological forms
correspond 1o the contours of the bedrock surface
(Gudelis 1970, 1978). The Quaternary thickness is
increascd by dozen metres and more only in the
deep incisions and depressions of the bedrock sur-
face. The southeastern arca of the Baltic Sea, as
the Kurzemes Peninsula, was situated on the slope
Ol the jce sheet with a rather small glacial accumu-
lation on the plateans (Aseyev 1974). The glacial

[ormations, as a rule, were changed and sometimes
even destroyed by wave activity of the Late and
the Post Cilacial basins and often buried. The
marginal forms or their traces are nol clear,

DISTRIBUTION OF ICE MARGINAL
FORMATIONS

The next lines of the ice marginal formations are
abserved on the bottom in the southeastern part
of the Baltic Sea (Fig 2). The data given helow
are rather specific and supplement earlier concep-
lions about locations and ages of the marginal
formations on the bottom in the southcastern
part of the Baltic Sca (Screbryanny & Hao-
kas 1960; Mdmer et al 1977; Gelumbauskaite
et al 1990).

On the coast of the Sambian Peninsula there
are the Sambian cnd moraines (Vaitckinas 1972),
which in Lithuania are related (o the complex of
the Middle Lithuanian Nidurio Lictuvos/ marginal
formations. The contours of the Sambian cnd
moraines allow 1o consider that the ice shee
moving at this line was subdivided into Gdansk
and Kurish ice lobes. Large accomulations of the
boulders spread in the coastal zone on the botiom
of the Baltic Sea northwards from the 1wowns of
Yantarnyi and Svetlogorsk can be connected with
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Fig ). Geomorpholagical sheme of the somheastern part of
the Paliic Sea o

| - Licpajn Plieaw, 11 - Klaipeda Placeau, 111 - Kurish la-
wean, 1V - Fastern slope of Gothind Diepression, V Klaipeda-
Liepap Saddle, VI~ Klaipeda Lowering, VIl l‘ahn.g:a Low-
ering. VI — Nemunas Lowland. IX - Kurish Lowering, X -

Eastern slope of Gdafisk Dicpression, ¥l - Potom of Gdafisk
l}qﬂwin‘tl. X1 Clanske Swell,

The forms of the wpography conneeted with che mughness
of the bedrock surface | — sub-Quaternary erosional incisions
seen in the wpogmphy, 2 - cliffs and sweep slopes, 3 -
bedrock plaing; the traces of the glacial ropography forms: r'i_

undulating plains of the basal 1ill, 5 — drumlins, 6 - morime
swelli foried in the sones of junction bevween the e lobes,
<~ _ hills with the boulders on surface, 8 — caker-like forms,
9 lills of the glcial wpography unchanged by activives of
the sea: the fonmarions of the lare and the Pos Cilacial
Wliffs. 11 - sy plaing of coastal-marine accu-
amlaiion, 12— glciolaoustrine plains formed by clays and
silis, 13 — plains of deep sed accnmulation formed by silis
and md, 14 — submerged walleys of the rivers, 15 wwells
of uncertain genesis formed by sands and gravels, 16
aries hetween macroforms of bonom  topography.

basins: 10

o«

the ice marginal formations of the Middle
Lithuanian Stage.

The marginal formations of Linkuva (North
Lithuanian /Siaurés Lictuvos/) Stage arc also
unclearly marked on the bottom of the Baliic Sea.

The line of these marginal formation precipices goes

3z
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Fig. 2. Scheme showing the locaton ol the ioe marginal
formations in southeastem part of the Baltic Sea. ML — Midile
Lithuanian Swmge NVidudo Liewvos/, 1k - Linkiva MNurih
Lichuanian Supe Miaures Lientvosf, PI — Pliegn Swage, V1
Valdemarpils Swape.

from the land to the sca northwards from delta of
the Nemunas River. Probably, the hilly reliel un
the southern part of the Kurish Mlateaun chimgl:fl
intensively by wave activity, as well as the prect-
pices — marginal slopes (Veinbergs 1968, 1972) situ-
ated higher on the eastern slope of Cidansk De-
pression westwards from the towns of Svetiogorsk
and Baltivsk — can be considered as the icc mar
ginal formations of the Linkuva Stage. .
The remains of marginal formations located
the eastern and the southern parts of Liepija Pla-
teau on the sea bottom near the Linkuva zone on
land (Gudelis 1964; Veinbergs 1968; Aboltins ¢t al.
1972: Raukas ¢t al. 1993 ) are believed 1o be of

the Plienu Stage. The submerged Papes—alangd

hilly forms and esker-like swells (Veinberga el al
1986) with accumulations of boulders on their sur-

face mark the position of frontal parts of the
Liepaja and Nemunas ice lobes with some (ll!ﬂll’“-"‘;
lions in orientations of ice Mow. Probably, 1hes
Kunigidkiai morainic swell was formed hetween

these ice lobes. The southern continuation ol 1he

Plicon ice marginal formations is traced by hilly
relicl sections with boulders on the surface in the
Kurish Plateau and the Kurish Lowering, as well
as hy the ciffs in the middle parl of the castern
slope of the Gdansk Depression.

Hilly formations of glacial 1opography in the
southwestern part of the Licpaja Plateau are al-
tributed 1o the Valdemarpils marginal zone. These
are formed in the junction between the Liepija
and  Memunas  jee  lobes.  Formations of  the
Valdeméarpils ice marginal zone are nol marked in
the reliel within the Nemunas depression, but south-
westwards, it is probably represented by the lowest
lving precipices of the eastern slope of the Gdansk
[Depression.

Besides the characterized ice marginal zones in
the southeastern part of the Baltic Sea, there are
two more lines of ice marginal formations. The
list one is represented by a hilly topography on
the Klaipeda Lowering and Gdainsk Swell, with their
surfaces covered by glaciolacusirine deposits. The
sceond and younger morphological zone of the edge
of the ice sheet is probably fixed at the eastern
slope of the Gdansk Depression.

The distribution and succession of all the zones
ol marginal Tormations allow to consider that the
cdge ol the ice sheet, due to deglaciation, is lo-
cated in the area of the southeastern part of the
Baliic Sea and stretching from southeast to north-
wiesl,

During the first stages of deglaciation (Middle
Lithuanian Midurio Lictuvos/ and Linkuva or Norih
Lithuanian /Siaurcs Lietuvos/), the ice sheet was
characierized by two ice Jobes — Kurish and Cidansk.
The Licpaja and the Nemunas ice lobes were
formed at the periods of Plienu and Valdemirpils
Stages, Later the mentioned ice lobes disappeared
and the ice sheel edge became relatively straight-
forward in the plan and was situated along the
slope of the Gotland Depression in a direction from
southwest to portheast, At that time the jee sheet
a5 a large jce Jobe as lying in the Gotland Depres-
sion (Gudelis 1964; Sercbryanny & Raukas 1966).

LOCAL GLACIAL LAKES AND MELTWATER
STREAMWAYS

Wide distribution ol glaciolacustrine deposits on the
sen bottom is connected with widespread meltwa-
ler basins developed in front of the edges of the
irealing ice sheet.

According 1o D. Kvasov (1975), during the
Middle Lithuanian Stage, the Lower Nemunas ice-
dammed basin was lying in front of the ice cdge;
}h'U Lake level was at the altitudes about 80 m.
Ihe melwater fMowed westwards along the ice edge

and reached the walley of the Vistula River and
went [arther to the ice-marginal valley of Torud-
Ebersvalds. In front of the retreating ice edge, the
Juint Nemunas—Gdansk basin (level about &) m)
was [ormed, with walers munning westwards through
the valley of Reda-Feba (o the level 40 m. As a
resull of a subsequent retreat of the ice sheet in
Poland, the level of the Nemunas-Gdansk basin
lell to 30 m bellow psl Later, as the margin of
ice sheet retreated from the Shipsk bank, the
Memunas—Cidansk  basin joined 1o the Okder-
Barnholm basin resulting the South-Baltic lee Lake.
According 1o 12 Kvasov, the period when the
Nemunas—Cidansk basin was developed s related
to the Middle Lithvanian and Morth Lithuanian
Stages and the [ormation of the South Baltic lee
Lake - to Billing

However, 3. Kvasov did not take into account
the datn about transgressions of the Late Gilacial
basins, which had taken place due 1o stage ad-
vancements of the ice sheet. These phenomena were
established in Latvia and Lithuania (Tasalvkas 1967
Veinbergs 1968; Abolting et al. 1974). The local
icc-dammed basins and the South-Baltic Iee Lake
varied in sizes and levels depending on the stages
of the ice sheet advancements,

The ancient shore formations ol the South-Bal-
tic lee Lake in the region of Sambian Peninsula
vecured on the bottom of the Baltic Sea al the
depth of 70-75 m and 95-105 m (Blazhchishin 1981
Blazhchishin et al. 1982). Later the level of the
South-Baltic lee Lake rosed to the altitudes above
p.s.l and the general areas of the basin decreased,
when the edge of the advancing ice sheet reached
the boundary of the Plienu marginal formations.
Al that period, meltwaters flowed down o the
South-Baltie lee Lake from the Upper Bartas ba-
sin and the Apriku basin through the valleys of
Durbes-Vartajas, Alandes (Veinbergs 1968) and
Frla-Salantas-Minija, Sventoji-Kulié-Tenze (Fig. 3)
(Basalykas 1965, 1967; CGudelis & Klimavicic-
ne 1982).

There was a large and deep regression of the
South-Baltic lee Lake, when the ice sheel edge
retreated from the line of the Plienn Stage. Prob-
ably, the South-Baltic lee Lake was connected al
that period with the Upper-Bartas, Aprikn, Vientas-
Usmas basins and with those in the region of the
Gull of KRiga, as well The indications of this re-
gression are fixed by a presence of incisions cut in
the river valleys. Such the incisions were l[ound in
the Durbes-Vartajas, Alandes and Abavas-Slocencs
villeys.

The transgressional stage developed when the
ice  edge advanced 1o the position of the
Valdemirpils marginal formations, and the former
basin connected 1o the South-Baltic lee Lake was
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Durbes-Virrajas valley, V

e marginal formations
Mo Lithuanian  {Siaurs Liconwos! Srage.

separated from the northern basins. The incisions
in the Durbes-Viartajas valleys were [lilled by
glaciolacustrine clays 1o the altitudes of 15 m and
thase of the Abavas-Slocenes valley 1o 45 m due
o that transgression (Veinbergs 1975). Probably,
the final move of the South-Baltic lee Lake water
northeastwards and castwards and confluence with
the relicts of glaciolacustrine basins of Kurzeme
and the Gull of Riga ook place when the ice
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sheet retreated from the line of the "'.-":lI:.Iu:r|-|.,"ﬂ-|-,il..i
ice marginal formations,

AGES OF THE LATE GLACIAL BASINS,
BALTIC ICE LAKE AND ICE MARGINAL
FORMATIONS

The shorelines of the Baltic lee Lake, well-kowy
and well-investigated in the Baltic (Cirinbergs 1957
Ulsts 1961; Gudelis & BEmelyanov 1976; Gudelis &
Klimavidiene 1982) cannot be regarded g the
shores of the South-Baltic lee Lake. The radioene-
bon data for sands of the Baltie Tee Lake (Hgl 11,
Bel 11 stages) in the arca of the town  Jelpavy
show the Alleridd age and the Younger Dryas age,
as well (Meinbergs et al. 1980). The sands of the
Bell stage of the Baltic Tee Lake on the coast of
the Baltic Sea necar Labrags northwards [rom
Pavilosta are of the age of Older Diryas (Veinbergs
el al. 1980), The age of this stage s determined
on the base of pollen data. However, not a long
time ago, the composition of spores and pollen
spectra in the middle part of Alleréd in the Late
Gilacial sediments form the Gull of Riga showed
the colder speetra (Al 2), than in the lower (Al 1)
and the upper (Al 3) parts of Allerdd (Stelle er al
1990). The composition of these studied spectra
for Middle Allerdd (Al 2) resembles that [or spec
tra of Dryas and reflect the cooling climatic con-
ditions during Middle Allerdd (Al 2), il compared
o the conditions of Barly (Al 1) and Late Allermd
{Al 3). The Older Diryas spectra near Labrags dis-
tinguished before by pollen data should be consid-
cred the spectra of Middle Allerdd now, since the
begining of the development of the Baltic lee Lake
is determined to be attributed 1o the Middle
Allerad time.

The sediments of the Late Glacial basins in the
southwestern part of the Ballic Sea, for intervals
reached by sampling, were formed during Older
Diryas, Allerdd and Younger Diyas. The spores and
pollen zones of these periods have been established
by investigations ol V. Stelle, 1. Jakubovska, A, Sav-
vaitov, 1. Timofeyev, A. Lfimov and V. Bergman in
the sections situated westwards and northwestwarids
[rom Klaipeda, ic. in the zope of the Palanga
Lowering and the Klaipeda-Liepaja Saddle, as will
as on the slopes of Gdansk and Gotland Depres-
sions (Stelle ¢t al. 1972; Stelle et al. 1973). Analo-
gous spores and pollen zones wert established by
M. Kabailiené, . Kondraticné, L. Lukofcvicivs,
A. Blazhchishin and A. Gaigalas in the scctions of
the Gotland and the Gdaiisk Depressions (Kabai-
licné et al. 1978). That zones are known for basin
sediments in the Gotland Depression and in the
Klaipéda-Licpaja submarine platean (Kleimionovi

& Khomutova 1951). The spores and pollen zones
of Older Dryas, Allertd and Younger Dryas have
peen reported and characterized by G. Kleimionova,
v Cndelis, F. Vishnevskaya, | LukoSevicius, H. Kes-
s¢l, 1. Zachowicz, K. Zaborowska as the basic pa-
ijrnu!ugical subdivisions for Late Glacial (Kleimio-
nﬂ'\rﬂ el ﬂl.. I"}Hﬁ}.

The carlicr basin sediments of Late Glacial on
the coast of Latvia are represented by brown clay
and varved clay. These sediments near Labrags
porthwards from Pévilosta lic under the sandy
deposits of the Bgll stage of the Baltic lee Lake.
according 1o pollen data, the formation of the Late
Glacial clay and especially its lower part in the
section near Labrags took place at Billing,

Moreover, the stratigraphical indices enumerated
and regarded above in the Latvian land can be
peeful in determining age of the stage when the
jce sheet has retreated. The radiocarbon data from
the Raunis section show that the retreat of the the
ice sheet edge from the line of the Linkuva icc
marginal formations began about 13,000 years BP
(Punning ct al. 1968). The stratigraphical position
of dated deposits in Raunis section are differently
regarded. V. Stelle considered that these deposits
were formed later than Linkuva Stape, and that
the Pliepu jce marginal formations were formed in
pre-Billing The retreat of the ice sheet from the
line of Plienu marginal formations took place dur-
ing Billing. This age does nol contradict 1o the
results of spores and pollen analysis done for the
Likaini section which show that the deposits have
been formed under the conditions of dead ice
(Mcirons 1972). Probably, the spores and pollen
spectra in this section regarded before as Younger
Dryas and Allerid in fact should be attributed (o
Older Dryas and Bolling. Younger Valdemirpils
marginal formations were [ormed, when the ice
sheet advanced during Older Dryas. The retreat of
the ice sheet from the line of Valdemarpils forma-
tions took place during Allerod.

In our opinion, during the late phases, the
South-Baltic Tee Lake was marked out by a lower
level, and probably that basin desintegrated into
several local basins, which were connected by melt-
waler rivers. Later, at the Middle Allerdd time, a
large transgression of the basin began, and as a
result, the Baltic lee Lake was formed during
Middle Allerad.

CONCLUSIONS

Marginal ice formations on the bottom af the south-
castern part of the Ballic Sca are mainly related
o the Linkuva (North Lithuanian Siaurés Lictuvos),

Plicpn and Valdemirpils Stages. The Stages had
been characterized by the advancements of the ice
sheet edge. The development of the Late Glacial
Basins occurred in front of the ice margin under
the conditions of advances and retreats of the ice
sheel margin,

The South Baltic lee Lake formed when the ice
margin retreated from the Slupsk Bank. later due
1o a disappearance of the ice sheet, was expanded
northwards and northeastwards and even reached
the Gull of Riga. During the ice margin advance-
ments, the South Baltic Tee Lake desintegrated into
several fce dammed basins,

The position of the ice margin ot the bound-
arics of the Linkuva and Plicou marginal forma-
tions is related 1o pre-Billing and that on the
boundary of the Valdemirpils formations — o Older

Dryas,
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The beach l!l:lg'l." of lEiI:' Balic loe Lake s Lichaeain s abone 2000400 m
wide and 1.5-45 m high. Two lagers of sand and grawel sedinnems: bave
been distinguished jn sections of the beach rdge, where horizonnl bal-
ding of sediments has been nowd The granulomeic and ainerlogic-
pewographic composition of the sedimenrs as well as the slape al
roundness of the pebibles and orienmion of the clasis i e beach rdge
are dhiscussed. The low  sphericiry,  high  flamess,  oblongness  anid
anisometriciey of the pebbles as well as dhe wmndiess of ile sl grains
are rypical for the coasal sedimens of e Balie lee Lake in Litheaimia

Keywords: Baliic Sci, Baltic loe lake, beach ndge. hibology.

INTRODUCTION

The Lithuanian Baltic sea coast s of a low,
straightencd, accumulative type. The width of the
Lithuanian coastal zone (to the upper limit of the
extent of the lormer sea basin) reaches 5-6 km
in the northern part (Palanga - Sventoji), a few
hundred meters to the north of Klaipéda, and ea.
2-3km on the northern outskirts of the Kurdiy
Marios Lagoon (Prickulé - Dreverna) (Gude-
lis 1979},

The highest shoreline of the Baltic lee Lake
lics a1 12-13 m above the present sea level (Palanga
— Sventoji). In the northern part of the coast two
shore lines and terraces of the Baltic lee Lake
(3G | and BG 1) and the Litorina Sea (Lit, Lit,)
arc established. In the southern part only one
iccimulative Litorina terrace (Lit,) could be traced
(Gudelis 1955). '

LOCATION OF THE BEACH RIDGE

The investigated beach ridge (BG 11) extends in-
side the present shore of the Baltic Sea from
Palanga across the Sventoji river 10 Latvia along
the Palanga - Licpaja highway (Figs. | and 2. left
side). 11 was formed by a transgression of the
Baltic Tee Lake in the Younger Dryas period. This
beach ridge complex consists of some minor shore
fidges joined together and is built up of coarse-
Sand and gravel layers interbedded with pebbles
(Fig- 2). The beach-bar deposits are distinctly

separated from the erosional surface of the un-
derlying strata. No organic layers in the beach-
ridge sediments have been discovered. The top ol
this beach ridge has heipht of 15.0-12.5 m above
sea Jevel in the northern part. In the neighbourhood
of Palanga, the height above sea level excecds
10-11 m.

The beach ridge complex is 200400 m wide
and 1.5-2.5 m high. Due to small height, it is
dilficult to be distinguished from the surrounding
topography. On both sides of it there are ter-
raced plains: a rather wide terrace (BG 1) of the
Baltic lee Lake from the cast and [ragments ol
the Baltic lee Lake terrace (BG 1) and the
Litorina terrace (3-6 m above sea level) from the
west (Giudelis 1979), '

The slopes of the ridge are asymmetric; the
weslern slope s steeper than the eastern one, being
of 8-10" and 3-5% respectively (Mikalauskas &
Craigalas 1973). The western slope has been formed
as o micro-cliff,

The terraces BG 1 and BG 11 of the Baltic lee
Lake and the beach ridge are most probably the
oldest shore [ormation of the Baltic basin on the
Lithuanian coast. The surface of these terraces lies
at 13-14 m above sea level from Svenloji to
Laukieme and 10-11 m to the south of Palanga,
The terrace surfaces arc shightly inclined o the
south and west due o isostatic uphift. BG | and
BG 11 are on the average 3— m thick and buil
up predominantly of sands of various grain sizc
and gravel-pebble material. The Baltic lee Lake
material macroscopically does not differ from
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placiofluvial sediments and lies on the till or melt-
water deposits of last glaciation.

STRUCTURE AND TEXTURE OF SEDIMENTS

The beach ridge BG 11 is made of facially equal
gravel-pebble and gravel-sand layers inclined slightly
(5%) scawards (FFig. 3 and 4), The horizontal lami-
nation of these layers is accentuated by interlayers
of various-grained sand, gravel, pebble, cobble and
boulder deposits,

The long axes of pebbles (as well as the layers)
are inclined 157 westwards (Fig. 2, right side).
Mareover, these axes are perpendicular to the
former shore line.

The processes determining the orientation of
the pebbles are to be taken into account when
reconstructing the conditions of the deposition.
The orientation of long axes ol pebbles in the
beach sand is formed by ongoing and retreating,
waves above and under the actual mean water
level (Gaigalas 1982). The predominant orienta-
tion depends on the pebble size and sea condi-
tions (Reineck & Singh 1975; Ruchin 1958). Small
pebbles uvsually acquire the orientation of long
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Location of the smidied area and anciem eoasal lines n Penibaliic reglin (alver Cudelis, 1961), 1
Ciotiglacial, 3

stuiidied area,

Baltic lee Lake, 4- Ancylus Lake, 6 — Lirorina Sea

axes perpendicular to the shoreline, whereas big
pebbles exhibit such a orientation only during
stormy scas. The processes of dragging and roll-
ing cause the orientation of pebbles. Strong Tow
drags the pebbles over sand surface and their
orientation becomes perpendicolar 1o the shore-
line. Small pebbles can be moved more casily.
thus their axes become orienied perpendicularly
to the shoreline. On a dry surface of the beach
ridge the pebbles are oriented by deflation. The
orientation of long axes depends on the direction
of the wind carrying away sand [rom below the
pebbles,

A detailed study of the lamination and other
structural peculiarities of material provides valu-
able information about the sedimentation condi-
tions of the Baltic lce Lake. The coarseness of
clasts changes more guickly through a vertical sce-
tion of the Baltic lec Lake than in glaciofluvial

deposits.
The sedimenis of Baltic ee Lake are somewha
better sorted than the glaciofluvial deposils

(Jurgaitis & Juozapavitius 1989). This is caused by
the more homogenous hydrodynamic environmenl
of sedimentations. The character of distribution ol
clasts by sand-gravel-pebble fractions in the Baltic
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Fig. 2 Locaion of the swdy of ancient-shore formations (lefi side) and the examined scotions of beach adge (BGHD (rghe

sdel: A — Laukfeme, B - Kumgiskin, Poioe

diagrams of the long axe orenation of pebbles in coarse marerial sedinmens

of rwo facially equal cobble-pebble-gravcl (1) and gravel-sand (I Byers. The arrows indicae the azimuth of sections,

lee Lake sediments is similar to that of glaciofluvial
deposils,

In  granulometric cxhibits we can sce a
multimodal distribution of size fractions (Fig. 5).
The Balic lee Lake sediments were formed by
the reworking of glacial and glaciofluvial sediments
and do not differ from them by their granulometric
composition. The coastal sediments of the
periglacial lakes [acies consist of gravel (40%),
pebbles (33%%) and sand (26%), the sand [raction
reaching up to 40% in some sections (Jurgaitis &
Gaigalas 1993). The medium grain size is about 5
mm, with sorting coeflicients ranging from 0.75 10
0.86. The characier of the distribution of [rag-

ments according 1o sand-gravel-pebble fractions in
the Baltic Tee Lake sediments is similar 10 that of
placiolluvial deposits. A uniform conlenl of gravel-
pebble fractions is a very signilicant leature
(Fig. 5).

In the shore ridge of the Baltic lee Lake many
of the gravel and sand deposits were prospected
and exploited at different times for production of
building materials, A concentration of heavy min-
crals is observed in the beach sediments of the
Baltic Ice Lake shore formations in Lithuania.
According o granulometry, most coarse material
is deposited hallways of the length under siudy,
whereas in Palanga and Laukieme the deposils

59



Fig. 3. The section av the Kunigidkial, The cobble-pebble-gravel sediments (BGL) are exposed in the lower pan (1), just below
the beach ridge (BGI) gravebsand fayer {11). Phae by A Gaigalas, 1973,

Fig. 4. The cobblespebble-gravel sedimenns (lower layed) o the Koumgigkion sooion, Phowe by A Gangalas, 19735

are  finer. Such a  distribution  suppests  thal
abrasion and accumulation were different in dil-
ferent sections of the Baltic lee Lake shores.
Morecover, the shore was gradually chapging
inte an aceumulation,  and  the  northward
transport of material  prevailed. The  ancient

beach placers of heavy minerals (ilmenite, magne-
tite., rutile, leucoxene, zircon, girnels, cle) were
generated as a result of the activity of a whale
complex of natural processes, both of denudation
{erasion, deflation) and ol sccumulation charac-
ter, acting in the littoral zone of the southcastern
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of quanz (), leblapar (Fp), sandsione (S}, carbonate (K}, cosalline rock (Ke) Grgiments o differen siee grades.

part of the Baltic Sea (gravity, waves and cur-
rents).

COMPOSITION OF CLASTS

Petrographic analyses of clasts were made along
two sections (a1 Laukiemé and Kunigigkiai) ol the
beach ridge of the Baltic lee Lake, The results of
clast counts in granulometric speetrum for the upper
(1) laver of LaukZzemé and iwo (lower - | and
upper — 1) layers of Kunigi$kiai scctions are sum-
marized in Fig. 5 (lower row of diagrams).

Five groups of rock and mineral fragments were
counted: crystalline rock, guarke, f[‘lllh['l.'d[‘_ carbon-
ate and sandstone. In the coarse [ractions (1 -
S mm) carbonate rocks (limestone - 19.5-56.1
and dolostone — L9987 and crystalline rocks
(22.7-56.27%) prevail, quartz comprising (0.0-16.4%,
feldspar 0.0-7.99 and sandstone 0.0-8.2%. Coastal
deposits of the Balie Tee Lake represent the
redeposition of clastic materal from a melting gla-
cier of the last glaciation, Two categories of prov-
enance-dependent compositional elements are con-
sidered: 1) errvatic rock fragments including crysial-
line rocks derived from the Fennoscandian base-

ment, 27 transitional and local rock sources such
as carbonates, sandstones and others derived [from
(pre-Ouaternary) Palacozoic and Mesozoic sedimen-
tary rocks.

The sand [raction (less than 1 mm) of the beach
ridge sediments consists mainly dominantly of quarn
(30.7-86,5%), leldspar (3.3-13.7%), carbonale
caleite and dolomite (2.5-22.8%), mica (0.5-23.8%:)
and heavy minerals (06-8.07). The composition
ol sand fractions mostly depends on hydrodynamic
processes of coastal sedimentation.

The clasts of the lower (1) layer in the
Funmigiskini section are less weatherod., The mos!
weathered upper (1) layer of the beach ridge of
this section in the sand fraction is cnriched with
micas and heavy minerals. Coarse rock (ragments
are more weathered in the upper (11) Iaver than in
the lower (1} one. The sediments of the upper
layer were formed by the reworking of lower layer
clasts. The weathering occurred simultancously with
depositional processes. The clasts were decomposed
by the frosts.

As o result of mechanical comminution, a1 least
two groups of clasts in diagrams are observed (Fig.
3). One mode is in the coarse clast size grade,
consisting predominantly of rock fragments. amd
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the other is in the sediment matrix, consisting
mainly of mineral fragments (Dreimanis & Vagners
1971). Bimodal distribution of rock and mineral
fragments is typical for sedimenis from glacigenic
sources (Gaigalas 1974), an example of them be-
ing the deposits of the beach ridge of the Baltic
lee Lake. However, a bimodal distribution of grain
size is not only typical for sediments from
placigenic sources, but also [or beach sediments
(Sonu 1972).

A. Rounrdness

ROUNDNESS AND SHAPE OF CLASTS

The roundness and shape of pebbles and sand
grains has long been studied to decipher the his-
tory of deposits of the Baltic lee Lake, The shape
of clasts may be classificd in & number of ways,
but the method described by Vassovevich (1965)
was used.

The roundness grades used (as shown in Fig.
0) are as [ollows: O - angular, 1 - subangular, 2
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2

25-0.5) 3 — prolae and flar (0.5-1): A

fear dsemeiee (0.0-000)
listincily prolate jianel

subrounded, 3 — rounded and 4 - well-rounded,
The clasts in the 1-2.5 and 2.5-5 cm size ranges
are mostly subrounded and subangular. More
subrounded pebbles are found in the 1-2.5 em
size range in the lower (1) layer (40%) and
25-3 cm in the upper (II) layer (45%) of
the Kunigiskiai section (Mikalauskas & Gaiga-
las 1973).

The coefficient of oblongness was estimated as

. _A+B
K, __1{-_ -1,
and the coefficient of flainess of pebbles as
2A
NTERE

where A, B and C mark long, middle and short
axes of pebbles.

The results of these observations are summa-
rized in Fig. 6.

The oblongness and flainess grades uvsed as
follows: 0 — near isometric — with class limits from
0.0 1w Ol; | - subisometric — 0.1-0.25; 2 -
subamisometric (subprolate or subflat) - 0.25-0.5;
3 - anisometric (prolate or (lal) - 0.5-1; 4 - dis-
tinctly anisometric (distinetly prolate or flat) -
1-5.

The coefficient of anisometricity (Vassoyevich
1958) s K = K, + K, and characterizes the gen-
critl shape of pebbles (Gaigalas 1963).

The conception of isometricity is not identical
to the conception of sphericity of (ragments. Em-
phasizing the difference between conceptions of
roundness and of sphericity, H. Wadell (1935) ex-
pressed the sphericity coeflicient by the [ollowing
formula:

where S, - surface area of fragment, S_ - surface
of sphere of equivalent volume,

An analysis of the general shape of pebbles has
indicated that the low shpericity, high flainess,
oblongness of the sand grains are typical for the
constal sediments of the Baltic lee Lake in
Lithuania.

Variations in petrology also affect the pebble
shape  (roundness, oblongness, (latness  and
anisometricity). In and on beach ridge deposit
coarse-grained igneous and metamorphic clasts are
more weathered than fine-grained clasts of the same
composition. The forms of cobbles, pebbles and
grains have had a long history before, but the time
during which they were cxposed to coastal pro-
cesses was relatively short,

CONCLUSIONS

A detailed field study of the beach ridge deposits
(BG 1T and laboratory analyses are necessary 1o
differentiate between different hydrodynamic envi-
ronments. Composition of deposits of the Baltic
lee Lake, low degree of sorting, appearance of
boulders and morphometry of fragment material
show that the sources of the deposits are local and
that their differentiation is low. The Baltic lee Lake
material  macroscopically  is  similar 10 the
glaciolluvial sediments. A detailed study of the
lamination and other structural peculiarities of
material provides valuable information about the
sedimentation conditions. The low sphericity, high
Matness, oblongness and  anisometricity of  the
pebbles as well as the better roundness of the
sand grains are typical for the coastal sedimenls
of the Baltic Iee Lake in Lithuania. The better
sorting of Baltic Ice Lake sediments is caused by
the more homogencous hydrodynamic environment.
The processes determining the orientation of
pebbles should be taken into account in the re-
construction of the conditions that prevailed dur-
ing deposition. Detailed measurements on the
orientation and dips of the long axes of pebbles
allow to reconstruet the direction of waves and of
the transportation of material.
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The Gotuml Depression, s the entire basin of the Baltic Sea has been
formed under the conditions of interaction ainong tecwonic, eustatic, deie
dational and glicioisosaie processes. Tis development s theughe w be reland
with thar of the morphostrucruredmorphosculpiure of the Baliie Shield andd
the Balie Syneclise, starting from Mesozole and ending in Holocene, The
data for this article have been collected during joim Lichuanian-Swedish
peological-geopliysical  expeditions  in 19931924, The  Pre-LQuaternury
moerphosiiciure of the sea Moor has been avalyzed, the thickness and com-
positon of the Unaternary descibed, and bovom wpopraphy analyzed oy
demil, Four stages have been dissinguished in the develapinent ol the Gotland
Drepression: (1) the Mesoyoic-Paleogene Lo degree morphostrucmres, (2h the
Meogene 2od and 3d degree morphostrucores, (3) the Pleistocene glacial
morphosculpiures and (4} the Holocens morphostructures of formation of
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the presemn Baltie Sea.

Keywords: Baliic Sea, Gotland Depression. morphostrociure, iorphosculprore,
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INTRODUCTION

Evaluation and prediction of cach geosystem, as
well as of a present state of an ecosystem, can be
done only by means of a comprehensive study of
all the parts of the system. In this article we would
like to look inta the influence of the plasticity and
origin of the recent relicl in the Gotland Depres-
sion on present litho-hydrodynamical processes.

The data for this article have been collected
during joint Lithuanian-Swedish expeditions in
1993-1994 (Grigelis & Flodén 1994).

The Baltic Sea is a basin of a mediterrancan
platiormic type. The Gotland Depression, like the
entire area of the Baltic Proper, has been formed
under conditions of interaction among tectonic,
custatic, denudational and glacioisostatic processes.
Ity development is thought to be related to that of
the morphostructure/morphosculpture of the Baltic
Shield and the Baltic Syneclise, starting from the
Mesozoic and ending in the Holocene (Flodén 1980,
Gudelis 1976, Kumpas 1977, Puura et al 1991,
mvaridov 1981

RELIEF OF THE PRE-QUATERNARY
MORPHOSTRUCTURE

At present, the Gotland Depression lies in the field
of the Silurian-Devonian peneplain dissected dur-
ing the Pre-Ouaternary. In the southwesiern part
the Basin borders upon the zone of teclonic frac-
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tures, in the east it is limited by the Klaipeda-
Liepaja structural uplift composed of the Ulpper
Devonian Plavinas-Pamidis Regional Stage and by
the Ventspils-Saaremaa Step of the Middle Devo-
pian Burinicki-Narva Regional Stage. In the north
it is isolated from the Fird Basin by the Jaani-
Jaagarahu glint of the Lower Silurian. Its western
slope borders upon the keba-Gotland Platcau of
the Lower-Upper Silurian (Fig. 1A).

The Basin itsell is clearly divided into the south-
ern and the northern parts and separated by a
double swell of banks. The northern one 158 known
as the Klints Bank, whercas the southern one is
named the South Klints Bank and described here
for the first time (Fig. 1A). The plasticity of
palacorclicl ol these morphostructures in the
Gotland Depression is directly reflected in the
recent relicl, This confirmed the lact that glacial
aceumulation oceurred differently and it was con-
trolled by the the Pre-Ouaternary surface had been
formed already.

Southern part of the Basin separated by the
swell makes up Western Gotland Trough and East-
ern Gotland Trough. Their Ooors lic at the depths
of 140-180 m with an inclination northwards, Their
soutwestern end-parts are dissected by erosional in-
cisions. The floor of the Western Trough consists
af the Middle Devonian Narva rocks, whereas the
Eastern Trough has the surlace formed of Burtnieki
rocks with signs of tectonic fractures. Their slopes
are step-wise with glints. The morphology and ori-
gin of the palacorelicf of this Pre-Ouaternary
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Figi 1 A Pre-Cuaternary surface of the castern Central and South Balie. Stuewire contours are diawn ot 5 o fntcrvals, 1
Eastern Gotland Trough; 11 — Western Goand Trough: 111 - Eastern Godand Basing |V~ Western Gotland Basing V' — Kl
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Stepr 4~ Venngpils-Saarcimaa S 6 Barihalin- Wand Depression; 7
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Fig. 2 A Middle and Upper Dievonian seismic recording profile 9436, Area 2A, Easorn Gotland Trough. 13 b
Syenioi Horizon, Dypl-pm — Pliavigas-Famagis Comples; Pleistocene deposios: gl
Holocene marine deposii. Location see on Fig. 6

Horizon, 13w

g - glacial; gl — linneglacial; mlV -

Barromieki
ionsine 1 wvdoglcal;

B Uppermost Silunan and Middle Devonian selsmie recording profile 94090 (GOBEX Line), Godland Deep. 5 Hin,

Hemse Group, 5,1,“

morphostructure in these tronghs are refllected by
fragments in the profiles 9420 and 9436,

The scismic profile 9436 (Fig. 2A) crossing the
Eastern Ciotland Trough from the cast to the wesl
shows well-expressed stepwise eastern slope hardly
eovered by the Ouaternary deposits. At the top of
the slope, the Quaternary layer is about 6 m thick,
whereas at the depths of 111-126 m, the Lipper
Devonian Sventoji Regional Stage crops 1o the
surface. Three V-shaped incisions with depths ex-
ceeding 100 m are found in the trough foor. Pre-
liminary data show that they arc filled by till, sand
and gravel.

The seismic profile 9420 (Fig. 3B), passing [rom
the north to the south, shows in the morphology
of the floor in the Eastern Gotland Trough a gra-

Pargewike Group; other symbaols see on Fig. 3A.

ben-type depression of about 30 m deep with slopes
having Mexures of the Middle Devonian Burinicki
Iegional Stage and floor having several small inci-
sions. These incisions are filled up with stratified
flovioglacial material.

The Swell consisting of the Klints and the South-
ern Klinls Banks is a structural/denudational rem-
mant of the Middle Devonian Narva and  Arukiila
Hegional Stages lying at the depths of 140-210 m
with its northeastern part ending by an impressive
cliff at the depth of 105 m (Fig. 3A). 1t should be
noted that such cliffs are detected in other profiles
as well. They are [ound in the northern zone of
the faulis stretching from NW to SE in the area
where Middle Devonian Narva Regional Stage join
the Upper Siludan Ohesaare Regional Stage
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Fig. 3 A Uppermose Silurdan and  Middle Devonian seismic recording profile 9307, Klines Bank Area. S kg~ Kangama
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0 Ulppermose Silurian and Middle Devoiian  seismic recording ||:‘uli|r 9308, Godand llrpn'u'iwu.

(Grigelis et al. 1991, Puura et al 1991) and sepa-
rate southern part of the depression from the
northern one.

[For the first time the Devonian cliffs have been
described by M, Kumpas (1977) and thought 1o be
crosional formations. The author of the present
paper express their opinion that they are of struc-
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tural/denudational origin and are related with the
NW-SE zone of laults dividing the Gotland De-
pression into the northern and southern parts,
The data obtained during seismic profiling done
in 1993-1994 show that the deepest NE part of
the basin is lying lower than the southern one. A
fragment of the profile 9308 (Fig. 3C") shows that

the Upper Silurian layers in the northern depres-
sion arc by 20 m lower than the southern one.

Cn its turn, the northern part of the Basin is
also divided into the Western and the Eastern
Depressions. The Eastern one is made of a kettle-
like negative morphostructure at the depths of 205-
285 m. It overlies the Upper Silurian rocks.

The morphology and morphostructure of the
Pre-Ouaternary surface are well-reflected in the
scismic profile 9409 (GOBEX Project) going across
the centre of the depression. A stepwise reliel of
the Upper Silurian Hemse Group on the western
slope is replaced by a recfogenous reliel of the
Upper Silurian Burgsvik Group and Kaugatuma
Hegional Stage on the floor, whereas the easlern
slope has stepwise reliel of the Upper Silurian
Ohesaare Regional Stage. The Silurian glints in
some arcas of the slopes at the depths of 150-
180 m are hardly covered with the Quaternary rocks
(Fig. 2B).

A surlace of the Western Depression lying higher
(at the depths of 175-200 m) is divided by flexures
of the Upper Silurian Kaugatuma and Ohesaare
rocks. There are no incisions in both depressions:
the Western and the Eastern.

The Klints Bank Swell separating the depres-
sions at the depths of 1702120 m is a remnant of
the Upper Silurian Hemse and Kaugatuma units,

TINCKNESS AND COMPOSITION
OF THE QUATERNARY

Distribution of Quaternary thicknesses and compo-
sition is uneven in the area studied. The Quater-
nary is made of complicated combination of layers
settled during Pleistocene-Holocene time, [ts major
part consists of glacial, MMuvioglacial and mnoglacial
matler accumulated. In some parts of the Gotland
Depression, the floor is also unevenly filled up with
deposits of the Holocene palacobasins,

The material collected during echosoundings,
seismic profiling and sampling of bottom scdiments
shows the influence of the Pre-Quaternary surface
roughness on movement of glacier bodies and on
formation of palacobasins. Analyzing geological
seetion in seismic profiles, signs of activity typical
of the Caledonian and the Hercynian disjunctive
and plicative  structures are detected in  the
neotectonic period, i.c. vertical tectonic movements
have been found to take part in glacial exaration/
denudation and accumulation processes.

Interpreting the materials of the 1993-1994
expeditions, the data for evaluation of the thick-
nesses of the Quaternary deposits were oblained
after bathymetric and Pre-Ouaternary maps were

produced by digitisation seismic profiles, and then
the Quaternary map was compiled.

The Quaternary thicknesses in the southern part
of the depression range from 5 1o 20-25 m The
SW end-parts of the Eastern and Western Troughs
at the depths of 140-165 m are covered by a 10-
IS m thick layer of the Quaternary deposits: going
deeper, this layer becomes thicker (1o 20-25 m) at
the depths of 165-180 m. The infilling of the in-
cisions is quite complicated. Mainly they are filled
up with morainic and fluvioglacial Pleistocene
malter (Bjerkéus ot al. 1994,

A fragment of seismic profile 9420 (see g
3B) shows that the Quaternary at the floor of the
Eastern Gotland Trough is about 20 m thick. with
3=3 m settled during the Holocene, A fragment of
seismic profile 9436 (see Fig. 2A) indicates thai
Quaternary and Holocene thicknesses on the trough
floor reach 14 and 5.5 m, correspondingly. The swell
separating the troughs is covered with Quaternary
deposits 5-10 m thick, or even without them in
some places, as for example, on the above-men-
tioned cliff found at the depth of 105 m.

The northern part of the depression is more
complicated. The map of Quaternary thicknesses
{sce Fig. 4) shows distinctly the Klinis Bank and
castern slope of the Gotland Decp. The Upper
Silurian structural/denudational  remnant of the
Klints Bank at the depth of 120 m is covered with
the COuaternary deposits, 0-60 m thick, whereas the
castern slope of the Gotland Deep at the depth of
130 m has Quaternary thicknesses exceeding 90 m.
These layers are considered 10 consist of glacial/
fluvioglacial deposits (Morner et al, 1977), and for
the first time they are attributed o the Pandivere
recession phase marked on the Geomorphological
Map of the Baltic Sea and its coasts in 1990
{Crelumbauskaité er al. 1993),

Total Quaternary thickness in the profile 9409
reaches 40 mo The Holocene deposits at the floor
of the Gotland Deep make up 10 m, whereas Late-
Glacial clays are 21 m thick, and Pleistocene till
oceurs in a 10 m thick layer. Al the peological site
18 (depth —232.8 m), the pollen analysis (data of
O.Kondratiené, Lithuanian Institute of Geology) has
shown the boundary between Upper and Middle
Subatlantic [SA3 & SA2, correspondingly| to be at
the depth of 0.54 em (Fig. 5). Ouaternary thick.
nesses in the western depression also reach 35-40
m. But their distribution is different: the Holocene
and Pleistocene layers are equally thick, 20 m each,

A. Blazhchishin et al. (1985) carried out # re-
vision of the litho- and biostratigraphic data for
the Gdansk and Gotland depressions and divided
the Quaternary of the Gotland Depression into
7 lithostratigraphic complexes, According 1o core
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Fig. 4. Quarcrnary thickness () of the Godland Depression and adjcest SE Palde anca.

analyses and lithostratigraphic studies of the Klints
Bank and Southern Depression, the Holocene
(i.c. Limnaca+Litorina+Ancylus+ Yoldia) makes
up 5-7 m, and the Baltic lce Lake deposilts are
3-5 m thick. The deposits of ice lakes, ie. varved
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clays and underlying tll layer related 1o the
Pandivere recession phase are 6-8 m thick. The
sixth lithostratigraphic complex, 20 m thick, seems
to be formed of laminated clays during melting
of relained placier lobe. The last  seventh
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Fig. 5. Holocene sediments echosounding record along profile 9409, and siwe 118 (1993} {19°59.9° E: 57188 N} from the Godand Deep.
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complex, 310 m thick, consists of a double-mem-
bered till layer.

BOTTOM RELIEF

The measurements of depth and records of bottom
relicl plasticity done by cchosoundings with SKIP-
PER 607 and FURUNO 881MIK 11 were digitalized
and, applying special software, the bathymetric map
of the Baltic Proper was compiled on the scale of
1:200 000 in the LITM eoordinate system with &
4 m step of isobathes. This map supplements the

other maps compiled in 1988 by 7. Gelumbauskaite
and V. Litvin on the scale of 1500 (00 in the e
ordinate system by Gaunss-Kryger, and in 1993 1y
T Flodén on the scale of 1:200 000 in the 1TTM
coordinate system,

The data obtained are used for compiling new
morphological scheme of the Gotland Depression
(Fig, 6) with all the macroform details, although
known previously but morphologically unstudie
and undescribed. The scheme shows that ihe
Gotland Depression is distinetly divided into the
southern and the northern parts which both are
subdivided by the Klints Bank and the South

nr
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Fig. & Morphology of the Gotlnd Depression. 2. Gelumbanskaie, 1995, 14 — Easwern Goddand Depression: 218 - Golad
Deepr:. 30 Western Gotland  Depression; 410 — South Klins Bank, 4E Elines Bank: 5 general currem paemx G

sampling site, 7 — depth of the sea (loor, m; & -
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seisinic recording and echosonnding profiles.

Klints Bank into the eastern and the western
parts.

The southern part of the Gotland Depression is
prolongated, its Aoor is inclined and stretching from
SW to NIE from 110 m to 170 m. The Eastern
Depression is separated from the Western one by
the South Klints Bank. Eastern and western slopes
of the southern depression are at the depths from
70 to 120-140 m. The castern slope is rather steep
and stepwise with Upper-Middle Devonian rock
glints having no Quaternary cover in some places
of the Pre-Quaternary surface; the glints are casily
detected in the recent relicf. The western slope is
less inclined, the Upper-Lower Silurian glints are
distinetly seen at its northern parl in the recent
reliel.

lichosounding and seismic profiles reflect close
relationship between the Pre-Cluaternary
palacorelicl of the southern depression and the
reeent reliel. The signs of palacoincision network
fixed in seismic profiles 9420 and 9436 arc revealed
in cchosoundings as the arteries of recent currents
directed along the eastern slope of the depression
(see Fips. 2A, 3B). Such signs of the arteries fixed
in some prolile fragments are detected in the
Western Depression as well. A large prolongated
graben-shaped incision found in the Pre-Quater-
nary surface is expressed in the recent relief by
the zones of active gas scepages.

Platean of the South Klints Bank s oat the
depths of 110-105 m with a lowering 1o 120 m in
ils eentral parl. The slopes are rather plane and
accur al the depths Trom 110-120 1o 14 m.

The northern part of the Gotland Depression
differs greatly from the southern one. The north-
ern Gotland Deep with o maximum depth fixed a
249 m is a ketlle-like depression inclined from SW
o NE at the depths of 205-249-1580 m. The faul
zone reflected in the Pre-Ouaternary surface sepa-
rates the northern part of the depression [rom the
southern one by distinct clills and make up o rise
in the reliel of about 10 m

lhere are [our steps on the slopes of the
Gotland Deep (profile 948), They are especially
distincl an ils castern slope: Step | st 233.5-
1824 m, Step 2 at 182.4-150.2 m, Step 3 a1 150.2-
1058.0 m and Step 4 at 108.0-72.5 m. The western
slope is of a similar structure. Steps | and 2 cor-
respond to the Silurian glints which arc not cov-
ered by the Quaternary deposits in some places.
Steps 3 and 4 correspond 1o recessive marginal
[ormations atiributable 1o the litostratigraphical
complex No. 5 related to the Pandivere recession
phase (Fig. 7).

The core data from the site 118 (see Fig, 3)
show that during last millenium 540 mm of pelitic
deposits settled down in the Gotland Deep. At the
same time, only 25 mm have been setiled on the
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saddle separating the Gotland and the Firo De-
pressions in the northern part of the Basin, ac-
cording to pollen data from the core of geological
site 119 (the data presented by I.Kalnina, Latvian
ieological Survey). '

The core data from the floor of the Gotland
Deep (Fig. 7) show that lithodynamical processes
are highly complicated here. Recent sedimentation
oecirs nol everywhere, since it seems 1o be related
to active hydrodynamics of near-bottom water
masses.

The morphology of the northern eml of the West
Giotland Depression separated by the Klints and
the South Klints Banks is the same as that in the
southern parl; only its central part with depths
varying in 140-179-171 m is inclined [rom the west
to the east and resembles to its northern neighbour.
Its connection with the latter one is obviously shown
by a fragment of the seismic profile 9307. Signs of
the recent near-bottom currents are detected at
the southern end of the Klints Bank at the depths
of 172 and 153 m (seec Fig. 3A).

DEVELOPMENT OF THE GOTLAND
DEPRESSION

Development of the Gotland Depression can he
divided into several time stages: (1) Mesozoic-Pa-
leogene Ist degree morphostructures, (2) Neogene
2nd and 3d degree morphostruciures, (3) Pleistocene
glacial morphostructures, and (4) Holocene Baltic
Sca [ormation (Uelumbauskaiié & Litvin 1990).

During the Ist rather long stage of develop-
ment, the peneplains of the Baltic Shicld base and
the monocline relief of the Russian Plate margins
expressed by the  Palacozoic, Mesozoic and
Palacogene steps have been formed. During the
second stage — Neogene - the peneplained sur-
laces were being dissccted [urther. During this
stage. in the Central Baltic, the peneplains of Feba-
Gotland, Sambija-Curonian and Ventspils-Saarcman
have been formed together with the Central Baltic
Depression that, during Neogene-Caternary, was
gradually being divided by the Liepaja-Klaipeda
uplift into the Gotland and Gdansk Depressions.
These main morphostructures make up at present
the bases of the Baltic Proper macroforms (Gehim-
bauskaile 1991).

The next stage ol reliel development is related
to glaciations. The Pleistocene period in the
Giotland Depression has inherited heterogenous Pre-
OQuaternary surface formed under subacrial condi-
tions of Pliocene and dissected by river network in
the southern part of the Depression (Grigelis &
Flodén 1994),
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There were rather scanty studies showing how
the mechanism of deglaciation functioned in the
Baltic Proper, especially in the Gotland Basin, ic.
how the glacial accumulation interacted with
cxaration - impact ol glacier meltwater, how
glaciotectonics was related 1o vertical tectonic
movements.

A. Gaigalas (1974) swudied the leading boulders
and determined that glacial exaration was most in-
tense during Early and Late Pleistocene, when gla-
cier tongues moved from the north to the south.
1. 5. Aber (1993) affirmed that glacial accomulation
in the Central and South Baltics made 507%, whereas
exaralion and deformation reached only 257,

Recently the opinion became clear that glacio-
isostatic surging movements were in a close rela-
tionship with vertical tectonic ones (Gudelis 1973,
Miorner 1988). Interglacials were also very impor-
tant for the formation of the Baltic Sca. The last
Weichselian retreal of glaciers was very importani
for the Gotland Depression; al that time placial
exaration conchuded the formation of the depres.
sion of Gotland finally and accumulated the reces-
sive Palivere and Pandivere marginal zones (Cudelis
1976; Mirner et al 1977).

The structure of the Gotland Depression also
plays a role of a key to the history of its develop-
ment during the Late Glacial and the Holovene
Alter glacier margin retreated from the marginal
Pandivere formations arca and paused during the
Palivere recessive phase, and after the periglacial
lakes joined together, the recent history of the
Baltic Sea started (Gelumbauskaile et al. 1993),

All the phases of the Baltic Sea development -
starting [rom Yoldia and linishing with Limnaca -
can be singled ouwt in the Holocene (4th stage)

palacogeography.
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~ salt water intrusions

wiler :':\‘.L‘h:ll:gt' with the Mol Sea was blocked Tor .|||||||.n;';“:|'.“1-13' SH1
years ar the beginming of the Amcples stage. With the exception of this
shon period, brackish conditions prevailed within the botom warers o
the Baloe Sen Brackish surface waters. as inerpreted o dismom as-
sembilages, are resricied w0 panx of the Foldiv and  Manisgledd sapes il
to the Letarima and Livmaer sages. The present hydrogeaphic conditions
became csmblished during the Mustagloin stage roughly 8000 YR The
are characrerised by salinity steaificaion of e warer colummn e dras-
e changes berween anoxie sulphidic and oxic comditons in bonom
Walers, ll'x}rgrrlnli:rrl of botom  waiers 18 controlled |13.' F] |m|p,—r|.‘rm
pericdicity of 800 to 200 years which i eebaed o climane vanations
such as the Linile lee Agpe.

K:rwurd.i: Baltic Sea — Gotland Basin
[ammimated  sedinenes

Bomboln Basin — Holocene

stratigrapliy
~ palacv-saliniry

geochemisiry

-hLIIilliJ_:L'I:III:' carbon-
climatic cycle

INTRODUCTION

The modern Baltie Sea is the largest brackish sca
in the world, and covers an arca of 412,560 km".
Water exchange with the North 5Scea via the
Skagerrak is restricled to the shallow and narrow
Dianish Sounds, and is therelore sensitive o isos-
tatic, eustatic, and climatic changes. Such changes
and their impact on the palaco-covironment can
be reconstructed from undisturbed and complete
sediment profiles.

The main phases of the history of the Halic
sca have been known since the end of the lasi
century (Hyviarinen & Eroneo 1979). Important
deseriptions  and  summaries  were  published
by Sauramo  (1958), Alhonen (1971), Eronen
(1974, 1988), Winterhalter et al. (1981). and
Hywiirinen (1988). Modern, comprehensive descrip-
tions of the development of the Baltic Sea are
compiled in a volume edited by Gudelis and
Konigsson (1979). The following assumplions are
penerally accepted:

Adter the retreat of the Fennoscandian ice-shicld
some 2,000 YBE varved sediments accumulated
within a large placial freshwater lake, the Baltic

T

lee Lake. Approximately 10400 YHE the retreat-
ing icc margin opened a new conneetion o the
MNorth Sea via the Skagerrak at Mt Hillingen in
Sweden, As a consequence, a sudden drop ol the
water level occurred and marine water invaded the
Baltic lee Lake. This event marks the beginning of
the Yoldia stage. which is characterised by brackish
conditions particularly in the western parts of the
Baltic Sea. Due 1o the rapid isostatic rise of cen-
tral Sweden, the connection with the Skagerrak was
closed 9500 Y B, and once again fresh waler lake
conditions developed, the Ancvius Lake. Roughly
8000 YBP the rising sea level reached the Danish
Sounds, and the former fresh water lake was again
flooded by marine waters. forming the Luornna Sea.
The highest salinities ocenrred  during the  middle
part of the Liering siage. Since then, the saliniy
eradually dropped. and therefore the Linnaca stape
is separated from the Litorima stage at approxi-
mately 4,000 YBE The sediments of the last few
hundred years are sometimes referred 1o as @ sepa-
rate stape, the Mya Sea. However, this stage is no
longer used in most recent publications.

A detailed history of the Holocene development
is the base for any discussion of the presenl cco-

logical state and the future of the Ballic Sea. Un-
fortunately, many uncertainties and unsolved ques-
tions remain. With the exception of the drainage
ol the Baltic lee Lake, all boundaries between the
stages of the Ballic Sea are poorly delined and
dated (Hyviirinen 1958). Some iransitional stages,
especially the Echeneis stage (Sauramo [958) be-
tween the Yoldia and the Ancvlus stages, and the
Mastogloin stage (Hyvarinen et al. 1988), separat-
ing the Anevius and the Litorina stages. are known
from shallow arcas but have never been found in
deep water (Winterhalter et al 1981). Furthermore,
the existence of a separate FEeleneis stage is ques-
tioned (Alhonen 1971, Eronen 1974, Kessel et al
1985), also the presence of brackish waters in the
central and eastern Baltic Sea during the Yoldia
stape is nol generally accepted (Abelmann 985,
Eronen 1974, Raukas 1994), In the central Baltic
Sea, the base of the Liorna-scdiments s marked
by a sharp lithostratigraphic boundary. According
to Winterhaller et al. (1981) this poinis to a cala-
sirophic event in the hydrography of the entire
Balic Sea, but the nature of this cvent is unex-
plained. During the Litorina and Limnaea stages,
repeated changes in the oxygenation of bottom
witlers are represented by deposition of either
bioturbated mud or laminated sapropels (Winter-
halter 1992, Huckricde 1994), The factors control-
ling these long-term variations are unknown,

In this paper, we present @ reconstruction of
the hydrographic and stratigraphic development of
the Balic Sea based on sedimentological, geochemi-
cal, and palacontological analyses of sediment-cores
from the Gotland Basin. This basin is up to 250 m
deep and is located in the central part of the Baltic
Sea. 11 contains complete, undisturbed sediment
profiles which are particularly well suited for a
detailed reconstruction ol the history ol the HBaltie
Sea. Additionally, cores from the Bornholm Basin
are deseribed for comparison,

MATERIAL AND METHODS

Sediments [rom the Gotland Basin were sampled
with piston and gravity corers during cruises
No. 184 of RNV GAUSS in 1991 and No. 1383 of
RV VALDIVIA in 1993, The cores [rom the
Bornholm Basin were taken during cruises of
R HUMBOLIT in 1993, Generally, the upper-
most 3 1o 15 om of the profiles are disturbed or
missing. With this exception, the sediment columns
in the cores are complete and undisturbed. Fig-
ure | shows the core stations in the central Baltic
Sca; [or positions and other technical data sce
Table 1.

The sediments were studied in detail using thin
seclions, polished sections, X-ray radiographs, X-
ray diffractometry, and AAS-analysis. Carbon and
sulphur were analysed with an “ELTRA Metalyi
OS5 100/ 10 5™ Cf8 analyser. Organic carbon
(1TOC) was determined in samples which were pre-
treated with diluted HOI to dissolve carbonates,
For AAS-analysis (determination of Mn, Fe, ta,
S, Mg, Cu, Zn), desalted bulk samples were treated
with 3% HCl and 209 H O, a1 room temperalure
for 20 hours. Carbonates, sulphides and some re-
active silicates were dissolved during this proce-
dure. The sodium content of rhodochrosite was
determined from the grain size [raction 10 (0 63 pm
which was leached with 1098 acetic acid Tor 30
mimites at moom temperature. The solutions were
filtrated and then analysed with a Philips L9200
atomic absorption spectrometer aceording 1o the
details given in Heinrichs & Herrmann (1990),

Samples for grain size analysis and separation
of microfossils were treated with 309 .0y, [or
approximately 14 days. Acids which may form dur-
ing this procedure were neutralised with NH OF.
Carbonates and sulphides were dissolved with a
mixture ol 10% acetic acid and 307 Ht), for
grain size wnalysis ol the nop-carbonate lraction
The grain size distribulion was then determined
with a CIS-laser particle size recorder (1.07]
Gmbl).

Diatoms were enriched in the grain size [rac-
tion =10 wm by wet sieving. These diatom con-
cenlrales are not suitable [or gquantitative analysis
but give valuable information lor the reconstrue-
tion ol palaco-salinitics even il the sediments are
very poor in dintoms. Palaco-salinitics were re-
constructed from distom assemblages according 1o
Abelmann (1985),
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Fig. 1. Bathymeric map of the conmil Baltic Sea with cure
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Table 1. Core locations and stratigeaphical range Table 2 Lithological zones and concentrations of organic carbon (TOC), sulphur and manganese in the sediments of
the central Gotland Basin,
Core Loscation Water ﬂul:rth Core |n|.H:|:| Core dlamerre Slmrigmphy

- - . Geochenisiry in GEVTTKLS0

GOTIKLOG  S7°17.90° N 19°5430' £ 230 m 410 m 85 num Lismren —  Voldia Zone General lithology in core GOTIKLLZ0 Thickness f——
GOTIKLIZ0 $7™1824' N 19°5407° E 230 m 1145 m 110 s Livemaen — Baltic lee Lake TOC [wr. %] | S |we. 9] | Mn [wr, %)
GOTZKISND  S8"1592° N 1975691 £ 166 m A48 i 5 v Linmmaea — Ancybn Biowurbared mud, upper part sometimes laminated. Olive grey .
GOTAKLI200 S6™58.94" N 19"26.83" 179 m 1090 m 110w Liwnaen — Balue lee Lake al w dark grey. 15 e 3662 1.4-3.2 1.2-4.3
GOTSKLI120  56°53.50" N 18*56.0% £ M1 m 8.82 m 10 mm Livenies - Bahic lee Lake
GAUSSIBARL S7T917.04° N 20"0267 £ 249 m 1142 m 110 mm Literina - Baltic lee lake : Lamipared sapropel, locally slightly biombared. Greyish brown _
s ey St ; . e al black. 16 em 6.1-9.1 27-60 0.2.4.7
GAUSSIB4VL 5717.04' N 2000267 E 49 m LEL m % mm Limnaea —  Litoring | ey
RBG2 43099 N 150993 F 6l 3T m 110 wmm Limngea - Balic lee Lake Bioturbated mud, some horisons indisincdy laminased. N .
REO4 55°08.99" N 16"00.03" E B m 5.5% m 1100 i Amcylfus — Baliie lee Lake ad . 123 cm 32532 1.1-4.6 0.6-49
i _ Dark grey w olive grey.
RR12 S4m55.03" N 15°35.12° E 77 m 4.3% m 110 v I inemaren Baliie lee Lake
o Lamimared S-Iprﬂplﬂl with seme intercalations: of biowrbared 38 e i ——— 700
. Brown o olive geoy,

The stable isotope ratios “CMC and M0OM0 Sediment colours of laminated sapropels are Bioturbased moud with -some intercalations: of faminmted .
(corrected for rhodochrosite) of the carbonate  greyish brown, dark brown or black. ‘The thickness 33 sapropel, Olive grey. 5 em -5 Wl=did L
minerals were measured at the University of  of the laminae varies in the range of the calen- T = - o PR
Erlangen by Dr. Michael Joachimski using stan- lated sedimentation rate of 0.25 to 035 mm per abh r:::"':::mr'::':“:“ T IR N 27 em 4.3-5.7 1.8-4.2 1.6 6.2
dard methods. "' AMS dates of fish bones (five  year. Recent sedimentation rates before compac- 5 i

. ot 3 - ks Yanifiused gyl | closel i

samples) and sea grass (one szun[ﬂl:‘} were deter-  tion arc around 10 1o 1.3 mm per year 37 _:"HI:II s greyish i_wwl.ﬂlmpf closely aliernating i 32.62 {32 16.8.4
mined by Dr. Johannes van der Plicht, Centrum  (Winterhalter et al, 1981). Therefore il is very with bluish green silty clay.
voor [sotopen Onderzock, Groningen. Iikcl:!f that the lamination is‘nnmml. Each lamina Bluish grey to bluish green clay with imeguladly distribured

consists of a dark, carbon-rich basal part and a bt black sulphide-rich parches up w 5mm thick. Indisincily 10 cn 21-5.5 1.7-2.8 0,13-0.5

lighter coloured upper part. Relies or traces of bedded in Xemy radiographs.
AT ; benthic i are absent.
LITHOLOGY ; e o d":. & y : Bluish grey chy with sulphide-nch sireaks and  pyrise-nuresiie

Bioturbated mud is grey, olive prey, or dark : _
. . . ) i R filleal  branched burrows, these ip to 20w bong and 0.2 ;

According lo Winterhalter et al. (1981), the major  prey. Sediment structures are mainly restricted 1o KB g Tt layering indicated by varyin 36 cm 1.0-1.8 0.6-2.4 0.07-0, 1
lithological units in the central Baltic Sca arc “post-  jndistinet traces of burrowing organisms. Tests of contona. of . otk pkides. *
glacial mud”, “transition clay”, and “glacial clay and  the benthic, calcarcous foraminifer Elphidium : -
fmﬂ' hese Hihological unifs Ars wel t:c_mgnixahlu excavatum (lerquem) oceur in most of the samples. b ::“kl gt -h!!:":h iy RSk nelalen 35 cin 0.6-0.9 0.2-2.0 0.06-0.13
in our cores, Detailed study allows additionally the Diatomite-layers are yellowish white or pale Mostly unsirarified,
distinction of 17 lithological zones as described in - brown. Here, the rhodochrosite content is low, and Dark grey cliy covered with lighe grey, sulphide-free spos
Table 2. The main criteria for the distinction of  benthic organisms are absent. Rhodochrosite-layers bd  up w15 mm thick Pronounced lamination, cach lanim is 35 cm 0.4-0.8 0,307 0.0 0,08
these zones are colour of the f[resh sediment  consist of radially [ibrous crystal aggrepates of cal- toughly 1mm thick in Xeay radiographs.
{-fu'fmlrs‘ are "d::ﬁnr:-d according to “"Munsell Soil cium-rich rhodochrosite (30 1o 40 mole % CaCO) ) Bluish geey clay with isobuted, eonspicuously raund sulphide
”’!Uf ':-h“”-‘f ). lype “f_bcdd"}sn and distribution  with diameters of 1 to 15 pm Often, rhodoch- b5 nodules, Lamination very pronounced. laminae between 1 3 em 0.4-0.7 0.03-22  0.06-0.08
of iron-sulphide. These lithological zones present a rosite-layers  contain - well  preserved  tests  of and 2 mm thick
new approach to stratigraphy and offer the possi-  Elphidium excavarum, Al studied cores from the _ . : :
e . ' A : i Fluisd = ol sulphide-nedules. (e
bility of simple and time saving lithological and  Gotland Basin show the same succession of ET::“:' fﬂr?cllllzﬂr rnmu:.l:inz?::n:i:u:-‘u!: ;:rp;:diﬂr:am:—l rl:.p .:::I“h
Slf“!'Ef“Ph“‘_“' ‘:“f':‘-‘fﬂl“"l“ between corcs [i;l‘-‘m dif- hiu_mrln}lcfl anl Enm!nnlcd _hnri.r,ﬂm:: thus a subdi- B 0 m thick. alternatiig. with: bluish grey. day. aurd -maskedly 46 e 0.5 1.4 00213 005000
ferent locations within the central Hﬂ]!"" Sed. vision into seven lithological zones (al 1o a7, fayered. Some horizons  bBisoarbared,

The uppermost 240 to 300 cm consist of alter-  Table 2) is possible. 7
naling la}r::rs of laminalcd and bioturbaled The bluish prey  “transition l.:|33'" — I‘I.;m.--wui grey Hm{.r.h:" Varves tlm 4 mm I!1|d:. I’-‘;m.d par
sapropelic silty clay (“postglacial mud”). Generally,  Winterhalter et al. (1981) separates the underlying L7 S “r] oy ;!'r Id'" :,':I"’": hh?' o an 0405 001004 005006
laminated sequences contain 5 10 9 wi%, and  varved placial clay from the sapropelic silty clay tphides; uppert part is sulphide-free. lec-raficed debris mre.

: : : ; : ’ Single warves cwily correlated berween differant cones.
hioturbated sequences 3 to 5 wiL%, organic car-  described above. 1 reaches thicknesses of 2 1o 3 m.
bon. In the basin centre, the presence of authigenic  With increasing sulphide content, the colour chanpes b8 Grey, indistincly laminated clay, stained by fron-sulphides. 5 i
rhudtmhrn?iu: causes exceptionally high mung_,anmn to dark grey and black. The dark colour is cansed Ihismal warved chy, Varses 005 w0 2 i thick and  often
mnmmmlmmiﬂf up to 10 wt.%. ”'fm' laminated by amorphous or  weakly erystalline  iron- visible only in Xeray radiographs. lee-rafied debris and barie
horizons consist of closely alternating sapropel-, monasulphides, Locally these sulphides form nod- el nodules frequenn. Clays stained by aron sulphides resiricned 185 em
diatomite-, and rhodochrosite-layers (Fig. 2). Lay-  ules up to 15 mm thick consisting of clay cemented to some small secaks in the wppermost 20 1w 30 am ol this
ers of bioturbated mud and laminated sapropel are by minor amounts of black sulphides. Sulphur con- wone. Light grey to reddish brown,
hc‘lwu:.:n n. few m?l]inwln:s A a.few ,dECimﬂws g tlfdﬂrk.daj’!i :ﬁ.lrj' belieen ”'."5 and 0.1 wt.%, Varwe clay. Varves are 2 1o 80 mn thick; fce-mfied  debins
thick. Rhodochrosite-layers range in thickness be- H!ﬂ}" some thin horizons and sulphide nodules s!'mw €2 amd banie nodules frequent, Thickness of warves generally 435 an
tween 0.1 and 0.5 mm, and diatomite-layers reach  higher values. Obwviously, very small concentrations increasing with ecore depth. Light grey 1o reddish brown,
i maximum thickness of 20 mm. of sulphides are sulficient to cause black staining,
78 &
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II]: 20 Sedinwing wransitional bevwech Aneslin A and  Lirerimi st e {:’{-F—ir'l |-’1'\-“‘3'H|-|-F'h-‘- core GUYT TKIMO).

TEO-203 cmi: Sediments of the Lo SLRE Leoea a5 anld wla). Mo Fin-!lruln e l1|.1u|1|1_t|:||h|.'|.' due o bivturbamon:

famimsted sedinpens. comain. mnmerons chadochrosie-layers (black). Typical diaom asemblages of the Lisring supe fiest oceu

ar 23 o core deguh (1),

208220 on: Sedimenes of the Mastogihia stage (zoncs a” and b1 Sedimens of wone 47 are chancrensd by oncdissurbed

bimination and gy thodochmsite-layers. The luhological boundary between “posiglacial mmd™ and “rransition clay™ 15 berween

211 anmd 204 em (2).

2202260 cow Sediments of the Awerlo siage (rones b2 aml B3 Acommulaions of fron sulphides appear black, Mo
branched  burrows fitksd wiely pymive and marcasive bevween 20 aid 240 ¢m

Variations in lithology as described in fable 2 can
be used for a subdivision imo eight lithological
zones (b1 1o ba).

The oldest sediments in the investigated cores
are varved clays rich in dce-ralted debrs (“placial
clay and silt™), Narrow streaks and small patches
al clay stained with iron sulphides are restricted
to the uppermost 20 to 30 em of this lithological
unil, The varves are 0.5 1 80 mm thick. A typi-
cal varve has a sharp lower boundary enriched in

dropstones and up 10 15 mm thick lumps of ice-
rafted. undispersed till (Fig. 3). The lower third
ol the varve is light grev to white and consists
predominantly ol calearcous sill and sand. Frag-
ments of Palacozoic lossils indicate that the car-
bonates are debris derived from glacial ablation
of Palacoroic carbonates which cover a large arca
between South Sweden and the Balie States. The
tpper part of each varve gradually becomes more
line prained, the colour changes 1o brown or

389 cm 439cm

A

409 cm 459 cm

539 cm

C
559 cm

Fig: A Sclimens af the Paliic loe Lake il the Foldia sapge (Reray rudiographs, cops GOV PARTL 20}

730 cm

Ar Typival, panly biosrbared sedimems of e Falddy Sea eone bi), Tronemonosulphide nodules gppear hlaek

it Boumlary berween the sedinens of the Balic lee Lake and dhe Faldin Sea (1) The firm horieon of dade clay starmed

by ooy sulphides (zowe BEY s locased betwesu (1) amd {2}

Mote the disict wirves abowve ihis lonzoin (sone b7

5 Distal vapves of the Balde lee Lake (pone o) gch o oup oo 1 oman thick barite sodoles - (black poines)

13 Vared clavs of the Baliie lee Lake {zone 2} neh in fec-mfied debins

reddish brown, and often some normally graded
silt-layers are intercalated. The upper part of the
virved clays (zone cl) consists ol distal varves
thinner than 2 mm They are often visible only in
X-rav radiographs. Therefore these sediments were
described by Winterhalter (1992) as "homogeneous
clay™. Locally, erosional disconformities ocour in
this zone. They are cnriched in coarse grained
material and cut the varves at angles ol up to
3. The lower part of the varved clay (zone )
consists of clearly visible varves which are between
2 and 80 mm thick.

GEOUCHEMISTRY

I'he coneentrations of carbon, sulphur, iron. man.
panese, and sodivm in the Tolocene sedimenis [rom
the central Baltic Sea are sensifive indicators of
hvdrographic changes, A correlation ™l proliles in
different cores based on geochemistry is olten more
precise than a correlation based solely on lithology
(Fig. 4. The lollowing geochemical description of
the Holocene sediments locuses on core GOYTTRLS0
from the central Gotland Basin (230 m water depth)
which contains a complete seguence from the
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core GOT1KLS0:;

carbon mangangse

sulphur
34567% 01234% 012345% -25-2 -15 %

core GOT1KL120:

Ma/Mn
2{:.t:n.n:m:_l-ei 0.006 0.008

§18-0vs. PDB

core depth [cm]

core depth Jem)

Fig. 5. Greochemical charcensics of the sedimoms of the Limmaes scapge. Broken line indicares eyclic increase in carbon
comenis. High coments of organic and inorganic carbon are ofien positively corrclared with manganese concentrations, &0

valwes, and  Ma/Mn-ratios

Lunnaea stage 1o the lower part of the Yoldie stage.
The lithological zones mentioned in the text refer
to Table 2.

The occurrence of inorganic carbon is mainly
restricted to lithological zones al to a7 (Fig. 5).
Inorganic carbon is predominantly fixed in rhodo-
chrosite; highest values are around 2 wiL%.
Delta®Covalues ranging from -7 1o -12%e vs.

82

PDB indicate that roughly 30 to 50¢% of inorganic
carbon originated from bacterial degradation of or-
ganic matter (Suess 1979 Total carbon contenis
of the laminated sapropel range from 6 to 10wt %,
whereas bioturbated mud contains only 4 to 6 wi, %
carbon, Carbon concentrations of zones al to ab
show a marked eyclicity (Fig. 5, Fig. 7). Within the
“lransition clay”, carbon contents deerease  from

0 2 4 6 B% o 1
0 :

3 25 -2 15 1%

1001 1

Mn Mn/Fa 518-0 vs. PDB

core depth [cm] =

Fig. 6. Maganese comenes, MofFe- and 8'"Ocmiios in core GUOTIKL90, The base of the profile is in the middle pane of
the Ancplb-sedimers, Acconding 1o dizwoms, the lower boundary of the Lo stage s a0 203 an core depih, The fmon
imangancie-riio s exclusively convolled by the changing concentrations of manganese because fron coptents ane ratlier conistin.

A ratios 11-!,‘F|r||-|_l mainly on changing saliniics which reach therr highes salues aroond 18%a0 o0 175 o cone depuh

4wL% in zone bl o approximately 0.5 wiL% in
sone bl Fones b3, bo and b7 have a rather con-
stant carbon content of approximately 0.5 wi. %,
higher values of up 1o Lo wi.% are locally ob-
served within zone bb,

The sulphur contents of sapropelic silty clay
(zones al to a7) vary between L1 and 6.4 wi %,
Grenerally, sulphur and carbon are positively corre-
lated, but the sulphur concentrations have a liess
pronounced cyclicity. Within the upper part of the
“transition clay” (zones bl o b3), sulphur contents
Muciuate more than carbon contents but show the
same downwards decreasing trend. Minimum val-
ucs of around 003 wiL% occur between zone b3
and zone b7; considerably higher sulphur-values up
o 1.3 wi% are restricled o some thin horizons
within zones b3S and b6, The sulphidisation of de-
trital iron-minerals due to the reaction with LS
turing diagenesis (Berner 1970) can be expressed
by the raiio of sulphur 1o reactive iron. In our
cores, this ratio depends mainly on the concentra-
tion of sulphur because reactive iron is remarkably
constant with values of 3 1o 5 wi.%. Iigh concen-
trations of sulphur therefore indicate a high de-
gree of sulphidisation which points 1o the presence
of marine waler, and also to anoxic sulphidic con-
ditions during diagenesis.

Manganese plays an important role in the
geochemistry of the central Baltic Sea because
authigenic rhodochrosite occurs in large quantitics
in the sapropelic silty clay. Manganese concentra-
tions of zones al 1o a7 vary belween 0.2 and

L0 wi %, they decrease rapidly in zones bl and b2
from 2 wi.% to (L1 wi®%. Yones b3 to b7 have
very low and constanl manganese concenlrations
between 0.05 and L1 wi.% (Table 2, Fig 6). The
sodium content of rhodochrosite varies  between
1500 and 4500 ppm. Gienerally, the MNa/Mnp-ratio is
higher in laminated sapropels (0,006 10 0,008) than
in bioturbated mud (O.004-0.0006),

Various models have been proposed 1o explain
the extraordinary enrichment ol manganese and the
formation of rhodochrosite (Manheim 1961, Hart-
minn 1964, Suess 1979, lakobsen & Postma 1989),
Emelyanoy (1986) lirst mentioned the significance
of major Morth Sca water inflows [or the high
copcentration of manganese. These well known
inflows of oxygenated water oceur episodically
intervals  of  several years  (Fonseliug  1962),
Huckriede (1994) described a model for the for-
mation of rhodochrosite as a result ol drastic
changes in redox conditions cansed by major in-
flows: Due 1o pronounced salinity stratification in
the water column, bottom waters are anoxic and
therclore leach mangancse from the sediments.
Eipisodic inflows of denser, oxypenated water Irom
the Morth Sea into the deeps of the central Baltic
Sea cause oxidation of dissolved Mn™ 1o particu-
late oxides. Fine-grained manganese oxide particles
accumulate prelerentially in the deepest parts ol
the basins, Here anoxic conditions prevail, alkalin-
ity is high due to intense bacterial sulphate-reduc-
tion (Berner et al. 1970), and manganese is lixed
as rhodochrosite. Mulliple repetitions of these dras-
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tic changes in redox conditions of the botlom walers
cause manganese depletion in most arcas below
the halocline and simultancous enrichment of man-
ganese within the deepest basins.

PALAEOHYDROGRAPHY AND STRATIGRAPIY

The correlation of basinal sediments, littoral sedi-
ments and the Baltic shore displacement is still a
problem (Hyviirinen 1988). One reason for these
difficulties is the absence of molluses and the low
diversity and poor preservation of diatoms in basi-
nal sediments. The following correlation between
the sediment record in the Gotland Basin and the
Baltic stages and the reconstruction of the hydrog-
raphy are based on a combination of geochemical,
lithological and palacontological evidence. The
lithological zones are described in Table 2.

Baltic Ice Lake

Sulphide-free varved clays rich in ice rafted debris
(zones ¢l and ¢2) are typical sediments of the Baltic
lce Lake. The upwards decrcasing varve thickness
carresponds 1o the increasing distance to the melting

ice shield. The brownish red tint of the sediment
indicales an oxic environment during sedimenta-
tion. Surprisingly, detrital pyrite grains show no
signs of oxidation. Apparently, this is a result of
rapid deposition and weakly reducing conditions
during diagenesis. Frustules of diatoms arc com-
pletely absent. Most probably, this is due 1o cxten-
sive dissolution of amorphous SiQ),. Correlation of
varves in different cores indicates that the transi-
tion between lithological zones ¢l and ¢2 is syn-
chronous in different parts of the Gotland Basin.

Barite nodules with diameters up to 2 mm oc-
cur frequently in the sediments of the Baltic lee
Lake (Fig. 3). According to Suess (1982). they
formed diagenetically due o jon exchange reac-
tions on clay mineral surfaces when [reshwater
deposits were permeated by marine waters. There-
fore these nodules point to a freshwater origin of
their host sediments. The upper limit of the occur-
rence of barite nodules coincides roughly with the
lower boundary of zone bS. Within the “transition
clay”, barite nodules oceur as rare exceptions within
the lower part of zone b7. More frequently, they
are found once again in zone bd which is clearly
of freshwater origin (Fig. 7).

Despite the lack of fossils usable for the recon-
struction of the palaco-environment, a [reshwater
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origin of the sulphide-free varved clay is indicated
by the oceurrence of barite nodules and the ab-
sence of diagenetic iron sulphides. A connection
with the MNarth Sea would have caused salinity
stratification with resulting oxypen deficient bot-
tom waters favouring the formation of iron-
sulphides during diagenesis.

Yoldic Sen

The upper boundary of the sulphide-free varved
clays is marked by a layer of dark clay stained
with iron sulphides (zone bS). Immedialely below
this boundary, varves are indistinetly developed with
individual thicknesses of 0.5 to L0 mm. In con-
trast, the varves of the overlying clay (zone b7) are
up to 4 mm thick, contain little iron sulphides and
some layers of silt and sand (Fig. 3). Individual
varves of zone b7 can be easily correlated between
cores from the Gotland Basin indicating a synchro-
nous deposition of the sediments of zones b8 and
b7. Obviously, the transition between “glacial clay
and silt” and “transition clay” has been caused by
@ change in hydrographic conditions that alfected
large parts of the Baltic basin. The presence of
iron sulphides points to marine influence because
the formation of sulphide is favoured by sulphate
in the water and by anoxic condilions as a conse-
gquence of salinity stratification. The increased thick-
ness of the varves can be best explained by a rapid
drop of the water level which caused an enhanced
sediment supply due to erosion of sofl sediments
from former subaquatic areas. This event was the
drainage of the Baltic [ee Lake at Mt Billingen in
South Central Sweden which lowered the water level
by 26 m 1o 29 m (Winterhalter et al. 1981) and
initiated the brackish Yoldia stage. Layers of sand
and silt within glacial clay in Hand Bay in south-
casl Sweden have been previously dscribed 1o the
drainage of the Baltic Iee Lake by Bjorck et al
(1990). According to the Swedish varve chronology,
the drainage event is dated 10,430 YBP (Bjorek et
al, 1992).

The first diatoms occur 5 to 10 centimetres
below the boundary between zones b7 and b6,
Dominating species is Thalassiosira baltice (Grunow)
Ostenfeld, which indicates cold and brackish water
with maximum salinitics up to 10 %o (Snocijs 1993).
Other species occurring, in rapidly fluetuating guan-
titics arc Srephanodiscus  astraca  (Ehrenberg)
Cirunow, Mefosira islandica O, Miller, and Diploneis
gmithii  (Brebisson) Cleve. The associalion of
Thalassiosira baltica with the freshwater indicating
diatom Stephanodiscus astraea has been previously
reported by Abelmann (1985) from sediments of

the Yoldia stage in the Karlsé Basin. This associa-
tion clearly indicates salinities lower than in the
present Baltic Sea.

The oceurrence of Thalassiosira baltica is mainly
restricted to zone b6 and to the lowest part of
zone b3, The fragility of this diatom and a positive
correlation between its abundance and the sulphide
content of the sediment exclude re-deposition from
older marine sediments as proposed by Eronen
(1974) for marine diatoms in sediments of the
Yoldia stage in Finland. In some horizons, high
carbon and sulphur contents point 1o salinity strati-
fication of the water column and to anoxie condi-
tions in botlom waters. In contrast to the modern
Baltic Sea, constantly low manganese contents in-
dicate the absence of rapid fuctuations between
oxic and anoxic sulphidic conditions in bottom
waters. Based on annual lamination the Yoldia stape
lasted 600 o 700 years.

Anmeylus Lake

The diatoms of zones b4 to bl are typical of the
[reshwater Anewus Lake. Most abundant  are
Melosirg islandica, Stephanodiscus astrava, Gyrosizma
attenuaium  (Kitizing) Rabenhorst, Cymaroplenra
elliptica (Brebisson) W, Smith, and  Cwnatopliira
solea (Brebisson) Wo Smith. The occurrence of
benthic diatoms (Gwosigma  attenwatum,  vnato-
pleura  elfiptica.  Cwnatopleura solea)  indicates
redeposition [rom shallower areas. The uniform
distribution ol diatom species within Ancvley Lake
sediments is at contrast with marked chanpes of
carbon and sulphur contents. Sulphur and earbon
are low in zone bd, they increase in zone b3, and
reach maximum values in the lower part of the
“postglacial mud”, Boesen & Postma (1988) ex-
plained the unexpected high sulphur contents of
the upper part of the Ancylus-sediments by diage-
netic sulphidisation due to downward migrating H 5.
However, the positive correlation of organic car-
bon and sulphur in this horizon (r' = (.53, n = 40)
and appreciable Muctuations of sulphur contents,
which arc similarly developed in different cores,
disprove this model. In our opinion, the increasing
sulphur and carbon contents in the upper part of
the Ancvius-sediments indicate  oxygen-deficient
bottom waters due to salinity stratification.

Cirain size is another indication of palaco-salin-
ity (Fig. 7). Brackish conditions favour rapid sedi-
mentation of clay minerals through floceulation. The
line-grained material is preferentially deposited
near-shore whilst the basin sediments are relatively
poor in clay. In core GOTIKLI20, markedly in-
creased contents of fines < 2 pm occur exclusively
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in the upper part of zone bS5 and in 2zone bd.
Between zones bd and b3 there occurs a drastic
decrease in [ines whereas the sulphur content riscs
simultancously (Fig, 7). This indicates that the con-
nection with the North Sea was blocked for only a
short period at the beginning of the Ancvlus stage.
Subsequently, a new connection to the North Sea
was cslablished, and brackish bottom waters reached
the central Baltic Sea, causing lemporary stagna-
tion and flocculation of clay mincrals. However,
until the beginning of the Mastogloia stage (zone
131}, sabimitics in surface waters were oo low 1o
induce changes in diatom assemblages [rom [resh-
water 1o brackish walers.

Two phases in the development of the Ancvins
l.ake can be distinguished: The [irst phase (Arcylus
I, Fig. 7) shows no marine influence, whereas the
sceond phase is characterised by brackish bottom
waters (Anevlus 11). The first phase lasted 4N 10
500 years according to counts of laminae in zone
b4, Kolp (1986) presented similar results from
mapping and dating of submarine terraces in the
western Baltic Sea. He found the level of the
Ancylus Lake independent from world ocean be-
tween 9,300 and 8800 YBE Other argumenis sup-
porting a bipartite history of the Ancyius Lake are
discussed by Bjirek (1987):

Mastogloia Sea

Despite the drastic changes in lithology at the
boundary between “transition clay™ and “postgla-
cial mud”, no associated significant change in the
composition of diatom assemblages is recognisable
(Fig. 2). liven laminated sapropels of zone a7 with
up 1o 10 wiL% carbon are dominated by [reshwater
dintoms such as Melosira islandica and Stephano-
disens astraca. Only the occasional appearance of
Diploneis smithii in zones bl and a7 poinis o lem-
porary slightly brackish conditions in surface wa-
lers, indicating the Mastogloie stage. The lop of
zone a7 is the upper boundary of Mastogloia-sedi-
ments in the Giotland Basin. This boundary shows
no significant  lithological change (Fig. 2) but is
characterised by a rapid increase in sulphur con-
tent and by the total disappearance, within a few
centimetres, of freshwater diatoms. The boundary
o the Ancylur-sediments is nol exactly deflined
becanse brackish diatoms are very rare and salini-
ties of botlom waters rose gradually for approxi-
mately 800 1w 1,000 years. The increase of carbon
and sulphur between zones b2 and bl probably
paints 1o an increascd infllow ol brackish waler
which may indicate the bepinning of the Mastogloia
stage.

B

Litorina Sea and Limnaca Sca

Diatoms of zones ab to al indicate brackish con-
ditions. Some  typical species are  Actinocvelus
ehrenberei Ralls, Thelassiosira eccentrica (BEhren-
berg) Cleve., Chaetoceros subsecundus  (Grunow)
Hustedt, Rhizosolemia calear avis M. Schulize,
Thalassionema  nitzschiowdes Granow, Rhabdonema
arcuatum  (Agardh)  Kitzing, (frammatophora
oceartica (BEhrenberg) Grunow, and [hplones didvina
{Ehrenberg) Cleve.

A subdivision of the “posiglacial mud” based
on diatoms is impossible because changes in dia-
tom asscmblages mainly resull rom selective disso-
lution of opal. Natoms arc best preserved in limi-
naled sapropels (rom the deepest parts of the
Giotland Basin whereas bioturbated mud  contains
only species less sensitive o dissolution of amor-
phous Si0) like Actinocyelus ehrenbergi.

Caleium-rich rhodochrosite is a typical mineral
ol the “postglacial mud™ and originated rom early
diagenctic reduction of manganese oxides ol the
sediment-water interface (Huckriede 1994, Tis iso-
topic composition and geochemistry reflect the con-
temporancous bottom waters. The oxygen isotope
ratios of rhodochrosite (Fig 6) should be controlled
by salinity and temperature of botlom waters, A
linear relationship between salinity and oxvgen iso-
lope composition in the waters of the Baltic Sea
has been documented by Frohlich et al (1988).
Limited data are available for temperature-depen-
dent fractionation of oxygen sotopes during pre-
cipitation of Ca-rhodochrosite (Bottcher [1993);
therefore we assume that this [ractionation is ap-
proximately similar to fractionation in caleite, Oxy-
gen isolope ratios of carbonates at equilibrivm with
Baltic sea waler should be positively correlated 1o
salinity and negatively correlated 1o tlemperature,
According 1o Epstein et al (1953) and data in
Frihlich el al. (1988), the effect of a salinity in-
crease of 1% on oxygen isotope ratios in carbon-
ate is roughly compensated by o lemperature in-
crease of |1°C During the Mastoglow, Livoring and
Limnaea stages, salinitics of bollom wilers were
most probably more variable than temperatures.
Thus changing oxygen isolope ratins can be used
for an indication of changing palaco-salinitics.
Hecent temperatures of bottom walers in the cen-
tral Gotland Basin are rather constant at 4 (o 0°C
(Mehring 1990, Nehring et al 1994). Based on
constant  temperature during  rhodochrosite-forma-
tion and on present day salinities of 12%. during
sedimentation of the uppermost sediment, the cal-
culated palaco-salinitics rose from 8% in zone a7
o 18%e in the lower part of zone a5, From the
upper parl of zone a5 to zone al. salinities gradu-

ally dropped to present day values of 12%e. This
peneral trend is superimposed by smaller variations
which show a weak posilive correlation with car-
hon and manganese contents (Fig. 5)

The sodinm concentration in rhodochrosile s
another indicator of palaco-salinitics. The Na/Mn-
ratio is weakly positively correlated with the oxy-
gen isotope composition of rhodochrosite. High
oxygen isolope ratios and high Na/Mup-ratios in
rhodochrosite ocour preferentially in horizons rich
in organic and inorganic carbon (Fig. 5). Addition-
ally, these horizons are rich in tests of the benthie
foraminifer Eiphidium exeavamm indicating an en-
hanced water cxchange with the North Sea. Oxy-
gen isotopes, Na/Mnp-ratios of rhodochrosite, and
the distribution of foraminifers together therefore
indicate that high salinitics of boltom waters cause
stable stratification and hence anoxic conditions.

The following model explains the positive cor-
relation between anoxic botlom waters and salin-
ity. Increased inflow from the MNorth Sca resulls in
higher salinity and pushes the halocline 1o shal-
lower depths. According 1o data in Matthius (1986),
a salinity increase in the bottom waters of the
Cintland Basin from 12,0 to 12.5%e raises the cen-
tre of the halocline from 30 10 62 m water depth.
The deep water below the halocline is the main
source of nutrients for primary production in the
photic zone. As the halocline moves upward, more
nutrients can reach the photic zone due o diffu-
sion and mixing and the primary production in-
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degradation of organic matler is enhanced, and
anoxic conditions occur more casily. In contrast,
absence of salt waler inflows during some years or
decades resullts in decreasing salinities of bottom
waters, and eventually cold winter water can pen-
ctrate the halocline and transport oxygen into the
basins (Mehring 1990). Thus the stabilily and the
depth of the halocline are the controlling factors
for the oxygenation of boltom walers during the
Litorina and Limnaea stages. The oxygenation ol
bottom waters by salt waler inflows is of minor
imporiance.

COMPARISON WITH THE SEDIMENTS
OF TIHE BORNHOLM BASIN

The Bornholm Basin has o maximum depth of
105 m and s the deepest region of the Baltic Sea
southwest of the Gotland Basin. Due 1o the shal-
lower waler depth and more varying detritus sup-
ply. the lithological development of the Bornholm
Hasin is dominated by local variations compared 1o
the Gotland Basin, Nevertheless, most lithological

zones defined in the Gotland Basin can be casily
correlated with sediments in the Bornholm Basin
This demonstrates that the sedimentary develop-
ment in the Gotland Basin is representative for at
least & major parl of the Ballic Sca

The “posiglacial mud™ in the cores [rom the
Bornholm Basin is up 1o 250 em thick. A subdivi-
sion in lithological »ones is difficult because the
sediment is intensively bioturbated. Only the Tow-
ermost decimetres are indistinetly laminated  and
contain some rhodochrosite-layers. Diatomite-layers
are completely absent. However, carbon and sul-
phur contents show a similar development as in
the cores [rom the Gotland Basin. Three horizons
with high carbon concentrations indicate the posi-
tions of lithological zones a2, ad, and a6/a7 (g 4).

Similar 1o the sedimentary development in the
Gotland Basin, the boundary between “transition
clay” and “posiglacial mud™ shows no significant
change in diatoms. Only some horizons containing
the benthic diatoms Campvlodiseus elypeus Fhren-
berg and Epithemia murgida (Ehrenberg) Kitzing in-
dicate weakly brackish conditions near this bouml-
ary. Typical diatom assemblages of the Litoring stage
containing Rhizosofenia  calcar-avis, Actinocvelus
htrenbergi and Rhabdonema arcvarm first oceur 15
to 30 em above this boundary, Intense leaching of
amorphous S5it), has destroyed diatoms in mosi
horizons, therefore a reconstruction of palaco-sa-
linity based on distoms is difficull.

The thickness of “transition clay” varies between
1.2 and 3 m. Zones bl, b2, b6, b7, and b8 as
defined in the Gotland Basin (Table 2) can be
correlated o similar horizons in the Bornholm
Basin. In cores BBI2 and BBOL, zones b7 and b
contain up to 5 cm thick layers of calearcous silt
and sand alternating with dark laminated clay,
Evidently, the increased supply of detritus caused
by the drainage of the Baltic lee Lake was more
intense in the Homholm Basin than in the Gotland
Basin. The sediments of the Bormholm Basin cor-
responding to zones b3, bd, and b5 show a more
indistinct development. They consist of bioturbated
lo weakly laminated dark clays which are rich in
screw-shaped sulphide concretions. In core BBOZ
these sediments locally contain enriched organic
detritus; possibly re-deposited peat. The placial sedi-
menits in the Bornmholm Basin are wvery similar to
those in the Gotland Basin bul a correlation of
varves is nol possible.

Kogler & Larsen (1979) introduced the name
“AY-clay" for the sediments between clearly lay-
ercd varved glacial clay and marine mud rich in
organic matter, and divided these sediments into
three zones, They were nol successful in correlat-
ing these zones with the Baltic stages. According
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to our correlation between the sediments of the
Gotland HBasin and the Bornholm Basin, zones A
and B of Kogler & Larsen (1979) correspond to
the Ancvlus and Yoldia stages, whereas yone O s
composed of indistinetly varved clays of the Baltic
lee Lake. The houndary between the sediments of
the Yoldia Sea and the Ancvlus Lake corresponds
o the top of the sulphide-rich horizon within the
upper third of zone B,

CYCLIC SEDIMENTATION
AND CHANGING CLIMATE

Carbon and sulphur contents of zone al to ab
show a distinet cyclic periodicity (Fig 5, Fig. 7).
The eight cycles are best developed in the sedi-
ments of the central Gotland Deep, but are also
recognisable in the western part of the Gotland
Basin (¢core GOT4Y, Fig. 4). A typical eyele is be-
tween 200 and 30 cm thick and starts with a rapid
increase in organic and inorganic carbon. Simulta-
m:nl.l.*:ly. sulphur, mangancse, A¥values, and Na/
Mup-ratins rise. The highest carbon-values are
reached approximately 5 cm higher. Often a sce-
ond carbon peak lollows some centimetres further
up, Towards the top of the cyele, carbon contents
decrease gradually.

As discussed above, the increase of 8"0O-values
and Ma/Mp-ratios at the beginning ol each eyele
points 1o a rapid increase in salinity. This is con-
firmed by simultaneously rising manganese contents,
indicating frequent infllows of MNorth Sca water.
During such periods of high salinitics, anoxic con-
ditions in bottom waters become established for
300 1o 400 years, Subsequently, the inflow ol sali
wiler [rom the MNorth Sca diminishes, salinities
decrease, and oxic periods in botlom waters oceur
al increasing frequency until a new cycle starts alter
a perind of another 400 to 600 years.

Assuming constant detritus input and an abso-
lute age of 7,500 YBP (Hyviirinen 1984) for the
boundary between Litoring and Mastogloie stages,
the average duration ol cach oycle is 850 = 40 vears.
This is roughly confirmed by "(° AMS dating. The
uppermost cyele shows very good correspondence
with the climate history of the last L0 years:
Carbon-rich sediments  accumulated during the
medieval warm period. which lasted approximately
from AlY 9N 1o 1300 (Lamb 1984), Low carbon-
values characterise the sediments of the Little lew
Age (ALY 400 1o 19000, The climatic changes [ol-
lowing the end of the Little lee Age are again
linked with anoxic conditions in bottom waters:
Since the beginning of the 20th century, regular
hydrographic measurements revealed an increase of
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sialinity until 1975 (Fonsclins 1962, Matthiaus 1980,
Nehring & Matthins 1990). Simultancously. oxypen
contents of bottom  waters  decreased  rapidly
{Fonschus 1969), and laminated sediments spresud
over large arcas (Jonsson & Jonsson 1988).

The unstable hydrography of the central Baltic
Sea responds sensitively 1o even weak climatic
changes. The resulis ol these climatic variations
are drastic changes between oxic and anoxic con-
ditions in boltom waters which are clearly docu-
mented in the sedimentary record. 11 is very likely
that all cight cycles are controlled by climatic events
like the Little lee Age. The sediments of the deep
basing of the central Baltic Sea therefore offer the
possibility Tor a detailed reconstruction of climatic
changes during the last 7.500 vears.

The linkage between climate and oxygenation
of bottom waters is possibly controlled by farge-
scale variations in the atmospheric circulation than
cause cither changes in the intensity and frequency
of storms that induce inflows of North Sea water,
or changes in the humidity in the drainage area of
the Baltic Sca, which would have drastic effects on
the outfllow through the Danish Sounds (Fonselivs
19689, Kaleis 1976, Borngen et al. 1990). The indi-
vidual triggering mechanisms for inflow events are
still under discussion (Dickson 1971, Welander (974,
Kaleis 1976, Kullenberg 1983, Borngen et al. 1990,
Matthius & Franck [992).

Up o now, Holocene climatic cyeles with
periodicitics about 1,000 years have rarcly been
described,  Kelloge  (1984)  discovered  periodic
changes in the abundance of subpolar foraminifers
in Holocene sediments in the Denmark Strait.
Maximum abundances occur at intervals of approxi-
mately 800 years. Overpeck (1987) investigated
twenty pollen records lrom the midwestern nited
States and recognised a cyelicity around 1,100 years.
Investigations of Morner (1980), Colquhoun &
Brooks (1987) and Ters (1987) point (o minor sea-
level changes with a similar periodicity,

SUMMARY AND COMNCLUSIONS

The sediments of the central Gotland Basin con-
tain a complete and nearly undisturbed record of
hydrographic changes during the last 12,000 years.
Variations in lithology. geochemistry and  diatom
assemblages are linked to the history ol the Baltic
Sea, The lithological development in the central
Giotland Basin and in the shallower Bornholm Basin
are closely related. Therefore we suggest 1o use
the sediments of the central Gotland Basin as a
standard for the lithological and hydrographical
development of large parts of the Baltic Sea. Based

on marked changes in lithology, the late placial
and Holocene sediments in the Gotland Basin can
be subdivided into 17 lithological zones.

The boundary between the sediments of the
Baltic lee Lake and the Yoldia stage is identificd
by the fisst appearance of dark clays stained by
iron sulphides, and by a rapid rise in varve thick-
ness. The varves above this boundary can be cor-
related between different cores, indicating synchro-
nous deposition. The lithological and geochemical
changes are caused by the drainage ol the Baliic
lee Lake at Mt Billingen and by the subseguent
infMow of marine waters some 10400 YBE The
overlying sediments of the Yoldia stage contain
diatom assemblages characterised by Thalassiosira
baltica. The diatom assemblages and the geochem-
istry of Yoldia-sediments point to brackish salinities
in surface waters which were generally lower than
in the modern Baltic Sea. Stable stratification of
the water column caused anoxic bottom waters for
omly short periods,

The sediments of the Yoldia stage are immedi-
ately overlain by limnic sediments of the Ancyius
Lake., Mo evidence has been lound of the exist-
cnce of o separate Echeneis stage. The sedimenis
of the Ancylus stage are divided into two parts.
The lower part shows no marine infllucnce for
approximately 500 years. Most probably, it corre-
sponds to the Ancvlus-transgression known from
shore line displacement. The boundary to the up-
per part of the Ancvius-sediments is marked by an
increase in sulphur and carbon and by a rapid
decrease of the clay-size [raction. This indicates a
weak marine influence in bottom waters. Towards
the top ol this unit, carbon and sulphur concentra-
tions rise gradually due 1o an increasing stability
of the halocline. The boundary 1o the sediments of
the Mastogloia stage is a matter of convention
because salinities rose gradually for approximately
1000 vears within the upper part of the Anevius
stage and during the Mastogloia stage. Brackish
conditions in surface waters during the Masrogloia
stage are indicated only by a few brackish diatoms
near the boundary between “transition clay” and
“postglacial mud™, The exceptionally sharp lower
boundary of “postglacial mud” is located within the
sediments of this stage and does not correspond 1o
any important change in diatom assemblages. Ap-
proximately 15 1o 20 cm higher. increasing sulphur
contents and the disappearance of [reshwater dia-
toms mark the beginning of the Litoring stage.

From the beginning of the Liorina stage until
today, there occurred no significant hydrographic
changes. This is proven by a uniform distribution
of diatom species and by the occourrence of
authigenic rhodochrosite indicating drastic and fre-

quent changes between anoxic sulphidic and oxic
conditions in  bottom  walers.  Such  changes
characterise the modern hydrography of the Baltic
Sea, Rhodochrosite originated from early diagenetic
reduction ol manganese oxides at the sediment-
water interface. 15 isolopic  composition  and
peochemistry therclore reflect the hydrographical
pmpurlim ol the contemporancous bholtom walers.
According 1o oxygen isotope ratios of rhodochrosite,
rapidly rising salinitics within the bottom waters of
the Giotland Basin reached o maximum ol 187
during the middle part of the Lioring stape. Since
this time, salinitics decreased gradually to present-
day values of 12 1o 13%. Minor periodic changes
in salinity are superimposed on this trend. They
are documented by oxygen isotopes and sodium
contents of rhodochrosite and - most convineing -
by periadic carbon and sulphur concentrations. High
salinities oceur together with anoxic conditions
whereas lower salinities Favour oxic periods in
bottom waters. Controlling factors for the oxygen-
ation of bollom waters are stability and depth of
the halocline. The duration of the coycles is be-
tween SO0 and 900 years.

The good correlation belween climate and
geochemistry in the uppermost eycle demonsirales
that the periodicity is induced by climatic changes:
During the medieval warm period, bottom walers
were mostly anoxic. Oxic conditions ocenrred more
frequently during the Little Tee Age. The linkage
between climate and oxygenation of botlom waters
is caused by large scale variations in the almo-
spheric circulation that caused changes in the wa-
ter exchange between the North Sea and the Bal-
tic Sea. The unstable hydrography of the central
Baltic Sea responds sensitively 1o even weak cli-
matic varialions. The resulls arc drastic changes
between oxic and anoxic conditions in bottom
waters which are clearly documented in the sedi-
meptary record. Therefore the sediments of the
central Baltic Sea offer the possibility for a de-
tailed reconstruction of climatic changes during the
last 7.500 vears,
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OF late years the interest in the Balic Sea has grown
wemenduously. This can be explained by a wmoval of the
barricr that divided the Sea inw the Sovier and non-Sovier
parts. Morcover, marine invesagatons related 1o more mtional
use of s resonrees and protection from s pollnion are wery
important for millions of people living around the Baltic Sea;
finally, the Sea provides excellent opportunities w rest dilfer-
ent research methods, 1o realize national and international
projects with the Baltic Sea geologins being especially active
in these smdics.

Among the newest achicvements, a wonderful Geological
Arlas of the Southern Baltc should be mentioned. lis anthors
(Dadlez. K Kenig, RKmmarska et al) and editorial board
(1.E-Mojski, Editar-in-Chicf) submitted 1o the geological soci-
ety a large peoeraliving orearise abou the geological sruciure
of the Polish part of the Balic Sea, the (uaremary history,
recemy sedimentation, Sea bowom topopraphy, bowom depas-
ite, peochemisry and mw  marerials.

Alier the World War 11, Prof. ERiille was interested in
the Balic Sea sudies in Poland, dhe inital investiganions were
conducred by FB. Piecrka, K. Wypych and B.Rosa - research-
ers Trom Cidansk Pelyrechnical lostire. During las three
decades, nurine geological investigations are being carmied on
ar the Marine Geology Branch of the Polish Geological Insti-
e (. Zachowicz, |E. Mojski, Sz Ubcinowicz, R Keamarska,
T: ﬁ-;r_-upa_r‘;;kz, A Tomezak et al).

Grological maps of different rypes, sections, schemes de-
picting geological strucre of the Sea, n cvolurion, recent
sedimentation and geochemical processes are given in the Ardas,
The matedal of the Atks can be nawrally grouped inte sev-
eral pare pre-Cuatwernary  sociure, Quaternary system  and
sruenure, bortom wopography and deposits. mw materials; and
shore peology.

Same maps cover the emire Southern Baliic Arear Gelarsk
Pasin and Gdaisk Bay, Bormholm Basin, Slupsk Furmw and
surrounding banks, parly Godand Basin (S part) and Arkona
Basin (E part); other maps cover only Polish area of the
Baliic Sca: area from Fatoka Pomerska in the west 1o Zawka
Geaniska in the east. 1t s difficnde o judge, how much the
authors are right by making such an eption, but & curious
reaslier is asvonished, as he sees that the map bs panly
white spor. We expect thar these white spors will be filled
ltl} |Jtl.'f.-

The pre-Cuatemary systemn 15 given in the sheess 112X
showing dismibution of  the crysalline basewent, Paleazoi,
Mesozoic and Teriary, as well as thickness, stctral sarfaces
and oceureence condinons presented. Lithology and  petrogr-
phy iz shown in the generalized sections for separie wotoni
blocks. A smarter reader wall be able w calenlare dhe ek
neses of stmgraphic s from e maps lomself.

The Ouaternary system is depicted in the sheets K1-XK,
where a good deal of amention is paid 10 the evolution of
Pleistocene gliciers, disributon and thickness of Quateriary
and DMeistocene deposits, as well as strucwral conditions of
the ocoumrence. The Tychnowsky Sea (Marze Tychiowskiega]
of Eemian interglacial is shown as il it was on land (i) in
the bower reaches of Vismla up to Gradzigde

Borom topography (sheers §oand 30V) aml bouom depros-
fes OOCI200) shew in demail the bathimery of the Sea b=
om (by 5 m). morphogenesis, diswibution of deposies ar the
bomom surface and ar the deprh of 1 m, Holocene shickiesses,
Sea evolution during the Laie Glicial and Holocene, recem
sedimenration and geochemiary of sudicial deposits as well.

The raw materdals (heess 30030001 o the sea bon-
tom are pinly snd and gravel s ocowrming in shallow
paris of the Baltic Sea: Southern Middle, Shpsk and Odrzna
Fanks, amd Kosmlin Bay.

The shore zone peology (sheers XXRI-XXXIV) shows thee
distribution of pre-Cuaernary amd Cuaternary ar the wing ol
land and sca, occurrence conditions along the shore bele over
400 km long from Wolin Tsdand 0 Viswl Spic. Mose de-
fatled picture is given for a phantasic Holocene gevlogical
structure of the Hel Peninsula.

Majority of sheets in the Aths, wgether with geologival
peneralivations, conmin wide analyacal information, rescarch
dana, tables, diagrams ete. All this stimulaes dhe dmerest of 2
reader to analyse, consider amd evaluare,

The Geological Adas of the Southern Bahie i expecied 1w
live for a long and useful age. | am sure thar some vew ideas
in the warive geological mapping will receive contmuation i
other Balie segions; henee, the auwthors and  cdioes of the
presemt Adas will be able w0 acoepr i with @ full srisfacdon
for their scientfic aml ceative work and their Jove 1o the

Balie Sea

Alginaneas Crigelis
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