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FOREWORD

Herewith. on behalf of the Conference Committee, we have the pleasure to welcome all participants to the
Proceedings of the Fifth Marine Geological Conference “the Baltic™. The Conference was held on October 6-11,
1997 and was focused on current research in Marine Geoscience in the Baltic area, Traditionally, the Marh}c
Geological Conferences—The Baltic—are arranged biyearly, since 1987, The previous conferences were held in

Parainen, Rostock, Sopot, and Uppsala.

The Conference has continued to strengthen professional links between the researchers in marine gcp]ugy in
the Baltic Sea area. The goal of the Confercnce achieved was to present and discuss rescarch results—increas-
ingly growing during the last decade—to enrich the knowledge, and to stimulate future research as well as the

international co-operation.

The Conference papers—talks or posters, submitted by authors, are compiled in these Confe rence Proceed-
ings as the BALTICA Special Publication 12. Both oral and poster presentations have l!enllt with very broad
aspects of bedrock geology, Quaternary, Holocene, sedimentology, coastal geology, geochemistry, new rcs_curch
technologies and geoinformatics. It seems, however, that the main focus was dcvntq:ld 1o the recent Baltic Sf:u
history; state of the art for its different basins; and prediction of future development, cither harmful or beneficial

for people and for the environment.

Many colleagues have helped in completing of the Proceedings, and in the Cunfcn:l nce organisation as well.
We are especially grateful for opinions received from paper reviewers. Sincere }hnnk is expressed o the ment-
bers of the Conference Committee and staff of the Department of Baltic Marine Geology for their sufficient
efforts that made the Conference and Geological excursion course successful.

The Conference Committee acknowledges with gratitude the support for this Conference granted by the
Lithuanian National Committee of Geologists, the Lithuanian Science and Studies Foundation, t}_u: Qpcn Lithuania
Fund and the European Association of Geoscientists and Engineers—Programme for Association and Co-op-

cration in Earth Sciences (EAGE-PACE) Foundation,

The Baltic—the Fifth Marine Geological Conference was organised by the Lithuanian Institute of Geology
in co-operation with the Lithuanian Academy of Sciences, the Vilnius University, the thhuaman_[nslllulc of
Geography and the Geological Survey of Lithuania, The Conference Committee is happy to close its own duty

with this publication.
Welcome to the Conference Procecdings!

Editor Algnmantas Grigelis

Vilnius, September 1999

Correlation of Tills from the South-Eastern Baltic Sea Bottom and
Nearshore Boreholes

Stratigraphic correlation and identification of tills s one of the maost
important problems of geological mapping of the South Eastern Baltic
Sea (Lithuanian sector, Sventoji—Klaipeda aquatory) and surround-
ing offshore area (northern part of Lithuanian Maritime region).
Stratigraphic correlation of tills from the SE Baltic Sea bottom and
near shore borcholes was carried out on the basis of results of
geochemical investigations and data of morphological analysis of
hornblende grains. Stratigraphic subdivision of till sections in bore-
holes and grouping of till samples from the sea bottom surface as
well as stratigraphic correlation between borcholes till layers and
sea hottom sample groups was completed wsing factor and cluster
analysis. Stratigraphic interpretation of correlated geological strata
was performed taking into consideration additional information, such
as results of OSL dating and paleobotanical investigations of
intermorainic deposits. It has been found that Saalian tills prevail in
the geological sections of Quaternary deposits of Lithuanian Mari-
time region and dominate on the Baltic sea bottom surface of the
northern part of the Lithuanian scctor,
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tigations, hornblende, stratigraphic correlation, factor analysis, cluster
analysis.

INTRODUCTION (Morthern part of Lithuanian Maritime region), Tradi-
tionally palynological analysis of interglacial deposits
The problem of stratigraphic identification of Quater-  und petrographic examination of gravel part of tills arc
nary deposits existed during the whole period of the 43504 for such purposes at first. However, it was impos-
Baltic Sea bottom investigations. Visual colour com-  giple 1o use palynological analysis because interglacial
parison, physical-mechanical properties (density) or  genosits have not been detected in the investigated re-
geological bedding conditions served as main criteria gion. Analysis of results of petrographic investigations
for stratigraphic subdivision and correlation of Pleis-  Jpione i 1he East Baltic and Lithuanian Maritime re-
tocene liI]s-duri_ng gcu]ug,ic:!ll milpping of the [iﬂltic Sea gion (Gaigalas et al. 1987: 1997) shows that petro-
at & seale of 1:500 000 {Gn_gr:lls t?l'”: chch“ A :_.L' graphic composition greatly varies in the same till layer
=80 e problem b ey pplec correliomor e because of different reasons, so this method of investi-
of the South Eastern Baltic Sea was started 1o be solved ottt a.:t'rcc‘tiw.: Li:_]n IItuknthcr hand. the till
only in the last decade. The investigations of petro- = . e ) W R
spiccomposionl s Gigicrsl Y7 157) s o s bt s s e e
and rounded hornblende grains studics {Majore et al. B e i Py

of scdiments, so it limited the possibility to use such

1997) were the first steps in this direction, : e . _
Stratigraphic subdivision and correlation of Qua- method of investigation as petrographic analysis of

ternary deposits, especially Pleistocene tills, was one gravel part of tills as well, Thus, stratigraphic correla-
of the most complicated problems that had been solved  tion ol tills from the sea bottom and near shore bore-
during large scale (1:30 000) geological mapping of the holes was carried out on the basis of results of
SE Baltic Sea bottom (Sventoji—Klaipéda aquatory of  geochemical investigations and data of mineralogical
the Lithuanian sector) and neighbouring offshore area  analysis - morphological studies of hornblende grains.
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Fig. 1. Clustering of till samples from the Baltic Sea bottom according to geochemical composition. The number of sampling o e
station with an asterisk means that mineralogical investigations have been done here as well, J-1, ..., J-4 are indexes of PR o P
sample groups according to author's interpretation g.; — B-6 o
Tree Diagram for 22 Cases 178 —
78— B-7
Complete Linkage 75—
Euclidean distances pQ
i Fig. 3. Correlation scheme of till strata. 1 - group of till samples from the Baltic Sea surface and its index; 2 - tll layer from
offshore borehole and its index; 3 - imtermorainic deposits: sand or sand with organic admixtures, silt, clay: 4-6 - different
_____ geochemical types of till (I, IL, and I11) according 1o the results of clustering in Fig. 2. A, B, C, D and E are indexes of
10} correlated il strata
Bl esssssrrefiosresssessssfasprrsresens ey ] . _ ) .
3 METHODS OF CORRELATION correlation of glacial deposits had been used previously
g o o _ for analogous purposces in the other regions of Lithuania
a 4 Gu{}chcm:_cnl :mfusugalliﬂns (whole rock ICP analysis)  (Bitinas 1993). According to this method, the interpre-
2 of fine grained part of tills (less than 1 mm) have been  tation of different geological facts has been combined
£ carried out in the samples of 3 offshore boreholes (218 with results of the mathematical-statistical treatment
e P SN [ (0T b samples, Bitinge-2, LaukZemé-3 and Purmaliai-Sbore-  of geochemical data. The samples of tills from the sea
holes) and sea bottom surface (39 samples) in Canada,  hottom surface were subdivided into four relatively
1 ACME :ﬂ'dlaffliﬂ.'.‘ul Laboratories LTD. Morphological homogenous groups according to chemical COMpOSI-
P adabid 7 properties and tatal amount of well-rounded horn-  tion using cluster analysis (Fig. 1). Analogous separa-
ol ‘. blende grains (fraction £0.25-0.1 mm) in 36 till samples  tion of relatively homogenous till layers have also been
| : from Bitingé-2 and Laukzeme-3 borcholes, aswell as  done in the geological sections of boreholes using fac-
o I . : n 12_““ samples from the sea bottom surface were  yoranalysis. Till sections of boreholes were subdivided
Pa L4 LA |PS L1 BT 42 PE P2 P4 B4 B3 BE BS B2)L2 J4 J3 P4 PT B examined at the same time in Riga, Latvia University  into four (Laukzemé-3) to seven (Biitingé-2 and
P 1l ! I by L.Kalnina. Purmaliai-5) till lavers. After that, the number of

stratigraphic subdivision and correlation of till lay-
ers have been done according to results of geochemi-

geochemical coefficients (SiOJALO,, Si0/Ca0, ALO/
Fe,0,, ALO /MO, ALOJK O, K.O/Na,0O, MgO/TiO,,

Fig. 2. Clustering of till sample groups from the Baltic Sea bottom surface and till layers from offshore boreholes according

lo geochemical coefMicients. 1, 1T and I mark different geochemical types of tills according to author's interpretation cal investigations first of all. Method of subdivision and

CaO/ALO,, CaO/MgO, CaO/Fe,0,) have been calcu-

6 7
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Fig. 4. Amount of well-rounded hornblende grains (in 5¢) in tills and possible version of correlation of the till sirata. Sam-
pling stations on the Baltic Sea bottom surface: the number of station / dependence to sample group according 1o clustering

in Fig. 1

lated for each till layer of boreholes and each sample
group of the sea bottom surface. Single till samples in
borehole sections with anomalous peochemical com-
position (reflecting crust of weathering, floes, ete.) have
not been included in this calculation. In the next step
of investigations previously calculated geochemical
coefficients for all till layers or sample groups were
compared to each other using the cluster analysis (Fig.
2). The correlation scheme of geological bodies (uill
strata) have been made on the result of such clustering
(Fig. 3). According to the geological logic of strata for-
mation (not possible to correlate strata crosswise) five
till strata belonging to three different geochemical tvpes
of tills were pointed out. [t is evident that one group of
till samples from the sea bottom surface (J-1) is out-
side correlation. Relatively higher amount of ALO,
Fe.O,, MgO, Na,0 and lower conce ntration of 5i0), as
well as a bigger amount of the pelitic particles (less
than 0.01 mm) are characteristic of this group, Such
geochemical and granulometric composition may re-
flect lacal till, rich in Pre-Quaternary sediments,

The scheme of correlation of tills according to data
of examinations of well-rounded hornblende grains

(Fig. 4) is very similar to the correlation scheme of till
strata created according to data of geochemical inves-
tigations. The highest concentration of well-rounded
hornblende grains (more than 30%) have been fixed in
the till samples of the sea bottom surface, that belong
to groups J-3 and J-4 according to data of geochemical
investigations (Fig. 1). Similar high amount of well-
rounded hornblende grains are characteristic of till lay-
crs of boreholes: B-4, L-2 and lower part of L-4. Thus,
it is possible to correlate samples from groups I-3 and
1-4 as well as till layers B-2 and L-2 (as according to
data of geochemical investigations, Fig. 3). Four re-
maining till samples from the sea bottom surface (B-
11-6,7-A, 71-34, 74-6 and 74-40) have lower amount of
well-rounded hornblende grains and belong to group
1-2 (Fig.1), that previously had been correlated with
till layers L-1, P-1 and P-2 (Fig. 3). Data of mineralogi-
cal investigations do not contradict to such correlation,
because the content of well-rounded homblende grains
is very similar in the samples from group J-2 and till
laver L-1 (Fig. 4). The correlation of other till samples
according to concentration of well-rounded hornblende
grains is more problematic.

Correlation of Tills from the South-Eastern Baltic Sea Bottom and Nearshore Boreholes

Hax

£

84-2
&)

g%

i

¥

Fig. 5. Dislocation of till sampling sites on the Baltic Sea bottom surface, their numbers and groups of samples are given
according to the results of clustering in Fig, 1: 1-J-1; 2- 1-2: 3 - J-3; 4 - J-4, Some sampling sites are beyond the limits of the

indicated arca

It is possible to conclude that presented correlation
scheme of till strata created on the basis of geochemi-
cal investigations has been confirmed on the results of
mineralogical examination. Thus, stratigraphic corre-
lation of tills is supposed to be more or less reliable,
and the correlated till strata (Fig. 4. strata A. B.C, D
and E) represent glacial deposits of different glacia-
tions, stadials or oscillations.

STRATIGRAPHIC IDENTIFICATION OF TILLS

According to the data of geochemical investigations of
tills it is possible to correlate separate till layers, but it

is very difficult to decide about the age of these depos-
its. The results of morphological investigations of homn-
blende grains are more suitable for this purpose. It has
been observed that amount of well-rounded hornblende
grains in the East Baltic region and surrounding areas
of Russia and Belarus vary in different tills; from 6 1o
22% for Weichselian (Wurmian) till; from 28 1o 37%
for Saalian till and from 11 to 18% for Elsterian
{Mindelian) till (Ulst & Majore 1964; Majore et al,
1997). In accordance with these data the uppermaost
till stratum A (Fig. 4) could be correlated with the
Weichselian till. The till stratum B belongs to Saalian
till because of the highest amount of well-rounded horn-
blende grains. The lower till strata C and D most prob-

9
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ably belong to Saalian till as well because the amount
of well-rounded hornblende grains increases to 27,09
(B-6) or 38.0% (L-4). Thus, strata B, C and D are as
stadial or phasial Saalian tills. Such conclusion is sup-
ported by results of optically stimulated luminescence
(OSL) dating of intermorainic deposits. According to
OSL dating and the results of paleobotanical investi-
gations, the sandy deposits between till layers L-2 and
L-3in LaukZemé-3 borehole also between P-2 and P-3
in Purmaliai-5 borehole (Fig. 4) were formed in a fresh-
water interstadial basin approximately 140-160 kBE [t
is characteristic that concentration of well-rounded
hornblende grains in till strata C and D vary in rela-
tively large scale - from 13.0 1o 38.0%. It may be asso-
ciated with a big amount of Elsterian sediments (lenses,
floes) in these Saalian till strata. The Elsterian till may
be distinguished only in Purmaliai-5 borehole (till layer
P-7), but we have no data of mineralogical investiga-
tions from this geological section. According to pre-
sented stratigraphic interpretation the uppermost
Saalian till prevails on the surface of the sea bottom
(Fig. 5). The younger Weischselian till must have been
eroded during reiterative transgressions of the Baltic
Ice Lake and the Litorina Sea.

The distribution of till samples. distinguished by
cluster analysis (Fig. 1}, depends on the sea bottom sur-
face relief (Fig. 5). The till samples of group J-1 spread
in the depths of 26-29 metres (average 27.5 m). The till
samples of group J-2 located in the depths of the 26-34
metres (average 31 m) are found in the local areas.
The till samples of groups J-3 and J-4 arc spread at the
two sea depth levels: about 34 m - lower level and
22-25 m - upper level. The till samples of scparate
groups differ in granulometric composition, The till
samples of group J-2 contain about 40% of pelitic par-
ticles (less than 0,01 mm) and represent silty loam. The
amount of the pelitic particles in the J-3 and J4 groups
of till samples vary from 21 1o 44% but their average
amount is 29 and 24% accordingly. These till samples
represent the sandy loam, Thus, the granulometric com-
position of till probably has an influence on its
geochemical composition. On the other hand, the regu-
larities between geochemical composition of till and
sea depth may be attributed to different parts of the
same till stratum with different granulometric and
geochemical composition and exposed at different lev-
els on the sea bottom surface.

CONCLUSIONS

The results of geochemical investigations and mineral-
ogical examination (analysis of well-rounded horn-
blende grains) of Pleistocene tills together with math-
ematical-statistical data treatment enabled to solve the
problem of stratigraphic correlation and identification
of Quaternary deposits in the South Eastern Baltic Sca
bottom and surrounding offshore areas. It has been

established that Saalian tills prevail in the geological
sections of Quaternary deposits of the Lithuanian mari-
time region and dominate on the surface of the
Lithuanian sector of the Baltic Sea bottom. The
Weichselian till covers this part of the sea bottom only
fragmentarily. The regularities between geochemical,
mineralogical, granulometric composition of tills on the
sea bottom surface and depth of the sea have been de-
tected as well. The methods of investigations mentioned
above are worth using in continuation of geological
mapping or other investigations in the SE Baltic Sea
and neighbouring land arcas.
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Engincering geological rescarch of bottom sediments of the Baltic
Sca near shore zone of Lithuania has been done. Grain size, physical
and mechanical propertics of bottom sediments have been deter-

Keywords: The Baltic Sea, bottom sediments, grain size, sand, mois-
ture content, density, void ratio,

INTRODUCTION

The research of physical properties of various age and
genesis of bottom sediments and rocks was being done
before (Sviridov 1980). The speed of sound spreading
was defined in these sediments (Sviridov 1977). These
results were applied in geophysical research of the Bal-
tic Sea bottom. Physical properties of the clayey bot-
tom sediments in the South Eastern Baltie were deter-
mined { Lukofeviéius & MarcinkeviZius 1977). The data
published show that clayey sediments of different age
are in the diagenesis stage and at a very low degree of
lithification. Dehydration and consolidation of sedi-
ments is caused by gravity powers. The physical prop-
erties and their changes were investigated in the map-
ping area during geological mapping of the Baltic Sea
bottom surface. The geological mapping on a scale of
1:50 000 of the Baltic Sea bottom was done for the first
time. The bottom sediments make up a water-saturated
substance. The bottom sediment samples may be of a
slightly disturbed structure, and they physical proper-
ties change when the samples are taken. All samples
were taken by Van-Veen grab and these changes were
approximately the same for each sample.

METHODS AND MATERIAL

Engineering geological research of the Baltic Sea bot-
tom has been carried out together with geological in-

vestigations in 19941995 years. 110 sediment samples
were laken from the sea bottom surface. The moisture
content (W), density (r), particles density (r ), void ra-
tio {e), and mechanical properties of sediments (angle
of internal friction, cohesion and deformation modu-
lus) were determined at the Vilnius University lubora-
tory. Grain size distribution were determined at the
Institute of Geology by LST-1445, 1995, Other proper-
tics were determined according to the USSR standards.
LST-1445 is a new Lithuanian soils enginecring geo-
logical classification (Dundulis 1997). It is based on
150 and EUROCODE-7 recommendations. Accord-
ing to grain size sandy sediments can be presented in
four groups with the following particle size; 60-2.0; 2.0-
0.06; <0.06 and <0.002 mm (calculated from fraction
<0.06 mm) (BS 1377,1990).

According to predominuting fraction, sandy sedi-
ments consist of coarse, medium and fine sand.

DISCUSSION

Grmin size distnbution. Sundy sediments of different
grain size are wide-spread in the mapping area (Fig.1).
Fine sand contains 95-99% of particles with grain size
ranging in 2-0.06 mm and 1-3% grains smaller than
0.06 mm particles. The particles of the same size are

11
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Fig. 1. Engincering geological scheme of Baltic Sea sedi-
ments: 1 - sandy gravel, very gravely and gravely sand, 2 -
coarse sand, 3 - medium sand, 4 - (ine sand, 5 - silty sand, 6 -
very silty sand

w = =~ g — i

Fig. 2. Moisture of bottom sediments (%): 1 - <20, 2 - 20-
25,3-25-30,4 - 3035, 5- =33

present in medium sand, with the main fraction of 0.2-

0.6 mm. About 3% particles (< .06 mm) are silty sand
and very silty sand, and 5% particles (2 - 60 mm) are

12

gravel and coarse sand. Fine sand is spread in northern
part, silt and very silty sand are spread in the central
and southern area, whereas gravel sand occurs in the
near-shore zone,

Physical condition of sediments. The moisture content
(W), density (r), particles density (r} and void ratio
() were determined in the laboratory. On the ground
of void ratio the sediment density was calculated. If
e<0.60, soil is dense, at ¢ = (L60-0.80 it is medium
dense, and at e> 0.80 it is loose. Fine sand is medium
dense, its moisture content ranges in 21,2-27.7%, den-
sity varies within 1.94-2.09 g/em’, particle density - 2.50-
271 g/em'. Medium sand is dense. moisture content
ranges in 21.3-9%, density - 2.05-1.83 g/em’, particle
density - 2.50-2.71 g/lem’, Fine sand is characterized by
minimum void ratio, where silty sand has maximum
ratio. These results enable us to assert void ratio in-
crease in finest material and decrease in coarse mate-
rial. The sandy sediments of the Baltic Sea bottom sur-
face are statistically monolithic. The statistical param-
eters of main physical properties are shown in Tables
l,2and 3.

Mechanical properties of bottom surface sediments. The
shear test was applied for determination of angle of
internal friction and cohesion and odometer test - for
deformation modulus in the laboratory. Angle of in-
ternal friction of fine sand ranges from 2% to 45, co-
hesion - 2-7 KPa. Angle of internal friction of silty sand
is the largest - from 22° 1o 31% cohesion - 1-19 KPa.
Agcording to the odometer test compressibility of sand
is low,

FPhysical praperties obtained by lithalogical investigation,
The moisture content of bottom sediments ranges from
20 to 35% (Fig. 2). The density of bottom sediments
exceeds 2.0 g/em’ in sand spread in the ficlds of pebble
and gravel, 1.9-2.0 giem* in the near-shore zone, and
1.7 g/em’ in the coarse aleurite (Fig. 3). Void ratio in-
creases from sand to coarse aleurite from 35 to 60%
(Fig. 4). The physical properties are directly related to
the grain size of bottom sediments. Distribution of these
bottom sediment properties in the near-shore area is
of the same character as the enginecring geological
types of the sediments.

CONCLUSIONS

The rescarch results were applied for estimation of
sediment strength in the mapping arca, Hard and firm
sediments seem to be distributed in the northern part
and more loose and week in the central and south ar-

Geotechnical Properties of the Baltic Sea Bottom Sediments (Lithuanian Nearshore Zone)

Tahle 1. Statistical values of fine sand

Physical value Number of Max Min Average STDEV | VAR
sample value value value

Moisture comtent (W), % 14 277 21.2 25.17 1.95 0.08

Density (p). kglem' 14 2.09 1.94 1.98 0.04 0.02

Void ratio (e}, % 14 76 6l G 0.5 0.07

Particle density (p,) 14 271 p 2.67 (105 n.o2

kefem'

Table 2. Statistical values of silty and very silty sand

Physical value Number of | Max Min Average STDEV VAR

sample value value value

Muoisture content (W), % 35 449 24 339 5.2 .16

Density (p). kgfem' 35 209 1.75 1.9 0.09%8 0.0516

Void ratio (e). 5% 35 126 1 BY 0.146 0,166

Particle density (p,) 35 2.67 2.54 2.61 0.036 0.0138

kefem’

Table 3. Statistical values of medium and coarse sand

Physical vilue Number of | Max Min Average STDEV VAR
sample value value value

Moisture coment (W), % 149 27.7 9.0 23.1 4.5 0.195

Density (p), kefem’ 19 2.9 1.83 1.9% 0.05 0.03

Woid ratio {¢), 5% 19 16 53 65 0.06 0.097

Particle density (p,) 19 27 250 2657 0.043 0016

kofem’

iE

BEEDOOD |

a -_f.p/’;_’//*:r/{ % b

e

i

_..

e

=

P4 i

Fig. 3, Porosity of botom sediments (9): 1- <35, 2- 3540,
3 - 40-50, 4 - 45-30, 5 - 50-55, 6 - 5560, 7 - =60

Fig. 4. Density of bottom sediments (gem®)y: 1 - <1.7, 2 -
1L7-1.8, 3 - L8-1.9.4 - 19220, 5- =20
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eas of the South-Eastern Baltic. These sediments are
characterized by a high void ratio and water satura-
tion. There are many problems in investigation of sea
bottom sediments. Some new equipment for investiga-
tion of bottom sediments in natural occurrence is nec-

cssary.
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The sub-Quaternary surface in the south-castern Baltic Sea has been
analysed on the basis of geological mapping on a scale of 1:50 000,
The study area stretches along the Lithuanian coast between the
settlement of Sventoji and Klaipéda city at the depths of 0-40 m.
Seismic profiling data have been used for an information about the
bedrock morphology and geology. The Quaternary cover has also
been taken into consideration in the article. Two structural-denuda-
tional surfaces are reshaped by paleochannels, as the highest levels
of the sub-Quaternary peneplain in the south-castern Baltic Sea have
been identified. The influence of tectonics on the sub-Quaternary
surface and Quaternary deposits is described and their possible
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interralationship discussed.
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INTRODUCTION

The sub-Quaternary surface of the south-eastern part
of the Baltic Sea, as an arca of the Central Baltic Sea,
reflects all the basic features of the Phanerozoic
lectogenesis and geological distribution of the geologi-
cal basin (Grigelis 1995), The sub-Quaternary pene-
plain can be started to form in the Oligocene, when
marine basin, due to regression, retreated from the east-
ern Baltic land and the south-castern Baltic Sea arca,

N.LSviridov and others (1976), N.LSviridov and
V.M. Litvin (1983), M.Mordanov (1975), and A.Sliaupa
(1998) worked with the sub-Quaternary topography on
the onshore and offshore of the south-cast Baltic area.
Majority of these investigations revealed a system of
buried palcoincisions. The schematic maps scparately
for this area were compiled by the authors. More de-
tailed map of the bedrock topography for the study area
was compiled by M.Mordanov (1975), A structural ter-
race at the depths of =50 —40m, reshaped by the inci-
sions reaching -100,-110m and going down south-west-
wards, is exposed on this map.

MATERIAL AND METHODS

Seismic profiling was performed by Latvesta - Latvian
geophysical company - and joint Lithuanian-Swedish
(Lithuanian Institute of Geology and Stockholm Uni-
versity) expeditions (Fig. 1). The data of the sub-bot-

tom structure were collected by an analogue single seis-
mic reflection equipment. Latvesta used 500 Hz and
10 kHz records, which were displayed on graphic
records. During Lithuanian-Swedish survey, the signals
were filtered on side, and two 230-500 Hz records
{stacked and unstacked version) were displayed on the
precision graphic records at (1.5 sec, intervals.

The scismic profiles were interpreted with respect to
the following seismic units: [ - Holocene (homogenous
and/or laminated mud, silty sand, clay of Postlitorina,
Litorina, Ancylus and Yoldia stages); I1 - laminated and
homogenous glaciolacustrine clay and sand: I11 -Pleis-
tocene till, IV - top boundaries of the sub-Quaternary
surface.

During Lithuanian Swedish seismic profiling new
data were obtained for the Late Paleozoic and Meso-
zoic sedimentary bedrock and seismostratigraphy. The
unit boundaries consist of discontinuity surfaces fixed
by strong reflection. The units are correlated with the
borehole and core available for the study sea area and
the mainland as well. This analysis has resulted in two
maps: one of the morphology in the bedrock composed
by Triassic and Jurassic sedimentary rocks; and another
of the Quaternary thickness.

IDENTIFICATION OF BEDROCK SURFACE
The recent seafloor topography shows the submarine
coastal zone that, going offshore. passes to less-steep

hilly relief and abraded till plain (Fig. 1).
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the submarine coastal zone

iz

goes down towards ashore and
only at the latitude of Klaipéda
is separated by a ridge belong-
ing to the higher terrace.

The paleoincisions are im-
printed in the peneplain topog-
raphy. The sub-Quaternary
channels are concentrated n
the southern part of the area.
Palcochannels are inseried in
this surface to the depths from
~68-78 m to =98 m below NN,
and they are generally V-
shaped. The buried drainage
systems with the same depths
ar¢ recorded in the coastal land
area (Sliaupa 1998). Regarding

i
/
/
//‘.

forms, depths and infillings of
the channels they can be closely
conformed with drainage sys-
tem south-westwards.

Data on bedrock topogra-
phy and the development of the
sub-Quaternary pencplain
have also becn taken inlo in-
terpretation of thickness and
depositional forms of the Qua-
ternary cover. The Quaternary
is very uneven, and its thickness

| ) lnikiashes sre drawn Fnine | S:n-lrrn: ]m-qillu?g
‘ i P _| performed ISE

| Selumnie pml'll:ln};
S e LATVESTA

varies from 5 to 40 m. The
maximum thickness is distin-
guished in the submarine
coastal zone, and minimum
one — at the ridges of higher
! and lower terraces and at the

Fig. 1. Location map of the scismic track lines, The isobathes of present bottom lopog-

raphy drawn at 5 m intervals

The new reconstructed sub-Quaternary topography
contains two denudational levels at 65-50 and 45-35 m
b.s L, slightly tilled south-westwards (Fig. 2). A scarp.
approximately 15 m high, separates lower and upper
levels, making up two terraces. These terrace surfaces
exhume Triassic and, in some places, Jurassic sedimen-
tary rocks,

The ridge, oriented from north-west to south-cast
towards the shore, exists at the higher terrace level,
and only rare bedrock hills rise at the lower level. A
gentle scarp of the lower terraces descends southwards
until 75 m b.s.l. Going to the northern edge of the study
area, more steep 10 m high scarp of the upper terraces
of descends into isolated depression and at the foot
reaches only 55 m b.s.l. The bedrock topography along
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scarps. Quaternary deposits
are thicker in the south-west-
ernn part, 100, The Quaternary
of higher thickness along the
nearshore zone, in the present topography, is expressed
by less—steep hilly relief, or is visible as a till plain where
Quaternary is less than 15 m thick on the tops of sub-
Quaternary peneplain (Figs. 1 and 3),

DEVELOPMENT OF THE SUB-QUATERNARY
SURFACE

The morphology and development of sub-Quaternary
surface reflects the special features created during both
pre-Late Permian and pre-Quaternary continental pe-
riods in this region (Grigelis 1995), The sub-Quater-
nary surface was formed during Late Paleogene-Neo-
gene after retreat of the sea from the south-castern

sub-Ouaternary Surface of the Souh-Eastern Baltic Sea

study area Hercynian disjune-
live structure can be detected
in the surface of the pre-Qua-
ternary peneplain. The interre-
lationship does exist between
main fault lincaments and sub-
Quaternary morphology. On
the risen central area, the West
Nida and Telfiai faulting zones
protrude on the ridges (Fig. 2;
Sakalauskas & Suveizdis 1990).
The West Nida structural tec-
tonic ridge, mcluding local de-
formation, is clearly expressed
in  the sub-Quaternary
morphostructure. The Telsiai
main fault zone, oriented from

deobead

m Liocal strucnoes
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north-west offshore to south-
cast onland, is weakly cx-
pressed in the sub-Quaternary
topography. The north-western
edge of this faulting zone baor-
dering major tectonic blocks is
emplaced in the northern slope
of the higher terrace ridges.
The relationship between
Quaternary thickness and sub-
Quaternary morphology secms
to be existing too, The Quater-
nary is less than 15 m thick a
the sub-Quaternary peneplain
ridges, i.e. it reaches 14 m in
the borehole D26-1, and is only
100 m thick in the borehole 60
(Majore et al., 1997). It can be
noted that sedimentation pat-

Fig. 2. Morphology of the sub-Quaternary surface of the south-castern Baltic Sea.
Contours drawn at 5 m intervals; tectonic sketch map after K. Sakalauskas et al, { 1995)

and southern parts of the Baltic landmass. At the end
of Neogene, the area rose up, and processes of denu-
dation and erosion were activated, The river valleys
network might have taken place there with its erosion
base being Polish-German basin. At the beginning of
the Pleistocene, the sub-Quaternary surface was af-
feeted extensively by glaciers. Pleistocene glaciers re-
newed the Neogene peneplain, exarated pre-Pleis-
tocene and incised fresh valleys, as well as created depo-
sitional forms (Gelumbauskaité & Grigelis 1995).
Reconstructed sub-Quaternary pencplain seems to
be mainly structural-denudational in its origin.
Analysing scismic profiles with tectonic setting of the

tern has been modified by tec-
tonics during and after the
Quaternary glaciations,

CONCLUSIONS

Analysis of the deformations of sub-Quaternary sur-
face of the south-castern Baltic Sea shows that the de-
scribed parallelisms are not merely accidental.
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INTRODUCTION

The upper part of the sedimentary cover in the south-
castern and southern Baltic Sea is composed of Late
Paleozoic and Mesozoic sedimentary rocks (Fig. 1). The
lime interval embraces the Early Alpine tectonical
cycle. Generally, thickness of the whole Alpine sedi-
mentary complex, decping southwards from Klaipéda
Bank to Gdansk bay, varies from 200 1o 1600 m
(Grigelis 1991; Marck & Grigelis 1998). Not so much
is studied on a bedrock geology and tectonics of the
study area (Dadlez 1993; Grigelis 1995; Grigelis &
Norling 1999; ete.).

Present stratigraphic subdivision of the south-cast-
ern Baltic bedrock is still based on rare marine drillings
made in 1977-1984 (borcholes D-1, D-5, D-6, C-7, C-
8, C-9). A simple stratigraphic subdivision has been
used before, by distinguishing separate geological sys-
tems only (Sviridov 1883, 1991). Permian-Mesozoic
stratigraphy framework and consequently regional geo-
logical maps constructed in the end of 80-ties were
based on the episodically performed geophysical re-
search and marine drillings data (Grigelis 1993), Some
labour to study Upper Devonian-Permian structural
features and seismic stratigraphy on the castern side
of the Baltic Sea (mainly, Latvian waters - Floden 1980),
as is noted (Grigelis 1991, pp. 169, 182), was not pro-
fessional due a lack of basic knowledge of the East
Baltic Devonian-Permian geology.

New data for the whole Palcozoic and Mesozoic se-
quence of the central Baltic were obtained in 1993-1995
by seismic reflection profiling performed by Latvian

company Latvesta and by Lithuanian-Swedish expedi-
tions on R/V Véjas (Grigelis & Floden 1994; Kovalenko
1994). The first data were presented at the Baltic Strati-
graphic and Baltic Marine Geology Conferences
(Sopot, 1993; Uppsala, 1995; Tallinn, 1996; Vilnius,
1997).

OVERVIEW OF SEISMIC SURVEYING
DATA USED PREVIOUSLY

Different modilications of seismic prospecting used
within the central and southern part of the Baltic Sea
allowed distinguishing sequences of different strati-
graphic range. Their exposures have been traced un-
der the sub-Quaternary surface of the sea floor
(Sviridov et al. 1976; Floden 1980; Grigelis 1991, 1993).

In the central and south Baltic, the Paleozoic and
Mesozoic layered sections comprise several strong re-
flecting boundaries, many of which are acoustic screens,
Subsiding under the acoustically permeate strata, they
are traced to the maximum depth, and can serve as ref-
crence boundaries in case of stratigraphic correlation
and subdivision of sedimentary complexes (Sviridov,
in Grigelis fed./ 1991},

DATA BY LATVESTA AND VEJAS EXPEDITIONS,
1993-1995

The upper part of sedimentary cover in the south-cast-
ern Baltic is so far not completely investigated. Con-

19



Algimantas Grigelis

L

]

e

=

tad
=

=

g

E
7

6 10 20 30 40 50km
—_t

| = |

E3

EX

3

el
E] Cretaccous 1 x | Late Cretaceous

= | Early Cretaceous
Eﬂm 7t | Late Jurassic

= | Middle Jurassic

% | Early Jurmssic
T.-,-.;ﬁ: 3 | L Trisssic

@ | Middic Trisssic

‘3 | Early Triassic
'- Fermian | | Lste Permion

550 | Early Permian
E Carboniferous Late Carbonifcrous

Early Carboniferous

Devanian n I..I#Dﬁ“iml

T | Middle Devonian

(| Early Devonian
E@mm (% | Late Silurian

Fa| Early Silusian

Fig. 1. The south-eastern Baltic Sea: the area of investigation is displayed on the Geological Map of the Ball_iu_: rcgiun1{ur:::f
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tinuous seismic reflection profiling performed during
Latvesta (Lithuanian-Latvian) and R/V V¢jas
(Lithuanian-Swedish) expeditions in 1993-1995 aimed
to investigate in detail the geological structure of this
arca. The particular interesis were given 1o the Middle-
Late Paleozoic and Mesozoic bedrock structure and
Quaternary development.

The ficld methods described in Grigelis and Floden
{1994) include echosounding. seismic reflection pro-
filing and geological sampling, all using high resolu-
tion satellite navigation systems. The base-net of N-5
profile lines has a spacing about 10° of lntitude degrees,
i.e. 10.25 km. The base-net is supplemented by a spirse
net of E-W profiles and some densely profiled arcasto
highlight certain structural features, The Lithuanian
R/V Véjas (Marine Rescarch Center, Klaipeda), was
appointed for the expeditions.

The continuous seismic reflection profiling (CSP)
is performed for about 8000 km. An analogue single-
channel seismic reflection equipment (Stockholm Uni-
versity), based on a PAR-600B airgun, was used. The
instrumentation hus the larger part ol its acoustic en-
ergy restricted towithin the frequency interval 100-1000
Hz which is sufficient for penetration of around 500 m
in the present sedimentary bedrock. The reflected
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waves are filtered at the interval 250-500 Hz, and re-
corded on a precision graphic recorder. The data re-
ceived belonged both to the Lithuanian Institute of
Geology in Vilnius, and Stockholm University.

The initial seismic interpretation of the results is
partly done at present time. It includes correlation of
seismic reflectors in the N-5 and E-W direction followed
by seismostratigphic correlation with onshore and off-
shore drillings, aswell as analysis of paleotectonics and
other structural features. The profiles shot in the area
between Gotland and the Lawvian-Lithuanian coast
have revealed new information on the geological frame-
work and on the Paleozoic to Quaternary stratigraphic
succession of the area, In the central part of the inves-
tigated area, when depth of seafloor is over 100 m, re-
flectors representing different lithological changes or
discontinuity surfaces are abundant (see Figs. 9, 10 and
11).

SEISMOSTRATIGRAPHIC SUBDIVISION

The scismostratigraphic subdivision is based on struc-
tural features and lithology, which reflect environment

Stratigraphic Units of Late Paleozoic and Mesozoic Bedrock of the Baltic Sea

conditions. Seismic boundaries and unconformity sur-
faces in most cases coincide with the boundaries be-
tween structural and stratigraphic units of a certain
rank; therefore, dividing the sedimentary cover they
are accepted as the “stratigraphic frame™. Using the
above features, the lithological complexes simulta-
neously with the unconformity-bounded sutfaces and
strong reflecting boundaries are correlated with the
lithological stratigraphic sections in adjacent onshore
wells, such as Palanga-318, Vydmantai, Klaipéda-1,
Nida-1, Rusné-1, which improved the accuracy of the
mterpretation (Grigelis 1991; Grigelis & Kadiinas 1994;
Kepezinskas et al. 1996). The approximate thickness
of the above complexes is determined with regard to
the mean layer veloeity values,

Correlation of stratigraphic boundaries in plan is
{avoured both by the constant reflection pattern of seis-
mic sections, and the coineidence of the strike of these
boundaries with lincar forms of sub-Quaternary relicf,
i.c. steep slopes and escarpments,

PRESENTATION OF RESULTS AND DISCUSSION

The interpretation of Mesozoic as well as Late Paleo-
zonc has been based on distinet angular unconformitics

Table 1. Mean values of layer velocities in lithological-
stratigraphic complexes of the Baltic Sca (after Sviridov
1991, modificd)

| Age of complexes Layer velocity, m/s

Cambrian 2750
Ordovician 3300
Silurian 3000

Devonian & Carbaniferous 230D

Permian 2200-500)
Triassic 2350
Jurassic 2100
Crelaceous 2000
Paleogene-Neogene 1950
Quaternary 1700- 1850
Water laver [-438- 1446

recorded in the seismic sections. The unconformities
represent breaks in sedimentation, and they separate
the stratigraphic units of contemporary sedimentation.
The tentative geological identification of
seismostratigraphic units is based on the comparisons
with the onshore geology of the Lithuania mainland.

It is essential to note that interpretation of seismic
research data obtained in 1993-1995 is limited by some
specific geological (and technical) conditions making
serious difficultics to trace distinguished reflectors
through the area studied:

- shallow and very shallow waters (<30 m), when
record is covered by multiple reflections;

- deeply eroded pre-Quaternary rock surface, when
record data fix some depositional relics only;

- fragmentary recorded seismic signature when seis-
mic signal is dispersed due to some uncertain reasons
and this does not allow to trace distinguished reflec-
tors in the whole area with distribution of certain sedi-
ment units,

Late Permian

The sequence of strong parallel reflectors just above
the eroded Upper Devonian surface is interpreted as
equivalent to the lower part of Zechstein Werra Cyele,
with typical seismic signatures (from base to top): Pl
(supposed) - as limestones or dolomites; P2 - close and
hard limestones and dolomites with silica concretions:
P3 - carbonate beds with parallel reflectors (Fig. 2).

The unit P2 is deeply affected by paleokarst in the
castern part of the area. This unit becomes thicker and
the seismic signature changes southwards forming the
structure interpreted as a barrier reef,

The unit P3 is distinguished only in the shallower
northern part of the barrier reef. The Late Permian
seismic units mentioned above gradually become thin-
ner and finally disappear in south-western direction,
The uppermost part of the Upper Permian (Stassfurt,
Leine cycles) are present south-westwards of the area
studied.

Thickness of Upper Permian as recorded reaches
over 25 m.

Early Triassic

Seismic units T1 and T2 are distinguished. They are
interpreted as the lower Early Triassic sequence of
argillaceous rocks, presumably equivalent to the
Purmaliai Group.
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Table 2. Principal stratigraphic subdivision of the Upper Paleozoic-Mesozoic of the south-castern Baltic Sea

Stratigraphy Environment Seismic unit

Maastrichtian- | Galinga Formation Marine [not studied]

Campanian- Bebras Formation
Upper Santonian-
Cretaceous | Coniacian- Brasta Formation Marine K2

Turonian

Cenomanian Labguva Formation Shallow K1.2
Lower Albian Jiesia Formation marine- K1
Cretaceous nearshore zone Kl.1
Upper Volgian- Tarava and Girdava Shallow [not studied]
Jurassic Kimmeridgian | Formations maring

Oxfordian Azuolija Formation Marine 14

Callovian Skinija Formation Shallow 13
Middle Papartiné Formation | marine Jz
Jurassic Bathonian Skalviai Group Brackish J1

(upper part) water basin
Lower MNadruva Group Continental [not studied]
Triassic Purmaliai Group basin T2
Tl

Z4 Leine and Aistmarés and Lagoonal- [not studied]
Upper Z3 Aller evcles | Préglius Formations | shallow marine
Permian Maujoji Akmené Fm. | Shallow P3

Z2 Werra cycle | Sasnava Formation marine P2

Kalvarija Formation P1 [not studied]
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Ti ] ]

Fig. 2. Interval 4.04-4.35 of the seismic profile V8403, scis-
mic units P2, F3 and T1. Angular unconformily is recorded
between Upper Permian carbonate and Lower Triassic
argillaceous clasts

— Fig. 4. Imerval 9.34-10.02 of the seismie profile V9404, Strong
reflector T1 in Lower Triassic scquence is interpreted as T1/
T2 seismic units boundary
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Unit T1 is characterised by rather weak regular re-
flectors; becoming disrupted northwards in the inves-
tigated area, where the unit may be partly eroded
(Fig.3). Scismic unit T1 is referred to the lowermost
Nemunas Formation.

Unit T2 is interpreted as cquivalent to the Early
Triassic Palanga Formation. The unit is composed of
rather weak, irregular reflectors of limited lateral ex-
tension forming typical transparent seismic signature
(Fig. 4). The irrcgularities of reflectors appear to be
more accentuated in the northern and western part of
the present arca. The different seismic signatures as
well as the presence of thin layers with local extensions
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.inthe upper part of unit, indicate the distinctive changes

of lithology in the unit.

Thickness of Lower Triassic in records varies around
50 m,

The Middle-Upper Triassic and Lower Jurassic are
absent in the present arca.

Middle-Late Jurassic

Seismic unit J1 is interpreted as terrigenous sediments
equivalent to the upper part of Skalviai Group of the
Middle Jurassic age. [tis expressed by extremely weak
reflectors, which create an almost transparent seismic

Fig. 3. Interval 16.06-16.33 of the seismic profile V9410,
Deeply eroded T1 scismic unit surface

signature (Fig. 5). The unit is decply croded by glacial
activities.

Seismic unit J2 is interpreted as representing the
Middle Callovian sandy carbonate rocks typical for the
onshore Papartiné Formation. Itis composed of almost
horizontal layering having several strong reflectors (Fig.
6). The umit is consistent with the maximal transgres-
sion to the north-western direction.

Fig. 5, Interval 20.13-20.42 of the seismic profile Y9413, seis-
micunits T2, J1 and J2, Lower Triassic argillaceous scquence
(T2, weak reflectors) is covered by weakly layered Middle
Jurassic terrigenous rocks, 11 and 12 seismic units
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Fig. 10. Interval 7.10-8.20 of the reference seismic profile V9302 representing decp
penetration in the central partof study area. Seismic units are distinguished: P T1, T2,
12,13, 14, K11
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Fig. 11, Eastward continuation of the reference seismic profile V9302, interval 8.20-
9,30, demonstrates thick lavered sequence of seismic units K1.2 and K2
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The given paper aims to study the process of formation of suspen-
sive currents in the coastal zone under stormy conditions by means
of numerical models. Model calculations have confirmed validity of
proposal, according to which extremely high values of mixing coeffi-
cient in the zone of storm impact are of crucial importance for the
process of formation of turbidity currents. In particular, it has been
shown that under chasen conditions the formation of quasi-station-
ary suspensive water takes place indeed. Besides, formation of bot-
tom currcnts is also possible. Thus, mixing in coastal zone under
stormy conditions is a necessary condition for formation of back cur-
rents penetrating into water column below the transition layer.

Keywords: turbidity flow, turbulence, nonhomogeneity mixing coef-
ficient, stratification, storm mixing, near-bottom current

INTRODUCTION

A number of authors (Aibulatov 1991); Sviridov 1997;
Antsiferov et al. 1978; Pykhov & Dachev 1981) have
found that during storms the return and discontinuity
currents are formed in shallow water arcas of the Bal-
tic Sea; they play a considerable role in transportation
of sedimentary material from the coastal zone to the
high sea. Indeed, seismo-acoustical and geomorpho-
logical data show that shallow water bottom and slopes
are covered by network of erosive channels, which serve
for transportation of suspensive material from shoal
to deep regions, forming along its path accumulative
bodies - accumulative fans and channel banks. Large
part of shallow water area and slopes (in the zones of
storm impacl - above pycnocling) is eroded and cov-
cred by coarse grain material. All this testifies the oe-
currence of intensive near-bottom currents participat-
ing in formation of erosive-accumulative bottom farms.
At the same time, generation of turbidity flows in shal-
low water is of pulsating and sporadic nature (Pykhov
1976; Leontyev 1981). Seemingly, this is associated with
saturation capabilities of coastal water, where trans-
portation of suspension 1o a decper arcas occurs. Physi-
cal nature and mechanisms of such return and discon-
tinuity currents are not clear yet. On the basis of facts
one may only conclude that during storm in the zone
of wave impact saturation of coastal water with sus-
pended material takes place. This water does not spread
over bottom, despite its larger density, if compared to
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that of the off-sea water masses, but it is accumulating,
sometimes to large volumes. Finally, storm-induced
bottom currents arc characterized by considerable ero-
sive capabilities (Pykhov, Dachev & Kosyan, 198()
Antsiferov et al, 1978; Sviridov 1997) and, thercfore, it
could be reasonable to explain all these facts from gen-
cralized point of view.

This paper aims to investigate influence of mixing
processes in the coastal zone on formation of suspen-
sion flows under the stormy conditions. Tt is clear that
it is impossible to perform an analytical investigation
of the above mentioned processes in full size, L.e. to
make records and solve the differential equations pre-
serving physical idea. Implementation of laboratory and
ficld experiments is also problematic. That's why stud-
ics on formation suspensive flows under the stormy con-
ditions have been carried out by means of numerical
model.

MODEL

Formulation of model equations will allow to propose
that flow of inviscid and non-homogeneous fluid is tur-
bulent and non-stable. Buoyancy forces are known to
suppress the vertical turbulent exchange on the inter-
face between two water masses, differing in density
(Monin & Yaglom 1971). That's why for modeling tur-
bulence instde a suspensive current the notion of ef-
fective viscosity was used (Monin & Yaglom 1971;
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wnuchin & Gritsenko 1985) and it was assumed to be

cqual to zero. The larger density of water layer, formed
inder the influence of wind, was also assumed to re-
<ult from the occurrence of passive impurity (suspen-
<ion). Discontinuity or return currents are character-
sed by small (normally to velocity vector) values, This
made us possible to come to conclusion about hori-
contal homogeneity of current in transverse direction.
| 'se of physical variables and establishment of pres-
.yre boundary conditions are rather problematic
( Roache 1976). Transition to variables of vorticity-
streamfunction-density (0—y—p) gave us equations
applied as a basis for numerical model of vertical move-
ments in stratified fluid (Anuchin & Gritsenko 1985;
(ritsenko & Sivkov 1997

=
1'[E+u§9+“rgu_]=£f}2+v.].ﬂm . (1)
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where w and w - velocity components along axisxandz,

orrespondingly; g - gravity acceleration: p, - charac-
teristic density of fluid; 1 - time; w=du/ dz —ow [ 6x -
vorticity; W - streamfunction; w=dy [ Gz, w—ady [ 00X,
j»— density of intrusion; a=p - p, - variaton of den-
dtyiv=v, + v D= Se v - turbulent viscosity and
Jdiffusion; Se Schmidt number; v .- effective turbulent
viscosity; v, -molecular coefficient of viscosity; A -
Laplace operator; axis x is oriented horizontally; axis
= isoriented upwardly, starting from bottom; ¢ - tracer
concentration (suspension), transported by fluid, Tracer
t5 auxiliary model parameter and is used for tracing
suspensive material of bottom currents.

Discrete computer model equations to describe the
distribution of density stratified {low were obtained by
means of the second difference scheme (Roache 1976).
Finite-difference analog of Poisson equation (3) was
salved by means of iterative relaxation method, All
model fields were given on the net with dimension of
201 x 21 . Characteristic scales of currents under con-
sideration were as follows: h =10 m ,u =5 em/s , Ap,
=0.001 g/em* (Pykhov & Dachev 1981; Sviridov, Sivkov
& Christiansen 1995; Antsiferov et al. 1978). In all
model space at the initial moment of the time the ver-
tical velocity 1s assumed to be equal to zero, To con-
sider saturation of coastal zone with suspensive mate-
rial we assumed the occurrence of dispersive source of
carresponding water mass on the entire left border of
the model space, where the effluent velocity U, was
assumed to be equal to 0.5 cmy/s.
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Fig. 1. General diagram of problems, being considered in
the paper: ABCDEF - geometry of the model space; AF -
inlet into the model space; CD - outlet from the model space;
P density, U, - speed of inlowing bottom gravity current;
P, - density of Nuid Mling up the model space; oxz - coordi-
nate system; g - gravity acceleration vector; p = p, + @ -
density of water in bottom layer, k;, and k. - coefficients of
viscosily ; u- speed of bottom current

The initial model conditions (t=0, 0 £z < 1) were
given (Fig.1) as following:

Po+Apg . if 0=x<] )
" 1po. if 1<x<10 (5);
g L if 0=x<]
=10 if 1<x<10 (6),
1 .if 0<x<l 5
““10 .if 1ex<10 *
= k|"'r"“"l: .ifﬂ£x5| {3}
Ve Tk, ovgee Lif 1<x<10

The above mentioned correlations show that in the
model space the square {0<x<1; 0=z<1} hasbeen
used for description of the initial valume of suspensive
water formed in the zone of wave action. Mixing coef-
ficient k, is also specific for this space and might be
chosen in a way to satisfy extremely high (stormy) mix-
ing of water in the coastal zone. Coefficient k, is used
for parametrization of turbulent exchange in bottom
flow outside wind influence zone.
Model boundary conditions were as follows: on

the left side of model space (x=0)

u=U;,p=py+4p, (9):

on the right side of model space (x=10)

fu 3 20
a0 2ap. 220 (10),
ox ax 0x
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On the upper ( 2=1) and lower ( z=0) boundaries of
madel the conditions on fluid non-passage and sliding
were preseribed (Anuchin & Gritsenko 1985; Gritsenko
& Sivkov 1997), thus, allowing to escape consideration
of viscous interaction between flow and bottom, which
is not the purpose of the given paper.

CALCULATIONS

Besides the determined characteristic values of veloc-
ity, length and density drop the first series of calcula-
tions were done with mixing coefficient k,=6 em’(s .
Analysis have shown that dispersive source of suspen-

sive water located on the left border of the model space
always generates bottom flow, However, simple con-
sideration of suspension effect in coastal zone of wind
influence is insufficient for estimation of cold water
accumulation even in the case of occurrence of an ini-
tial “reserve” of suspensive water at the start moment
of time (see Fig. 2, the upper diagram). Note that at
the ordinary flow parameters quick plumbing (collapse)
of heavier water mass takes place. Fig. 2 shows three
successive phases of this process. This peculiarity was
supported by observations during experimental amber
extraction in the arca of Sambian Peninsula and in other
places of the Baltic Sea (Aibulatov 1990; Sudolskiy
1991; Simpson 1982).

The second series of calculations
was based on assumption about strong
spatial non-homogeneity of turbulent
mixing cocfficient in the water area

4.0 ] o4

Jnoo  under consideration. Evidently, in the
zone of active storm mixing, a charac-
teristic scale of velocity fluctuation

might be equal to amplitude of break-
ing waves, becoming as large as 1 m/s

400 i & 0

fod  (Pikhov, Dachev & Kosyan 1980,
Antsiferov et al, 1978). It is also clear

that in this case the process of spread-
ing of initial volume of slope water will

! IIzf.ﬂ'ﬂ' 200 eI £ 401 00

Fig. 2. Successive phases of distribution of discontinuity current in the model
space. Quick compression of coastal water volume in avertical is clearly seen.
Isolines of excessive density a=(p — p,} / Ap, in figure run consequent (up
from bottom) on the following values: { (L1 ;0.25; 0.4 ;055 ;0.7 ; 0.85 }

1 i e -

be much slower in comparison with the
above considered case. To parametrize
the effect of storm mixing, in the sec-
ond experiment we have chosen viscos-
ity coefficient k=300 em*s character-
istic only of the intensive wind mixing
zone (located in the model in square
(0<x<1; 0<2<1) ) Inthe rest of

10,00

taken depending on situation. In par-

o‘%w 2.6} .06 6.0 .00

‘ the model space mixing coefficient was
1

0 ticular, when suspensive near-bottom
jet leaves mixing zone, running down
sloping bottom, the effective viscosity
coefficient have been assumed to be or-
dinary ( k,=6 cm’/s ), which is far from

4.0 .0 S0

.00

[o00  anextreme storm value

Successive calculations support va-
lidity of assumption that extremely
large mixing coefficient in the zone of
storm impact is of crucial importance
for formation of turbidity flows, Con-
secutive phases of discontinuity devel-
opment or return current shown in Fig.

%|

L0 T
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Fig. 3. Successive phases of discontinuity current distribution in the model
space. Yolume of suspensive waler is clearly seen in the left part. Isolines of
excessive density a=(p = p) ! A, in figure man consequent (up from the
hottom) on the following valwes: | 001 ;02504 ;055 0.7 ;085 )
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3 testify that under proposed conditions
in the coastal zone the quasi-stationary
near-bottom currents are formed in-
deed. At the same time, in coastal area,
the source of suspensive water remains
existing, and this is in full correlation
with field observations in many seas
(Sukhodolskiy 1990; Aibulatov 1990;

J'U EH
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Pikhov & Dachev 1981). Thus, extremely large (stormy)
mising in coastal zone is a necessary condition for for-
mation of discontinuity or return suspensive currents
penetrating in the area below transition layer. Note that
vilue k=300 cm?/s, chosen proceeding from physical
compatibility to numerical solution, is satisfactorily in
concordance with field data (Sukhodolskiy 1991).
Finally, having left the zone of intensive storm mix-
ine, the suspensive current is transformed into a near-
bottom current with a high and stable stratification. In
s0 doing, vertical fluctuations (as well as vertical mix-
ing) on the upper boundary of current will be sup-
pressed by buoyancy forees (Simpson 1982). The trans-
formation of homogeneous turbulent current into the
near-bottom current with a complex anisotropic struc-
wre of fluctuations takes place. Inside the near-bot-
1om current, where stratification is small or absent, dur-
i a certain period of time the high level of turbu-
lence exists. As a result, the most probable scenario of
process development is as follows: firstly, after G.1L
Burenblatt (1982), fetch of near-bottom current and
crowth of stress should have taken place. This may only
intensify erosive role of near-bottom current and see-
ondary saturation of current with suspensive material,
providing thus growth of life time and distance of the
near-bottom current spreading. Caleulations suppaort
validity of at least two first phases of the process: for-
mation of stable source of suspensive sloping bottom
water and near-bottom suspensive currenl as it is.

CONCLUSION

The givenwork has proved, first of all, that an extremely
ligh values of mixing coefficient are necessary for ac-
cumulation of quasi-stationary volume of suspensive
water in the wave impact zone. All caleulations and
comparisons carried out allow to suggest the phenom-
cnological model of formation of discontinuity and re-
tirn currents under stormy conditions. The model com-
pares quite well the available experimental data.
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Main types of bottom surface sediments on the underwater slope of
the Lithuanian coast are found to be boulders with pebbles and gravel,

sands and silts. Coarse clastic sediments are related to the exposures
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of till deposits, whereas fine sands and silts are mostly formed under
recent sedimentation conditions. The chemical composition of sandy
sediments is typical of the geochemical background in the south-
eastern part of the Baltic Sea.

Keywords: underwater slope, bottom sediments, grain-size, chemi-
cal composition,

INTRODUCTION

The underwater slope at the Lithuanian coast of the
Baltic Sea (nearshore) as a part of the entire coastal
zone lies between the dynamic shoreline and the depths
of 20-30 m, where waves and wave currents still affect
the bottom relief and load transport (Dolotoy 1959;
Gudelis 1993). The geological structure of the bottom
and its palacogeographical development have deter-
mined heterogeneity of the Lithuanian coastal zone,
Two morphogenetic types of the coastal zone are dis-
tinguished: the coast of Kursiy Nerija (Curonian) Spit
(from Nida to Klaipéda) and the continental coast (from
Klaipéda to Batinge) (Gudelis 1992, Kirlys &
Janukonis 1993),

The nearshore of the continental coast is separated
from the deeper part of the sea by glacial platcau. Bot-
tom relief is of abrasive-accumulative type with relicts
of old abrasion forms here (Gelumbauskaite & Litvin
1994). Formation of recent bottom sediments takes
place at very different depths; from (010 20-27 m, but
in some places - only up to 4 m. The underwater slope
at the coast of Curonian Spit is notable for a relatively
smooth accumulative relief (Gelumbauskaite 1993).
Bottom sedimenis distributed here were formed re-
cently under the influence of currents and sedimentary
matter outfllow from the Kuriiu Marios (Curonian)
Lagoon.

The new data on bottom sediment distribution and
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composition on the underwater slope of the Lithuanian
nearshore are discussed in the article.

METHODS

The data used in this paper were collected during the
state geological survey on the scale of 1:50000 (1993-
1995) and subsequent investigations of the nearshore
carried out in 1996-1997. The investigation area cov-
ers the nearshore of the northern part of the Curonian
Spit and mainland coast - between the dynamical shore-
line and the depths of 20-30 m. The field investigations
embraced bottom echo-sounding and sediment sam-
pling. Echosounder “Fish Finder Model-1060A" (fre-
quency 200 kHz) has been used, Accuracy of depth mea-
surements was 196, The investigation profiles were
spaced every 500 m. The bottom sediments were
sampled by Van Veen grab and taking into consider-
ation the morphological peculiarities of the bottom
relief, but at space intervals less than 500 m. The loca-
tion of profiles and stations was recorded using the GPS
“Shipmasters 53107,

Girain-size of the bottom surface sediments (inter-
val (-3 cm) was analysed using sieving and complex pi-
pette-sieving methods. The granulometric types of bot-
tom sediments were distinguished according to
Wentworth (1922) and Shepard (1969) classification:
sand (2-0.063 mm), silt (0.063-0.004 mm) and clay
(<0.004 mm). The chemical composition of bottom
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sediments was determined by the following methods:
coulonometric - CO, and TOC (accuracy of measure-
ments - 0.03%), spectrometric - B Ti, Mn (0,019), Ca
{(15%), flameless atomic absorption - Hg (10 ppb),
atimic absorption Pb, Ni, Co, Cr (10 ppm), Cu, Zn, Li,
R, Cd (5 ppm), Fe, Na, K. Mg (0.1%),

DISTRIBUTION OF BOTTOM SEDIMENTS

i material composing the bottom sediments in the
<tudied area is rather heterogeneous: boulders, pebbles,
oruvel, mixed sand and silt (Fig. 1), Washed out from
the till relict deposits and carried out from the Curonian
| agoon it is transported by a longshore sediment flow.
I'his sedimentary material differs in origin, and under
the impact of hydrodynamic factors forms the
lithological types of bottom sediments of variable grain-
size composition: (1) boulders (pebbles, gravel), (2)
coarse- and medium-grained sand, (3) fine sand, and
{4 silt.

Boulders (pebbles and gravel). Their distribution is
related to the exposures of till deposits. In many cases
{he surface of tills is strangly eroded and covered with
coarse clastic material: boulders, pebbles and gravel.
The variable in size material is distributed on the sea
loor in a mosaic pattern. Boulders prevail, but the ar-
cas of mixed sand, pebbles and gravel oceur among
them. The diameter of boulders rarely exceed 30-40
cm, however, some blocks reach 6 m. Their surface is
covered with the colonies of Myvtifus and Balanus mol-
juscs,

Coarse- and medium-grained sand. It is mostly re-
Inted to the relict deposits. Sands particularly abound
a1 the foot of plateau of the Sventoji-Bitingé aquatory
ind also are found at the depths up to 2 m in the envi-
rons of Klaipéda and Olando Kepuré cliff. The increase
in grain-size of the sand in these arcas of the underwa-
werslope is related to the deficiency of transported sedi-
mentary matter due to the impact of Klaipeda port jet-
fies and coast abrasion.

Fine sand. Tt constitutes almost all recent bottom
sediments accumulating in the nearshore, We can get
more information about the regularitics of their sedi-
mentation from the data about the distribution of me-
dian diameter (Md) (Fig. 2). The dominating Md of
ands in the surf zone till 4-10 m is 0.25-0.16 mm. De-
pending on the bottom inclination. amount of sediments
and dominating longshore sediment flow the under-
water sand bars develop. In the studied arca we can

‘istinguish three nearshore parts with Md of sands in
creater depths changing unevenly: the nearshore of the
“uronian Spit, Klaipéda-Sventoji, and Sventoji-Bitingé

lopes,

Silts. Their accumulation in the nearshore is related

1 the wastewater unloading into the sea and drift from

‘e Curonian Lagoon (Gulbinskas & Gaigalas 1997).

'he sedimentary matter from these sources settles
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Fig. 1. Lithological types of bottom surface sediments: | -
boulders (=64 mm) and gravel (64-2mm), 2 - coarse-grained
(2-0.5 mm} and medivme-grained (0.5-0.25 mm) sand, 3 - line
(0.5-0,063 mm) sand, 4 - silt {(0,063-0.004 mm)
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down on the substratum of variable lithological com-
position and forms a 30-40 cm thick unstable layer of
silty mud. Its development and time of existence greatly
depends on the hydrodynamic conditions. The waste-
water is discharged into the sca in the Sventoji-Bitingé
aguatory at the depths of 16-18 m. In this arca the silty
muds accumulate. The patches of silty sediments from
the Curonian Lagoon can be traced at the depths of
13-16 m, about 10 km northwards from the Klaipéda
Strait mouth.

GRAIN SIZE AND CHEMICAL COMPOSITION

Fig. 3 demonstrates the changeability of grain-size com-
position of bottom sediments in various parts of the
underwater slope. In the Curonian Spit nearshore the
sands gradually get finer and turn into silts (Fig, 3, pro-
file 3). The formation of bars is obvious till the depths
of 8 m. The composition of bottom sediments includes
a considerable amount of medium- and even coarse-
grained sand. Further on - till the depths of 20 m - the
underwater slope is a concave in profile, the content of
(0.25-0.123 mm fraction sharply decreases, whereas the
content of (.125-0,10 mm fraction remains stable, At
the depths of 20-30 m the compaosition of sediments is
rather stable and represents a smoothened flat bottom
relief.

In the Klaipéda-Sventoji arca the grain-size com-
position of sand, beyond the surf zone and till the con-
tact zone with the relict deposits, remains rather stable.
However, in the northern direction the sediments on
the underwater slope get finer, The dominating frac-
tion in profiles 19 and 32 is 0.25-0.125 mm, 0.125-0.1
mm - in profiles 44 and 64, with the fraction 0.1-0.063
mm gaining weight. Very distinct changes of grain-size
composition in some places are related to the expo-
sures of relict deposits (profiles 19 and 44), which at
the depths of 10-15 m (profiles 32, 44 and 68) repre-
sent the bottom surface in the considered slope. In the
environs of Sventoji (profile 84) the active accumula-
tion of sand till the depth of 17 m considerably increases
the content of fraction (025-0.125 mm. In the deeper
part the fine sand is deposited on the coarser relict
deposits,

The given cxamples reveal that the differences of
the distribution regularitics of recent bottom sediments
in the studied coastal zonc largely depend on the dis-
tribution of relict deposits, bottom relief and impact of
hydrotechnical constructions {Gulbinskas 19493),

The chemical composition of bottom sediments was
evaluated by comparison of geochemical characteris-
tics (Table 1) of three main arcas (Klaipéda, Palanga
and Sventoji) situated northwards from the mouth of
the Curonian Lagoon. All samples represent fine sands
(Md - 0.125-0.09 mm) taken from the depths of 14-
20 m.

The maximum concentrations of many chemical
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Toble 1. Chemical composition of the bottom surface sediments (0-3 cm)
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Limits of concentration values are given in numerator, average values - in determinator

deposits  (boulders,
pebbles, gravel and
mixed sands), recent
processes of sedimenti-
tion (medium- and fine

clements were recorded in the Klaipéda area. Their
main source is, presumably, the drift from the Curonian
lLagoon. In the dominating dircction (S-N) of sediment
matier transportation a general tendency of decreas-
g content of chemical elements can be observed,
Mercury is an exception because its highest average
coneentrations occur in the Sventoji area. Such situa-
iion has been observed before (Pustelnikovas 1994) and
Accounted for by the wastewater discharge, The maxi-
mum values of some clements (Mg, Ti. P, Cr, Ni. Co,
Rb, Ph) are rather widely distributed over the Klaipéda
and Palanga arcas, Throughout the whole slope be-

sand) and impact of hydrotechnical constructions.

[n the areas of recent accumulation only the sands
{=0.063 mm) accumulate permanently. The accuniu-
lation of silts and muds bears an episodical character.
It depends on the season, duration of stagnant hydro-
dynamic regime and technogenic factors (wastewater
discharge).

The differentiation of the grain-size composition of
bottom sediments on the underwater slope moving from
south to north varies depending on the lithodynamic
properties of different parts of the nearshore. Three
parts can be distinguished: slope of the Curomian Spit -
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Fig. 3. Morphological profiles on the underwater slope and grain-size of sediments {location of profiles are shown in Fig. 1),

Sediment types: 1 - tills, 2 - sands, Grain-size composition: 3

(0L125-0.1 mm, 8 - 0.1-0.063 mm, 9 - <0.063 mm

accumulative; Klaipéda-Sventoji - transitional-accumu-
lative-erosive; Sventoji-Biitingé - accumulative-transi-
tional.

The distribution of chemical elements and compo-
nents in the sandy sediments is typical of the geochemi-
cal background of the Southeast Baltic Sea. Larger de-
viations of concentrations are determined by local
changes of sedimentation conditions in cach individual
arca of the nearshore,

ACKNOWLEDGEMENTS
This research was financially supported by Lithuanian

36

= =1 mm, 4 - 1-0.5 mm, 5- 0.50.25 mm. 6- 0.25-0.125 mm, 7 -

Geological Survey according to marine geological map-
ping in the Lithuanian part of the Baltic Sea area (Pro-
gram Director Dr. J.Satkiinas, Supervisor Prof,
A.Grigelis). The authors wish to thank Ada Jurkonyté
for translation of this paper into English.

References

Dolotov, Yu.S. 1989: Dynamic relief-forming and depaosi-
tional sedimentary environments in the near-shore mu-
rine arei. 209 pp. Nauka, Moscow, (In Russian),

Emelyanov, E.M. 1987: Distribution of chemical elemenis
and components in the botlom sediments and some fea-

Eistribution and Composition of Bottom Sediments on the Underwater Slope at the Lithusnian Coast of the Baltic Sea

tures of dingenesis. fn Emelyanov, EM. & Wypych, K.
(Eds.): Processes of sedimentation in the Gdansk Basin
{The Baltic Sea), 217-293. Institute of Oceanology, USSR
Academy of Sciences, Moscow, (In Russian).

Fmelyanov, E.M. 19%6: Chemical components and elements
in the suspended matter and sediments of Western Bal-
tic. Baitica, 9, 5-15.

Ciclumbauskaite, Z. 1993: Development and bottom relicf
of the Baltic Sea. Geologijos akiraciai, 3, 20-22. (In
Lithuaman).

Gelumbauskaité, 2. & Litvin, V., 1990: On the development
of morphostructure of the Baltic Sea floor. Geomorpliol-
ogy 2, 66-T1, (In Russian).

Crudelis, V. 1992: The Baltic; Sea and Coasts. Contribuition
of Lithwanian scienifsts, Science, arts and Lithnania 2-3,

10-18,

Gudelis, V. 1993: A glossary of coastal research terms, 408
pp- Academia, Vilnius,

Gulbinskas, 5. 1995: Sea floor geological strueture. fn: The
Butinge ool terminal fecological state). 49-53, Rallic Eco,
Vilnius.

Gulbinskas, 5. & Gaigalas, A, 1997 Lithological composi-
tion of Quaternary deposits in the Lithuanian eoast af
the Baltic Sea. In Florck, W, (ed.) Geologia § peomeor-
fologia pabrzeza i poludniowego Baltyku 3, 95-101, Slupsk,.

Kirlys, V. & Z_Janukonis 1993: Dynamical characteristics and
classification of the coastal 2one in the south-cast sector
of the Baltic Sea. Geagraphy 29, 67-71. Academia, Vilnius.

Pustelnikovas, O. 1994: Technogenical influence on the
peochemical processes. In: Biitinge oil terminal { Ecolugi-
cal stare), 71-82, Baltic Eco, Vilnius. {In Lithuanian},

Repecka, M., Simkevidius, P & Radzevidius, R. 1997: Com-
position of bottom surface sediments in the South-East-
ern Baltic Sea, Baltica 10, 25-37.



Metal Distribution in the Sediments
of Kursiu Marios Lagoon, Lithuania

Kestutis Joksas

Joksas, K. 1999: Metal distribution in the
sediments of Kuriiy Marios Lagoon,
Lithuania. Baltica Special Publication 12,
38-42. Vilnius. ISSN 0067-3064

Kestutis Joksas, Institute of Geography,
Muarine  Geochemistry  Division,
Akademijos 2, LT 2600 Vilnius, Lithweania
fax (3702) 72 92 45, e-mail:
joksas@pub.osfir; received 30 December,
1997, accepted 24 March, 1998.

Bottom sediment samples from the northern part of the Kurdiy
Marios Lagoon were investigated for Pb, Zn, Cu, Cd, Cr, Hg, and
total organic carbon(TOC). The content of TOC in the bottom sedi-
ments of the northern part of Kurdiy Marios Lagoon varies from
0.01 to 7.9%. The lithological type of sediments determines the dis-
tribution of Cu, Cr, Zn, Pb and Hg and affects in the least the con-
centrations of Cd. The maximum concentrations of most metals are
observed in the sediments of Klaipéda strait and in the fine-grained
Kuréiu Marios Lagoon bottom sediments, A particularly good cor-
relation coefficient was determined for Hg and Cu (0.85), Hg and
Zn (0.86), Hg and TOC (0.8), TOC and Cu (0.75) and TOC and Zn
(0.75).

Keywords: KurSiy Marios Lagoon, bottom sediments, metals, total

organic carbon.

INTRODUCTION

The Kursig Marios Lagoon is a fresh shallow basin (av-
erage depth is 3.8 m) separated from the Baltic Sea by
Kurdiy Nerija Spit and connected with it only through
a narrow Klaipéda strait. Its water level depends on
marine water level oscillations, wind force and direc-
tion and yearly distribution of river runoff among which
Nemunas must be distinguished. The water in the la-
goon changes throughout the vear for 3.5 times (Rainys
1978).

The present article is devoted to the northern part
of the Kursiy Marios Lagoon which is included into
Lithuania’s territory and makes approximately one third
(413 km?) of the total (1584 km?) lagoon arca. The
greatest depth exceeding 4-5 mis observed in the cen-
tral and southern parts of the investigated area and only
the Klaipéda strait is artificially deepened till 14 m
(Fig. 1).

METHODS AND MATERIAL

Sediment samples for metal analysis were taken in Sep-
tember 1996, Surficial (-3 cm) bottom sediments were
taken with a Van Veen sampler and from deeper layers
(up 10 50 cm) with gravity corer of a 50 mm diameter
with a plastic insert (Niemisto 1974). The sediment
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cores were sliced into 1 em subsample slices. 84 bot-
tom sediment samples were investigated for Pb, Zn,
Cu, Cd, Cr, Hg, and total organic carbon(TOC). For
metal analysis the solution of strong acids (HCIO,,
HNO,, HCI, HF) (total digestion method) were used.
The content of trace elements was determined by the
method of atomic absorption. Mercury was determined
using the cold vapour reduction-aeration method
(Hatch and O 1968). Total carbon was analysed by
Leco type analyser. TOC was obtained from difference
between the total and carbonate carbon values (Hedges
and Stern 1984),

DISCUSSION

A major part of the investigated area is covered with
fine-grained sandy sediments which form mainly un-
der the influence of sedimentary matter carricd into
the Kuriiu Marios Lagoon by the Nemunas River. In
the mentioned zone the transition of thin-dispersed
sedimentary material into the Baltic Sea takes place.
In the compaosition of sand the fractions 0.25-0.1 mm
dominated. Their content varies from 58.2 to 97.5 %.
The content of thin-dispersed particles (< 0.063 mm)
in this sand does not exceed 3 % (Fig. 1).

In some bays and embayments as well as lowerings
of the bottom muddy sediments develop duc to weak

Metal Distribution in the Sediments of Kurgiy Marios Lagoon, Lithuania
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hydrodynamics. They are in most cases composed of
Jdark grey mud, silty clayey with organics, and small
shell detritus.

Investigation data revealed that maximum concen-
irations of most metals occur in muddy sediments,
whereas, minimal - in medium and fine grained sands.
e amount of metals under natural conditions is in

lirect proportion to the content of thin-dispersed sedi-

mentary material consolidated in the sediments (Figs.
1,2, 3 and 4). It also depends on the granular and ge-
netic composition of this material, morphology of par-
iicles, consistency, degree of organic matter destruce
Lion, ele,

The content of TOC in the bottom sediments of
northern part of Kuriy Marios Lagoon varies within
0.01 1 7.9% (Fig. 2). The average content of TOC in
the medium-grained sand is 0,14 7%, finc-grained - 037,
silty sand sediments - 0.6% and mud silty-clayey sedi-
ments 4.4. In the areas of mud accumulation the con-
centration of TOC is maximum in the surface laver of
hottom sediments and gradually decreases with depth.
Particularly high values of correlation coclficient ex-
ceeding 0,75 were determined between TOC and Cu,
ind TOC and Zn

As sandy sediments prevail in the northern part of
Kursiy Marios Lagoon the concentrations of metals are
not high there. In the areas of muddy sediment distri-
bution the concentrations of metals increase (if com-
pared with sands) from 1.5 10 9.0 times. The lithological
ivpe of sediments determines the distribution of Cu,

Cr, Zn, Pb and Hg and affects in the least the concen-
trations of Cd. Metals arc closely interrelated,

The results obtained revealed that the maximum
concentration of mercury in the northern part of Kurdiy
Marios Lagoon (excluding the Klaipéda strait) is 0.033
mg/kg. The increased concentrations are observed in
mud silty-clayey sediments and only in small bays closer
to the shore and further from the main stream of
MNemunas water falling into the Baltic sea (Fig. 4). Al-
most throughout the northern part of Kurfiy Marios
Lagoon the concentration of mercury does not exceed
0.01 mg/kg.

The correlation coefficient between Hg and TOC
(0.8} revealed that there exists a direct link between
their concentrations. Particularly good correlation co-
efficient was determined for Hg and Cu ((0.85), Hg and
Zn (0.86). This may prove their common ways of get-
ting into the bottom sediments.

Sediments most highly enriched with metals are ob-
served in the Klaipéda Strait. The sedimentary matter
coming from the KurSiy Marios Lagoon abundantly
settles down in the lagoon— sea barrier zone (Jok3as
1996). Together with the highly polluted sedimentary
matter coming from the Klaipéda port and town it con-
stitutes the most highly polluted bottom sediments in
the whole Lithuanian sector of the Baltic Sea. Investi-
gations revealed that the sediments of Klaipéda strait
are particularly highly enriched with Zn, Cr, Pb, Cu,
Cd and Hg (Fig. 3). In the fine-grained sand the con-
centrations of Cu, Pb, Cd, Zn and Cr are higher from
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1.3 to 4.5 times, whereas, in mud silty-clayey sediments
- from 1.1 to 2.3 times. The increased metal concentra-
tions are abvious in sands which, if compared to the
northern part of Kurdiy Marios Lagoon, is related with
the increase of thin-dispersed sedimentary material { <
(1.063 mm) in certain types of sediments and anthropo-
genic pollution of the area. In the Klaipéda strait the
concentration of mercury, if compared with the north-
ern part of lagoon, increases twice.

The distribution of metals in the calumns of bot-
tom sediments bears a rather complicated character.
In the upper layer of sample cores the increase of con-
centrations of some metals (Cu, Zn, Cr) can often be
observed, The fluctuations of concentrations in deeper
harizons is related with the increase of TOC, changes
of lithological composition of sediments. In deeper
horizons (depth 5-13 cm) of sediment sample cores of
the northern part of Kurdiy Marios Lagoon a slight
increase aof Pb, Cu, Ni concentrations can be observed.
This could be accounted for by an active anthropogenic
pollution 10-15 years ago when industry and agricul-
ture functioned rather intensively. In the sediment layer
up to 50 cm in depth the traces of bioturbation can
often be abserved.

CONCLUSIONS

Generalizing we should point out that in the sediments
of the northern part of the lagoon the maximum con-
centrations of most metals are observed in the fine-
grained fractions of bottom sediments which accumu-

late in local lowerings of relief, bays and embayments,
where water hydrodynamics is weak. The concentra-
tions of Crand Zn in sediments are closcly related with
the content of TOC in the sediments. In the Klaipéda
strait arca, where active mixing of fresh and salty water
and intensive economic activity take place, the concen-
tration of metals in sediments increases if compared
with the northern part of Kurdiy Marios Lagoon.
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Reprocessing and reinterpretation of seismic-reflection records en-

abled previously poorly documented seismic velocity anomalies in
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the uppermost reflections north of the island of Rilgen to be more
accurately characterized. They are interpreted as due to a channel
system formed during the Quaternary. The channels are not reflected
in the morphology of the sea floor. They trend mainly NE-SW. with
an apparent depth of about 10 to 50 ms TWT, and are mostly be-
tween 500 and 1000 m wide and vary in cross-section. The channel
system covers an arca of about 625 km*. Their genesis was possibly
influenced by uplift movements of the Arkona block. The channels
were most probably eroded in front of the ice sheet due 1o the drop
in base level in the North Sea area during the Pleistocene.

Keywords: Quaternary channels, southern Baltic Sea, scismic records,

reprocessing, interpretation.

INTRODUCTION

Between 1975 and 1987, several seismic reflection sur-
vevs were carried out for hydrocarbon exploration in
the German sector of the Baltic Sea by
PETROBALTIK. a consortium formed by the former
socialist riparian nations to the Baltic Sea. The seismic
lines had a total length of about 16,000 km and were
arranged on a regular grid with a spacing of between |
and 2 km,

The PETROBALTIK records from the area north
ol Rugen Island (Fig. 1) show a pattern of near-sur-
lace seismic anomalies documenting locally increased
travel-times in the map of the base of the Cretaceous
(Wegerdt et al. 1994). The anomalies must be regarded
as real and have been interpreted as indicating a chan-
nel system of Quaternary age.

Frecise analysis of these shallow anomalies was con-
sulerably complicated by the fact that the original seis-
mic arrays were aimed at Permo-Carboniferous and
older rocks, the rargets of the exploration campaign,
which are located at considerable depths. At that time,
Irequencies > 62.5 Hz were suppressed during record-
ine, and processing was of course focused on deep ho-
rrons.

REPROCESSING

North of Riigen Island, water depths range in 10-40
m. the sonic velocity in the water is 1500 ms* and the

sonic veloeity in the uppermost sediments assumed 1o
be 1900 ms . The normal seismic array used a distance
of 160 to 240 m from the shot-point to the first group
of hydrophones, Under these conditions, the wave re-
Nected by the sea floor, the direct wave from the shot-
pomt to the first group of hydrophones, and the re-
fracted waves from the uppermost sediments arrived
almost at the same time. Therefore. the invariable
bundle of reflections is seen in the scismic records at a
travel time of about 150 ms (TWT) as an apparently
irresolvable mixture of waves (see Fig. 2, bottom).
The research project “Structural Atlas of the South-
crn Baltic Sea (SAS0)” (Schluter et al. 1997) under-
took the reprocessing of PETROBALTIK's seismic

LOCATION MAP

Fig. 1. Location map
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Fig. 2. Comparison of original and reprocessed seismic lines. Top: echosounder record showing open channels. Middle:
reprocessed line with near-shot traces only. Bottom: original Petrobaltik seismic line

data with the objective of improving the resolution at
short travel-times and interpreting the anomalies. A
number of profiles were selected and only the traces
from the geophone nearest the shot-point were used.
Altogether, 256 km of seismic profiles from the area of
the anomalies were reprocessed, L.e. a total of 158 km
of WNW-ESE lines and 98 km of NNE-55W lines.

After reprocessing. the extentof the anomalies and
the morphology of the lower boundary of the anoma-
lous features were interpreted with reasonable accu-
racy. Due to a low degree of resolution of commercial
scismic records, however, internal structures can hardly
be distinguished. In the echosounder record (Fig. 2)
for profile 86814C (location see Fig. 4), the sea floor
distinctly shows recent channels caused by currents, as
well as sand ridges. Between shot points 675 and 565
and between 470 and 430, the profile processed by
PETROBALTIK (Fig. 2. bottom) displays diffuse
anomaly patterns in the uppermost reflection band that
are interpretable only with difficulty. The reprocessed
version (Fig. 2, middle), however, provides better reso-
lution. The travel-time anomaly between shot points
470 and 430 can be seen to be due to an open channel
of recent age, The apparent “graben structure” on the
seismic profile is purely a reflection of the morphology
of the sea floor,
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The anomaly located further to the west, however,
does not correlate with any particular morphological
feature on the sea foor. In the western part of the
anomaly, the increased travel-time is most distinct and
is accompanied by an increase in travel time with depth.
This can be seen as an increasing amount of sag with
depth (more clearly visible in Fig. 3) within the bundle
of reflections between (0.4 and 0.5 sec (TWT) around
the base of the Cretaccous,

This anomaly is interpreted as an crosional struc-
ture filled with low-velocity sediments. Since in this
region the Quaternary deposits overlying this buried
channel may be about 50 m thick and may consist of
high-velocity material such as till (Lemke 1994), the
travel time difference must be due to the presence of
channel fill with a very low velocity, possibly slightly
consolidated mud. 1t is feasible that these sediments
cantain gas, which further reduces the sonic velocity;
gas has already been demonstrated in the western part
of the Baltic Sea, ¢.g. in the Eckernforde Bay, and is
also known to occur insurface sediments of the Arkona
Basin (Lemke 1994), However, the presence of gas
remains unknown because so far no core samples have
been taken of the sediments in the channels. Tt should
be mentioned that the anomalies on the seismic records
from those parts of Kiel Bay in which gas-bearing mud

Buried Quaternary Channels in the Southern Baltic Sea North of Rigen Island, Germany:
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Fig. 3. Range of variation of the travel-time anomalies interpreted as Quaternary glacial channels. Expluanation in the wex

accurs (Hinz et al. 1971) show a close similarity with
those on the profiles described here.

DESCRIPTION OF CHANNELS

Iie morphological variability of the travel-time anoma-
les interpreted as buried Quaternary channels becomes
obvious in the three parallel, WNW-ESE profiles which
i1 almost perpendicular to the channels (see Fig. 3;
‘ocation of profiles shown in Fig. 4), The intermediate
profiles used for correlation are not shown.

::"m increase in travel-time difference with depth is
typical of the channels. The cross-sections of the chan-
liels vary from symmetrical tub shaped (86804: center),
tox shaped (86804: SP 2100), funnel shaped (86804:
castof SP1700) to asymmetric (86802: center). Chan-
1els showing o troughs separated by a ridge (86802
west of center, 86806: in the west) are common. To in-
testigate the anomalous travel-time, which musi cor-
‘clate with channel depth and/or thickness of the mud,
e travel-time difference was determined at a depth
o102 sec TWT. Values of 10-30 milliseconds (Fig. 4),
Which were determined this way, are an indireet indi-

cation of the presence of a comparatively thin fill. This
corresponds to the depth of the known Weichselian
channels, which arc partly open, rather than to the
Elsterian channels known from northern Germany.
some of which are several hundred meters deep. The
channels were mapped via travel-time anomalies on the
southern margin of the Arkona Basin (see Fig. 4) ina
water depth which varies from 25 m in the southern
part of the study area to 47 m in the north. In an arca
of about 25 x 25 km (625 km”), the channels, which are
mostly connected with cach other, generally trend NE-
SW, but some trend N-S and some E-W. Marrow, rela-
tively long channels prevail in the SW, W and N, shorter
and wider forms are dominant in the E and SE. In the
west and north of the study area the channeled part of
the sea floor ends abruptly, whereas in the eastern part
the channels seem to become more and more disjointed

until they disappear altogether castwards, This pattern

of distribution may indicate the existence of a subsur-

face block tilted towards the NW. Single channels may

be more than 20 km long, and are generally 500 10 1000

m wide, but are occasionally up to 2000 m wide. The

channels often display a curved course and sometimes

an undulating thalweg,
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MODE OF FORMATION

In analogy to other areas in northern Europe, this anas-
tomosing channel system is interpreted as a glacial fea-
ture. These long, overdecpened channels were eroded
by meltwater streams which cut into the probably per-
manently frozen ground, into Quaternary deposits and
- in the deepest parts - into the Cretaceous sediments
beneath. This took place beyond the front of the ice
sheet, probably rather early in glacial times, i.e. during
the Elsterian. The type and age of the sedimentary fill
are still unknown, The general course of the channels
(NE-SW) agrees with the pattern known from the
mainland; however, the other directions present indi-
cate the existence of a more variable drainage system,
The channels were possibly formed at different times.
The undulating channel floor is interpreted as being
partly due to the melting of dead ice beneath the chan-
nel, which left deep depressions. The comparatively
undisturbed shape of the edges of the channels makes
it improbable that the initially open channels were filled
with ice and/or were overridden by the ice sheet.

The fact that the channels occur in a restricted arca
suggests that their formation and preservation were
controlled by tectonics . The channels are situated on a
highly uplifted part of the Arkona block (Schliiter ct
al. 1997). At least the western and northern bound-
aries of the arca in which they occur correlate with faults
at the base of the Cretaceous. Differential neotectonic
movements of the Arkona block clearly played an im-
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portant part in the formation and preservation of the
channel system. Outside this closely restricted area, no
channels or travel-time anomalies of this kind can be
demonstrated by seismic methods in the area around
Riigen Island. However, similar channels can be ob-
served on Rigen Island and southwest of it on the

mainland.

DISCUSSION

In northern Germany and adjacent areas, Quaternary
channels are important aquifers. Particularly during the
last few decades, several drilling programs have been
carried out as a result of the steadily increasing demand
for water. Consequently, our knowledge of the trends
of the channels, their locations and sedimentary fill has
improved considerably (e.g. Kuster & Meyer 1979,
Hinemann et al. 1995). From the very beginning, the
distribution and shape of the channels suggested a con-
nection between their genesis and the glaciation of
northern Europe. Similar channels are also very fre-
quently found near the former margin of the ice sheet
in England, in the North Sea, as well as in eastern Eu-
rope. Often, the fill consists of lacustrine to
glaciolacustrine deposits of Elsterian age overlain by
sediments belonging to the Holstein Interglacial
(Kuster & Meyer 1979). Therefore, most of the known
channels in northern Germany, some of which are up

Buried Quaternary Channels in the Southern Baltic Sea North of Rigen Island, Germany; Distribution
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to 400 m deep (ReeBeln and Hagenow channels near
the River Elbe) are inferred to have been formed dur-
ing the Elsterian glacial period. Some younger glacial
channels are also known.

The prevailing direction of the channels in the Ger-
man sector of the North Sea is N-S to NW-SE (Schwarz
1996); in NW Germany they run predominantly N-§
(Kuster & Meyer 1979), and in NE Germany mostly
NE-SW (Honemann et al. 1995, Schwab & Ludwig
1996). These directions suggest that they were formed
by meltwater from the ice sheet,

In northern Germany and adjacent arcas, the chan-
nels are inferred to be of subglacial origin (Kuster &
Meyer 1979), meaning that water under excess pres-
sure has eroded non-frozen ground below the glacier.
The very irregular channel floor, which is often undu-
lating along its course, is said to be incompatible with a
fluviatile origin except at the northern margin of the
central German uplands (Mittelgebirge).

Various theories have been proposed to account for
the orientation of these channels, e.g., they tend to fol-
low reactivated faults (Schwab & Ludwig 1996), or the
peripheral sinks of salt domes (Kuster & Mever 1979).

CONCLUSIONS

The Quaternary channels have been described
(Bjerkeus et al. 1995) from the western, central, and
castern parts of the Baltic Sea. They differ in their
morphology and fill; different modes of origin have
been inferred including fluviatile, periglacial and sub-
glacial, and they have been assigned to three different
glacial periods.

The channels described from the southern part of
the Arkona Basin north of Ragen Island fit into this
regional picture. The fact that these channels occur in
an isolated area is probably due to isostatic movements
which caused differential lifting and lowering of the
lithosphere during the Pleistocenc - and then possibly
with particular intensity. This also applies to the in-
ferred shallowness of the channels. Meltwater drain-
ing from the ice sheet eroded the channels probably
during a phase of uplift. It should be borne in mind
that, during the Pleistocene, the base level (the North
Sea and N. Atlantic) dropped more than 100 m due to
the general fall in sea level. During a subsequent phase
the channels were filled. The depth and direction of
the channels (Fig. 4) suggest that the underlying Arkona

block was subject to tilting. The channels and their fill
are overlain by Late Pleistocene depasits: thus, no di-
rect morphological evidence of their presence is vis-
ible on the sea floor. High-resolution studies such as
shallow seismics and core drilling are necessary 1o char-
acterize these channels more precisely. '
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The marine Late Weichselian Kattegat began at about 15,000 BP
when the ice left northern Denmark and sea water entered the
Kattegat Basin. At about 14,000 BP the ice front reached the Swed-
ish west-coast. Between 13,500 BP and about 12.200 BF icebergs
from the south, containing sedimentary clasts, were transported into
the Kattegat. At about 12,700 BP the outflow from the Baltic lce
Lake water through the Oresund Strait increased, which affected
the hydrography in the Kattegat, especially the surface water. From
this date to about 10.300 BF the fresh water drainage of the Baltic
Tee Lake water was substantial into the Kattegat, which created arc-
tic to boreo-arctic environmental conditions with brackish salinity.
The environmental conditions changed at about 11,000 BP in the
beginning of the cold Younger Dryas period, when cold sea water
flowed into the Kattegat at the bottom from the Atlantic Occan,
whereas the surface water was still affected by an outflow of Baltic
lee Lake water. At 10,500 BP the water temperature increascd, cs-
pecially in the southern part of the Kattegat. The shift of the Baltic
Ice Lake outlet to the northern part of the Billingen Mountain at
10,300 BP changed the hydrography of the Kattegat. Freshwater from
the Baltic basin mainly flowed out north of the Kattegat via the
Skagerrak to the Norwegian Sea, so that the salinity and the surface
water temperature in the Kattegat increased.

Keywords: Benthic foraminifera, the Kattegat, Late Weichsclian,
Billingen Mountain, Oresund Strait, Baltic Ice Lake

INTRODUCTION

maps are based mainly on shore level displacement data
and biostratigraphical interpretations of the marine

Late Weichselian marine sediments formed during the
deglaciation are widespread in south-western Sweden,
where the former Kattegat extended eastward in over
the glacially depressed landscape. Sediment-loaded
meltwater flowed into the sea, where clay and silt par-
ticles deposited with a relatively high accumulation rate
in a glaciomarine environment. Glacial varved clays,
in particular close to the ice front, were accumulated
in the castern and southern Kattegat, Non-varved gla-
cial marine clays were deposited, upon the varved de-
posits in positions more distal from the ice. After
deglaciation erosion of exposed sediment and
redeposition of fine-grained sediments occurred. The
drainage shift of the outflow from the Baltic Basin from
the Oresund Strait to Billingen Mountain at 10,300 BP
(Bjorck 1995) marks a natural end of the Late
Weichselian hydrographic pattern in the Kattegat. The
aim of this paper is to interpret the palacoenvironment
in the Kattegat during 14,000 BP o 10.300 BP period
highlighted by four palacogeographic maps. These
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fine-grained sediments. The biostratigraphical division
is interpreted from foraminiferal and diatom analyses
and radiocarbon dating.

SETTINGS

The present Kattegat forms a large estuary between
the Skagerrak and the Baltic Sea (Fig. 1). The Kattegat
is relatively shallow with a mean water depth of 26 m.
The Baltic water regulates the surface water in the
Kattegat, which normally forms a stratified water col-
umn with the Skagerrak water as a bottom water cur-
rent (Stigebrandt 1983). The halocline is gencrally lo-
cated at a depth of 10 to 20 m in the Kattegat. The
salinity is about 30 to 34%. in the bottom water whereas
the salinity of the surface water becomes substantially
lower towards the south, ranging between 15 and 30
Tre (Stigebrandt 1983).

Late Weichselian Palaco-Environmental Conditions in the Kattegat, South-Western Sweden
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highest shoreline was developed at about 60
m above the present sca level al Vendsyssel,
in the northernmaost part of Denmark ( Rickard
1996).

METHODS

Sediment cores were taken on land in Halland
county, and off shore in the Kattegat. For the
study of the palaco-oceanography of the
Kattegat. lithostratigraphy. foraminifera, pol-
len, diatoms as well as stable oxygen and car-
bon isotope analyses performed on the fora-
minifera were used (Klingberg 1998). Radio-
carbon dating using the AMS-methods was
performed on molluse and foraminifera shells.
Those datings were supported by pollen analy-
ses (Klingberg 1998).

Fig. 1. Man moraines in south-western Sweden and the area above

PALAEO-OCEANOGRAPHIC
INTERPRETATIONS

the highest shoreline. The inset map shows; the square to the right -
the position of the figure, the square 1o the lelt - the position of the

palacogeographic maps. Redrawn from Klingberg 19958

The Late Weichselian Kattegat was formed when the
ice left northern Denmark and the sea water entered
the Kattegat Basin (Knudsen eral, 1996) at about 135,000
BP or before ¢. 14600 BP according to Rickard (1996),
About 1000 years later, about 14,000 BP, the southern-
most part of Halland county in Sweden, was jce free
(Lagerlund & Houmark-Niclsen 1993). The Swedish
wesl-coast was successively deglaciated north-cast-
wards, During the deglaciation moraines were formed;
the Goteborg moraine, which is dated to 12,800 - 12,600
BP (Berglund 1979; Passe 1986). the Berghem moraine
(12,400 BP, Berglund 1979), the Trollhitte moraine
(11,800 BP, Fredén 1988), the Skovde-Levene moraine
(11,000, Fredén 1988) and the Billingen moraine dated
to 10,250 BP (Fredén 1988) (Fig. 1). The marine sedi-
ments are found on land (e.g. Khngberg 1998; Bergsten
1994}, and at the sea floor in the Kattegat (e.g.
Mordberg 198Y9; Bergsten & Nordberg 1992),

SHORE LEVEL DISPLACEMENT

In central Halland the regression of the sea level can
be illustrated by the shore level displacement curves
from Falkenberg. Here the highest shoreline was about
63 m above sca level and about 100 m in the area of
Goteborg (Passe 1987). During the deglaciation the

The results from the shore level displacement

data and the biostratigraphical investigations

have been wsed for the construction of the
palacooceanographic maps. The time-slices are from
Klingberg (1998) and chosen in order to show the en-
vironmental conditions during: 14,000 - 13,500, 13,500
- 12,200, 12,200 - 11,000, and 11,000 - 10,300 BP.

14,000 - 13,500 BP

During this period the Kattegat was relatively wide in
an cast-westerly direction (Fig. 3), During this period
the ice margin was at sea long entire the Swedish coast.
Diebris was transported into the Kattegat by icebergs
originating from the ice along the Swedish west-const.
The oldest Late Weichselian fine-grained sediments in
the southern Kattegat are varved clays or silt laminated
clays (Bergsten & Nordberg 1992; Pdsse 1992), More
commonly, are sediments deposits in more distal posi-
tions from the ice and which are homogenous, rela-
tively stiff, blue-greyish or brown clay (Pésse 1990). The
meltwater flowed into the Kattegat from the melting
ice in Halland county and from the ice in the area of
the Oresund Strait, The amount of freshwater later
became gradually larger, which lowered the salinity in
the surface water in the southern Kattegat. The inflow
of sca water as a bottom water current was substantial,
Arctic conditions and brackish salimty are reflected by
foraminifera.
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the Geological Survey of Sweden (SGU) and the De-
partment of Marine Geology at the University of
Goteborg. Kerstin Berntsson helped with drawings, for
which I would like to express my gratitude.
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former active accumulation arcas o erosion. The suspension and
redeposition of older material can have a substantial effect on the
quality of recent sediments used for marine environmental monitor-
ing. The magnitude of this diluting effect is being evaluated from
interpreted acoustic profiles acquired from the westernmost part of
the Gulf of Finland. The older resuspended material participates in
the formation of recent sediments. However, preliminary results in-
dicate great temporal and spatial variability in the sedimentary pro-
cesses active at the studied sites. The amount of redeposition will be
evaluated for different subareas.

Keywords: acoustic profiling, recent sediments, sediment
redeposition, Gulf of Finland, Baltic Sea.

INTRODUCTION

he northernmost Europe, including the Baltic Sca
basin, was covered by a continental ice sheet during
Uie Weichselian, In the course of deglaciation the com-
bined effect of land uplift following the crustal unload-
ing (melting of the ice sheet) and fluctuations in sca
level the sedimentary environment experienced many
changes. Especially in the northern Baltic Sea where
the abating crustal uplift is still being felt, variations in
wave exposure and current patterns influgnce the dis-
tribution of sediment on the sea floor. Formerly active
sedimentary basins can be exposed to erosion, and non-
deposition areas can experience even rapid sediment
sccumulation.

The eroded and redeposited older material may
hive a diluting effect on sediments being currently de-
posited in the deep basins. The addition of unpolluted
older sediment should be heeded when estimating the
cnvironmental impact of anthropogenic contaminants
cutering the marine system. The redeposition of alder
~cdiments may also affect the results of dating meth-
ods and lead to erroneous dates. The environmental
tole of redeposited material on the quality of recent
wiiments is being studied at the Geological Survey of
Finland.

METHODS

subbottom profiler and echosounding data from the
vesternmost part of the Gulf of Finland (Fig.1) is used

for the evaluation of the effect of redeposited material
on the total amount of sediment being deposited in
sedimentary basins. The estimation is based mainly on
the interpretation of the acoustic profiles, which were
aquired from the transect aren between Hanko, Fin-
land and Osmussaar, Estonia surveyed during the Basys
(Baltic Sca System Study) cruise of r/v Petr Kottsov in
September 1996, A GeoChirp subbottom profiler to-
gether with a shipboard DESO 235 echosounder have
been used for acoustic imaging of the seafloor features,
The GeoChirp subbottom profiler uses the chirp tech-
nology. In contrast to the short single frequency pulse
used in convential subbottom profilers, a broad band
frequency coded source pulse is transmitted and the
received echoes are match filtered. This technique pro-
vides both high penetration and high resolution,

Because the tow depth of the Chirp-profiler trans-
ceiver, “fish”, varied during the survey, DESO
cchosounding profiles were used to determine the ac-
tual water depth of the interpreted Chirp-profiles. To
caleulate the water depth, a calibrated sound velocity
of 1435 m/s was used. In calculations of sediment thick-
ness a sound velocity of 1600 m/s was used for glacial
clays and silts, and a value of 1500 m/s for transitional
clavs and postglacial muds,

The interpretation of the acoustic profiles will be
verified by dating different lithostratigraphical units in
sediment cores taken from the area in July 1997, Pa-
leomagnetic dating and microfossil analyses are being
carried out, and the results will be published later, to-
gether with "C-datings,
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Fig. 1. Study arca and location of the Chirp-profiles referred in the textas A, B, and C

INTERPRETATION OF SEDIMENTARY UNITS

Ignatius et al. (1981) proposed a stratigraphic model
for the Baltic Sea basin consisting of three major
lithological units: “glacial clay and silt”, "transition
clay”, and "postglacial mud”. In GeoChirp-profiles
these units can be identified. Litorina and recent sedi-
ments are defined as postglacial muds. According to
Winterhalter (1992) the most recent muds often differ
acoustically from underlying, more compact sediments.
In this study this boundary was not visible, probably
due to continuous input of reworked older sediment.
A clear acoustic reflector separates Litorina sediments
from Ancvlus clays (Winterhalter 1972, Ignatius et al.
1981, Nuorteva 1994). Below the transitional Ancylus

and Yoldia sediments the glacial clays and silts depos-

ited in the Baltic Tee Lake show a characteristic pat-
tern of internal reflectors in Chirp-profiles. The lower-
most, fourth interpreted unit, “hard bottom”, consisis
of till and bedrock, which cannot be separated from
cach other in GeoChirp-profiles.

Sedimentation processes are ruled by several fac-
tors; wind-induced waves, bottom currents, bottom to-
pography, amount of suspended material ete. Fluctua-
tions in the sea level have influenced the sedimentary
environment of the study arca. Assuming the water
depth to be the main factor controlling sedimentation,
a schematic presentation of past sedimentary environ-
ments was constructed after an interpreted Chirp-pro-
file. (Fig. 2). As the water depth is gradually decreas-
ing in the study area due to vertical crustal uplift, a
similar presentation could be prepared to describe fu-

Table 1. Distribution of the sca Moor deposits at the site A (see Fig. | for location)

Sea Moor Litorina / Ancylus / Glacial clay Bedrock /
mbwl recent mud % Yoldia clay % and silt % il %

<70 20.1 1.3 46.0 22.6
T0-90) 443 21.7 332 0.8
=00 G2.2 3.9 ERY
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ture sedimentary environments, Accord-
ing to Gubler et al. (1992) the rate of re-
cent uplift is 2-3 mm/year at the mouth of
the Gulf of Finland.

RESULTS AND DISCUSSION

Results of interpreted Chirp-profiles from
arca A (Fig. 1) show, that an the sea floor
<70 m below the water level (mbwl), post-
glacial sediments are only preserved in
sheltered depressions (Table 1). In arcas
with water depths in excess of 90 m,
Litorina and recent mud cover 909% of the
sea floor,

Wind-induced waves prevent active sedi-
mentation in an open-sea environment al
water depths <70-90 m. In Nuorteva's
(1994} study area in proximity to the coast
in the western part of the Gulf of Finland
the thickness of postglacial sediments in-
creases rather uniformly with increasing
water depth until the depths are over 70
m, when a decrease can be noticed. Also
in this study, in the investigated site A
(Fig.1), the average thickness of Litorina
and recent muds first increases with depth,
but in depths over 70 m a deerease can be
observed (Fig. 3). This decrease can prob-
ably be attributed to a decreasing storm
wave induced resuspension of older sedi-
ment in water depths over 70 m. It is evi-
dent, that near bottom currents influence
locally the accumulation of mud depos-
its. These currents also have an erosive
cffect on older sediments, especially on
transitional clays and postglacial gyttja
clay. Glacial clays and silts seem to be
more resistant to erosion than younger de-
posits.

Inan interpretation of a 2 km long Chirp-
profile (site B in Fig. 1) with an average
water depth of 78.5 m, most of the sea
floor is covered by postglacial sediments
(Fig. 4). The average thicknesses of inter-
preted units arc: glacial clavs and silts 16.7
m; transition clays 4.2 m, and postglacial
deposits 6,4 m, An estimated amount of
erosion of glacial clays is 6 %. Another 2
km long interpretation further south (site
Cin Fig.1) shows more erosional features.
even if the waters are deeper (Fig. 3). In
this area the mean thickness for glacial
clays and silts is 11.3 m, for transition clays
2.9 m, and for postglacial deposits 2.8 m.
The amount of erosion of glacial clays is
estimated 1o be over 14 9,
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These preliminary results indicate, that the sedimen-
tary environment of the Baltic Sea is quite variable,
even in a relatively small area as the mouth of the Gulf
of Finland. It is obvious, that similar differences in sedi-
mentation have occurred during earlier phases of Bal-
tic Sea history. Due to the variability of the sedimen-
tary environment, including the dynamics and the avail-
ability of erodable material, the study will be divided
into subareas according to their sedimentary charac-
teristics, The amount of erosion of glacial and transi-
tional sediments and their later redeposition will be
evaluated separately for cach subarea. This evaluation
will be based on available knowledge of surrounding
bathymetry, bottom near current patterns and distance
to crodable sediments. The ultimate goal being an cs-
timate of the environmental effects of reworked older
material in currently accumulating deposits.
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Pre-Quaternary Faults Below the Greifswalder Bodden
(SW Baltic Sea) and Their Correlation with Structures Near

the Sea Bottom (Project SASO II)

Manfred Krauss, Peter Mayer
and Holger Wirth

The Greifswalder Bodden (GBO) is situated approximately in the
central part of the Vorpommern Fault System. In its surroundings

there are the penctrations of salt water (salty ground-water, salt
spring) and of heavy hydrocarbons to the surfaces, which are bounded
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to pre-Quaternary faults. The question is whether such endogenous
processes have influenced or are still influencing the deposits of the
GBO and the adjacent Baltic Sea. On base of about 1000 profile-km
of reprocessed industrial CDP-seismic data the structure in the pre-
OQuaternary underground of the GBO (project SASQ 11) is reinter-
preted. It is clear the faults are extent through the Cretaceous de-
posits towards the base of the glacial deposits. The morphology and
the distribution of the GBO sediments seem to correlate with the
underground faults.

Keywords: Scismic, SW Baltic Sea, pre-Quaternary faults, Quater-
nary scdiments

GEOLOGICAL SITUATION

The Vorpommern Fault System has been gencrally
mapped in 1960-1980 within the context of oil explora-
tion in Lower Zechstein sediments (depths about 2500
m). seismic and drilling data revealed a system of pali-
sade-like NNW-SSE strike faults, which arrange the
Mesozoic formations structurally as dip-slip faults and
Y-grabens, with salt activations being partially invalved
(Wegner 1964, Beutler & Schiiler 1978, Beutler 1979,
1982, Reinhardt 1993) (Fig. 1).
The formation of the VPFS happened as a result of
cxtensive stress impulses during the Middle Keuper
|Old Kimmeridgian event) and towards the end of the
Jurassic (Young Kimmeridgian event). This was the
same regional stress situation that caused the so called
saxonic Tectonic in all of North Germany, But there
was a special tectonic situation at the northeasternmost
margim of the North German Trough in the area of the
lranseuropean Fault and near the Tornquist Zone,
Further reactivation of the faults took place in connec-
ion with Laramic events (Uppermost Cretaceous to
Palacocene), but in this time due to compressive stress,
Regionally this resulted in the final formation of the

Tornquist Zone with inverse high structures as well as
to the uplift of the Grimmen Wall,

Faults due to Laramic events (with Tertiary depos-
its missing) extend locally to the base of Pleistocene
sediments. Thus, they may have influenced the glacial
and Baltic Sea sediments structurally and by material
influx (salty water, gases) up to the surface. The ascent
of salty water and higher hydrocarbons through glacial
sediments up to the surface is known from the sur-
rounding area of the Greifswalder Bodden. An example
tor this is the extraction of salt from springs in Slavonic
time and later with the Christianization here at this
location the foundation of the Cistercian monastery
Hilda (1199) and the foundation of Greifswald { 1250).
Faults with ascended salt water and springs at the sur-
face, salt extraction and its trade were the cause of the
foundation of Greifswald.

The connections with the faults of the pre-Quater-
nany structure and the structural situation inside the
glacial sediments are, however, still unknown. The
thickness of the glacial complex from 40 to 200 m and
its division in till and sand layers is known in regional
overlook by drillings. But the kind of water ascent
through the till layers and the water movement inside

h
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Stucture of the Steinmergel-Keuper
(reflection horizon T7 in m)

@]

Fig. 1. The Vorpommern-fault system in the northeasternmost part of Germany and the adjacent Baltic Sea and the location
of the SASO [I-praject. Structure of the Steinmergel-Keuper (reflection T7)

the sand layers there is not known due to lack of drill-
ing and near-seismic data. This is the content of a fu-
ture project. The first step for solving this problem is
to delineate the structure up to the surface of the Cre-
taccous sediment complex, respectively up to the hasis
of the Quaternary glacial complex.

TARGET AND PRECONDITIONS

The investigations of the project .Struktur Atlas
sudliche Ostsee, Teil Greifswalder Bodden® (SASCID
are aimed at mapping the structure of the Mesozoic
sediment complex in the Greifswalder Bodden and jts
surroundings including the adjacent Baltic Sea and trac-
ing it as far as possible o the Quaternary basis, The
base of these investigations is the reprocessing and re-
interpretation of older seismic and drilling data.

In the area of the Greifswalder Bodden and its sur-
roundings there are about 2 000 km of CDP-seismic

38

data of the oil exploration, which have been recorded
since 1970 in more than 30 separate projects by means
of an-shore, shallow water and off-shore techniques,
Ficld and interpretation methods, i.e., hardware and
software have been continuously developed since.
Therefore, there were no uniform conditions for a re-
processing of the data (Mayer et al., in this volume).

Reprocessing and interpretation of the seismic data
have been complicated by seismic effects of sub-bot-
tom low-velocity layers (peat, pas-saturated mud).
Echograms on the GBO lines, Boomer seismic data ,as
well as shallow wells could be used for mapping of the
sediments (Fig. 6). Furthermore. there are about 20
oil wells drilled in the surrounding arca in 1960s and
1970s, which can be used for interpretation. In the GBO
arca, however, a direct connection of seismic horizons
15 possible only in 2 wells in the southwesternmost part.
The correlation of the horizons on the lines is very dif-
ficult because of large faults and time deformation of
reflections due to low velocities beneath the sea bot-
tom (gas saturated mud).

Pre-Quaternary Faulis Below the Greifswalder Bodden (SW Baliic Sea) and Their Correlation
with Structures Near the Sea Bottom { Project SASO 11)
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Fig. 3. Migrated time section line B with Freest fault

PRELIMINARY GEOLOGI-
CAL RESULTS

* For the interpretation of
mare than 1000-km repro-
cessed field data (Mayer et al.,
in this volume) the computer-
assisted interpretation system
CHARISMA has been used.

* To delineate the structure
of the Mesozoic sediment com-
plex in the target area of the
project the following seismic
reflection horizons had to be
correlated: B2 (Upper Creta-
ceous base ), L4 (Lias basc), T7
(Upper Keuper transgression ),
M3 (Muschelkalk base), 52
(Rhoethian base), X1/X2 (Tri-
assic base).

* The pre-Quaternary struc-
ture in the area of the
Greifswalder Bodden is di-
vided through SSW-NNE and
WNW-ESE orientated fault
zones with dip-slip amplitudes
up to several 100 m in the Tri-
assic-Lias horizons. The main
structural element is the
Samtens Fault Zone in the
northern part. At this E-W to
WNW-ESE orientated, several
100 m wide graben zones are
leading into the other NNW-
5SE orientated fault zoncs
(Fig. 5). There are also two el-
ements: the Freest Fault Zone
in the eastern part and the
Gretfswald-Gristow-Poseritz
Fault Zone in the western part
of the investigation area. The
faults are partly single dip-slip
faults, partly graben systems
with dip-slip amplitudes of sev-
eral 100 metres. The faulls are
fading partly listric into the
Zechstein salinar, partly steep
cross cutting. The grabens are
sharp outlined and inside di-
vided by smaller faulis (Fig. 2).

The faults are reactivated
by compressive Laramic activi-
ties during Uppermost Creta-
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Fig. 4. Migrated time section line C with castern Samiens fault

ceous to Palacocene time with movement amplitudes
up to several 10 m. These fault reactivations took place
in the context with the uplift of the Grimmen Wall.
There are Cretaceous sediments missing in the recent
stratigraphic profile (Fig. 5). In this arca the Quater-
nary glacial sediments are lving directly on clearly dis-
turbed Liassic sediments,

The seismic horizons at the base Upper Cretaceous
(B2) cither are likewise clearly disturbed or there are
horizon flexures and wave shape distortion as features
of small dislocations (Fig. 2-4), This prool was firstly
possible on base of reprocessed seismic data. The faults
extend (with Tertiary deposits missing) towards the base
of the glacial deposits.

s The interpretation of BOOMER-seismic profiles
allows the representation of the sediment distribution
in the GBO with fine sand, silt and mud (Fig. 6). Mud
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208 rich in gas and peat prima-
IEDD rily are situated in formerly
glacial stream channels.

The thickness of mud does
not exceed 3-4 m. The mud-
peat layers cause a large
quality and correction prob-
lem. Due to high gas con-
tent, a strong absorption of
seismic energy and seismic
quality is diminished
{Mayer ct al., in this vol-
ume). Therefore thickness
of underlying peat com-
plexes can not be recorded.
In some regions there
are indications of correla-
tion between underground
faults and morphological
and sedimentological sur-
face anomalies. For in-
stance the channels are
partly concurrent in direc-
tion and position with the
underground faults (Fig. 6).
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Variability of Recent Sedimentation Rates
in the North Central Basin of the Baltic Sea

Helmar Kunzendorf

Five sediment cores from a small area within the North Central Ba-

sin, Baltic Sea, were dated by Pb-210 with subsequent Cs-137 verifi-

Kunzendorf, H. 1999: Variability of recent
sedimentation rates in the North Central
Basin of the Baltic Seca. Baftica Special
Publication 12, 62-635. Vilnius. ISSMN 0067-

cations. Closely spaced cores vielded similar unsupported Pbh-210
depth curves. Radicactivity curves with depth (both Pb-210 and Cs-
137) vary only when the very fine surface sediment top layer (sedi-
ment fluff) has been disturbed or even removed,

3064 The dating of the sediment slices was found to be straightforward
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and few errors are introduced during sample preparation processes.
The real errors in the dating process ocour during core recovery and
core slicing.

Keywords: Pb-210 dating, non-destructive gamma spectrometry; vari-
ability, central Baltic Sea,

INTRODUCTION

The paleoenvironmental studies presently being con-
ducted in the deep basins of the Baltic Sea (Baltic Sea
System Study, BASYS, EU Marine Science and Tech-
nology project) include also studies on the most recent
sediments, By doing this changes in sedimentation
caused by possibly human activity and also climatic and
other environmental changes can be coupled and com-
pared to what is preserved in the record of past sedi-
ments, i.e, in the deep (> 1 m) parts of long cores. A
pre-requisit of all surface sediment studies is 1o make
sure that the sedimentation in place has not been dis-
turbed by human or bio-activity changing the surface
sediment characteristics significantly. One way of
checking whether the upper 50 cm of the sediments
has been disturbed would be visual or X-ray inspection
outlining structures caused by disturbances of the above
mentioned activities. A check method is also non-de-
structive Pb-210 dating based on dried sediment discs
(0.5 or 1 em thick). By following the natural radioac-
tive {(Pb-210) and the anthropogenic (Cs-137) tracers
with sediment depth, and modelling these data, one is
able to construct a verified sedimentation history. The
high-resolution dating through the radioactivity depth
profiles then also gives the possibility to predict inho-
mogeneities in the recent sedimentation record,

In the present contribution, we focus on 5 short
(Niemistd type) cores from the North Central Basin
(NCB) of the Baltic Sea. Special emphasis is on the
variability of the dating of closely spaced sediment cores
with some varying topographic relicf, Because dating
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is often conducted with varying instrumentation, a com-
parison between instruments is also included. Finally,
this investigation aimed also at the outlining of uncer-
tainties in connection with the dating by following eriti-
cally the whole process of Pb-210 dating,

SETTING AND METHODS

All the cores are from a BASYS-7 cruise with R/V
Kottsov (Harff & Winterhalter 1996) conducted in
1996, Characteristic data for the cores (position and
water depth) are compiled in Table 1. Some of the core
positions (INC5 and 2NC6, and 2ZNC3 and 6NC2) are
only a few hundred meters apart (Fig. 1),

The cored sediments have been described by Larsen
(1996). Accordingly, black fluffy mud of about 5 em
thickness covers otherwise olive grey clayey mud at
depth. Several black sulfidic spots suggest burrowing
of the sediments. At varying depths below 70 em, a
finely laminated stiffy mud is observed, which then
grades into grey homogencous mud. This layer has been
named “Viking layer™ because of its reported age of
about 1500 years B.P (T. Andrén, Stockholm Univer-
sity, personal communication).

All the cores were sliced into 1 or 0.5 cm sections at
the home laboralory, some 3 weeks after cruise termi-
nation. The slices were freexe dried and filled into con-
tainers with a thin PVC foil at the bottom. The radio-
activity measurements were carmied out with ultra-low
background (remotely positioned preamplifiers)
Ge(Li) detector systems (e.g. Kunzendorf et al, 1996;

Variability of Recent Sedimentation Rates in the North Central Basin of the Baltic Sea

Kunzendorf & Christiansen 1996; Kunzendorf &
Christiansen 1997). Detector shielding was by 8 cm
present-day lead and 2 ¢m old lead sandwiched with 5
mm Cu, Data recording was via PC. Each sample was
counted for 1 day and besides the total Ph-210 (46.5
keV) and the Cs-137 (661 keV) activities, a number of
other natural and anthropogenic radioisotopes were
determined. By doing this, supported Pb-210 activities
were estimated directly from Ra-226 or Pb-214. Un-
supported Pb-210 was calculated by subtracting the
amount of supported from the total Ph-210. Errors in-
troduced by the subtraction operation were usually
about 10%. A relatively simple constant rate of supply
(CRS) model (e.g., Appleby & Oldfield 1992; Robbins
1978) was used for the calulation of age/depth expres-
sions. Basically, a numeric technique was applied to
calculate the total unsupported Pb-210 in the core us-
ing bulk density estimations (obtained from the dry
weight of the slice divided by the (wet) volume of the
slice).
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Fig. 1. Sampling stations in the North Central Basin (NCB)
of the Baltic Sea, Isolines arc given in metres

Table 1. Characteristics of the sediment coring stations

Core Coordinates Water depth
2NC3 58.80099" 20.20537° 192.70 m
INC5 58.82028° 2024635 174.10m
INC6 58.81925° 2(.2489" 174,50 m
SNC2 58.80723° 20.19242° 157.10m
6NC2Z  58.80067° 20.20367" 18890 m
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Fig. 2. Comparison of unsupported Pb-210 vs. mass depth
curves generated with two different dating instrumentations

DATING RESULTS AND
DISCUSSIONS

Because the core measurements were carried out by
differing instrumentations with their own physical pa-
rameter characteristics (efficiencies, energy resolution
ete.) the dried sediment slices of core 6NC2 were
counted with two different instrumentations to check
the variability within instruments. The resulting unsup-
ported Pb-210 activities plotted against mass depth (g
cm’) are shown in Fig. 2. The obtained curves are more
or less identical suggesting that the radiometric pro-
files are independent of use of instrumentation.

In general, the measured Pb-210 activities are very
high, sometime exceeding 1000 Bg/kg. High activitics
are usually connected with the fluffy layer. This sug-
gests that the very fine particles more or less contain
all the radioactivity. Fine particles are supposed to re-
act agressively in the deep basin, due to their large sur-
face area catching increased amounts of Pb-210 (and
Cs-137) containing particles.

Cores 2NC5 and ZNC6, and 2ZNC3 and 6NC2 were
taken only a few hundreds of meters apart (see Fig, 1).
Indeed there are slight differences in the unsupported
Pb-210 curves of cores 2NC5 and 2NC6 (Fig. 3) but
the more visible difference is in the curves of 2NC3
and 6NC2. While the differences between cores 2NCS
and 2NC6 can be explained by mainly a slightly vary-
ing detector system respons (difference in magnitude
of unsupported Ph-2100), the deviation of 2NC3 core
curve compared to core 6NC2 can only be explained
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Table 2. CRS modelling of the cores

areas are minor. If any
differences at all are

Ph-210 Age observed these are
Core slice INC5  INCo SNC2 2NC3 6NC2 most likely explained
(mm) (vear B.I%) by the occurrence or
. absence of the un-
0-3 1995 1996 stable fluffy layer on
5-10 1993 1995 top of the cores. This
0-10 1994 1994 1995 problem is even more
ig;g iggg 133{3‘; addressed through the
10-20 1991 1991 oy el wheress
2035 1984 1987 Lmuris vsdmn;.ﬂ df‘, |;th
i 981 1084 are plotted in Fig. 4 for
%g% 1989 : 1089 1990 cores ZNCS and 2NC6.
30-35 1977 1975 Although the shape of
35-40 1975 1973 the curves is almost
30-40 1986 1986 1987 identical, it is obvious
40-45 1972 1968 that core 2NCh lacks
45-50 1970 1965 the uppermost portion
;gig 1983 1967 1983 1984 becausc the activily is
== . significantly lower in
50.60 e 1979 1958 1051, siopacetion.
ggf}g 195 1960 Using unsupported
65-70 1957 Pb-210 data and mea-
60-70 1976 1976 1945 1977 sured bulk density data
70-75 1951 (bulk density = dry
75-80 1943 " ) weight of the slice/slice
gggi; 1972 - 1972 1923 1971 volume) the cores
: were all dated by the
B5-90 1924 4
80-90 1967 1967 1882 1965 constant rate of supply
9(-95 1914 maodel, In the model
95-100 1908 calculations each sedi-
90-100 1960 1960 . 1959 ment slice is compared
lﬂﬂ-l%ﬂ 1951 ig;é }33& to the total unsup-
110-120 1939 ported Pb-210 rate in
120-130 1925 1925 1933 _ :
130-140 1903 1904 the entire core section,
140-150 1865 1865 Estimated ages of all

by loss of fluffy material on top of the core. A reason-
ably good agreement of both curves would be obtained
by “adding” about 0.7 g cm* mass on top of 2NC3.

By comparing the unsupported Pb-210 curves of all
the cores as one group (see Fig. 3, 2NC3 not plotted),
it is obvious that there is little influence of water depth
on the shape of the curves. While the eastern cores
(2ZNC5 and 2NC6H) were taken at a topographical eleva-
tion at about 174 m which compares with water depths
of about 185 m for the 3 western cores, the unsupported
Pb-210 curves show little variation. The slight differ-
ences observed are usually in the uppermost part of the
core caused presumably by a minor loss of material, and
in the lowermost part of the cores variation being ex-
plained by variable detector response (background). In
summary, the curves within subareas are often nearly
identical and also the slight vaniation between the two

b4

the measured core
slices using this model

are given in Table 2. As can be scen there is good agree-
ment in the chronology of cores 2NC5, SNC2 and 6NC2
down to about 10 em depth. Agreement with cores
2MC3 and 2NC5 is not too good below 4 ecm core depth
and this must be ascribed o the loss of surface mate-
rial in these cores leading (o total unsupported Ph-210
rates that are too low,

CONCLUSIONS

The dating of 5 short sediment cores from a small deep
sedimentary basin of the Baltic Sea allows us to con-
clude the following:

(1) Closely spaced surface sediment cores from the
North Central Basin arca of the Baltic Sea yield simi-
lar unsupported Pb-210 depth curves.

Variability of Recent Sedimentation Rates in the North Central Basin of the Baltic Sea
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Fig. 4. Cs-137 vs. mass depth for cores 2NC3 and 2NC6
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{2) Variation of radioactivity curves (both Pb-210
and Cs-137) is only found when the very fine surface
sediment laver (sediment fluff) has been disturbed or
even removed.

(3) Because of the varying thickness of the fluffy
surface layer more than one sediment core is required
for the determination of the recent chronology of the
surface sediments.

The dating of the sediment slices is straightforward
and introduces few errors during sample preparation
processes. Being non-destructive, the measurements
can be repeated on the same sample material and from
tests it is concluded that uncertainties judged by re-
peated measurements are low, usually below 5%, The
real errors in the dating process are introduced by the
core recovery and the slicing. Through the coring pro-
cess, core penetration may not be strictly vertical, i.c.
not perpendicular to sediment layering, leading to in-
creased sedimentation rates, Such errors can only be
climinated by multiple coring at the same coring sta-
tion. As regards the slicing, some material is removed
through the normal slicing process using professional
slicers. This error is therefore regarded minor com-
pared to the core penctration problems.
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No Indication of a Deeply Incised Dana River Between Arkona Basin and

Mecklenburg Bay

Wolfram Lemke, Jorn Bo Jensen, Itis generally believed that beginning at its maximum highstand level

Ole Bennike, Andrzej Witkowski
and Antoon Kuijpers

the Preboreal-Boreal Ancylus Lake was drained by the Dana River
via Kadet Channel, Fehmarn Belt and Great Belt. One missing link
in this concept is an indication of the Dana River valley in the area

between Arkona Basin and Kadet Channel. Joint Danish, Polish and
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German studies including shallow seismic surveys, sediment sam-
pling, paleobotanical investigations and radiocarbon dating have been
carried out in this region since 1989,

The results do not confirm the former existence of an incised Dana
River draining the Ancylus Lake at the predicted course to a depth
level of 32 m below present sea level. On the contrary, there is a
Pleistocene threshold of 23 m below present sea level being incon-
sistent with the expected course and depth level of the Dana River.

Keywords: Baltic Sea, Holocene, Paleogeography. Ancylus Lake.

INTRODUCTION

The Ancylus Lake with its water level fluctuations has
been one of the most fascinating and enigmatic sub-
jects in Baltic paleogeographical research. Especially
the Ancylus Lake highstand, the following regression
and the outlet channels of this giant freshwater lake
gave rise to several different hypotheses. The recent
state of knowledge was summarized by Bjorck (1995),
About 9.500 a BP isostatic uplift of south central Swe-
den started to produce up-damming of the water level
in the Baltic basin. In the southern Baltic, where the
isostatic uplift had either ceased or even turned into
submergenee, it resulted in a substantial transgression,
Numerous suggestions on the maximum highstand level
in the southern Baltic region during this transgression

i)

have been published. Kolp (1965) proposed a value of
20 m below present sea level (bsl) according to find-
ings in the Darss Sill area. Kolp (1986) and Kliewe &
Janke (1982) suggested a highstand level of 8-12 m hsl
while Bjorck (1995) estimated a level of about 20 m
bsl.

A still wider range of values has been suggested re-
earding the regression rate of the Ancylus Lake after
its maximum highstand. Kessel & Raukas (1979) re-
ported an Ancylus Lake level lowering of 25 m. A value
of 13-15 m was published by Alhonen (1979) and
Giudelis (1979), Eronen (1988) found 20 m in his stud-
ies while Svensson (1991) and Bjorek (1995) suggested
8-10 m.

According to Bjorck (1995) the regression of the
Ancylus Lake was due to gradual down-cutting in the

No Indication of a Deeply Incised Dana River Between Arkona Basin and Mecklenburg Bay
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Darss Sill arca, i.¢. 1o the incision of the Dana River
villey between 9.200 and 9,000 BP. The course of the
Dana River was suggested to be coincident with the
Kadet Channel, Febmarn Belt and Great Belt imply-
ing a buried continuation from Kadet Channel to the

Arkona Basin. However, only little information was
availuble about this ¢. 35 km wide transition area.
Therefore, Bjorek (1995) recommended a detailed seis-
micsurvey to detect the course of the Dana River here,
Such a survey combined with sediment sampling, pa-
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leobotanical investigations and
radiocarbon dating was carried
outin a joint Danish, Polish and
German study since 1989,

METHODS

A shallow seismic survey and
scdiment sampling were car-
ried out onboard the research
vessels AV Humboldt™, "Pro-
fessor Albrecht Penck™ and
"Marie Milj@”".  The
seismoacoustic equipment
used in this study included a
Boomer (Uniboom, 0.8-16
kHz), a subbottom profiler
{ORE, 3.5 kHz). Datasonics
and Geoacoustics CHIRP (1-
10kHz) and a dual frequency
echosounder (DESO 25, 15
and 210 kHz). Sediment
samples were taken by a 6 m
vibrocore device. Navigational
data were provided by differen-
tial GPS and the Sercel Syledis
system with an accuracy of
within 10 m.

A number of cores were
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487-542 cm: clayey silt, light olive gray, AMS-C14-Daling on remains
of Salix herbacea at 487-505 cm gave an age of 12180 +- 100 a BP

£l

|

542-598 cm:; clayey silt with humic particles, light olive gray,
high carbenate content , AMS-C14-Dating on remains of Betufa
nana and Salix herbacea gave an age of 12700 +- 110 a BP

&

2

Fig. 3. Core 200540 with dated plant remains

subsampled at selected levels for radiocarbon dating
and analyses of macro- and microfossils, in order to
obtain further information on the age and depositional
environment of the sediments. The samples were dated
cither by conventional "“C-dating at the Dating Labo-
ratory of the Danish National Museum and GEUS, or
by Accelerator Mass Spectrometry (AMS) “C-dating
at the Institute of Physics, Aarhus University, follow-
ing the method described by Heinemeier & Andersen
(1983).

For more detailed information on the scismic in-
terpretations, macrofossil- and diatom analysis and ra-
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diocarbon dating we refer to carlier publications
(Jensen & Stecher 1992, Jensen et al. 1997, Lemke and
Kuijpers 1995, Lemke ct al. 1997).

SETTING

The arca between Kadet Channel and Arkona Basin is
part of the Darss Sill which acts as a major hydrographic
threshold between the central Baltic Sea and the
Kattegat at present. As the sca bottom is formed mainly
by sand in this part of the Darss Sill it was called

No Indication of a Deeply Incised Dana River Between Arkona Basin and Mecklenburg Bay
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The minimum age of the sand was
determined by dating of organic
infillings within shallow channels in-

' cised in the sand. A detritus gyttja was
dated to 9,660 = 145 BP (K 6343) by
conventional radiocarbon dating, and
plant remains within such a layer gave
an age of 9810 = 75 BP (AAR 2639)
by using the AMS technique. Within
the sand itself two datings could be
gained from remains of Betla nana
and Salix polaris. The ages were 12,180
=+ 100 BP (AAR 3040) and 12,700 =
O BP (Fig. 2). Together with findings
in the Arkona Basin and Mecklenburg
Bay (Jensen et al. 1997) these datings
confirm a late glacial age of the sands
below the fragmentary thin marine
sediment cover,

A map of the late glacial sand's up-
per boundary (Fig. 3) clearly shows a
Pleistocene threshold at a recent level
of 23 m bsl cast of Kadet Channel.

DISCUSSION AND CONCLUSIONS

| Assuming a Dana River valley as pro-
posed by Bjorck (1993), one had to ex-
pect a buricd valley with a minimum
depth of 32 m bsl, as it is known from
the Kadet Channel. The infill of this
valley would have to be of late Boreal
OF younger age,

As shown above, the deepest inci-
sions in the Pleistocene sands do not

Fig. 4. Pleistocene surface at the Darss Sill in m below present sea level, solid g0 beyond 23 m bsl. Actually, Boreal

lines indicate the course of shallow channels

“Falster-Riigen sand plain” by Kolp (1965). The re-
cent threshold depth is 17 m bsl (see Fig. 1). More de-
tailed data are presented in Lemke (1992, 1994), Lemke
ctal. (1994) and Jensen et al. (1996).

RESULTS

During the seismoacoustical surveys a shallow
subbottom reflector was identified nearly over the en-
tire arca. Usually, this reflector was detected some
decimetres below the sea bottom. Locally however, the
overlying bed thins out completely so that the reflector
forms the sediment’s surface. Lithologically, the u pper
bed consists of fine to medium sand with marine shells,
The reflector described above forms the upper bound-
ary of another fine sand type. This sand is rich in fine
dispersed carbonate and contains no marine fossils.
Fine humous particles are common.

deposits were found in these channel

structures. They consist, however, of
calcarcous gyttjas reflecting a rather quicet lacustrine
or paludal depositional environment { Bennike et al. in
press ) . Similar Boreal deposits of local lake, mire or
swamp origin are found at several places in the Darss
Sill area,

Furthermore, if the Dana River would have drained
the Ancylus Lake via the Kadet Channel for a time span
of several hundreds of years, a prograding system was
likely 1o have developed in the southwestern Kader
Channel exit. Interpretations of seismic data from this
area show no indications of such a prograding svstem,

Further results of this study which will be presented
clsewhere (Jensen et al in prep.) indicate a maximum
highstand level of the Ancylus Lake at 18 m bsl. Con-
sidering the following regression of at least 8-10 m
(Svensson 1991, Bjorck 1995), the Pleistocene thresh-
old northeast of Kadet Channel must have prevented a
lake level lowering of more than 5 m. Thus, any fur-
ther drainage must have happened elsewhere.
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According to Bjorck (1995), the Ancylus Lake be-
came level with the sea after the regression. This im-
plies necessarily a connection between the Kattegat and
the Ancylus Lake. As the Pleistocene threshold is much
too high to maintain this connection via the Darss Sill,
it has to be looked for the link in another place. With-
out such a connection in a different locality, a new trans-
gression in the Darss Sill area would have occurred.
However, there is no indication for this,

Therefore, it has 1o be stated that the Dana River
in the previously predicted course and depth level is
not verifiable,
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Reprocessing Results of Older Seismic Oil Exploration Data
from the Area of the Greifswalder Bodden (Project SASO II)

Peter Mayer, Friedrich Zenker,
Holger Wirth and
Manfred Krauss

In the framework of the project SASO IT (Struktur-Atlas Siidliche
Ostsee) there were CDP-seismic oil exploration data from the area
of the Greifswalder Bodden (north-eastern part of Gernmany) re-
processed, The target of the project is to reconstruct the Cimmerian-

Laramic structure in the above mentioned area. For this reason it
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was necessary to increase the resolution and the signal/noise ration
of the older seismic processing results. Hereby, the main problems
were the wave-form distortion caused by gas-saturated mud on the
subbottom, as well as the superimposition of low frequency and low
velocity noise. Therefore, the seismic reprocessing technique mainly
was designed for a careful prestack processing. The given result ex-
amples demonstrate the quality improvement reached by the seis-
mic reprocessing,

Keywords: Seismic, reprocessing, prestack processing, Greifswalder
Bodden, NE Germany, Vorpommern fault system.

PROJECT SASO Il TARGET

The target ofthe SASO II project - as a part of SASO
(Strukiur-Atlas Siidliche Ostsee] - is to reconstruct the
Cimmerian-Laramic structure beneath the castern
Boddens of Vorpommern wsing existing older indus-
trial seismic field data. Presently, the main activity of
the SASO 1l project is centred on the area of the
Greifswalder Bodden (north-castern part of Germany).

SEISMIC FIELD DATA

The data acquisition (72 CDP-seismic lines, 560 km)
was performed by standard marine seismic technology
(towed hydrophone streamer) on extremely diffeult
conditions (water depth 5...8 m, busy shipping traffic
and fishing, partly mud-covered sea bottom). The pa-
rameters of data acquisition (1986/87) and former data
processing ( 1987) were designed for oil and gas explo-
ration of the Permian (TWT > 1.5 s) and, therefore,
non-optimal for the target of the SASO I project (high
seismic resolution for TWT up to 1.5 s).

Parameters of data acquisition:

CDP-gecometry: Hydrophone group spread -160...-
1310 m, 24-fold CDP-coverage, shot
point interval 25 m;

Energy source: VAPORCHOC, octojet, tow depth 2
m;

24 groups of 48 hydrophones each,

group distance 50 m, tow depth of the

streamer 3.5 m:

Data recording: Sample rate 4 ms, frequency filter 13
.. 2.5 Hz.

Streamer:

SEISMIC DATA QUALITY ANALYSIS

The 1987 data processing does not satisfy the quality
requirements of the SASO 11 project (see Fig. 1) be-
cause of

« a low frequency filtering in data acquisition,

« non-optimal prestack processing of the single
records, and
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Fig. 1. Schematic map of seismic quality and mud distribution from sediment echograms in the area of the Greifswalder
Bodden: 1- seismic and sediment-echographic lines; 2 - mud covering without diminishing of seismic guality; 3 - no mud
covering, diminished seismic quality; 4 - mud covering and extremely diminished seismic quality

= narrow low frequency band-pass filtering before
and after stack were applied.

For designing optimal seismic reprocessing param-
eters, as the first step, a detailed quality analysis of seis-
mic datn was caried out using;

o ficld records of cach shot point,

» non-processed records of the shot point nearest
Lraces as well as

o sediment cchograms simultancously recorded on
the scismic CDP lines,

The schematic map in Fig. 1 in connection with the
scismic examples shows that there are two facts dimin-
ishing the scismic quality; ;

« In mud-covered arcas neither on the single field
records of the shot points nor on the non-processed
records of the shot point nearest traces it is possible to
recognize any uscful seismic energy;

» In the whole investigation arca, a strong low fre-
quency and low velocity coherent noise (6...8 Hz resp.
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+ 1500 ...1700 m/s) is superimposed to the useful seis.
mic energy.

DATA REPROCESSING RESULTS

In close co-operation with the members of the project
group SAS50 I (Institut fir Geologische
Wissenschaften der Universitat Greifswald) the seis-
mic data reprocessing was carricd out by the
Giesellschalt fir Geowissenschaftliche Dienste Leipzig
mbH (GGD) using the scismic system ProMAX (6.2).
The main target of the data reprocessing was 1o increase
the signal/noise ratio and the seismic resolution in the
TWT-interval up to 1.5 5. The optimal reprocessing
parameters were determined after detailed processing
tests mainly centred on the prestack processing
(VAPORCHOC signature deconvolution, wide-band
[requency - wave-number - filtering, predictive mini-
mum-phase deconvolution)

The given examples demonstrate the guality im-

Reprocessing Results of Older Scismic Oil Explontion Data from the Area of the Greifswalder Bodden (Project SASQ 1)

= ongo

Fig, 2. Example for guality improvement by reprocessing
of industrial seismic ficld data from the arca with mud
covered sea bottom (Line A, see Fig. 1)

provement reached by the seismic data reprocessing
of the above mentioned field data. Due to higher
vertical and horizontal seismic resolution of the mi-
grated time sections and obvious correlation of rel-
evant reflection horizons, the boundaries and the
detailed structure of faults can be reliably mapped.
This is a necessary precondition to achieve the most
important premise of the oriject: Delineation of the
Structure of the Vorpommern Fault System in the
Area of the Greifswalder Bodden.

je- Prestackprocessing 3
T ) E—————

Fig. 3. Example for quality improvement by reprocessing
of industrial seismic field data from the area without mud
covering of the sea bottom (Line B, see Fig. 1),
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Glaciofluvial Deposits in the North-Eastern Baltic Proper

Riko Noormets and Tom Flodén

Glaciofluvial deposits have been recorded at several locations in (he

north-castern Baltic Proper. The investigated area extends from (he
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Estonian Islands Hilumaa (Dago) and Saaremaa (Osel) in the casy
to some 100 km westwards. The investigations of the area were per-
formed using a single channel seismic reflection profiler. Glaciofluy )
deposits occur on top of the Late Weichselian till in the vicinity of
two prominent, ENE-WSW directed escarpments, namely the Oy-
dovician-Cambrian clint in the northern part of the area, and the
Silurian clint in the central part of the area. The glaciofluvial form -
tions found in the clint zones have locally been interpreted as pos-
sible eskers, whereas those in the foreclint area, in all likelihood,
consist of a mixture of glaciofluvial and glaciolacustrine deposits.

Keywords: glaciofluvial deposits, continuous seismic reflection pro-
filing, northeastern Baltic Proper.

INTRODUCTION

Our understanding of the bedrock as well as of the
Quaternary deposits of the Baltic Sea has considerably
improved since the initiation of scismic investigations.
Such investigations were conducted in the western part
of the Baltic Sca already in the beginning of 1960s by
the Marine Department of the Institute of Geology.
Stockholm University (Flodén 1975a, 1980). In the east-
ern part of the Baltic Sea systematic seismic profiling
began in 1970 (Litvin et al, 1974). A review of the ma-
rine geological research on the Estonian Shelf is given
by Lutt and Raukas (1993). The first results of system-
atic seismic profiling in the castern Baltic Proper, con-
ducted within the frames of joint marine geological
projects between Stockholm University and various
Geological Institutions in the Baltic States since 1991,
have been published (Noormets 1994; Flodén et al.
1994; Tuuling et al. 1995; Bjerkéus et al. 1995),
Glaciofluvial deposits occur on, as well as below the
upper, Late Weichselian, till layer. This paper is fo-
cused on the distribution and morphology of
glaciofluvial deposits laid down ontop of the Late
Weichselian till in the northeastern Baltic Proper.

DATA ACQUISITION

The present investigation is essentially based on c. 4400
km of seismic profiles (Fig. 1). These continuous seis-
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mic reflection data were collected in the frames of joint
marine geological projects between the Department of
Geology and Geochemistry, Stockholm University, the
Estonian Geological Survey, Tallinn, and the Institute
of Geology. Tallinn. During 1991 to 1995 the seismic
cquipment operated by the Stockholm University was
used on board of various vessels. The single channc!
seismic equipment consisted of an air gun transmitter
and a 20 m long hydrophone ecl for the detecting of
impulses reflected from different layers below the seq
bottom. Registered signals were then forwarded
through analog input to the graphic recorder. They were
displaved on a special paper in the form of continuous
profiles. Recorded frequency bands were 250-500 Hz
for the bedrock and 450-900 Hz for the Quaternary
deposits. Water depths were recorded by a 33 kHz
ATLAS echosounder. Detailed description and use ol
this equipment is given by Flodén (1975b, 1981).

Location of the vesselwas noted in 20 min. intervals
in 1991 and in 10 min. intervals in the following years by
the use of a RAYTHEON Global Positioning System
(GPS) Navigator. The precision of the GPS equipment
was ¢. +/- 50 m at the time of this investigation.

GENERAL GEOLOGICAL BACKGROUND

The bedrock in the explored arca consists of Precam-
brian crystalline basement in the north. Southwards the
basement is successively overlain by a cover of Cam-

Glaciofluvial Deposits in the North-Eastern Ballic Proper

cs2 surface in the area of investiga-

T rock topographies. The bedrock
27 e
" tion has a gentle dip towards

s southwest by ¢. 12 m per 10 km.

GLACIOFLUVIAL DEPOSITS

The glaciofluvial deposits have
been differentiated mostly on the
basis of their seismic pattern.
Different grain sizes and litholo-
gies cause greater scattering of
the secismic energy within the
glaciofluvial deposits as com-
pared to within the beds above
and below. This results in a
“lighter” scismic pattern and
rather distinctive upper and
lower houndaries of the
glaciofluvial deposits in the seis-
mic profiles. Lamination can of-

| f.——--‘--—‘-]rr-—r ;"‘}

ten be distinguished within
glaciofluvial deposits, too (Figs.
28&3)

The morphology of the
glaciofluvial landforms varies
i from layers with uniform thick-
' nesses, covering several square
kilometres, to high ridges with
sharp crests (Figs, 2 & 3). The
former morphological varicty is
characteristic to the arcas of low
altitude in front of the Ordovi-
cian-Cambrian and Silurian
clints, while the latter occurs gen-

ESTONIA:

* |1 | % |2

Fig. 1. Location of the seismic lines, and cross-sections CS-1 and C5-2, presented
on Figs. 2 and 3 respectively, The bedrock topography is presented by isolines with
20 metres intervals below sea level, 1- troughs: 2- glaciofluvial deposits

brian, Ordovician and Silurian sedimentary bedrock
towards the south (Lutt & Raukas (eds.) 1993; Flodén
19R0: Winterhalter et al. 1981). The most distinguished
geomorphological features which have influenced the
glacial and glaciofluvial, as well as the postglacial depo-
sition in the arca are the two extensive, ENE-WSW
directed, bedrock escarpments. These are the Ordovi-
cian-Cambrian clint in the northern part, and the Sil-
urian clint in the central part, of the investigated area
{Fig. 1). Martinsson ( 1958) has discussed the origin and
structure of these escarpments in the Baltic Sea. The
two plateaus in the area, namely the Ordovician pla-
teau in between the two clints, and the Silurian platecau
south of the Silurian clint have comparatively flat bed-

erally within the troughs in the
Ordovician-Cambrian clint zone.
Thick sequences of glacial depos-
its, filling deep depressions in the
bedrock surface, often contain
layers of glaciofluvial deposits,
too. Laterally the glaciofluvial
deposits seem to have rather vari-
able shapes, such as round, clongated, and irregular.
The shape of any single formation was not possible to
map in detail because of the sparse spacing of survey
lines in the Ordovician-Cambrian clint zone (Fig. 1}.
The glaciofluvial deposits are usually covered by com-
plexes of late- and postglacial glaciolacustrine and
marine deposits.

In the central part of the investigated area the
glaciofluvial deposits occur in connection with a trough
cut into the sedimentary bedrock. The trough cuts
through the Silurian escarpment and is filled with a
complex sequence of glacial and postglacial deposits,
The sequence of Quaternary deposits in the trough is
locally over 70 m thick and contains layers of
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glaciolacustrine deposits i.c. wep,
laid down in water, rather (1 b
water, ponded partially in fropn; of
the ice margin and partially un ey
the floating ice margin.

rather well preserved. This syp.
gests that the glaciofluvial depgs.
its were laid down in passive jpe

gin (Hoppe 1961). Since the enire
clint complex is of a crosional orj.
gin, the troughs mentioned earlier
were very likely cut into the hed.
rock during the advancing si upes
of the ice sheet or even during the
preglacial period (Martinsson
1958). Thus, the meltwater, jssy.
ing from beneath the ice sheet dur.
ing the recession, was obviously
concentrated along already exisi-
.| ing pathways, and the subglacial
2| meltwater channels most likely co-
2| incided with the troughs cut jnio
2| the clint. That would explain the
E occurrence of glaciofluvial depos-

SBSNET' N

its along the troughs.

The formation of placiofluvil
ridges with sharp crests may be ex-
plained by an accumulation of de-

4
£ il

ZZE

) :

& km| Posits along the steep ice-walled
channels, possibly subglacially
Many studies have pointed to the

possibility of such a mechanism

f—i‘:ﬁ.i.(ﬁms:s-sucl_iun 1. 1-sedimentary bedrock (unidentified); 2- Late Weichselian  with similar landforms created as
i 3= glaciofluvial deposits; 4- late- and posiglacial glaciolacustrine and marine @ result {(Hoppe 1961; Tannes

deposits. For the location of cross-seetion see Fig. 1

glaciunuvia] deposits. South of the Silurian clint the
glaciofluvial deposits have not been recorded on the
Late Weichselian till.

DISCUSSION

Glaciofluvial formations with distinct crests have mostly
been recorded in the troughs cut into the Ordovician-
Cambrian clint, whereas in the foreclint area these de-
posits have the form of layers with comparatively uni-
form thicknesses. However, several troughs were re-
corded, particularly in the Ordovician-Cambrian clint
zone, where these deposits are filling depressions in
the subjacent topography.

The glaciofluvial deposits found in the foreclint area
were probably laid down in a glacioaquatic environ-
ment near the ice margin. Thus, these deposits consist
very likely of a mixture of glacial, glaciofluvial and
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1932). Considering the above

mentioned these glaciofluvial

ridge landforms could well be es-
kers or, according 1o Flint (1928), esker-like crevasse
fillings.

CONCLUSIONS

The submarine glacial landforms left by the vanishing
last ice sheet allows us to draw some general conclu-
sions regarding the glacial sedimentary environment
at the Ordovician-Cambrian clint zone during the Late
Pleistocene. Thus, the ice seems to have been gener-
ally passive at the marginal zone during the formation
of the esker-like formations. The lack of a continuous
belt of glacial formations suggests that no long term
halt of the glacier margin occurred along the elint zone
during the recession of the ice sheet. The few land-
forms with considerable dimensions which were re-
corded there, were formed most likely in the marginal
ice crevasses by glacial marginal and/or subglacial melt

The ridges with sharp cresis are

sheet conditions near the ice mar-
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Fig. 3. Cross-section 2. For the location and legend of cross-section see Figs. 1

and 2 respectively

waler streams, or in the water ponded front of the ice
margin and partially also under it.

ACKNOWLEDGEMENTS

The authors thank the Stockholm University, The Royal
Swedish Academy of Sciences, the Estonian Geologi-
cal Survey and The Estonian Academy of Sciences for
their financial support,

References

Bjerkéus, M., Gelumbauskaité, Z., Sturkell, E., Flodén, T &
Grigelis, A. 1994: Paleochannels in the East Central Part
of the Baltic Proper. Baltica 8, 15-26,

Liwin, V.M., Sagalevitsh, A.M., Sviridov,
N.L & Shehvatov, B.V. 1974: The struc-
ture of sedimentary cover and evolu-
tion of bottom relief of the Baltic Sca
bottom- a continuous seismic reflec-
tion study, Baltica 5, 127-136. (In Russian.)

Lutt, J, & Raukas, A. (Eds.) 1993: Eestl shelfi geoloogia.
178 pp. Eesti Teaduste Akadeemin. Tallinn,

Martinsson, A. 1938: The submarine topography of the Bal-
tic Cambro-Silurian arew Bulletin of the Geological Insti-
titions af the University of Uppsala 38, 1, 11-35.

Noormels, R. 1994: Quaternary deposits in the Baltic Sea
west of Estonia; preliminary results of a seismic reflec-
tion survey. Proceedings of the Estonian Academy of Sci-
ences. Greology 43(1), 18-31.

Tuuling, [., Flodén, T. & Séderberg, P 1995 Cambro-Sil-
urian structures of the northern Baltic Proper- prelimi-
nary inlerpretations from high resolution scismic data.

In Mojski, LE. (Ed.): Proceedings of the Thivd Marine
Ceolagical Conference “The Baliic”, 26-33,

Winterhalter, B., Fladén, T., Ignatius, H., Axberg, 5. &
Niemistd, L. 1981: Geology of the Baltic Sca. In Vaipio,
A (Ed.): The Baltic Sea, 54-104. Elsevier, Amsterdam.



Geochemical Anomalies of Elements in the Lithuanian Baltic
Coastal Zone - Natural Origin or Pollution?
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The results of sedimentological-geochemical investigations carried

out in 1975-1996 in the lagoon of Kuriy Marios (Curonian Lagoon),
the sand spit of Kuriy Nerija (Curonian Spit) and environs of Biitingeé

Pustelnikovas, O. 1999: Geochemical
anomalies of elements in the Lithuanian
Baltic coastal zone: natural origin or pol-
lution? Baltica Special Publication 12, 78-
81, Vilnius, ISSN 0067 - 3064

and Klaipéda oil terminals are generalised. The level of environ-
ment pollution, ratio of natural-anthropogenic com ponents of sedi-
mentation, aswell as the conscquences of unrefined waste water dis-
charge on the environment are analysed. The distribution of 18 chemi-
cal elements determined for different types of sediments and media
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sedimentation areas and reveal the local role of anth ropogenic fac-
tors in the anomalies of the Lithuanian nearshore.
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INTRODUCTION The analysis of natural and anthropogenic coOmpo-

Heavy metals (HM), hydrocarbons (HC), organic com-
pounds (OC), and other components identified by
chemical analysis in marine and continental media are
often attributed to toxic representatives of pollution.

However, in the process of sedimentation and turn-
over, both natural and anthropogenic analogues of HM,
HC and OC take place. In determining their total con-
tent and presenting it is a purely anthropogenic prod-
uct many researchers make tendentious conclusions.
Recommendations leading to groundless and non-oh-
jeetive administrative decisions are usually suggested.
What is the real state of affairs?

The dependence of formation of the chemical com-
position on the lithology of rocks, content of Organic
matter, water mineralisation, changes in sedimentation
conditions and other factors determines the develop-
ment of two main state forms: lithogenic (LG) and re-
action capable (RC) in the process of sedimentogenesis
and their redistribution during differentiation of sedi-
mentary matter. The dominating state forms differ with
different elements (Monin & Lisitsin 1983,
Lukashev1986, Pustelnikovas 1992).

Arcsoils and sediments polluted? Does the content
of investigated components reflect the natural anoma-
lies, which recorded the trends of past and present
exogenic processes in the course of late geological his-
tory? An attempt is made to answer these questions in
this work, which generalises the investigations carried
out in the aqua- and continental landscapes of
Lithuanian nearshore of the Baltic sea in 1975-1996.
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nents in aqua-landscapes is widely represented (Gudelis
& Pustelnikovas 1983, Pustelnikovas & Nesterova 1984,
Pusielnikovas 1992, 1993, 1994a,b, 1995a.b, 1996,
1995). The samples were analysed by the methods of
spectrometry, gas chromatography and macro-chemis-
try. The results obtained enabled to make recommen-
dations for revision of nature protective standards for
HM and HC (Pustelnikovas 1994 b, 1995 b).

COMPARATIVE CHARACTERISTICS OF THE
TOTAL AND STATE FORMS OF ELEMENTS

The characterisation of total element content was done
for the Baltic Sea basins (Kursiy Marios and Vistula
lagoons, Gulf of Riga and Gulf of Finland) with differ-
ent climatic conditions, hydrological regime, geologi-
cal structure and biological productivity, and for the
polar Hornsund fjord (Pustelnikovas 1992, 1998).

These comparisons revealed the decisive tole of
natural - geochemical factors of sedimentation envi-
ronment in quantitative and qualitative changes of
clements,

The state form of elements in the sediment thick-
ness can reflect their background level in the pre-in-
dustrial period and its changes in the times of intensive
human activity. The investigation of 14-m thickness of
Quaternary sediments in the Gdansk Bay (Lukashey
1986) revealed that actually throughout the geological
history of the sea the ratio between the lithogenic and
reaction capable forms of Mn and Cr remained stable,
prevailed by RC (58 - 64 % - for Mn) and LG (72 -
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87% - for Cr) forms. Even the background concentra-
tions of these elements in many cases exceed those in
the surface layer of recent sediments of the lagoon
Kurdiy Marios.

The ratio between RC and LG forms of 6 elements
in different chains and sediment types of the barrier
zone Nemunas — KurSiy Marios - Baltic Sea clearly
demonstrates their geochemical nature. The basic sedi-
mentation medium was represented by the Baltic Sea
Proper, whereas, deposits - by the marine Holocene
clay. For Mn, Ni, Zn and Cu the prevailing state form
is RC, whereas, for Co and Cr - LG (Pustelnikovas
1994b, 1995a,b, 1998).

The total content of HC in the Klaipéda strait-port
— if compared with their negligible concentration (0.3
- 6.3 mg/g) in other investigated sectors of sedimenta-
tion - show 50-60-fold increase, and their technogenic
constituent makes as much as 65-70%. The natural ma-
terial and untreated city wastes accumulate in the strait.
The zones of natural and technogenic sedimentation
were distinguished (Pustelnikovas 1996). In the latter,
where stagnant conditions prevail, the content of ele-
ments is anomalous. Thus, the concentrations of Cu,
Zn, Pb, and Hg arc by 2.5-12 times higher if compared
to those in the zones of natural sedimentation, whereas
hydrocarbons (HC - oil products) - by as much as 40
times, The natural (biogenic) HCs do not exceed 35%.
Notwithstanding the huge anthropo-pressure we can-
not yet speak about the scale of actual pollution, be-
cause not all anthropogenic sediments are toxic.

Bearing in mind the most intensive human activity
during the last 30-40 years and the still shorter period
of material changes and conversion of forms, we may
judge about the relation of pollution with the most
unstable state forms (water soluble and organic—min-
eral - OM). They are composed of elements sorbed
from the water by suspensions or plants or contained
in the organisms and their facies.

A cyclic distribution of the organic-mineral form of
macroelements in the 115 cm sediment thickness of
Kurdiy Marios lagoon was determined. Its content
slightly decreases towards the surface. Depending on
genetic link of elements the relative content of OM
form ranges from 0-0.3 (Ti, Fe) to 8.4-21.2 (Mn, Zn)%.
The relation of this form with the natural sedimentary
matter is obvious. The OM form of HM, on the con-
trary, can be with reservation related with the anthro-
pogenic substance. This is especially true for Zn and
Cu, though the content of Zn (%) in its total concen-
tration is not high. The content of OM form of Zn, Cu,
Cr. Ni and Co increases towards the surface
(FPustelnikovas 19941),

The contents of OM form of elements in different
basins of Eastern Baltic reveal their lower concentra-
tions in Kursiy Marios than Vistula lagoon (2,6-30) or
Gulf of Finland (3.1-40 times). Having compared the

ratio between this form and total content of elements
we can speak only about minimal pollution of sedi-
ments. Their low concentrations are also observed in
the Baltic Proper (Pustelnikovas 1992). The obvious
increase of OM form of elements in the barrier zones
may be a result of human activity.

COMPARATIVE GEOCHEMICAL
CHARACTERISTICS OF BACKGROUND
AND POLLUTED AREAS

The range of pollution in continental- and aqua-land-
scapes should be determined by comparing background
levels of analysed parameters with their factual state
in various sites of the basin, sediment types and areas
with different anthropogenic load.

The main comparative geochemical data are given
in Table 1. They include Neogene and Quaternary
(Pleistocene and Holocene) deposits and recent sedi-
ments, as well as marine and beach sediments, which
are often effected by human impact areas, such as oil
terminal and railway, port aquatory, and other natu-
ral-anomalous lithological objects.

All concentrations of elements in the natural sedi-
ments (Table 1, 1) are within the limits of various rock
and lithosphere object Clarks. Among these sediments
natural-anomalous objects stand out with high quanti-
ties of organic and carbonaceous matter. They have
extreme concentrations of all investigated elements,
exceeding the background values by 2-150 (and even
more) times (Table 1, 11).

Abrupt trends are often determined not by anthro-
pogenic causes but rather by geochemical properties
of elements, sorptive capacity of containing object and
environmental conditions of their formation.

If compared with the background contents of these
clements in clean sediments their concentrations in
technogenically-anomalous varieties are 2-7-fold
(sometimes even 15-fold) higher (Table 1, 11). How-
ever, they are by far lower than contents of all elements
in natural-anomalous objects - which is, actually, not
related with the environment pollution, In the zone of
technogenic sedimentation of the Klaipéda Strait,
where pollution is obvious, the concentrations of many
elements, if compared with the Kurdiy Marios lagoon,
are from 3-15 (Fe, Cr, Zn, Mn) to 34-45 (Hg, Cu) times
higher (Table 1, IV). However, this is less than in the
sedimentary matter of the estuary of the Sheldt River
draining the pollutants of France, Belgium and Neth-
erlands (Zwolsman, Berger & Eck 1993).

The comparison of the data in Table 1 with the con-
tent of elements in the continental deposits and ma-
rine sediments, of Lithuanian coastal area in the exist-
ing and projected industrial units, reveals anomalous
increase in concentrations of elements certain coastal
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Elements (average contents) _]
Sediments % ppm
Fe | Mn o ) - § oo | fe [ G T
L. Background deposits ]
Sand (Neogene) 1.29 0.008 6 14 48 17 8 ni
Peat (Holocene) 1.54 0.030 17 36 34 17 i B
Sand lagoonal, fill-up (Pilkopa) .81 0020 13 13 46 20 4 "
Beach sand, marine part of 0.9 .021 8 14 44 14 8 <10
Kurdiy Marios lagoon
The same {lagoon part) 0.77 0,020 7 9 41 14 ] al
Eolian sand, forest dunes of 0,44 0.011 12 7 40 30 i <10
Melnragé
Muarainic 1ill, Klaipéda strait 1.19 0.030 16 52 57 n.i, 21 16
11, Background - anomalous ohjecis
| Buried soil, Vistula spit 378 | 04w 40 172 140 70 32 ni. |
Rotten timber (> 20years old) 64 0.080 Tl TED 264 286 28 E
Mix of sund & plankton, 13.40 0.760 24 bt 142 28 40 B
| Rvbatchy beach
I11. Technogenic - anomalons deposits
Beach sand, marine part of L1d 0.015 12 83 46 3l 13 <10
Kurdiy Nerija spit
The same, lagoon par 4.74 .260 13 34 63 146 15 Ki]
Soil Klaipéda OT areq 1.25 0030 2] 115 25 14 k] 24
Till morainic, technogenous
sedimentation xone of the 2,30 0.470 24 76 ) n.i. 4 iF
Klaipéda Strait (TSZ)
IV. Recent sediments of Kurfiy Marios lagoon
Average value in layer (-5 cm 1.60 0.043 17 52 49 29 23 1.,
The same in layer 0-10 o, 1.50 0.050 2 52 44 23 15 o
Khiipéda port gates
The same through the strait 1.51 {0,039 77 131 54 22 12 44
Sand and silt in TSZ 3.28 0.245 28 156 81 Ih.i. 3 17
Mud thin silty in the strajt TS7 4.0 0,750 757 287 119 # fa 26
localities, medium concentrations in the KurSiy Marios  of the areas of enterprises is obvious. Tt scale (judging

by the content of OM form), is not large and repre-
sents no hazard for marine ccosystem (with the excep-
tion of Klaipéda Strait),

For determination of the scale of pollution it is of
primary importance to ccologically interpret the con-
centrations of organic pollutants. So, the mean values
(background) of HC in the zone of natural sedimenta-
tion are 10-21.9 mg/g, the extreme concentrations in
the zone of technogenic sedimentation of the Klaipéda
Strait exceed them by 100-1000 times. These values are
similar to those recorded in the arcas of extreme pol-
lution of Klaipéda oil te rminal (KOT) and Pauosté rail-
way station (RWS), where an obvious pollution with
heavy oil products is recorded. The cxtreme contents
of HC (75-88%) are composed of their technogenic
varieties. Whereas, up to 80% of background content
OFHC in the sediments of lagoon is composed of bio-
genie HC including 71% of allochthonous analogues
(Zareckas 1989), The treatment of municipal-indus-
trial wastes from Mazeikiai industrial complex reduces
the content of HC 10-fold. The bu rning out 600-1000°C
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of collected slime reduces their content to the mini-
mum - 0.02pg/g,

CONCLUSIONS

The anomalies in the Lithuanian coastal area reflect
the consequences of natural process, but not solely the
anthropogenic impact and scale of pollution. Further
analysis of toxicity of element forms and anthropogenic
OC (benz{a)pyrene, chlororganic compounds, PCB,
ete.) will determine the level of actual pollution. The
comparative data reveals that ecological and hygienic
hazard is represented by the Klaipéda Strait-port, in-
dustrial and transport objects, emergency outputs and
untreated water drainage into the water basins. These
hotbeds of pollution require special attention while
developing infrastructures of port and town.
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Some Geochemical Features of Postglacial Clay Sediments in the Archipelago

Sea, Finland
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In this study geochemical characteristics of postglacial and late-gls.

cial clays was evaluated. Data were gathered using acoustic-seismic
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surveys and sampling. All subsamples were analysed after leaching
with both strong and weak solvent by ICP-MS equipment and Lecp-
analyzer. Heavy metal content and the proportion of weakly bound
elements is generally highest in surface layer of recent gytija. Aver-
age concentrations were similar to those found elsewhere in the Bal-
tic Sea. However, Pb, Cu. Zn, Sr and P concentration in the most
recent gyttja was well above background values. Human influcnce
could be detected in 'V, Ni, Na, Mg, Ca and K concentrations. Ex-
traordinary low concentration of some elementwas found in the upper
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INTRODUCTION 48 m. The sample contained the entire length organic

The aim of this study was 10 evaluate the geochemical
character, and changes therein, of postglacial and late-
glacial clays on the sea-floor in the Archipelago Sca
arca, SWeFinland. Data from sca-floor sediments were
gathered using continuous seismic profiling, echo-
sounding and side-scan sonar images. Sampling sites
were chosen based on the interpretation of these pro-
files. Four samples were tuken on a nearly north-south
transeet with a vibro-hammer corer (Fig. 1). All
geochemical analyses were made from separate
subsamples by aqua regia extraction (18 element), and
by weak extraction using |M ammonium chloride (12
element). The elementary concentration was deter-
mined using [CP-MS equipment and Leco-analyzer
(C,,). 33 subsamples in total were analyzed.

SAMPLE DESCRIPTIONS

Sample 19/94 (Fig. 2) is from a strail (water depth 10
m) next to a little fish farming plant. The soft recent
top-layer of the gyttja sediment was dark greenish gray
and the lower part of the unit was olive gray, Underly-
ing the quite homogeneous gyttja unit was a layer of
residual sand. 1t was underlain by Ancvlus clay unit,
divided into 4 bluish gray and nearly homogeneous
upper part and a lower part consisting of olive gray clay
with sulphide-layers. Sample 22/94 (Fig. 2) was taken
from a wide and elongated basin in a water depth of
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matter. The upper part of the olive gray recent/
subrecent gyttja showed faint layering. A "C-age of
2280+800 BP {Su-2588) was measured from plant rem-
nants from a depth of 94-95 ¢cm in the core, There was

434'91 "

9 5 10 % Hem

22+

Fig. 1. Sampling sites and location of study area on the Ar-
chipelago Sea
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nearly homogeneous and more grayish subrecent clay
hetween 150 em and 231 cm, Some fish bones (Cadis
marhia) was found in depths 138 em, and the result of
'C-dating from fish bones gave an age of 330065 BP
(Ua-10983), The rest af sample 22/94 consisted of light
ulive gray Litorina elay with faintly lavered or laminated
texture. Sample 37/94 (water depth 48 m) is from a
wide busin. The core consisted of a olive black gyttja
top-layer, of laminated and grayish olive gyttja below
i1, and it was underlain a few centimetres thick lower
contact zone with muddy residual sand (Fig. 2). Un-
derlying the recent unit was grayish olive Litorina clay
containing thick layers of organic matter in its homo-
peneous upper part. But, the lower part of Litorina unit
consisted of laminated clay without organic interlayers,
Weakly laminated Mastogloia clay contained rather
small spots of grease-like matter together with brittle
sulphide grains. The rest of core 37/94 consisted of
Ancylus clay with very dense monosulphide staining
and/or layering with some sulphide grains also in the
upper part of unit. Sample 43/94 (water depth 48 m)
was taken from a small basin in the outer margin of the
\rchipelago. Its upper part consisted of about 70/80
cm thick recent gyttja unit (Fig. 2). The topmost part
of the recent unit consisted of very soft and homoge-
neous olive black mud. Underlying this mud was stiffer,
olive gray, recent gyttja with faint layering. There was

lots of organic matter and a sand interlayer in the up-
per part of the subrecent gyttja/clay unit, The lower
part of the subrecent unit was light olive gray in colour
and showed almost homogencous texture with num-
bers of thin layers of sand. The lower end of this core-
sample is assumed to represent Litorina clay unit. This
light olive gray clay was Jaminated and it contained vis-
ible organic matter,

GEOCHEMICAL RESULTS

The chemical assay data refers to agua regia extract-
able portion unless stated otherwise. The concentra-
tion of aluminium and iron decreased downward [rom
recent gyltja to the upper part of Litorina clay (Table
1). In the lower part of the Litorina sequence, in the
Mastogloia clay and in the Ancylus clay, the amount of
Al(3-4% ) and Fe (4-4.5%%) was similar to the values in
recent gyttja. Magnesium (1.2-1.4%) and 'puld:smm
(0.9-1.19%) concentration was at the same level in all
units except in the upper Litorina and subrecent clays
(Table 1). Calcium was distributed evenly in the samiples
and its concentration was generally (14-0.5%. The av-
erage concentration of sodium (0.3-0.5%) was compa-
rable to calcium in Ancylus, Mastogloia and Litorina
clays (Tuble 1), but sodium concentration increased
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Table 1. The average concentrations of element in the sediments from the Archipelago Sea. Element concentra-
tions were analysed after leaching with agua regia solvent by ICP-MS equipment, and C,, by Leco-analyzer

Sediment Al [Fe |Ca [Na K Mg [§ |C

% 1% (% % % | 1% |%

Mn |P Ti |5r |Cr [V

Ni L:n P |Cu |20

ppm_|ppm m\pnm ppm {ppm ppm |ppm [ppm {ppm ppm|

Ricent, toplayer 33| 4.0] 0.5 098] 1.0] 13] 1.1] 4.7

TS 1039 1660] S0 6d4) T2 4] 15| 44] 37| i59

Recent, lower pan 30] 37 04) 06] 09 1.2] 1.1] 32

353) 870/ 1658] 38 s59) e8] 38| us| 19l 23] 104

Subrecent 2 350 0.5 os) 08 1] L1 29

382 BS2)1532] 36| 53| 62 350 14| 15| 23] &7

Litorina, upperparr | 20| 2.8] 0.4] 03] 06| 08| 09| 12

208] FROIIZOT) 240 an| 49l 5] 11 a1zl 14| 4

Litorina, lower pan Al[ 3.8] 05 0.5 1L.O] 1.2] 1.2] 1B

S74) S0901788) 321 a0l 71| 37 5] 17| 20| 93

Mistogloia 33 38| 05 04 10] 1.3 1.0 1.8

A30) BN 18400 33| 63] 76| 39| 1a| 20| 23 o4

Ancylus 36] 4.5 04 048] LI] 1.4] 05| 05

3NN TI9) 1937 34| 68| &O) 43] 17 19| 24 1w

Agqua regia extraction
Depth em

10-15
E 1] i i
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240
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Ca MK # Mg ==Nal

Sample 22/94

Fig. 3. Generally, the concentrations of calcium, potassium,
magnesium and sodium were higher in the recent top-layer;
shown e.p. in sample 22/94

compared to calcium in subrecent and recent sediment
(Fig. 3). Manganese concentration was generally
400£100 ppm (Fig. 4), but one twice as high Mn value
from sample 37/94 affected the average value for the
lower part of Litorina clay (Table 1). Generally, there
was more Ti in Litorina. Mastogloia and Ancylus clays
than in subrecent and recent gyttja/clay (Table 1), How-
ever, there was more titanium in the top-layer of sample
19/94 than in the older sediments (Fig. 4). The average
concentration of phosphorus was 800100 ppm (Fig.
4), but its concentration increased to over 1000 ppm in
recent sediment (Table 1). The average concentration
of strontium increased from 305 ppm in Litorina and
older clays 10 50 ppm or even higher in the most recent
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Fig. 4. Manganese concentrations were on a similar level in
all stratigraphical units. There were usually more phospho-
rus, but accasionally also titanium (¢.g. sample 19/94) in the
recent sediment than elsewhere

gyttja (Fig. 5, Table 1). There was always more vana-
dium than chromium, and the average concentration
for vanadium was 50-80 ppm and for chromium 40-70
ppm (Table 1). The concentration of nickel 35+5 ppm
and cobalt 11-17 ppm varied in very narrow limits (Table
1). Lead, copper and zine concentration for recent/
subrecent gyttjn differed remarkable from amounts
found in Litorina, Mastogloia and Ancylus clays (Fig.
6). The background concentration of lead was usually
15%5 ppm in the study arca, but there was twice as
much lead in the recent gyttja (Table 1), Copper be-
haved similar to lead, but occasionally its concentra-
tion began to rise already in the upper part of the
subrecent unit. On the average, the background con-
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Fig. 5. Chromium, vanadium, nickel and strontium concen-
trations were higher in the recent gytija in the sample 43/94
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Fig. 6. Human impact on the geochemistry of recent sedi-
ment was shown in the concentrations of lead, copper and
zine, e.p. sample 3794

centration for copper was 2025 ppm and for zinc 90x25
ppm (Table 1). Cadmium concentration (0.5-0.7 ppm)
exceeded the reliable detection limit of 0.3 ppm for the
method used only in the topmost part of the recent
gyttja. The concentration of €, inreased remarkably
from the level in the Litorina unit towards the top sur-
[ace (Table 1), Sulphur concentration varied generally
within the same concentration limits in the different
sedimentary units. Easily extractable concentrations [or
Na, Zn, B, Mg, Si and Sr was higher in recent gyttja
than in the older sediments (Table 2). Furthermore,
there was generally some easily leachable Ca, K, P and
V in the recent top-layer, Barium behaved reversely
and its easily extractable proportion was generally lower
in the recent gyttja than in older sediments, Occasion-
ally, easily extractable Al, Fe, Ni, Co and Zn was de-

tected in Litorina clay. The concentration of casily ex-
tractable manganese varicd widely.

DISCUSSION

Geological factors control the Al and Fe concentra-
tion as noted by their identical behaviour both in strong
and weak extraction. In aqua regia dissolution, the cle-
ment pairs K and Mg as well as Cr and V behaved iden-
tically (Figs. 3 & 5), but in'weak extraction these pairs
break up, and there was in proportion more Mg and V
in the recent gytya (Table 2). Anthropogenically pro-
duced clements uswally have a weaker bond in sedi-
ments as compared to the natural geologically derived
proportion of elements (e.g2. Salomons & Forstner 1954,
Raisinen & Hamildinen 1991). Hence, it could be as-
sumed that human impact is shown in recent gytija as
casily extractable proportion of Na, K. Ca, Mg, Si. P,
S, B, Zn and V. But the concentration of casily ex-
tractable elements has been increasing since the carly
subrecent time for many element. The comparison of
casily vs. aqua regia extractable concentration of ele-
ments (Tables 1 & 2) proved that natural geological
factors (e.g, sediment compaction) affected Na, K, Ca,
Mg, Siand B concentrations. Human impact was clear
for Pb, Zn, Cu and Sr, bul faint for V and P in the
recent top-layer. Heavy metal concentrations in the
Archipelago Sea sediments were comparable 10 the
means found elsewhere in the Baltic Sea (e.g. Niemisti
& Voipio 1981, Enckell-5arkola et al. 1989 and
Rantataro 1996}, However, the Ph and Cu concentra-
tion was 1.5-2.0 times higher, and Zn and 5r concen-
tration was 00.5-1.5 times higher in the recent top-layer
than the background concentrations found in the study
arca (Tables 1 & 2). Na, Mg, Ca and K concentrations
were within the limits of natural geological variation,
but evidently also these were slightly affected by hu-
man activitics (cl. Verta et al. 1989). The striking de-
crease of nearly all element concentrations in the up-
per Litorina clay (Table 1) could be attributed to a
change in the sedimentation rate over the whole Ar-
chipelago Sca area.

CONCLUSION

In the Archipelago Sea area, the glacial clay sequence
is overlain by at least four geochemically different
gyttja/clay units. The oldest unit consisted of Ancylus
clay, Mastogloia clay and the lower part of Litorina clay,
with a rather uniform concentration of major, minog
and trace elements (Table 1), is proposed to represent
the aqua regia extractable background concentration

8
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Table 2. The average concentrations of element in the sediments from the Archipelago Sea. Element concentra-
tions were analysed after leaching with weak solvent, 1M ammonium chloride, by ICP-MS equipment

Sediment Ca Ma K M B Ba Mn P 51 Sr v Zn
ppm__Jppm |ppm  |ppm  |ppm  |ppm  |ppm _ |ppm_ |ppm  |ppm  |ppm |ppm

Recent, toplayer 1550] TI15] 1234) 2178 £.9 14 46| >4.0 69 27| =038 332
Recent. lower part 1204 4670] 1014 1625 1.3 I 35| =40 65 N -8 L
Subrecent 1623] 4162] 982) 1327 6.2 17 18] <40 53 18] <08 =~0.2
Litorina. upper par J75] 2327 621 23] -35 24 16] <4.0 41 Nl <8] <02
Litorina, lower pan 203 31828 064 1223 52 20 T8l <40 35 14] <08 2.9
Masiogloin 1070] 3030 B3 61| <30 545 4] =40 6l 12] <08 <02
Ancvlus [ (il 3433] 1053 1057 =30 7 27 <40 40 13] =08 ~ L2

for the Archipelago Sea area, The only exception was
the low concentration of sulphur and C_ in Ancylus
clay. A remarkable decrease was shown in the upper
part of the Litorina clay, where element concentrations
were generally 30-40% lower than elsewhere. The third
unit consisted of subrecent clay together with the lower
part of recent gyttja. In this group most of the element
concentrations showed background levels. However,
there were some differences compared to the underly-
ing sediments, as a clearly increasing concentration of
sodium, C_ , strontium, boron and occasionally zinc and
copper. The recent topmost gyttja was geochemically
remarkably dissimilar to all the underlying sediments.
The difference was observed both by strong and weak
extraction. The easily extractable elements are abun-
dant in recent gyttja top-layer for Ca, K, Mg, Na, §i, Sr,
PV, B and Zn. In the aqua regia leach, there was gen-
erally more Pb, Zn, Cu, Sr and P in the upper part of
recent gyttja than elsewhere. The topmost part of re-
cent gyttja contained 0.5-0.7 ppm of cadmium. Higher
concentrations of Pb, Zn and Cu were observed in re-
cent top-layer everywhere in the Archipelago Sea, but
the concentration of V, Cr and Ni increased also near
the Gulf of Finland, Based on two ""C-datings, the av-
erage sedimentation rate has been 0.4-0.6 mmj/year
during the last 3000 years in the middle part of the
Archipelago Sea.
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Distribution of the Eemian Sea in North-Eastern Europe
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The article deals with the distribution and duration of the Eemian
Sea in vast areas of North-Eastern Europe. Formation of Pleistocene

deposits in this area was strongly affected by numerous glaciations

Raukas, A. & Molodkov, A. 1999, Dis-
tribution of the Eemian Sea in Morth-
Eastern Europe Baltica Special Publica-
fion 12, B7-92. Vilnius, 1SSN 0067-3064
Raukas A., Molodkov, A. Institute of Ge-
ology at Tallinn Technical University, 7,
Estonia Blvd., EE 001, Tallinn, Estonia;
Jax: +3726 312074, e-mail: raukas@gi.ee,
maolodkov@gi.ee; received 16 January
1998, accepied 20 March 1998,

and sea level fluctuations. In the complicated history of the area the
Eemian deposits, accumulated during the isotope Stage Se, serve as
an excellent key horizon for palacogeographical and stratigraphical
conclusions. On the other hand, ESR dates on marine mollusc shells
in the range from 71,500 to 120,000 years allow to assume that the
Boreal Sea, an analogue of the Eemian Sea in Northern Eurasia,
occupicd much longer time interval than it may be expected on the
basis of the researches conducted in the Western countries,

Keywords: Age, Eemian transgression, Boreal Sca, ESR dating,
mollusc shells, palaeoclimate.

INTRODUCTION

Besides local sources of pollution, in the near future,
human society will have 1o face global hazards, the most
important of which at present are the changes in car-
bon dioxide concentration in the atmosphere and the
impairment of the ozone layer leading to a global warm-
ing of the climate. The so-called “greenhouse effect”
will give rise to several undesirable phenomena, includ-
ing shifting of climate zones, displacement of air masses,
melting of glaciers and a rise in ocean level. The growth
of the concentration of CO, expected by the beginning
of the 21st century may trigger a rapid risc in atmo-
spheric temperature and, correspondingly, a rapid rise
in ocean level which, according to different specialists,
will range from a few decimetres to several metres.
The Eemian interglacial, the warmest among inter-
glacials, furnishes a good basis for palacoclimatic con-
clusions and speculations for the future. The
palacogeographic reconstructions provide evidence
(Gerasimov & Velichko 1982) that during the Eemian
interglacial climatic maximum mean July temperature
over the Baltic was much the same as at present. How-
ever, in January it was several degrees higher. The cli-
mate was more humid; the mean annual precipitation
over the southern part of the Eemian Sea was 200-500
mm and over its northern part approximately 100 mm
higher than at present. Therefore, depending on local
and regional factors differences from the present will
display a great variability. This means that good knowl-
edge of the environments in the past is needed to draw

reliable conclusions. One of the topical problems is
estimation of contours of the Ecmian (Boreal) Sea,
because the sea had a great impact on the regional cli-
mate.

STUDY AREA AND CORRELATION METHODS

The study area covers the northeastern part of Europe.
In particular detail we studied the castern part of the
White Sea coast: Arkhangelsk Region, Kanin Penin-
sula and Kolguyev Island (Fig. 1). The results together
with the materials from the Baltic States, St. Peters-
burg area, Kola Peninsula and Siberia allow to draw
some conclusions about the distribution and age of the
Ecmian (Boreal) Sea.

Continental and marine beds of the Ecmian inter-
glacial have been identificd in the study area at more
than a hundred sites. Abundant spore and pollen data,
synthesized by Grichuk (1989), suggests a pronounced
latitudinal zonal development of the plant cover. In the
arca under consideration the main difference as com-
pared to the present situation was the absence of tun-
dra. Differences in forest composition between then
and now are due to both the higher temperatures and
the effect of marine transgressions. As mentioned above
great environmental shifts are to be expected in the
future as a result of climatic changes due to human
activities.

The correlation of the sections is mainly based on
palynological data. Seven assemblage zones (M,-M,)
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A

4

e(,,,) - birch and pine with
an admixture of spruce;
a d(,,,) - pine and birch with

B 4 R ENTAS
5 E 4

B

i an admixture of oak, elm
' and hazel;
() - pine with an admix-
ture of oak and elm, ap-
- pearance of hazel;
AN faf,,,) - 0ak and elm, the
s P !_; lower maximum of hazel;
i fp(,,,) - linden with abun-
dant oak, elm and horn-
L\"'\ beam, the upper maximum
T of hazel:
2(,,,) - hornbeam with an
\ admixture of linden, oak,
= clm, hazel and spruce;
h{,,,) - the upper maximum
SparaE] of spruce with an admix-
s T ture of broad-leaved trees;

i{,4) - pine with an admix-
ture of spruce and hirch.
However, the palyno-

B A RENTS

logically studied sections
alone do not provide suffi-
cient evidence for solving
prablems refated to the dis-
tribution of the Eemian
Sea, because due to
glaciotectonic effect in the
glaciated arcas the Ecmian
beds of the same age are
known from different abso-
lute heights, For instance,
at  Rybatskoye and
Sinyavino on the Gulf of
Finland's coast synchro-
nous Eemian marine beds
occur at the depths of 5-45
metres below sea level,

Fig. 1. Location of investigated sites in the White Sea basin: @ - boreholes, @ - outerops,
Dotted line shows distribution of the Boreal Sea (A - after Lavrova 1961, B - after Devyatova
& Loseva 1964, Devyatova 1982; thick line (£-f) marks a shore-line after Forrstrom et al,

1988)

of wide geographical and 1emporal (ea. 60 ka) extent
{Grichuk 1961, 19589 a.0.) have been established for
the last interglacial. However, several geographical
variations require establishment of local and regional
stratotypes, as well as compilation of local and regional
stratigraphic schemes.

The following pollen zones (c-i after Jessen & Milthers
1928, M.-M, after Grichuk 1961) from bottom to top
are more or less distinct in the study area (Grichuk
1961, 1989);
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while in the Mga section
they are at a height of 10
metres and in Krasne-
selskoye section (on the
Karelian [sthmus) ar a
height of 12 metres above
sea level. The Ecmian lay-
crs are al their deepest on the Island of Prangli (-61 to
=75 m) and in the mouth of the Luga River (-30 to -60
m). Such great variations in depositional conditions for
similar deposits with the same pollen zones with no
doubt cannot be explained by sedimentary facics only,
For more reliable conclusions we need sections be-
yvond the maximum distribution arca of the last glacia-
tion, but often those sections have not been palyno-
logically studied or their correlation is hampered by
the high content of redeposited pollen and spores.

Distribution of the Ecmian Sea in North-Eastern Europe

To obtain chronological data on marine deposits in
this arca we have applied ESR technique to determine
the ages of molluse shell remains embedded in differ-
ent marine deposits. The ESR-dating method is based
on direct measurements of the amount of radiation-
induced paramagnetic centres created by natural ra-
diation resulting from radioactivity in the shell itself
and from the environment. The presence of paramag-
nctic carbonate centres in mollusc shell substance can
be detected by means of the ESR spectrometry. The
cancentration of the centres correlated with the shell's
age can be determined from the ESR signal intensity.
The signals are absent in modern shells, but increase
in intensity as a function of the total radiation dose ab-
sorbed by the shell over the time of burial, The ESR
method used can cover a time range from a few hun-
dred to about a million years BP (Molodkaov 1988,
1989),

CORRELATION OF THE EEMIAN AND BOREAL
SEA DEPOSITS

In the Western Europe. the Eemian period hypotheti-
cally correlates with the stage 5S¢ of the deep-sea record,
which is dated roughly between 125 and 115 ka
(Shackleron & Opdyke 1977). Several methods, includ-
ing the counting of annual layers in fresh-water sedi-
ments {(Miiller 1974), suggest the duration of abow
10,000 vears for the Eemian interglacial period, how-
ever, to our mind 1t may be considerably longer, com-
parable with the duration of Eemian and Boreal trans-
gressions in the North-Eastern Europe.

Correlations with pollen diagrams of Western Eu-
rope, Karelia and White Sea basins show that the Bo-
redal transgression lasted probably longer than that of
the Eemian Sea (Lavrova 1961), The Boreal Sea level
was subject to recurrent fluctuations and during the
last interglacial (sensu lato ) the shorelines changed con-
siderably. The first lowering of the shoreline corre-
sponds to the pollen zone M., Regressive stages lasted
up to the beginning of M, however, the main part of
the zone correlates with the maximum of the transgres-
sion. The period, synchronous with the zones M, - M,
is characterized by general regression, pulsatic in char-
acter {Devyatova 1982). The stability of the climate
during the Eemian interglacial has recently been ques-
tioned by many scholars (Robertsson 1997 a.0.),

The interglacial marine fauna of the Boreal Seawas
much richer in species than the present-day fauna of
the same region. It contained a lot of thermophilous
boreal (Cyprina islandica L., Littoring littorea L.,
Capedus hengaricum L., Mytilus edulis L., Canditon
fasciatum Mont., C. echinatem L., Macoma baltica L.,

Astarte suleata Da-Costa, A, borealis Chemn., Lucina
borealis L.) and boreal-lusitanian and lusitanian (Nassq
reticilata L., Bittivm reticelanim Da-Costa, Cardium
edule 1., C. fasciatum Mont., C. paucicostatum Sow..
Anomia sirafta Broc.) species ( Devyatova 1982; Lavrova
1961 a.0.). Those thick-walled molluse shells are ex-
tremely good objects for the ESR-dating.

In the eastern peripheral area of the Fennoscandian
Shield we dated tens of shells. These can be firmly
grouped nto two marine events which probably oc-
curred about 120,000 to 71,500 yvears ago and around
46,000 years BP, respectively (Table 1).

The first event coincides with the Boreal Sea which
was more or less simultancous with the Ecmian Sea in
Woestern Europe. The datings of ca. 46 ka support the
opinion expressed by many geologists that deposits of
the Byelomor transgression, the second huge Late Pleis-
tocene transgression which took place in the Early or
Middle Valdai (=Weichselian), occur in this region.

The longer duration of the Boreal Sea compared
with the “short”™ (ca. 10 ka) last interglacial, correlated
to oxygen isotope substage Se, can be explained by the
hydrodynamic activity of the warm Nordeap Current,
a branch of the Gulf Stream responsible for intensive
intrusion of Atlantic waters into the Polar-Arctic seas.
During the Boreal transgression, the whole Arctic ex-
perienced significant warming, January temperatures
were by 4-8°C higher than at present. This suggests a
far more powerful inflow of warm Gulf Stream water
into the Arctic which would have resulted in highly re-
duced sea ice cover in the Arciic Ocean for a long time.

CONTRADICTIONS IN THE DISTRIBUTION OF
THE EEMIAN AND BOREAL TRANSGRESSIONS

In the Eastern Britain, Eemian interglacial marine ter-
races are at their highest - abour 7 metres above the
present-day sea level. The depth of the marine Eemian
sediments surface below the present-day sea level
ranges from 3 min Belgium to 8 m in the western and
13 min the northern part of the Netherlands. In Lower
Suxony on the German North Sea coast, it is at a depth
of 7-9 metres, and at a depth of 3 metres in western
Schleswig-Holstein (Streif 1990; Zagwijn 1983). At least
80% from the general sea-level rise in NW Europe
was due tothe eustatic sca level change, and only 20%
wis caused by tectonic subsidence, isostatic movemenis
or some other causes (Strief 1990). This means that
the amplitudes of the transgression-regression cyeles
result mainly of worldwide eustatic processes. Itis gen-
erally concluded that sca levels at ca. 125 ka BP were
35-15 metres higher than nowadays (Shackleton &
Matthews 1977).
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Table 1. Some ESR dating results on shells from the White Sea basin marine deposits

In the former Soviel

Union there were two

SEJ'HPEE SI'H..":'I-CS [..ﬂ.'ﬂ;'ﬂ.lj.ljII fsm Fig.. I.:' Dr:pl I'I.. m ﬁ-_g‘ui kﬂ baﬂica"}" diffcn:nt \rir:wl.
173095 Hiatella arciica M4 50 72.9 = 7.4 puints as to the contours
W p of the Eemian Sca and
174-095 Cyprina islandica 34 250 T8 £85 the sounds connecting it
175-095 Pecten ixlandicus 34 250 %2 +£91 with the Atlantic Ocean.
According to Grichuk

M 34 25.0 B9, :
g BED6 (1982), the Baltic Sea
1774005 Hiatella arctica 625 5.4 756 +73 basin was connected
with the Morth Sea via
178-095  Hiatella arctica B41-A 200 772=78 the Skagerrak, Kattegat
i api i i and Danish Sounds
R Hane- ol 4% = Shi-ERB through the present lake
180095 Astarte elliptica 641-A 20,0 820+92 system of Viinern and
Malar in Central Swe-

Mean a 64 1-A 20.0 853+ 6.1
4 den and the area of the
1870895 Cyprina islandica 3 13.0 715 + 6.0 current Kiel Canal on
the Jutland Peninsula,
189-095a  Hiatella arctica Lod'ma 15.0 41138 Like Lavrova (1961), he
58 3 i
1890950 Hiasella arctica Lod'ma 15.0 43.0 % 4.0 Y e
between the Eemian
190-095 Madiolus Lod'ma 15.0 475 +43 and White Sea basins
modiolus through the system of
191095 Mytilus edelis Lod'ma 15.0 53450 shallow sounds and the
> T %0 AR lakes Onega and
can age Lod'ma J = 4. Ladoga.

136-051  Cyprina islandica 30 40 100.0 = 10.0 According ‘to:the
second reconstruction,
132-051 Cyprina isfandica an 10.0 1110 9.0 the contours of the
135-051 Fiiatella arciica 30 165 1200 = 80 Eemian Seca closely co-

This is difficult, however, to reconcile with the data
obtained from the areas in the north of Eurasia. Here
the waters of the Boreal transgression which, as already
noted, was almost identical with the Eemian transgres-
sion, dashed farther onto the mainland along the deep
ancient valleys, forming ingressive sounds - estuaries,
and overflooding low arcas between rivers. This trans-
gression led to the formation of large epicontinental
basins, such as the White Sea, Petchora, West Siberian
and the Taymyr. Abrasional benches and terraces,
formed during the transgression maximum, are, due to
the uneven tectonic uplift, traceable at different eleva-
tions, 160-175 m in the eastern part of the Kola Penin-
sula, 150 m on the Kanin Peninsula, 120 m in the north-
ern Timan, 410-420 m on the Island of Novaya Zemlya,
100-150 m on the West Siberian Lowland, 180-270 m
on Taymyr. The thickness of deposits frequently reaches
80-100 m, in the West Siberian basin they are up to
130-150 m thick (Lavrova 1961).

o)

incided with the
Litorina Sea limit and,
therefore, could have
been linked with the ocean only via the Skaperrak,
Kattegat and Danish sounds. Transgressive waters
would have inundated the Lake Ladoga depression,
small areas at the Vistula and Narva River mouths, and
the ancient Neva River valley (Blagovolin et al 1982).

Resolving the question concerning a connection with
the White Sea is of principal importance. If no connec-
tion existed, the hydrological regime for that part of
the Eemian Sea which is now the Baltic Sea, changed
during the course of the interglacial in a way similar to
the Holocene (Flandrian) transgression. If the connec-
tion did exist - the situation must have been fundamen-
tally different from that in the Holocene.

In the field, this problem was investigated in most
detail by Lavrova (1961 a.0.) and Devyatova (1982 a.0.).
The reconstructions of other researchers, including in-
teresting compilations of Grénlund (1991), Forrstrom
ctal (1988 a.0.), in the White Sea area are mainly based
on published sources. But, what is interesting, accord-

Distribution of the Ecmian Sea in North-Eastern Europe

ing to our data the reconstructions by Forrstrom seem
most realistic. Our results obtained in the eastern part
of the White Sea coast (Fig. 1, Table 1) allow to as-
sume that the big island, shown by Devyatova (1982)
probably did not exist, at least in these limits.

It means that in spite of a great number of well-
studied sections, the present knowledge of the Ecmian
Sea distribution is still incomplete, The information at
our disposal is still too modest to provide a basis for a
prediction of future environments as a result of global
anthropogenic effect.

CONCLUSIONS

The record of the transgression cycle of the Eemian
interglacial period is rather complete in many locali-
tics of the study area. The fauna and flora in marine
deposits indicate climatic amelioration during the
Eemian transgression from Arctic and Subarctic to-
wards considerably higher temperatures than at
present. Water levels at, or close to the climatic opti-
mum of the Eemian interglacial should have been
higher than at present, but the concrete numbers are
not yet clear especially within the whole isotope Stage
3. The factual data from Western Europe and Siberia
are pot easy to compare because of the different
neptectonic situations,

During the isotope Stage 5, in the White Sea coast
at least one glacial advance is assumed (Zubakov 1992).
Oxygen isotope records imply at least two-fold sea-level
lowering of around -55 m during this time interval
(Shackleton 1987). At the same time, no interruption
of marine sedimentation in the sections studied was
observed in the range from 120,000 to 71,500 years. It
allows to assume that the Boreal Sea has occupied this
arca during much longer time interval than it may be
expected from the duration of the Eemian interglacial
correlated to deep sea substage Se only. As a result,
the stratigraphic correlation between different marine
and terrestrial deposits found in this region and in west-
ern and castern areas, and even the temporal extent of
marker marine horizon is becoming rather compli-
cated.

In the study area, after the Eemian (Boreal) trans-
gression was also the second huge marine (Byelomor)
transgression which probably took place in the Middle
Weichselian (Valdai).
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INTRODUCTION grain size at different seq depth levels and to define
hydrodynamic conditions of the time, when bottom
The bottom relier, hydrodynamic conditions and  sediments were formed in these regions. It enables to
changes of sea level in Holocene have a significant  determinate the paleogeographical conditions at the
influence on distribution of sedim entsin the Baltic Sea.  moment of sedimentation processes,
The sedimentation of shallow zone and deep sea ar- Understanding of modern sedimentation processes,
cas, as well as abrasion-zero sedimentation (transit)  with cxception of transit (zero sedimentation ) and
Zones with a characteristic complex of sediments are  abrasjon zones, is important for bottom sediment mat-
distinguished at the modern bottom surface (Repecka  ter spread, as well as for technogenical load migration
1994, Repedka et al. 1997), The intensive, but diverse  and concentration, The sediments of different Zenesis
sedimentation conditions at the sea deeps formed lag (lithogenous, organogenous and technogenous) are
sediments, Pleistocene till and Baltic Ice Lake clay oc- accumulating in the zones of active sedimentation pro-
cur on the slopes and plateau surfaces, The coarsesedi-  cesses. The peculiarities of sedimentation processesare
ments lie on the bottom surface of the near shore zone,  important for understanding of environmental pro-
where abrasion processes are predominating in active  cesses and determination of final concentration re-
hydrodynamic conditions. There is different sand in the £ions.
shallow zone of sedimentation. The shallow zone of
accumuliation processes ends at the depths of 8-10 m,
and the transit or zero sed imentation zone begins, Dif- METHODS AND MATERIAL
ferent grain size sediments at 25-45 m and more depths
are attributed to the accumulation and abrasionzones  The bottom sediment samples were collected during
of the carlier stages of geological development of the  the Lithuanian-Swedish expeditions in 1993-1995 by
Baltic Sea. These sediments have no dircet hydrody-  grab Van Veen, Niemisto and gravity corers, More than
namic relationship with the modern shallow zone. 200 samples were taken in the South East Baltic Sea
Mixed grain size sediments are spread at different Bal- (Grigelis & Floden 1994), Also the material of geo-
tic Sea levels. There were active hydrodynamic condi- logical mapping in scale 1:200 000 carried out by
tions during whole Holocene and only 3-5cm thick layer  J. $im enas (1989) was used for studies of sediments at
of sandy sediments was accumulated. The Pleistocene  dif ferent sea levels. Grain size of bottom sediments was
tilland Baltic Iee Lake clay oceur (are exposed) on the determined by a sieving shaker ‘Analizette 3' in the De-
bottom surface areas. partment of Baltic Marine Geology, Institute of Gieol-
The grain size of bottom sediments reflectsthe hy-  ogy. The pelitic sediments have been analyzed by pi-
drodynamic activity, peculiarities of bottom relief and pette method (Petelin 1967). The stations cover the
sea level changes. It s mmportant to reveal changes in  whole South East Baltic area (Fig.1). Main stations are
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used for compiling of profiles, crossing the Gotland and
northern part of Gdansk deeps. Seven profiles of W-E
direction and two from south-west to north-east illus-
trate distribution of different particles of bottom sedi-
ments across the deeps { Figs. 2 and 3).

DSCUSSION

Distribution of different types of sediments and their
fractions is shown in cross sections 1-9 (Figs. 2and 3),
Pelitic mud is spread locally in the Gotland Deep and

-t
2
-t

20°

in the deeper parts of the SE Baltic Sea. The sea depths
here range from 120 to 250 m. Coefficient of unifor-
mity of these sediments is 2.2 by Trask. It shows a high
degree of differentiation of sediment particles, The
pelitic mud of near lag sediments and on the slapes has
poor uniformity coefficient (So 3.2-4.14). There is an
influence of coarse sediment fractions in these regions.

Aleuritic- pelitic mud is spread on the bottom of
basin deeps and on the lower part of slopes, These sedi-
ments have a higher amount of coarse particles and
poor uniformity coefficient. There is an influence of
bottom relief, distance from sources of sedimentary
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Fig. 1, Distribution of Quaternary sediments on the bottom surface of the South East Baltic Sea: 1 -

- Baltic Iee Lake clay, 3 - Pleistocene till, 4 - prediles and their Nos,, 5 - isobathes, m
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Fig. 2. Distnibution of [ractions (%) in bottom sediments of 1 -5 profiles: Types of hottom sediments: G- gravel { 10-1mm),
C5- poarse sand (1-0,5mm), MS- medium sand (0,5-0,23mm), FS- fine sand (0,25-0,1mm), CA- coarse aleurite (0,1-0,05mm).
FAM- [ine aleurite mud (0,05-0,00mm}), APM- aleurite-pelite mud (50-70% < 0,01mm), PM- pelitic mud {>70% <0,01mm).

Md-median diameter mm, So- coefficient of uniformity by Trosk

particles supply and hvdrodynamic activity in the envi-
ronment of this region. The main cause of bad sorting
of aleurite-pelitic mud is an influence of coarse (>
0.05mm} and subcolloid (< 0,001mm) particles. For

this reason sorting coefficient of aleuritic-pelitic mud
15 worse than that of pelitic mud. The sorting coeffi-
cient of coarse sediments is better, because the amount
of pelitic particles decreases and diameter of sediment
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Fig. 3. Distribution of fractions (%) in bottom se

forming particles remains small. The average unifor-
mity coefficients of fine aleurite mud, coarse aleurite,

fine sand are 2.5, 1.5, and 1.3 by Trask, respectively.
There are poorly sorted lag sediments of these lypes.
The average uniformity coefficients of these sediments
arc 2.8, 5.2, and 2.4, correspondingly.
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diments of 6-9 profiles. For types of bottom sediments see Fig. 2

Various types of bottom sediments are spread !
different sea depth levels (Fig. 4 ). Gravel and coars:
sand are spread locally in the present near shore zone
Fine sand is widespread in the near shore zone. Firs!
level for gravel, coarse and medium sand is at the 24-
26 m (average) sca depths. First level for fine sand and

Quaternary Sediments on the Bottom Surface of the South East Baliic Sea

Coarse aleurite (0,1-0,05 mm)

Fine sand {0,25-0,1 mm})

Clay of the Baltic Ice Lake
Medium sand ([0,5-0,25 mm)

Glacigenous deposits (tills)
Gravel (10-1 mm)
Coarse sand (1-0.5 mm)

Fine aleuritic mud

(0,05-0,01 mm)

face 15 spread at the sea depths of
57.67. and 81 m, whereas the Bal-
tic [ee Lake clay - at 66 and 84 m
{average levels).

The mixed grain size sediments
are spread at different levels of sea
depth. Their upper level is the
same as for the Pleistocene till and
the Baltic Iee Luke clay on the

{50-70 % <0,01 mm})

Aleuritic-pelitic mud
Pelitic mud

(70 % <0,01 mm)

o Baltic Sea depth, m

bottom surface. The fine sand also
is spread at these levels (64 and 83

m). These sediments may be lag

20

material of the abrasion processes
of the Pleistocene till. The variabil-

40 2

ity of these sediments depends on
hydrodynamic conditions of the

1.1 i}

cnvirtonment. Modern pelitic sedi-

ments are accumulating at these
levels oo, There is no clear rela-

- -1 o4

-1 tion between the sea depth and dif-

8o

ferent grain size of mixed sedi-
ments, These sediments oceurring

a1 above the Pleistocene till are at a

100

higher level, than those overlying
the Baltic Tee Lake clay, There are

arcas of modern pelitic sediments

120

on the bottom surface next to the
L mixed sediments areas. It shows

that the active hydrodynamic con-

140

ditions are at the bottom surface
covered by mixed sediments, The

3-5cm thick bed of coarse mixed

-3 1 =] 2

grain size sediments were accumu-
lating on the bottom surface dur-

Fig. 4. Spread ol botom sediments at the different sea depth levels,
1- average spread levels of different sediment types, 2- the same of mixed sedi-
ments, oecurring Pleistocene till, 3- oecurring over the Baltic Tee Lake clay

coarse aleurite is at the 16 m sea depth. The second
level of the same types of the sediments is at the depihs
of 34, 39, 35, 33 and 42 m. Third level is at the sea
depths of 46, 47, 53 and 32 m, correspondingly. Fine
sand is spread at two lower levels - 64 and 83 m depths.
Dustribution of coarse sediments at deeper levels of sea
bottom may be considered as that of sediments formed
at the ecarlier stages of development of the Baltic Sea,
when sea levelwas lower (Gudelis 1997 ). These levels
may correspond to the Litorina, Yoldia Sea and Baltic
lee Lake stages.

Fine aleuritic, aleuritic-pelitic and pelitic muds are
accumulating at the depths of 65, 74, and 89 m (aver-
age of the upper houndary of accumulation), The Pleis-
tocene sediments on the bottom surface occur at the
same sea depth, where non-sedimentation conditions
are in Holocene, Glacigenous till on the bottom sur-

ing the whole Holocene time.
Pleistocene il and Baltic Ice
Lake clay are widespread on the
bottom surfiace. These sediments
are covered only by few centime-

ters thick bed of coarse mixed grain size sediments in
some arcas. These arcas are on the slopes at the sea
depths of 50-130 m and on separate clevations. Mod-
ern pelitic sediments are spread in the deeper part and
coarse sediments in the shallow part of the sea. The
mixed sediments were accumulating during the whole
Haolocene time. There were active hvdrodynamic con-
ditions at the bottom surface since Pleistocene time,
and these sediments were covered by coarse grain size
mixed sediments. Grain size of bottom sediments on
the surface shows, that in some regions the near hot.
tom currents are available. The coarse sediments are
formed by strong stream and near the border the sedi-
ments are more finer ( Figs. 2 and 3), More intensive
currents may be in the region of the stations Nos. 131,
149, 185, 12, 110, 127 and 158, There is a poorly sorted
sand on the bottom surface of these stations.
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CONCLUSIONS

There are modern sedimentation zones in the near
shore and the deep part of the SE Baltic Sea. The coarse
sediments are spread in the near shore zone and pelitic
sediments in the deep part. The lag sediments are
spread at different sea depths between the shallow and
deep zones of sedimentation.

There are the following different sea levels fixed
for various types of bottom sediments: gravel - 26, 34,
and 56 m ( average levels); coarse sand - 26, 39, and 47
m; medium sand - 24, 35, and 53 m; fine sand -16, 33,
52,64, and 83 m; coarse aleurite -16, 42, and 52 m. The
lower level of fine sand is found in the accumulation
zone of pelitic sediments. The mixed grain size sedi-
ments are spread at different sea depth levels. Mixed
fine sand occurring on the Pleistocenc till is spread at
the sea depths of 57 and 92 m and occurring on the
Baltic Ice Lake clay - at the 75 and 130m. The different
levels of sediments spread may be attributed to the dif-
ferent stages of geological development of the Baltic
Sea.

Distribution of Pleistocene till and Baltic Ice Lake
clay with coarse mixed grain size sediments on their
surface shows the action of the near bottom currents
at the lower part of slopes and separate elevations. The
more intensive near bottom currents may be available
in the region of the following stations Nos. 131, 149,

185, 12, 110, 127, 158. This conclusion needs to be
proved by further works.
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The Eastern Gotland Depression, Latvian submarine Plateau and
Latvian—Gotland Slope are the large (regional) forms of the sub-
Quaternary surface in the Latvian economic zone of the Baltic Sea.
The mesoforms - such as the Eastern Gotland Trough, Eastern
Gotland Basin and the Northern Slope with Northern Swell - are
distinguished in the Eastern Gotland Depression. The individual
clevations (Klaipéda, Rictumlicpija, ete.) separated from each other
by small depression (Klaipeda-Rietumliepdja, etc) are widespread
mesoforms in the arca bedrock surface of the Latvian submarine
Plateau. Besides them, there oceur the deep depressions - Ziemupe-
Ovidi and Licpaja also. The numeral burried palacovalleys and
palacocannels are characteristic element of the sub-Quaternary sur-
face. The floor of them reach the altitudes to -320 m.

Keywords: sub-Ouaternary surface, depressions, elevations,
palacovalleys, Latvian economic zone.

INTRODUCTION

The sub-Quaternary relief separately for the area of
the Latvian economic zone of the Baltic Sea is described
and discussed for the first time (Fig. 1). Before the
Quaternary cover of the Lawvian zone had been inves-
tigated irregularly, However, available data allowed to
draw the schematic map reflecting the features of the
bedrock surface. The materials published by . Danilins
(1973), Z. Meirons et al. (1974), H. Brio & V.
Alexandrov (1980), M. Repedka et al. (Ed. A, Grigelis
1991), M. Bjerkéus et al. (1994) and Z. Gelumbauskaité
(1995) have been used as well. Many important results
about the Quaternary cover were obtained by 1.
Timovejev, F. Kovalenko, A. Samburg, V. Barashkov,
L. Bolotov and their colleagues, which studied the dif-
ferent areas of the Latvian economic zone in 1971-1985,

BASIC FORMS OF SUB-QUATERNARY RELIEF
AND THEIR DISTRIBUTION

The maritime areas of the Western Latvia characteriz-
ing by the bedrock surface with altitudes lower of sea
level belong to the eastern outside part of the Baltic
Depression (Danilins 1973, Meirons et al. 1974, Seglins
1987).

Two general different levels (steps) of the sub-Qua-
ternary relief are clearly distinguished in the observed

area of the Baltic Sea: a higher one with altitudes from
1'm to -80-90 m and lower one from -140-150 m (south-
crn part}) to -270-280 m (northern part). The first of
them is the bedrock surface (socle) of the recemt Latvian
submarine plateau (Klaipéda-Ventspils, Bjerkéus et al.
1994, Gelumbauskaité 1993), This level characierizes
it wide zone of the Baltic Sea along the Latvian shore-
line. A width of this zone is varying from 50 km (in its
northern part) to 100 km (southern part). The second
level reflects the bedrock surface of the Eastern
Gotland Depression. The both regional forms men-
tioned are separated from each other by a steep slope
(Latvian-Gotland Slope). The slope and both arcas
divided by it are of regional significance and strongly
marked in sub-Ouaternary surface. Slope height var-
ies from 40-50 m (in its southern part) to 100-120 m
{northern part). Another steep slope is stretches on
outside the limits of the Baltic Depression in the
Kurzeme maritime area between Ventspils and
Zicmupe and is traced south-westwards on the sea. The
height of this slope reach to 30-40 m.

The recent Gotland Depression is subdivided into
the Western Gotland and the Eastern Gotland Depres-
sions, the Gotland Deep, the Klint and the South Klint
Banks (Gelumbauskait¢ 1995). The Eastern Gotland
Depression, the Gotland Deep and the northeastern
part of the South Klint Bank are located in the area of
the Latvian economic zone, with the rest situated in
the arca of Sweden.
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e o~ ] / N | Mqi{"\ Deep) of the Eastern
/ N Gotland Depression. The

Basin is of a kettle shape
with plain floor at the ab-
solute marks of -260-270 m.
This Basin north-castwards
goes over to the Northern
Slope of the Depression.
The Northern Swell pro-
longed in meridian direc-
tion is drawn on this slope.
Its dome parts have alti-
tudes of -120 m and more.
The Western and the East-
crn valley-like depressions
stretched in meridian diree-
tion are located on both
sides of the Northern Swell,
Their southward surfaces

are expanded and flowed
together with the Eastern

Gotland Basin. The
palaeovalleys along valley-
like depressions have the

Fig. 1. Sub-Quaternary surface in the Latvian economic zone of the Baltic Sea. Elevations:
1- South Klints Bank Swell (alter Gelumbauskaité 1995), 11 - Northern Swell, 11 - Klaipeda,
IV - Rietumliepaja, V - Austrumliepija, V1 - Akmenrags, VII - Phvilosta-UZava, VIII -
Ventspils, IX - Rietumovisi, X - Austrumovidi; Depressions: X1 - Eastern Gotland Trough
{after Gelumbauskaite 19935), X1 - Enstern Gotland Basin (after Gelumbauskaité 1995),
X111 - Liepaja, X1V - Ziemupe-COviai, XV - Klaipéda- Riewumliepija. The investigated area

of the Baltic Sea1s marked by a black quadrangle

The southern and northern parts are distinguished
in the bedrock relief of the Eastern-Gotland Depres-
sion. The southern part is named as the Eastern
Gotland Trough (Gelumbauskaité 1995) and occupies
the space between elevations of bedrock surface in both
as the Latvian submarine Plateau (eastern) and as well
as the South Klint Bank (western). It floor has a north-
ward inclination and lies at the depths with altitudes
from -130-140 m to -160-170 m. There is a dense net-
work of palacovalleys observed in this area. Their floors

100

marks of floors from-180 m
to =280 m.

Basic forms of the sub-
Quaternary surface on the
area of the Latvian subma-
rine Plateau are the indi-
vidual elevations scparated
fromeach otherbyrelatively
small depressions, deep de-
pressions, valley-like depressions and the palacovalleys.

The Klaipéda and the Liepija clevations with alti-
tudes of the bedrock surface above -60 m and -40 mare
located in the southern part of the total basement of the
submarine Latvian Plateau. The saddle-like depressions
between these elevations are observed. These forms on
the bedrock surface correspond to the forms of the bot-
tom topography (Klaipéda Plateau, Licpija Plateau.
Klaipéda-Licpija Saddle, Bergman & Timofejev 1972
Timofejev et al. 1974, Veinberga et al. 1986). There are

General Features of the Sub-Quaternary Relief of the Baltic Sea in the Latvisn Bosismis Zome

the Western-Liepaja (altitudes -35 mand more) and the
Eastern-Liepaja (altitudes to 20m and () m) elevations
distinguished on the bedrock surface. The both Liepaja
clevationsare separated by meridian elongated Liepéja
Deep Depression (altitudes to -60m ).

Further northwards from the bedrock surface arca
described there are the large Akmenrags and Pavilosta-
UZava clevations situated. Their surfaces have the ab-
solute marks to -40 m and more. The Ventspils (to -60
m and more), the Western-Ovidi (to -30 m) and the
Eastern-Ovisi are also clevations separated by differ-
ent depressions located in the northern part of the base-
ment of the submarine Latvian Plateau. Enumerated
forms of the bedrock surface control the features of
the bottom topography.

The Ziemupe-Ovidi Deep Depression clearly is
drawn in the structure of the palacorelief in the cen-
tral and northern parts of the Latvian submarine Pla-
teaw. The existence of that Depression was forecasied
by the analysis of the Quaternary cover (Emelyanov et
al. 1975). The Depression stretches in meridian direc-
tion and is large in size - to 100 km long and to 30 km
wide. The floor of it lies at the absolute marks of -60-
80 m and less (southern part) and -100-120 m and less
{(northern part). Its south-eastern and castern parts
occur on the area of the Kurzeme maritime, but north-
ern parl - on the arca of the Baltic Sea.

The deep palacovalleys are observed on the sub-
Quaternary surface of the submarine Latvian Plateau.
They present an extension of deep palacovalleys. known
on the bedrock surface in adjacent land areas (Meirons
etal. 1974). Their separate fragments and sections have
been found in the coastal (nearshore) zone by geolo-
gists F. Kovalenko, A. Samburg, V. Barashkov and L.
Bolotov. The palacovalleys cross the area of the sub-
marine Latvian Plateau in northern, north-westernand
western directions. The Western and the Eastern val-
levs traced in meridian direction are located on both
sides of the Eastern-Ovisi Elevation. The Eastern Val-
ley is notable for complicated contours and branching.
It is about 40 km long and 2-6 km wide. The bottom of
the Eastern Valley lies at the altitudes of -160-180 m.
Probably this valley is an exiension of a palacovalley,
known near Ovizi on land. The Western Valley crosses
the saddle-like depression located beiween the West-
ern and the Eastern-Ovii Elevations and farther south-
wards siretches as far as to the middle of the
Akmenrags-Ovisi Deep Depression and along the de-
pression between the Pavilosta-Uzava and the Ventspils
clevations. The length of the Western Valley is about
100 km and its width is 2-3 km. The floor reaches the
absolute marks of -160-170 m and even less. The
palacovalleys pra-Venta, pra-Uzava, Alzpute etc..
known in Kurzeme (Meirons ct al. 1974) seen to be
joined with the Western Valley in the Baltic Sea. The
palacovallevs of more southern region of Kurzeme
across the Baltic Sea towards the southern part of the
Eastern-Gotland Depression.,

CONCLUSION

In gcrtcm_i. the sub-Quaternury surface is lowering in
the direction of inside regions of the Baltic Sea {from (0
m to -270 m). [ts relief is uneven and notable for com-
plex combinations of above deseribed various forms,
The relief of the sub-Quaternary surface of the Latvian
submarine Plateau is of more complicated structure.
The bedrock surface forms are clearly reflected in the
bottom topography.

Numerous buried palacovalleys (10 -320 m) are typi-
cal for the sub-Quaternary relicl. The incisions cross-
ing the Latvian-Gotland Slope are reflected in the bot-
tom topography,

The bedrock relief of the Latvian economic zone in
a general plan correspond to the sub-Quaternary sur-
face of Western Kurzeme, which both are similar in
stretching and density of palacovalleys network. Ac-
cording to Eberhards (1973) the arca of Western
Kurzeme clearly differs from adjacent regions of Latvia
by features of the observed network of palacovalleys.
The meridian orientated network of palacovalleys is
located in the inside part of the Baltic Sea in the arca
of the recent Eastern Gotland Depression on the sub-
Quaternary surface. The network seems to be of a com-
mon transbaltical significance.

The origin of the sub-Quaternary relief is the sub-
ject of independent discussion. However, it confidently
can be recognized that general features of the sub-Qua-
ternary relief in the Latvian economice zone of the Bal-
tic Sea have been formed during the pre-Quaternary
time. The Quaternary deposits filling the part of
Akmenrags-Ovisi Deep Depression located on the
coast are of Elsterian, Holstenian, Saalian and
Weichselian ages (Konshin et al. 1970, Danilins 1973).
The Elsterian, Saalian and Weichselian ages are aurib-
uicd to the Quaternary tlls found by borehole 37 in
the palacovalley in the Baltic Sea (Majore et al. 1997).
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Biostratigraphic Traits of the Nemunas Submarine Valley Sediments

Nijolé Savukyniené and
Giedré Ruplénaité

The sediments of PSh 2583 core taken in the Nemunas submarine
valley were analysed by palynological and diatom methods. Pollen

analysis data were used for deseription of the Late Glacial and Ho-
locene stratigraphy. Variations of diatom species composition were
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used for determination of water salinity and level chunges in the in-
vestigated area,

Keywords: palynology, diatoms, Baltic Sca stages, pollen speetrum.

INTRODUCTION

The buried Nemunas delta and valley in the south-east-
ern part of the Baltic Sea have already been mentioned
before by A, Basalykas (1961), M. Kabailiene (1967),
R. Kunskas (1970), L. Lukofevidius (1975),
Z.Gelumbauskaite (1991), and V.Gudelis (1993). It is
recarded in echograms, geomorphological maps,
sample cores of bottom sediments. In 1989, during the
24th cruise of R/V “Professor Shtokman™ (Atlantic
Branch of Institute of Oceanology RAS), the P5h 2583
core was taken on the Curonian (Kurdin)-Sambian pla-
teau at the point 55°33°25" N and 20°35'31" E, water
depth 66 m (Fig. 1). The length of core is 4.65 m. The
lithological composition of sediments is the following:
from D to 82 cm depths - grey-greenish to grey silt; 82-
109 ¢m - greenish grey aleurite; 109-139 em - prey silt;
139-354 cm - grey silt with interlayers of coarse silt and
black patches of hydrotroilite; 354-465 em - grey clay
(with patches of hydrotroilite at the depth of 354-375
cm) with sparse interlayers of aleurite,

METHODS

The samples for palynological and diatom investiga-
tions were taken at 10 em intervals. For microscopic
analysis of pollen they were treated using separation
and acetolysis methods (Kabailiené 1979). Carbonates
in sediment samples for diatom analysis were dissolved

in diluted hydrochloric acid (10% HCI). Repeatcdly
washed sediments were boiled in 10% sodium
hvdrophosphate solution. Organic material was de-
stroved by heating in hydrogen peroxide (15% H.O,).
The clay particles were eliminated by repeated wash-
ing after 2 hours settle, careful decanting, until the water
mixture was colourless and clean. Gravity solution (spe-
cific weight 2.6) was used for separation of diatoms.
Slides were produced with the help of mounting me-
dium Naphrax (index of refraction 1.74) (Miller &
Florin 1989), Pollen and diatom diagrams were com-
piled using the "Tilia" software. Percentage of spores
and pollen was calculated from the bulk quantity of
trees. shrubs and herbs. Percentage of diatoms was cal-
culated only in those slides where the number of dia-
1oms was about one hundred or more. For determina-
tion of palacogeographical conditions the specices of
diatoms were divided into two ecological groups, One
group was distinguished according to halobian system:
marine { >30%e salinity). brackish (30-0.2%¢ salinity)
and freshwater. The other ecological group - accord-
ing to the life-form: planktonic. benthic (bottom-liv-
ing), cpiphvtic (attached) (Miller & Florin 1989).

DATA ANALYSIS

The spores and pollen are well preserved in all samples.
However, their frequency in different periods varies.
The highest concentration was observed in the sedi-
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of spectrum (200-245 ¢m) the curve of
Pinus gradually rises, whereas. the curve
of Benila falls down. The pollen of Al

However, in the interlayer 415-425 ¢
ments of Litorina Sea and Postlitorina Sea. the lowest — the concentration of pollen increased. Pimes and Betul o
- in the sediments of Late Glacial and Yoldia Sea. The  seer Alhae prevail in the spectrum, 1solated Abues an | and Convlus, Picea, Ulmus, Tilia were
spore-pollen spectrum of these sediments abound in - Picea were found, Amaong herbs the pollen of Artemn: - _ - i ] found but only few. The number of herbs
redeposited forms, which can be casily distinguished s, Chenopodiaceae decrease, whereas, Poaceae anil : ;% - e ——r ,'_-“L e pollen and spores became less in com-
from those deposited i siee, They differ in their form. Cyperaceae slightly inercase. The described spectruin b 2 B i
structure, colour and are often mineralised. The rede- of spores-pollen corresponds the Allerdd chronozon.
posited pollen were brought from Mesozoic, Palacozoic whereas, the ones above and below - the chronozon: .
but mainly from Puleogenic und Neogenic layers, Their — of Older and Younger Dryas respectively, The conte
frequency in samples sometimes reaches 40% of the  of ditoms in the described interval is small and w
total content of pollen. The spores and pollen  ayen ur different samples. However, in general, the
synchronic o sediments are light greenish and well freshwater diatoms prevail (Awdacoseira islandic:
preserved. Among the redeposited ones the pollen of Opephora marni, Epithemia sp.), The Baltic lee Lak
trees and shrubs abound, namely Pinaceae, B&l‘llll]u[:{:h € wasa freshwater one but rather shallow, which was tes
Fagaceac. ?n‘fu spe. Ulmis sp. "l":lxmln:m:-uc. tified by the presence of epiphytic species, At the deptl,
jUg!ﬂ“d“m.H.ﬁ‘{"m”m" Ericaceae P Fimisap ""‘"-'_1'"-"‘" of 400-410 em the representatives of brackish specic:
sp. Hex sp. The frequency of spores is also rather high: Actinoevelues ehrenbergii were found but only few. W. 1

Herbs-

e . e L jemdl parison with the sccond complex. In the

Kg% : : second half of the spectrum (80-200 cm)
there is an abrupt {all of Prgs and rise
of Bemda pollen and. particularly,
Polvpodiaceae spores (up to $070)
Among herbs there were small contents
of Cyperaceac, Aremisia, Poaceae pol-
len and individually Helianthemum,
Ephedra, Cichoriaccae. Cariophyllaccue,
Divay oct, pollen, Lycopodium clavanun,
Preridivan, Botveluwm boveale spores.
The content of redeposited spores and

Cvarhea, Inemia.  Gleichenia,  Lveodivm, . ollen deercases (up to 3%,

% gl L A AN s may assume that the water level of Baltic Ice Lake os PR roLe { 'l %) _ 2

Extratriporopollesites. All of them are included in the cillated, and some marine water gol into the lake. Th ! The sediments in the interval $0-220
k . ; ‘ 5 aled, : arine wale C : 1d , I ) =

pollen diagram into the column of unidentified and input of marine wales jinto B I:'Lgl Exk hesin LI g P T RS — i R em were almost empty of diatoms. The
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redeposited ones (Fig. 2). Similar frequencies of rede- ip | lh' Iysi fnd!nl o : e p el prm:"' - ‘%7’"""""‘*&::— i absence of diatoms it is difficult o ex-

. A . dls oy ¢ AnaIvsIs O H ks i Fi L 1 i - ; ol "oy "
pusited pollen are described also in cores taken from -0y Rl 90 GIEOME DM deep. water; ue e ju plain. Perhaps diatoms could not be pre-
pressions (Kabailiene et al. 1978, Blazchishin et al iy —

other parts of SE Baltic Sea, particularly near the 1991 Kabailicné 1995
Sambian peninsula where an intensive abrasion of pre- L, K.‘lh'" S 1990). . :

Quaternary steep slopes has taken place ( Kleymenova D'{”“EM stage groy 5_”" sediments werc

& Khomutova 1981, Lukoscvicius & Savukvniené 1981, l-ljfpl'ﬂilh:d in the Nemunas submarine valley. They arc

Stelle et al. 1976). In the core of Nemunas submarine  1ound "“_lh‘: depth "T”IULH" cm. These sediments still

valley the redeposited spores and pollen are found “1“"‘""1 in redeposited spores and pollen from older
through the pre-Litorina sediment stratum, The pre-  Neogenic and Paleogenic layers. The pollen of Pitus
Litorina sediments stand out in the diatom diagram  nd Benula sect Albae prevail in the palynological com-

(Fig. 3). where the content of diatoms varies in slides  Plex. Among herbs the pollen of Artemisia,

from different depth markedly, The data of palynologi-  Chenopodiaceae decrease, whereas, Cyperaceac.

cal and diatom studics make it possible to reconstruer  Asteraceae, Rosaceae and others herbs increase. A

the course of sedimentation in the Nemunas subma-  gradual increase of Polypodiaceae spores may be ob- ‘
rine valley in the Late Glacial and Holocene. It was  served, However, isolated spores of Selaginella
difficult 10 determine the boundaries of Yoldia and  selgimoides, Botvehium boreale. Lyveopoditm annotinum

served due to high rates of sedimenta-
tion and reduction conditions reflected
by hvdrotroilite,

The Litorjng Sea stage 15 represented
by a laver of 30-80 em thick bottom sedi-
ments. Pias i the pollen spectrum de-
creases Wil 407, whereas, the content of
Adnes, Ul Queercus, Tiha, Convlus in-
creuses. The curve of Pieea 15 stable ris-
ing. Herbs, pollen and spores were found
to be not plentiful. The spectrum corre-
sponds to the Atlantic chronozone.

The Postlitoring stage is represented

by a 50 ¢m laver. Therefore, it is rather

|

Ancylus stages. particularly on the basis of distom data et can be still found. This pollen spectrum corresponds . - o t!tt[u.'uh li‘:dlﬁil]‘lng!‘ih llu:‘.'xuhhmn.-.::l and
in this sample core, For this reason the determination  to the Preboreal chronozone. | Fig. 2. Pollen composition in the core PSh 2583 sediments Subatlantic stages. However. the distinet

104 105



Nijolé Savikyniené and Giedré Ruplenaité

BIL

Stages

&
- “h| |

E 13 i WAl
Analysed by G Ruplonaile, 1997

i
!
H
I
La --r

L

+a

e
1
"

et B et e e e

"d-l.if

T

- )

R —

m—-—hlwm os o pen s fe

"

Fig. 3. The main diatom species found in the core PSh 2583 sediments
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fall of Ulmus, Tilia, Corylus poll.p
curves allow to distinguish the begi;.
ning of Subboreal, whereas, the mas.
mum of Picea, Carpinus and increase f
herb pollen - show the boundary he-
iween them. The sediments from ihe
mentioned period contain colonics o
green algae (Pediastrum borvanum),

In the diatom diagram the whole
upper interval (80 cm) of sediments 5
attributed to Litorina and Posthitoring,
Al the depth of 85 em there appears the
mezohalobous  littoral  specics
Actinocyelus ehrenbergii and euhalobous
Rhizosolenia calear-avis, the number of
freshwater species decreases. At the
mentioned depth (85 em) water salin
ity started pradually increase. Durine
the Litorina Sea stage Actinocyelus
ehrenbergii. Rhizosolenia calcar-avis,
Diplones didhona dominated. The dom:-
nance in planktonic species revealed
that water level was rather high and
stable. The depth of 15 cm stands out
for the fact that the content of
cuhalobous increases there - mostly as
a result of the increase in Rhizosolenio
calcar-avis. According to the palynologi-
cal distribution this might have been the
increase of Postlitoring Sea marine wa-
ter salinity. Above the mentioned depth
the salinity decreases again,

CONCLUSIONS

The high concentration of redeposited
pollen in sediments of the Baltic lee
Lake and Yoldia Sea stages testifies an
intensive abrasion of underwater mo-
rainic step slopes, promontorics and
transportation of sedimentary matter,

The most intensive sedimentation
took place in pre-Litorina period. In the
sediments from this period the content
of diatoms was not high and at differ-
ent depths ranged widely.

The sediment thickness dated to
Litorina and Postlitorina stages is small
because formation of the Kurdiy Marios
Lagoon changed the sedimentation con-
ditions in the Nemunas submarine val-
ley area.

The Litarina and Postlitorina dia-
tam flora is abundant. The cuhalobous
and mesohalobous species prevail. In
the Postlitorina stage short-term in-
crease of water salinity took place.

Biostratigraphic Traits of the Nemunas Submarine Valley Sediments
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INTRODUCTION

The aim of this study is to determine the concentration
of Hg, Cd, Ph, Cu, Zn, Ni, and Mn in sediments in the
river mouths and in the shallow coastal zone of the Gulf
of Riga, which is one of the most endangered arcas,
since unique sand beaches are widely used for recre-
ation, The coastal line of unique sand beaches is under
the impact of three large river estuaries - Daugava,
Lielupe and Gauja. The presence of Riga city and port,
the Jurmala resort and other densely populated arcas
also have an important role. All this adds 1o the pollu-
tion of the Gulf of Riga and practically needs to be
studied,

The results  of  our  investigation of
Hg.Cu,Zn.Mn.and Fe in the sediments of the coastal
zone (1985-1992) are partly published (Kulikova 1995;
Seisuma, Kulikova & Legedina 1996).

Originality of the Gulfl of Riga is that 82% of fresh-
water runoff is contributed by three biggest Latvian riv-
ers - Daugava. Liclupe and Gauja - falling into its south-
ern parl, Daugava alone gives 65% of its tunofT ( Pas-
tors 1988). According to geological and geomorpho-
logical structure and hydrodynamic conditions, the Gulf
of Riga is divided into 3 zones: the coastal area, the
upper part of the submarine coastal slope, the lower
part of the submarine coastal slope, the upper part of
the Gulf's bed and the lower pant of the sea bed. The
coastal area incorporates the narrow belt of land
{beach) and the shallow water (to 7m) part of the sub-
marine slope. The width of this zone isup 10 2 km. In
the shallow water part of the coastal zone the over-
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turning of the crest oceurs, it is the zone with maxi-
mum energy of waves. In this zone, the roughness
reaches the sea bottom and prevents accumulation of
the clay and silt particles. There the main part of the
sediment drift goes (Sticbrins & Valing1996). The scdi-
maent of the coastal arca consists of varied grained sund,

MATERIALS AND METHODS

The width of the Daugava mouth is about 700 m, Thice
sampling sites were used in the Davgava mouth - rizht
side (depth 3-4m), left side (4-5m) and a middle <iie
{depth-12Zm). The mouth-bed consists of gravel und
virried grained sand covered with mud. The width of
the Liclupe mouth is about 600 m. Two sampling sitis
were used in the Liclupe mouth - right side (depth 4
m) and left side (depth 4), The mouth-bed consisis of
gravel and varied grained sand with detritus. The widih
of the Gauja mouth 1s about 100 m. One sampling site
(depth 2 m) was used in the Gauja mouth - a middl
one. The mouth-bed consists of varied grained sani!

The concentrations of heavy metals were determine
monthly at 7-13 stations off the Kurzeme (Jaunkemer

Kauguri, Melluzi, Dubulti, Major, Bulduri, Lielup.

and Bulli) and Vidzeme coast (Vecaki, Garciems

Gauja, Saulkrasti, and Skulte) in the surface layer (-
cm) of the sediments at Im depth in 1988-1989 and i

sediments of the river mouths of Daugava, Lielupe and
Gauja in 1994 and 1996 (Fig. 1). In the recent year-
(1992, 1993) the concentrations of heavy metals wen
determined in separate stations of the constal area and
months.

Heavy Metals in the Sediments of the Gull of Riga both in the Shallow Coastal Zone and the River Moutlis
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Fig. 1. Location of sampling sites: [ - Jaunkemeri, 1 - Kaoguri, ITL - Melluzi, IV - Dubulii, ¥ - Majon, V1 - Bulduen, V1 -
Liclupe, VIIL - Bulli, IX - Vecaki, X - Garciems, X1 - Gauja, X1 - Saulkrasti, X1 - Skulte

Van Veen grab was used for sediments in the Gulf
of Riga and in the rivers. The samples were stored {ro-
zen until they were dried at 80°C in 48 h and homog-
enized in an agate mortar in the laboratory,

Cd, Pb, Cu, Zn, Ni, and Mn were extracted from
sediment samples with concentrated HNO, and as-
sessed by atomic absorption spectrophotometry. Hg was
extracted from sediments by a mixture ol concentrated
H.SO,, HNO, and HCL (Scisuma & Legzdina 1995;
Kulikova 1995). Measurements were performed by
AAS-1 (Cuarl Zeiss) und by FIMS-Flow [njection Mer-
cury system (Perkin Elmer). The crror of analyses is
estimated to be about 10-15%.

RESULTS AND DISCUSSION

The level of heavy metals in the sediments of the
Daugava, Liclupe. Gauja river mouths differ signifi-
cantly (Table 1, Figs. 2 and 3). Higher content of mer-
cury is found in the sediments of the Daugava mouth

and consequently lower in Liclupe and Gauja. The
variations in river runoff are shown in the seasonal
variations of mercury in the sediments, In May i all
cases the concentrations of mercury are higher (eox-
cept, left side in the Daugava) than in July. Similar to
Hg, higher content of Cd, Pb, Cu and Zn was in the
sediment of the Daugava mouth than in comparison
with the sediments of Lielupe and Gauja. Content of
Mi was higher in the sediment of the Liclupe river
mouth. The content of Mn was higher in sediments of
the Daugava and Gauja than in the sediments of the
Lielupe. On the Daugava there is Riga city with muany
plants and ports, The sediments of the Daugava mouth
consist of finer particles that absorb metals better than
the sediments of the Liclupe and Gauja mouths, The
left side of the Daugava is characterized by more in-
tensive industrial influence than the right side. This
input produced elevated concentrations of g, Cid, Ph,
Cu, and Zn in the sediments of the left side of the
Daugava. The seasonal changes of heavy metals in the
sediments arc observed in all mouths of the nivers. Par-
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Table 1. Level of heavy metals (mg/kg dry wt) in the sediments of the Davgava, Liclupe, and Gauja

rivers in 1994

Station Month  Hg Cd Ph Cu Zn Ni Mn
Daugava May 0.036 080 12.0 2.62 30.11 19.99 H4.606
left side July 0.076 0.689 14.44 4,89 20011 7.33 146.0
Oct 0.080 0,858 12.66 11.44 24.89 7.1 149.3
right sicde May 0.013 0.622 4.88 3.80 7.91 16.66 83.78
July .085 0311 7.78 324 14.11 Q.78 1149
Ot 0.031 0.355 4.66 2.44 10.67 7.11 56,22
middle May L1185 (h.844 [2.44 19,38 53.11 14.67 88.22
Tuly 0041 0444 822 6.22 16.34 10.45 a7l
Ot (1051 0.155 4.44 1.44 10.44 £.00 6288
Lielupe May 0.022 .555 8.00 589 14.53 21.11 TH.85
left side July 0.039 (.466 T.11 4.78 20.89 14.45 69,560
Oct (.042 0,422 033 4.44 12.67 T.11 T6.22
right side May 0.016 0466 422 4.15 8.39 2089 27.78
July 0.023 0,200 422 2.56 9.55 11.11 2044
Ot 0.087 0.133 3.33 244 211 11.00 11.11
Gauja May (LO18 0.255 4.19 2.20 5.17 923 8641
middle Tuly 0.033 0222 .17 229 4.33 5.33 a8.22
Ot (0.006 0244 488 3.00 5.56 9.55 1204

Fig. 2. Coneentrations of heavy metals in the bottom surface sediments of the river mouths of the Gull of Riga

ticularly high concentrations of Cd, Pb, and Zn are
observed in spring in the sediment of the mouth of
Daugava. Obviously, it is connected with snow that was
thrown out on the Daugava in winter, There are yearly
fluctuations in the concentrations of heavy metals in
the river mouth sediients as well (Fig, 2).

The shallow coastal zone of the Gulf of Riga as a
unique sand beach is widely used for recreation. The
analyses of Hg, Cd, Pb, Cu, Zn, Ni, and Mn levels in
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bottom sediments are carried out at the depth of 1 m
at thirteen stations from Jaunkemeri to Skulte (Figs
1,4-6).

Cu is a metal which is mostly brought in the Gull
from the largest rivers of Latvia (Daugava, Liclupe and
Gauja). The concentrations of Cu differ with stations
and from year 1o year (Fig. 4). In 1992 the concentra-
tions in the sediments of all stations had a tendency to
deerease. In the stations Bulli and Vecaki, which arc

Heavy Metals in the Sediments of the Gull of Rigﬂ bath in the Shallow Coastal Zone and the River Mouths

near the estuary of the
Daugava River, we ob-
served higher concen-
trations of Cu than in
stations a great distance
away from river estuar-
ies, for example,
| Melluzi and Kauguri.
| The increase of Cu con-
centrations in Saulkrasti
is related to local pollu-
tion of the town, Zn is
also a metal, which is
mostly brought in the

IoGulf from the largest

rivers of Latvia
Fig. 3. Level of He in sediments of Daugava (Da), Liclupe (Lie), Gauja (Ga) in 1996 (Andrushaitis et al.
1993),
Cu
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Fig. 4. The level of Cu and Zn in sediments of Jurmala at the depth of 1 m in July of 19358, 1989, 1992
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The concentrations of Zn like those of Cu differ
with stations and from vear 10 vear. In 1992 the con-
centrations of Zn. in comparison with those of Cu, had
atendeney to increase in the sediments, particularly in
Duabult, Majori and Garciems stations. These stations
arc situated in the arcas of most intensive recreation.
Morcover. the increase was obviously connected with
local pollution, as it can be seen by the results of July
in Fig.d.

The concentrations of Hg, Cd. Pb, Ni and Mn dif-
fer with stations and from year to vear (Figs. 5 and 6).
In contrary to He and Cu, the highest concentrations
of Cd, Pb, Zn, Ni and Mn were in 1995 in comparison
with 1989, In 1989, the sediments ol Melluz and
Saulkrasti contained Mn at the concentrations of 12.4
and 30.3 mg/ke dry weight, but in 1995 - 61.6 and 86.7
me/kg dry weight. Sediments of shallow coastal zone
show the highest concentrations of Ph in spring ( April
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and May) and the lowest in summer {(July and Augus)

All through the vear there is a difference among 1"

concentrations in the stations. In Jaunkemeri. which

far from the Daugava River cstuary, there are the lov
cst concentrations of Pb in the sediments. In Bull

which is near the river mouths, the concentrations

Pb in the sedimems are higher than in Jaunkemeri. |

Saulkrasti, due 10 the local town and a highway alos

the seaside . there are the highest concentrationsof I
in the scdimems. Levels of other metals also have se:

sonal changes. In total, the whole recreation zone |

deep from Jaunkemeri to Skulte has very varied con
centrations of heavy metals in sediment, while an u

tensive abrasion in this shallow arca has o strong o
pact on it

In July 1989 we compared the levels of investigat:
meials in the sediments of the Kurzeme coast (me:
concentration for the stations of Jaunkemeri, Kaugu

Heavy Metals in the Sediments of the Gulf of Riga both in the Shallow Coastal Zone and the River Mouths
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Fig. 6. The level of Pbin the bottom sediments of the recreation zone | m deep in 1989

Melluzi, Dubulti, Majord, Bulduri, Liclupe, and Bulli)
and the Vidzeme coast (mean concentrations for the
stations of Vecaki, Garciems, Gauja, Saulrasti, and
Skulte). In contrary to Zn (1.93 mg'kg) and Hg (0.01
mg'kg) the level of Pb (1.17 mg/kg), Cu (1.56 mg/kg).
Ni (1.73 mg/kg), and Mn (19.65 mg/kg) arc higher in
the sediments of the Vidzeme coast in comparison with
the Kurzeme coast (Zn-3.06,Hg-0.12, Ph-0.98, Cu-1.14,
Ni-1.4, and Mn-13.03 mg/kg). The level of Cd (0.12) is
similar in both regions. Similar situations were observed
for all metals in July of 1992 as well .Concentrations of
heavy metals in the sediments along the whole recre-
ation zone of Kurzeme and Vidzeme coasts do not ex-
ceed MPL (Maximum Permissible Level) in the year
of investigation (Report 1985).

CONCLUSION

The concentrations of all heavy metals in surface sedi-
ments at 1 m depth in the shallow coastal zone of the
Gulf of Riga (Vidzeme and Kurzeme coasts) and in
the river mouths do not exceed the norms typical for
unpolluted bottoms. The fact that Cd, Pb. Cu, Zn. Ni
and Mn concentrations were higher at the stations near
the river mouths, was obviously related to the discharge
of the Daugava, Liclupe and Gauja waters into the Gulf
of Riga. This is particularly expressed for Pb, Cu. Zn
and Mn, which enter the scas via nivers. Concentri-
tions of Cd, Pb, Cu, Zn, Ni and Mn in sediments of
river mouths exceed those of the shallow coastal zone
in the Gulf of Riga at 1 m depth from 3 to 10 times.

The sediments of the Daugava mouth have the highest
concentrations of all the heavy metals, particularly Hg,
Pb and Zn, The concentrations of all heavy metals in
the coastal and river mouth sediments undergo sea-
sonal and vearly fluctuations,
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INTRODUCTION

Itis the first attempt to apply XRD method for analy-
sis of heavy minerals in the XRD laboratory of the In-
stitute of Geology (diffractometer DRON-2.0, Cu, ra-
diation), instead of usual method of analysis by means
of polarising microscope. The merit of XRD method
is that there is a possibility to find out percentage of
cach individual mineral, but not the mineral group as
in the microscopic method. The XRD method enables
determination of minerals, with their content exceed-
ing 3-5% in a sample. However, this method does not
allow to find amorphous minerals, like some oxides and
hydroxides, and those which make only some grains in
i fraction. It is a fault of the method. As far as it has
been established by evaluation of results of microscopic
analyses, the average content of amorphous oxides and
hydroxides, as well as other minerals “invisible” in
diffractogram, is about 10%. So, the total sum of iden-
tified minerals in diffractograms of analysed samples
is likened to 90 per cent, and content of each mineral
found in s fraction is calculated from this sum. In heavy
fraction of bottom sediments of the Baltic Sea the min-
erals of amphibole. epidote and garnet groups, also il-
menite, magnetite, rutile and zircon are relatively abun-
dant (Blazhchishin 1976) and may be found by XRD
method,
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METHODS

The XRD semiquantitative analysis is based on the
following theoretical propositions of X-rays diffraction
by a sample: (1) picture of diffraction, i.c., disposition
and intensity of peaks in diffractogram characterises a
crystalline matter and is obtained independently on
other compounds available in a sample; (2) intensity
of diffraction peaks of a mineral in a mixture is pro-
portional to its concentration,

On the grounds of these propositions, all methods
of XRD quantitative and semiquantitative analysis
come 10 determination of mineral concentration 0 a
mixture according to dependence established theoreti-
cally or by experiment between intensity 1 of diffric-
tion maximum and content ¢, of a mineral. Sincc an
intensity of diffraction maximum depends on a num-
ber of factors, the establishment of precise analytical
dependence of intensity on concentration in most czses
is a complicated task.

The methodology of XRD quantitative analysis is
described in a number of publications (Alexander &
Klug 1948; Copeland & Bragg 1958; Peter & Calmun
1964; Bezjak 1961; Nechvolodov 1936; Zevin &
Zav'yalova 1974; Hardy & Tucker, 1986 and other)

XRD Analysis of Heavy Minerals in Bottom Sediments of the Baltic Sea
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Fig. 1. Diffractogram of standard mixture of heavy minerals

The diffraction maximum of integral intensity of i-phase
under determination, the volume concentration of
which is v,, theoretically is expressed by the formula:

L=k k A(@;u)vdV, (1)

+

where k = t? - coefficient, which depends on
mC

physical constants: e and m - charge and mass of elec-

WA

s H s ICNE, W
tron, C- light velocity k: 10 2R cocfficient, which
depends on conditions of experiment: I - intensity of
primeval X-ray beam, A - x-ray wave length (A); k, -
coefficient, which depends on structure of analysed crys-
talline phase and is equal to

1+ cos 20, 22
. = ek MM! F i N| ¥ {2
" cos®,*sin O, [Pl N

where © - Bragg's angle, M, - multiplier of recurrence,
[F,)* - structural factor, N - amount of elementary lat-
tices in volume unit, A{G:p) - multiplier of absorption,
m - linear coefficient of X-rays absorption, v, - volume
concentration, dV - element of sample volume.

The expression (1) determines dependence of dif-
fraction maximum on all main characteristics of
analysed matter and position of maximum and enables
to establish relation between values | and v,

The intensity of reflection by sample, thickness of
which is dx, would be as follows:

dl =k kesev L oo

un @ gfy 3
<in e {3

where

sin
tion of primeval X-ray beam at axis of goniometer,

0 = . .
- irradiated surface of sample, U, - sec-

X
0" path of incident and diffracted rays in sample.

After an integration of formula (3) from 0 to = we
shall receive:

1= kik_mk;.vangL (4)

q_ :
2u
If concentration is defined by weight (c,), the change
from volume toweight concentration may be expressed
by formula:

In this case the multiplier of absorption A =

Jo,

r= |_IlI 5'}
[ P (

where p, and p - density of i-phase and sample. re-
spectively. Substituting v in formula (4) for its expres-
sion from formula (5), we shall receive;

lis ke i
P U pY il (6)

where kl = %}k] k 2 k % U o - constant coefficient for

concrete phase and conditions of experiment, p'=u/p
- coefficient of mass absorption of X-rays by sample,
W,” - cocfficient of mass absorption by i-phase, n -
amount of phases in sample (Zevin & Zav'yalova 1974),

Ina general case an intensity of analytical peak of a
phase under determination is quite complex function
of its concentration and, in addition, depends on con-

115



Petras Simkevicius and Jolita Apanaviciiré

centration of the rest phases of a sample as well, Even
in the case when an effect of micro absorption is incs-
sential, the equation

:k;_# %)

where [ - intensity of reflection, k - coefficient, con-
stant for certain phase and conditions of experiment,
p, - density of i - phase in a sample, ¢ - weight content
of component in a sample, m - mass absorption of the
total sample, allows the simple solution only in some
cases because the mass absorption coefficient

u=2 e (8)

is settled by complete phase compaosition of the sample
(Zevin & Zav'valova 1974),

In the complete analysis of n-phase system which
contains n crystalline components, the concentration
of all available phases in a sample is determined using
the following formula:

6= )

There are two following cases possible: 1) with over-
lapping peaks and 2) system with free analytical peaks.
The first case is more complicated.

The authors of this paper have had a purpose to
apply the XRD method of analysis in the more simple
(2nd) case and have used the formula

e
1+Z (10)
=5,

for determination of content of every component or

4

= Lr . ; 5y
i-phase, where N i - ratio of intensitics of ana-
i

Table 1. Values of ﬁm

= é’:'k“ = !.f_"_'kr

s anl f i aks,and &~ —
Iytical diffraction peaks, an ﬁ,, ﬁ:l Lok,

which is obtained from analysis of two-phase homo-
logical artificial mixtures where ratio of intensities of
components main peaks I /1 is multiplied by coeffi-
cientk .

In the equation (10) the summing up by all r, ex-
cept r = i, is carried out.

|
If to designate the

i
might be uxprcsscd in the following form:
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In the case of three-phase system the equations ()
will be following:

! by p., the equation (10)
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On the ground of theoretical basis, presented above
the authors of this paper have worked the method of
XRD analysis by making of artificial mixtures of min
crals, with their weight concentration known in advance
The calculation of [ has been carried out using in-
tensities of two-phase homological artificial mixtures
as standards (Table 1).

XRD Analysis of Heavy Minerals in Bottom Sedimenis of the Baliic Sca

Table 2. Values of S .

R i

A T I M Z R E
A 1 3.29 2.35 4.26 0.82 0.79 2.BE
T 0.3 | 0.71 1.3 0.25 .24 0,88
I 0.43 1.4 1 1.51 0.35 .34 1.23
M 0.23 0.77 0.55 [ 0,19 (.18 0.68
£ 1.22 4 2.86 5.19 | 0.96 35
R 1.27 4.17 298 541 1.04 | 3.65
E 0.35 1.14 0,82 | 48 0.29 0.27 |

The obtained results of calculation of minerals concentration (p.) using system of equation(12) have been
normalised by division of real values of cach mineral (p,) into calculated from diffractogram (p ) values and by

calculation of coefficients k (Table 3).

Table 3. Values of k .

R - i
A T I M Z R E

A | 4.08 1.55 0.78 |.89 078 1.2

T (.25 I 0.3% 0.19 .46 0.19 0.29

I .65 2.64 | 0.5 1,22 .51 0.78

M 1.28 5.24 1.98 | 2.43 1.0 1.54

Z 0.53 2.16 0.52 0.41 | 142 .64

R 1.27 5.2 1.97 0.99 2.41 [ 1.53

E 0.53 3.4 1.29 0.65 1.57 (.65 |
Then the 3 of each mineral ratio is multiplied by their coefficients k_ respectively, and values [ are
obtained (Table 4).

Table 4, Values of

Ro 10

A T 1 M Z R E
A 1 (.35 (.96 2.49 0.635 0,33 192
T 1.83 | (.88 5.78 0,42 0.63 1.09
| 1.04 1.14 1 3.29 (1.5% .66 271
M 1.4 0.17 0.3 1 .27 .2 0.37
i 1.54 2.39 1.7 372 I .85 4,23
R 3 1.58 1.51 5.13 0.54 | 2.96
E 0.52 .14 0.37 271 0.24 0.34 |

Then the values of relative intensitics S, of mineral peaks in diffractogram of .ln;n[yﬁ-:d standard sample (artifi-

cial mixture) arc calculated (Table 2). The intensities of following peaks of minerals in diffractogram (Fig. 1)

have heen used: almandine (A) - 2.57, tremolite (T) - 8.38, ilmenite (1) - 2.74, magnetite (M) - 1.62, zircon (Z) -

3.30, rutile (R J - 3.25 and epidote (E) - 2.88A.
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R i
A T 1 M FA R E
A 1 24 .49 1.94 1.23 0.26 23
T 0.46 1 0.33 [.1 0.19 0.12 0.9
| 0.68 3.01 I 1.65 0.72 0.34 211
M 051 0.89 0.59 I (.06 0.2 0.57
Z .82 3.16 |.39 1.53 | 0.78 2.71
R 381 822 2.97 5.08 1.3 1 4.53
E 0.43 048 .48 1.76 0.38 (.22 I
The final calculation of mineral content of the stan- p,=6.41
dard sample, which contains almandine - 209%, tremo- p,=943
lite - 15%, ilmenite - 10%, magnctite - 109, zircon - P.=9.77
209%, rutile - 109 and epidote - 15%, is presented be- p,=4.33
low: P.=94
p.=6.1

SH- SH_l_S\H Sf-l +Sﬁ'.-l _I_SEA -
ﬁ'ﬂ ﬁb‘l ﬁm ﬁ{ﬂ ﬂ.ﬂ ﬁl—_-l

0.3 ﬂ43+[}’33 1.2’ 1.27 {}'15
D4ﬁ 0.68 0.51 ﬁ.B" 3.81 []43
=0.65+0.63+0.45+1.49+0.33+0.81=4.36

Using the formula (10} expressed by p:
|
1+ p’

the following percentage of each mineral has been ob-
tained:

Ci= (13)
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Almandine Ca™ i_+ p T 18.7%
A

Tremolite c,=13.5%

llmenite ¢, =9.6%

Magnetite ¢, =9.3%

Zircon c,=18.8%

Rutile ¢, =9%.6%

Epidote ¢, =14.1%

Total sum 93.6%

om B

Fig. 2. Distribution of heavy minerals: ilmenite, amphibole,
garnel, and zircon (weight per cent) in scdiments of
Lithuanian near-shore zone (fraction 0.25-0.1 mm): 1 - 5-
109, 2- 10-15%, 3 - 15-20%, 4 - 20-25%, 5 - 25-30%. 6 - 30-
35%

The allowed error of results is from 2 to 109 (Zevin &
Zav'yalova 1974). The obtained results satisfy the re-
quirements and the calculated B, be used for XRD
analysis of samples containing the same association of
minerals,
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RESULTS

Fourteen samples of heavy fraction (0.25-0.1 mm) de-
rived from bottom sediments (sand and silty sand) o
the Lithuanian near-shore zone of the Baltic Sey
stretching from the Lithuanian State frontier with
Latvia in the north to the city of Klaipéda in the soutl
have been analysed by XRD method worked out by
the authors of this paper. The analysed samples have
been collected during field expeditions by riv “Véjas”
financed by the Geological Survey of Lithuania.

The results of analysis show that the content of il
menite is most changeable (ranges from 10.8 10 32.0%),
The least its content is found near the coastal zone o
Kurdiy Merija and the most concentration is observed|
with the segment of, approximately, 10 km of length
from the Klaipéda sea channel northwards, as well as
between the towns of Palanga and Sventoji (Fig. 2).
the sediments relatively are finer.

The minerals of amphibole group in most cases arc
distributed on the contrary to ilmenite (Fig. 2). The
content of amphiboles ranges from 13.2 to 26.4%. the
least their content is near the town of Palanga, near
the Klaipéda sea channel and between Palanga and
Sventoji. The most content is observed between
Klaipéda and Sventoji. Its average content is about 15-
20%.

The minerals of garnet group (almandine) make 10-
15% of heavy fraction on most part of studicd arca
The increase of their content to 20.7% is observed only
near Klaipéda, and decrease to less than 109 - north-
wards from Klaipéda and near Sventoji (Fig. 2).

The content of zircon makes 6.6-16.8% of heawy
fraction. This mineral is confined to the coarse - sandy
- fraction, but its distribution is rather monotonous (Fig,
2). The most its content is found near the Klaipéda sea
channel and on some little areas between Klaipéda and
Sventoji.

The other 3 minerals: magnetite, rutile and epidote
are found too, but their content is rather small, seldom
it exceeds 5%. Thus, they are not shown in the map.

CONCLUSIONS

The XRD method of analysis is more objective than by
means of polarising microscope because does not de-
pend on skill of analysed.

Distribution of heavy minerals in bottom sediments
mostly depends on their grain size. Minerals of am-
phibole and garnet groups are related to coarse sedi-
ments (sand) and ilmenite and magnetite - to fine sedi-
ments. Zircon is indifferent to grain size and is depos-

XED Analysis of Heavy Minerals in Botom Sediments of the Baltic Sea

ited near its source area. Most concentrations of epi-
dote and rutile are confined to fine sand of shallow
zone. The obtained results of XRD analysis of heavy
minerals in the Lithuanian near-shore zone of the Bal-
tic Sea and their distribution correspond to different
zones of lithological composition of bottom sediments
which are known from previous works of marine
lithologists,
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The intensity of sedimentary matter fluxes and thei;
grain-size composition in the Klaipéda Strait are dis
cussed. According to 1994-1997 data the most inten
sive sedimentary matter fluxes were in action during
fall or spring in the port gate area and western passag:
of the Curonian Lagoon (Kurdiy Marios). The grain
size composition of sedimentary matter flux depends
on their intensity, Grain-size are changing from fine
silty mud up 1o fine sand.

Keywords: Klaipeda Strait, sediment flux, grain-sizc
year seasons,

INTRODUCTION

Solving the problem of sedimentary matter circulation
between the Baltic Sea and the Curonian Lagoon
(Kuriiy Marios) from the sedimentological point of
view the Klaipéda Strait is particularly important, 1t is
the only way by which the fluxes of water and sedimen-
tary matter from Nemunas and Curonian Lagoon get
into the Baltic Sea. In order to improve our knowledge
about the mechanism of the circulation we completed
the following tasks: (1) evaluation of spatial and tem-
poral changes in intensity of sediment fluxes in the
Klaipéda Strait, (2) determination of composition of
transported material and features of its changes.

The Klaipeda Strait is 12 km long. Its width near
the port gates is 385 m, whereas in the southern part -
where it joins the Curonian Lagoon - it reaches almaost
1500 m. The water outflow from the lagoon into the
Baltic Sea is 26.5 km'/year, the volume of reverse flow
is about 5.1 km®, According to the averaged long-term
data the ratio between these two water flows makes
slightly over 5. The ratio of sedimentary matter is likely
to be similar. Due to abrupt and strong changes of hy-
drometeorological situations in the strait the essential
changes in current velocitics and directions occur
(Gailiusis et al. 1992). This results in permanently
changing migration of sedimentary matter too. Besides,
the sediment fluxes are strongly affected by human ac-
tivity in the Klaipéda harbour.

120

METHODS AND MATERIALS

The exchange of sedimentary matter between the
Curonian Lagoon and the Baltic Sea was repeatedly
evaluated and its balance calculated on the basis o
determination of suspension concentrations hy th
method of filtration (Pustelnikov 1983, Galkus 1995
etc.). Beginning with 1994 we used sediment traps for
investigations of sedimentary matier fluxes, They arc
made of plastic tube. Their diameter is 14 ¢cm, height
1.2 m, collecting area - 154 cnv’,

The sediment traps were installed 3 m above the
bottom in 9 sites of the strait (Fig. 1). The exposition
time differed usually lasting for a few days. Such mes
surements were carried out 4 times per year at differ
ent seasons. From some to some hundred grams of sedi-
mentary matter was collected in this way. The intensit
of sedimentary matter flux (g/em“/day) and grain-sizc
composition of sediments were determined. The same
methods as for bottom sediments have been applied.

INTENSITY OF FLUXES

The seasonal intensity of sediment fluxes in the

Klaipéda Strait is rather variable (Fig. 2). The year 1994
stood out among others for very intensive fluxes in the

port gate aquatory, central part of the strait and, pas
ticularly, western passage of the Curonian Lagoon (O

KLAIPEDA

LATVIA

o Palangn

Ralvic Sea

Fig. |. Location of sediment traps in the Klaipéda Strait

alem®iday

uxes between the Curonian Lagoon and the Baltic Seq

7). The intensive transport of sedimentary matter from
the Curonian Lagoon caused the increased quantity of
sediments throughout the strait with the exception of
itsisolated inlets (G-9). The high intensity of sediment
transport in the port gate aquatory, undoubtedly, was
also determined by marine sediments, because water
dynamics was active not only in the strait but in the sca
nearshore, as well as a result of stormy conditions.
During later observations no sediment fluxes of such
intensity were recorded any more. Intensive sediment
fluxes in the port gate aquatory were recorded in the
winter and spring of 1995, the fall of 1997, whereas in
other seasons the intensity usually would not exceed
1000 g/em/day (see Fig. 2).

A rather variable intensity of sediment fluxes in dif-
ferent seasons was observed also in the western pas-
sage of the Curonian Lagoon. It is less variable in the
central part of the strait (G-3, G-4) and castern pas-
sage, with a minimum flux registered in the Malky Bay
{G-9) (see Fig. 2). The Malky Bay is rather well iso-
lated. Its hydrodynamical environment is relatively
calm. whereas the supplies of sedimentary matter are
rather limited. For this reason the intensity of sediment
fluxes in all scasons is very low. An appreciable inten-
sification of fluxes was observed in the spring and sum-
mer of 1995, However, the causes were rather evident
- intensive dredging works were carried out in the strait.
For the same reasons the quantity of sedimentary mat-
ter was increased also in some other places of port fair-

Fig. . Seasonal chunges of intensity of sedimentary matter fluxes in sites of the Kluipeda Strait (from G-1 up 10 G-9),
Numbers below the histograms indicate months and years of measurements
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Fig. 3. Seasonal changes of average values of sediment fluxes intensity alongside the Klaipéda Strail
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Fig 4. Averaged data of sediment fluxes intensity in 1995-1997 alongside the Klaipéda Strait

way (G-3 and G-4), In the close vicinities of harbour
embankments (G-3, G-6) sedimentary matter fluxes are
rather low, like in Malky Bay.

So, judging by the data obtained a more intensive
sediment transport takes place in the western passage
and port fairway (see Fig. 2). The comparison of aver-
age values of sediment flux intensity in different sea-
sons of 1995-1997 revealed a distinet tendency of their
decrease moving from the Curonian Lagoon passage
(G-7) towards the central part of the strait. In the port
gate aquatory the intensity again distinctly increases
(Fig. 3).This tendency is reflected by the averaged data
of three years (Fig. 4). This is related with accumula-
tion of part of material on the way of transport. Reach-
ing port gate aquatory the sediment transport intensi-
fies as a result of marine sedimentary matter carried
by sea waves and currents,
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In the larger part of the year the sediment fluxes
are directed from the Klaipéda Strait towards the sea
in correspondence with the general hydrological situa-
tion of the environment. However, under the changing
hydrometeorological conditions the water mass and
sedimentary matter transport may also change. Such
changes take place many times per year and create situ-
ations for rapid accumulation of sedimentary matter
The more intensive the fluxes the higher, evidently, the
rates of sedimentation in the strait.

GRAIN SIZE COMPOSITION
Sediment fluxes comprise variable clastic material

which includes the types of sediments from fine silty
mud (Md = 0.01-0.05 mm) to fine sand (Md = 0.1

Sedimentary Matter Fluxes between the Curonian Lagoon and the Baltic Sca
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Fig. 5. Median diameter (Md) of sedimemary matter at dilferent time of the year (1994-1997 data} in the Klaipéda Strail

siles

(.25 mm). The most coarse material represented by
coarse silt (Md = 0.05-0.1 mm) and fine sand occurs in
the port gate aquatory more often. In the grain-size
spectrum of sediments one or two fractions stand out
clearly, whereas the contents of other fractions are usu-
ally negligible. The maximum Md reaches 0.14 mm,
the sorting is very good. Such composition corresponds
to the marine yvellowish-grey fine sands which accu-
mulate in the mentioned arca. Therefore, large part of
sediments, without doubt, is carried by marine currents,

The sedimentary matter transported in the
Curonian Lagoon passages has wider spectrum of grain-
size types - in the western passage in summer fine silty
mud is transported, in other seasons - silt and sand; in
the castern passage, where the intensity of fluxes is
lower, sand was transported only in fall, whercas in
other scasons - only fine silty mud and silt (Fig. 5).

Fine silty mud prevail in the main part of the strait
(sites from G-2 to G-5). Some coarser transported sedi-
mentary matter is observed in spring (G-5), whereas
sand has been met during fall (G-2 and G-4).

Most stable grain-size composition of sediments in
different scasons is observed in the castern part of the
strait and closed aquatories (G-6, G-9), where fine silty
mud prevails (Fig. 5). Its grain-size almost does not
respond to the changes of hydrodynamic regime in the
strait and depends only on the source of sedimentary
matter. In one case (G-6) the main source of sedimen-

tary matter is represented by the waste water outlet, in
another (G-9) - it is the local bay (including its bot-
tom) material.

The available data makes it possible 1o assert that
changes of grain-size composition in different areas of
the strait reflect the changes in intensity of fluxes. The
content of coarser fractions in the transported sedimen-
tary matter increases when the sediment fluxes become
more intensive, whereas inweak fluxes fine silt and clay
fractions prevail. This is proved by changes of Md of
transported material during different seasons (Fig. 5).

CONCLUSIONS

The most intensive fluxes of sedimentary matter de-
velop in the western passage of the Curonian Lagoon
and port gate aquatory. The intensity of sediment trans-
port is seasonally changeable. the most changes oecur
in fall and, sometimes, spring,

The accumulation of sedimentary matter in the
Klaipéda Strait is closely related to the frequency of
changes in hvdrological situation, resulting in alter-
ations of water flow dircctions. Under the conditions
of abrupt decrease in water flow velocity there occurs
mass accumulation of transported material in local
bottom arcas. This phenomenon takes place in all sea-
sons and such processes increase the rates of port fill-
ing up.
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The grain-size composition of transported sedi-
ments ranges from fine silty mud to fine sand. The
changes of grain-size are determined by the intensity
of fluxes - the higher the intensity of fluxes the larger
the content of transported coarse-grained fractions; the
lower the intensity - the relatively higher the content
of thin-dispersed particles.
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The shore formations and topography forms in the area of the Latvian
Coast arce described and basic conditions of their onigin are charac-
terized. The formations of the Baltic [ee Lake Stages arc observed
in more detail. This belongs to the shorelines of Bgl , B gl | and
Bgl, Bl Bgl, Stages The outlines over major area of these
basins have uneven contours along of which abrasion and accumula-
tive shore formations take place. The along shore drift is of a local
character, and important role in the formation of shorelines is played
by transverse littoral drift. The shorelines of the Ancylus Lake and
the Litorina Sea stages from known Holocene stages of the Baltic
Sea occur at the surface of the Latvian Coast only. The shore forma-
tions of the Litorina stages are represented by typical large lagoons
and beach barriers with dune swells. The along shore drift stretching
from the Sambian Peninsula to the region of the head of the Gulf of
Riga was of dominant significance for shoreline formation during
the Litorina Sca stages.

Keywords: shore formations, abrasion scarps, ledges, accumulative
terraces, bars, spits, beach barriers, dune ridges, lagoons, bays, promi-
nences, shorelines, Latvian Coast, Baltic Sea,

INTRODUCTION

tions and relief forms of the Litorina stages are wide
spread in the area of the Coast in Latvia. They are ab-

The Latvian Coast is characterized by wide spreading
of various shore formations connected with different
stages of the Baltic Sea, such as the Late and the Post
Glacial time (Fig. 1.). A systematical study of the Coast
was begun by Grinbergs (1957). and afterwards it was
carcfully studied by other Latvian rescarchers also. The
investigations of the Coast are proceeding further now.
The tyvpes of shore forms and the conditions of their
origin have been ascertained.

REGIONAL DISTRIBUTION OF THE SHORE
LINES

Shorelines of different stages of the Baltic Sea have
been traced by Grinbergs (1957), first of all.

Shore formations of the Litorina Stages are situ-
ated nearest to the modern sea outline. They are rep-
resented mainly by sandy sediments of beach barriers,
spits, accumulative terraces and lagoon sediments, as
well as the dune ridges and massifs. Laroe lagoons, in
the lowest parts of which occur the relict lakes, charac-
terize the shore zone of these stages. The shore forma-

sent in the middle area of the Eastern Coast of the Gulf
of Riga and in small area of the Coast of the Baltic Sea
(region Pavilosta) only.

The older shore formations - of the Ancylus Lake
Stage - are known at the surface of the northern part of
the Kurzeme Peninsula only, and they are represented
by aggradation terraces, dunc swells, abrasion scarps,
clc.

The oldest shorelines of the Baltic Sea in the Coast
of Latvia are represented by formations of the Baltic
lce Lake stages. They are most widely spread and con-
stitute the border between the Coast and the area,
where glacial forms of relicf occur.

SHORE FORMATIONS OF THE BALTIC ICE LAKE
STAGES

The five shorelines of the Baltic Iee Lake (B gl |,
Bgl Bgl Bgl  Bel Jarcobservedinthearea
of the Latvian Coast, The shoreline altitudes range from
3 1o 55 mand the southeastward inclination (Grinbergs
1957) und arc represented by abrasion scarps, bars,
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Fig. 1. Geomarphological map of the coast of Latvia. | - abrasion scarps and liffs, 2 - bars, 3 - ageradation terraces, 4 - spits,
5 a - dune barriers, 5 b - shore represented by steep slopes of hilly glacial wopography with no marked traces of the wave
activity, & - fuintly defined shore, 7 - valleys of the largest rivers with terraces in the lower courses correlated with old
shorelines of the Baltic Sea. 8 - area of distribution of placial formations, ¥ - abrasion-secumulation plain of the Baltie Tee
Lake, 10 = accumulation plains of the Ancylus Lake and the Litorina Sea, 11 - concentriation of boulders on the coast, 12-14
- indexes of the Baltic lee Lake shorelines, 15 - index of the Ancylus Lake shoreline, 16 - index of the Litoring Sea shorelines,

17 - isobases o the B gl |

spits, shore dunes, etc. The shoresof Bel  and Bpl o
occur in all places, but the others are of fragmentary
occurrence only, The transgression stages of the Baltic
Iee Lake are marked by shorelines of B gl and B gl |
stages. Amplitudes of changes in levels of these basins
in the region of Labrags reached 29 m ( for the basin
Bl yand 26 m (for the basin B gl | ) (Veinbergs 1986).
Amplitude of the transgression B gl | in the region
Grobina reached 19 m (Grinbergs 1957). The shore-
lines of Bgl, .Bgl,, and B gl _phases were
formed and connected with the momentary rising in
level of the general regressing basin of B gl || Stage.

The Baltic Ice Lake is characterized by numerous
shallow large bays and a prominence in the common
shore contour. The Bays - Usma, Saliene, Barta, etc.
were formed in the places of previous glaciodepressions
{(ice lobes) and Late Glacial ice-dammed basins,

A larger Usma Bay of the Baltic lee Lake appeared
in the place of previous Venta-Usma lee Lobe and the
Late Glacial ice-dammed Venta-Usma Basin, The
varved clay of ice-dammed basin spread in the region
of Usma, but the sandy deposits there are known in a
fager part inside general area of this basin,
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basin shareline, 18 - isobases of the Lit | basin shoreline

Shore laid sandy sediments (thickness to some m )
in the Usma Bay of the Baltic lee Lake were originated
in the result of wash up again as the deposits of previ-
ous ice-dammed basin and as well as the till. The an-
cient Venta and Abava riverswere flowed into the Usma
Bay and had been characterized by the considerable
accumulation of alluvial material in their valleys at the
time of primary stages of the Baltic Ice Lake. The en-
trance of the alluvial material in the bay in great quan-
tity took place during of the regressive B gl || Stage
only, The largest thickness of river-bedded alluvial de-
posits is observed at the VII terrace of the Abava River.
This terrace is attended with the shoreline of B gl |, Stage
in the Usma Bay. The younger VI terrace is attended
with the shoreline of B gl | Stage and is distinguished
by the thickness of the alluvium depaosits to 7 m only.
The alluvium deposits of this terrace has the structure
of constrative type ( Lamakin 1948). The terraces V. [V,
111 of the Abava River valley are connected with shores
ofBgl,  Bgl  Begl andarecharacterized by less
thickness of the alluvium deposits than at the terrace
VI,
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The Venta River mouth during the time of the Bal-
tic Ice Lake was located near Kuldiga. The terrace VI
of the Venta River is distinguished by larger thickness
of the river bedded alluvium and correspond to the
shore line of B gl |, when the transgression of the Bal-
tic lce Lake took place. The terraces V and IV con-
form to shorclinesof Bgl | + Bgl  and Bgl .

The islands, such as Pope. Puze, Amele and Ugale
had been situated inside arca of the Usma Bay and had
been exposed by intensive abrasion. The north-west-
crn, northern and north-castern parts of the Pope Is-
land were experienced by most intensive abrasion start-
ing with B gl | Stage. The sand-gravel deposits had
been eriginated in the result of abrasion in these arca
and the large spit in the south-western part of island
was formed. The accumulation and abrasion took place
here during following stages of the Baltic Iee Lake too.

The shore formations in the southern and south-
eastern parts of the Usma Bay are marked not clear in
relicf.

Large shore accumulatjon forms occur in north-
castern arca of the Usma Bay near the western end of
the high scarp Zilie Kalni. They are represented by spits,
bars and ete. The Zilie Kalni scarp was being washed
out during all stages of the Baltic lce Lake. Here the
shore accumulation of sediments during B gl | Stage
did not 1ake place. All matenial had been replaced down
the submerged slope. The bar was formed during
B gl , Stage, but the spits near Nivéja - at the time of
Bgl,, and Bgl . Along shore displacement of the
sediments from Zilie Kalni to west and south direc-
tions took place at these times.

The Saliene Bay originated in the place of previous
of the Apriki lee Lobe and Lare Glacial ice-dammed
Apriki Basin. The deposits of this basin are represented
by clay. The entering drifts to the Saliene Bay from
land not happened. The sediments of the Bay formed
in the result of wash out of the Last Glaciation till only.
The origin of the shore formations connected as with
along shore and as well as with transversal to shore
transportation of the sediments. The transversal to
shore transportation of the sediments was dominated,
Small spits occur in the north-castern and south-wesi-
ern parts of the Bay, which are streiched from the
Alsunga-Kapasciems and Grobina-Vérgale abrasion
prominences of the shore. The shore of B gl | Stage is
represented by separate abrasion scarps observed in
the 1op of Bay (NW and SW from Salicne ). The shore-
lines of regressive B gl |, Stage are marked by small
accumulative sandy terraces and dune swells.

The Birta Bay occurred in the place of previous
relative small the Birta lee Lobe and the Late Glacial
ice-dammed Upper-Birta Basin. The sandy sediments
transporting by rivers of glacial melting waters had been
deposited in this ice-dammed basin, The part of sandy
sediments was transported to the bay by the Barta River
also. The I, TIT1, IV terraces of the Barta River are con-
nected with shore linesof Bl | Bl andBgl | .

The transverse littoral drift took place in all the con-
tours of the Barta Bay during B gl | Stage and because
at that time the sandy gravel bars and accumulative
terraces there were formed. The along shore transpor-
tation of the drift took place during of B gl | Stage.
The Grobina spit was formed in the northern arca of
the Barta Bay. The three large spits supplying oneself
by clastic material from abrasion the Rucava promi-
nence of shore were originated in the southern part of
the Bay. The eolian accumulation had been typical for
shoreline during Bgl | .

The shorelines of the Baltic Ice Lake in the area of
the Kurzeme Coast of the Gulf of Riga are distinguished
by the relative rectilinear and smoothed outline and
represented by abrasion scarps, bars and aceumulative
terraces. A small bay had been formed in the region of
Tipgere durning B gl and B gl | stages only. The shal-
low bay was situated near Dursupe at the time of Bgl |
Stage too. The small spits are observed in this section.

The transversal transportation drift took place in
the arca of the Vidzeme Coast of the Gulf of Riga at
the time of the Baltic Iee Lake. The shorelines in this
area are characterized by the most straightened con-
tours and arc represented by series of large bars and
accumulative terraces also.

A large shallow Elgava Bay of the Baltic Ice Lake
had been developed in the area to southern of the re-
cent head of the Gulf of Riga. There are the sandy de-
posits of this basin, which lies above varved clay of the
ice-dammed basin. The shores of the Elgava Bay are
marked not elear in topography, They are observed in
some sections only and are represented by not high
ledges (Salaspils, Smirde-MeZamuiza, Zilite) and
small accumulation terraces and dune swells (Pabazi).
The shore forms are known in the area of the Elgava
Bay and they belong o Bgl Bgl = and B gl
stages of the Baltic lee Lake,

e Ik

HOLOCENE SHORELINES OF THE BALTIC SEA

Holocene formations and forms of topography con-
nected with the shorelines of the Ancylus Lake (Anc)
and Litorina Sea (Lit _, Lit ) Stages of the Baltic Sea.
The shore formations of the Yoldia Sea had been ap-
peared in finish of the Baltic lee Lake regression and
are known at the submerged slope of the Latvian Coast
(Grinbergs 1957) and studied very a little until. The
abrasion ledges and the spit of the Yoldia Sea Stage
are located on the Klaipéda Plateau and have the alti-
tudes above -50 m (Bergman & Timofeyev 1972,
Raukas 1994, Bjerkéus et al. 19943,

The shore forms of the Ancylus Lake occur in the
northern part of the Kurzeme Peninsula. Their altitudes
range from 12 to 17 m a. s, | The shoreline of this ba-
sin is characterized by meandering outling. The sepa-
rate bays and shore prominences are observed in the
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contours of shore. The shorelines abrasion Irbes-Krauja
prominence is situated near Slitere. The shallow small
bays existed to south-western from this prominence in
the region of the Irbe River. The relatively large bay
had been located in the region to southern from Lake
Bignicku Lake around Ventspils also. Here is observed
alarge Ventspils lagoon that was developed from Yoldia
to Litorina time (Grinbergs 1957, Jinoridze et al.
1967).The shores in this part of the Ancylus Lake ba-
sin are not clearly marked in topography. They some-
times arc represented by separate not high ledges and
small accomulation terraces,

The Ancylus Lake shore formations in the area of
north-western Coast of the Gulf of Riga are traced by
high dune swell, which are stretched south-eastwards
{from the Irbes-Krauja region to Roja.

The shore zone of the Litorina Sea in the western
Coast of the Kurzeme in general plan is characterized
by occurrences of large lagoons - such as Nida, Pape,
Licpija and Ventspils, as well as the abrasion Pavilosta-
Jirkalne section and by the large accumulation promi-
nence in the top of the Kurzeme Peninsula also. The
numeral beach barriers and dune ridges separating the
lagoons from sea are the typical shore forms. The re-
sent relict lakes (Pape, Liepija, Basnicku) preserved
in the arca of these palacolagoons. The lagoon shore
formations in the Western Coast of the Kurzeme are
not clearly marked in topography, Usually they are rep-
resented by small breaks at the recent surface. Not high
ledges are observed in Pape and Ventspils lagoons and
the accumulation terraces in Ventspils Lagoon only.

The accumulation prominence observed in the top
of the Kurzeme Peninsula is about 60 km a long and
10-12 km a wide. It is the unique formation of series
shore forms. The accumulation terraces of different
levels with the shore swells and dune swells at their
surface wide spread inside arca of this accumulation
prominence. The origin of the accumulation promi-
nence took place at the time of Lit | and Lit | stages
(Veinbergs 1979).

The formation of beach barriers, which, as men-
tioned above, are typical for the Litorina Sea stages
was closely connected with the East-Baltic along shore
drift (Knaps 1966). This along shore drift starting from
Sambian Peninsula and stretching to the top of
Kurzeme Peninsula and further had been distnibuted
along western shore of the Gulf of Riga to the region
at the head of the Gulf of Riga (Lit ), but it had been
distributed to the Kolka Cape at the time of Lit | only.
A common meridian-orientated large beach barrier is
stretching along the lagoons of Nida, Pape and Liepija.
The large beach barrier was formed in the area of the
section from Pavilosta to Ventspils also.

Tvpical characteristic features of shore formations
for the time of the Litorina stages arc observed in the
Western and Southern coasts of the Gulf of Riga also.
Large lagoons with relict lakes, such as Engure,
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Kanieru, Babite, etc., beach barriers, swells and dune
ridges are important in the structure of the Litorina
shore zone as in the Kurzeme Coast of the Gulf of Riga,
as well as at the head of the Gulfl of Riga. Here the
lagoons occupied a large part of the coast area. The
shore swells and dune swells occur at the surface of
beach barriers and their heights are gradually lower-
ing westward to the sea , hence, their formations con
be considered to be connected with slow lowering of
the scalevel (Ulst 1957, 1961).

Two along shore drifts existed in the Eastern Coast
of the Gulf of Riga during Litorina Stages. One of them
had been stretched from Taja to the head of the Gulf
of Riga and another - from Tija to the Pirnu Bay.
These streams with transversal transportation of drift
together formed shore accumulative terraces with shore
swells and dunes at their surface. The shore formations
of the Litorina stages in the Eastern Coast of the Gulf
of Riga occur in the southern and northern parts only.
In the southern part of the Eastern Coast they con-
tinue the formations, which are known in the Coast of
the head of the Gulf of Riga, and are represented by
accumulative terraces, bars and dune barriers. The ac-
cumulative terraces with swells at their surface occur
in the northern part of the Eastern Coast of the Gulf
of Riga in the section from AinaZi to Vitrupe.

CONCLUSION

The combination of various formations is characteris-
tic feature for each shoreline of the Latvian Coast.

With tespect to the feature of the Baltic Iee Lake
there was no general along shore drift, but only sepa-
rate local along shore drifts had been developed. The
transversal shore transportation of sediments had been
dominating during the time of the Baltic Ice Lake.
Therefore large spits and beach barriers are absent and,
basically, bars and accumulative terraces spread among
accumulative forms. The bays and prominences took
place in the shore conlours.

Probably the meandering shore contours could be
at the Yoldia Sea and the Ancylus Lake time also.

Widely distributed shore formations of the Litorina
Sea distinguish the shore zone in the area of the Coast
by numeral occurrences of large lagoons and large ac-
cumulative forms, such as beach barriers with dune
swells and large accumulative terraces with shore and
dune swells. The formation of the Litorina Sea shores
in the Western Kurzeme Coast and partly in the East-
ern Kurzeme, as well as in the head of the Gulf of Riga
Coast was closely connected with regional Eastern
Baltic along share drift, but in the Eastern Coast of the
Gulf of Riga influence of this regional drift not took
place. Here the transversal shore transportation of sedi-
ments had been dominated and besides that local two
along shore drifts had been existed too.
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