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Some Retrospective Thoughts About the

"Baltica"

Everything in the universe has its own distinctive his-
tary. The publication - serial BALTICA, now held by
the reader, also has its own history, too. [t was born in
Vilnius, Lithuania, in 1963, published by the Depart-
ment of Geography, the Lithuanian Academy of Sci-
ences. In 1982 the last volume of the BALTICA ap-
peared, as a failing eyesight of its editor have made
the prolongation diflicult. ‘

The idea 1o create a special journal for the Baltic
Sea research was proposed by the author, when in
1961 at the 6th INQUA Congress in Warsaw  he was
clected the Vice-president of “Subcommission on
Shorelines of NW Europe”. His original concept was
to issue a serial of international character devoted to
the Baltic Sea and its coasts. In 1962 the future editor
informed all colleagues around the Baltic Sea about
the new initiative and from all of them he received a
cordial approval. But, notwithstanding all possible ¢l
forts it was impossible to set up an international edi-
torial board. Therefore, only the editor alone remained
in the “licld of battle™.

The new journal was entitled BALTICA. On title-
pitges of the journal it was indicated that this publica-
tion dealt with the problems of Quaternary geology
and palcogeography, coastal morphology and dynam-
ivs, marine geolopy and neotectonics in the Baltic Sea
arca. The editor intended in the future to widen the
thematic scale of BALTTCA and include environmen-
tal and geoccological problems. Thus, the journal was
of peological-geographical character. The articles were
published in English, Russian, German and Frenchwith
summarics in Lithuanian,

The out-of-date polygraphic technology, quality of
paper, absence of linguistic editors, ete., could not as-
sure the better habitus of the journal BALTTCA,

Seven volumes of BALTTCA saw the daylight with
about 160 articles (ca. 2,000 pages) on various geo-
graphical and geological problems of the Baltic Sea
and its coasts. Many outstanding scientists from Fin-
land, Sweden, Denmark, Germany, Poland, Russia,
Canada and other countries were contributors of this
journal. We would like 1o mention some of them: E.
Scibald, E.H. De CGeer, 5t Florin, Joh.F. Gellert,

1. Donner, Th. Hurtig, H. Kliewe, K. Orviku, O. Grano,
A Dreimanis, KK Markov, NN Sokolov, R. Knaps,
P2 Rosa, H. Krog, ete. Every volume contained also
the articles written by Lithuanian scientists.

It was a great pleasure for the editor to hear and
read in foreign press positive references and compli-
ments as well as 1o receive constructive proposals. |
thank all of them very, very much once again.

Thus, over more then 30 years have passed sinoe
the appearance of the first volume of BALTICA Un-
fortunately, after the 7th volume (1982) a “hiatus” of
more than 10 years intruded into the BALTTCAS bi-
ography.

At the given moment, due to the requests of nu-
merous scientific organizations and individuals from
various countrics to revive the BALTTCA 1 give this
journal over to a new editor, He is my colleague and
scientific collaborator of many years, a well-known ge-
ologist Dr.hab. Algimantas Grigelis who has a rich ex-
perience in managing scientific and editorial work. |
hope that the steering-wheel of BALTICA will be at
good hands, and the journal will not swerve from its
TV CONTSe.

Passing over the rmdder to the new editor of
BALTICA 1 sincerely wish him, the editorial board as
well as all future contributors a great many ol new sci-
entific achievements in the vast field of the Baltic Seq
research. Besides, the development of  complex in-
vestigations on the international basis and the repre-
sentation ol received results in this journal would be
one of the most desirable aims.

Simultaneously with the expansion of our know-
ledge about the Baltic Sea and its coasts, we must al-
ways bear in our mind the problems concerning the
protection of the environment and the effective use of
natural resources,

Thus, “navigare necesse est”™!

Prof. Dr. hab. Vytautas Gudelis
Academician,

Lithuanian Academy of Sciences
Vilnius, 20th May 1994

Yoldia Stage - the Least Clear Interval in

the Baltic Sea History

Anto Raukas

The Yoldi stage has never been properly defined stravigraphically and until

now the correlation of s shorelines is confused, Any precise subdivision of the
[Raukas, A, 1994 Yoldia slape - the least bhatiam sedimenis from the Yoldia Sea on the basis of faunal evidenee and dia-
clear interval in the Baltic Sea history.  wom flor is difficule due 1o very poor or mixed fauna and flora assemblages,
Baltica, Vol. &, pp. 5-14. Vilnins. ISBN  According, 1o receny diatom studies in the Kalmarsund area (Hikansson
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Svensson 1989, there was uul].' a shore (100-150 years) mitux of sl warer

Anto Rawkas, Institute uff;'e‘r.lfug}: Exto- ¢{|.|ri||5|:||q.r e le pan of the Yaldia SEARC, which did nor reach the opelt Balune
nian Academy of Sciences, 7 Estonia Av-  and the Gull of Finland.

enve, Tallinn, Estonta EE 0100 ; received
Tth November, 1903, accepred 10th Sep-
rember 1904,

INTRODUCTION

The Preboreal Yoldia Sea belongs 1o the interval of an
apen connection between the Baltic and the Allantie
via the basin ol Lake Vinern and the strait of Nirke
in Central Sweden. The beginning of the Yoldia stage
is related to the drop of the Baltic lee Lake at Billingen
about 10,200 B.E (Nilsson 1908); however, the absence
of a clear correlation between calendar, "C and varve
years makes its dating uncertain.

The classical Yoldia stage nowadays is divided into
three substages, with brackish water in its mid-stage
{Svensson 1989, 1991). The rapid Yoldia regression was
followed by the Ancylus transgression. Reconstruction
of ecological conditions of the Yoldia Sea is difficult.
What is more, excepl for the territory of Estonia and
Finland, the Yoldian marine deposits in the
supramarine coastal area are absent elsewhere in the
Fastern Baltic (Latvia, Lithuania, St. Petersburg and
Kaliningrad area), and all Yoldian shorelines can be
traced below the modern sea level, hampering their
investigation.

The extent and age of the Yoldia Sea in the East-
ern Baltic arca have been identificd on the basis of
emerged and submerged shoreline fragments,
lithological investigations of coastal and offshore sedi-
ments, pollen and diatom studies and radiocarbon de-
terminations. Earlier authors (Kessel 1961 a.0.) have
identified up to six raiscd beaches at a number of alti-
tudes in Estonia. These beaches consist of morpho-
logically unclear scarps and bluffs, shore terraces, boul-
der fields and low sand or shingle bars. The number of
Yoldia shorelines has been drastically decreasing
through the years and until now clear key levels are
absent.

All radiocarbon dates in this paper are given as con-
ventional noncorrected radiocarbon ages B.F With the
ESK method we have dated a series of molluse shells
from classical Ancylus sites close to the Yoldian ones.

The ages obtained vary between 1100 and 9,330 B.1
(Hatt et al. 1985; Molodkoy & Raukas 1989). Of
course, no far-reaching conclusions can yel be drawn
from these results, and therefore, further investigations
are needed 1o determine the age limits of the Yoldia
Sea. Rather unclear is the beginning of the Ancylus
transgression marking the end of the Yoldia stage. This
event in the western part of the Baltic Sea is now dated
at about 9.500-9,600 B.E (Svensson 1989), however,
we have not obtained enough dates 1o support this age
in the eastern part of the sea.

As s known, the name of the Yoldia Sea s derived
from the marine bivalve Pordandia (Yoldia) arciica,
whose dwarl shells have been found in varved clays in
the Stockholm arca. As the Yoldia Sca had very low
salinity this species did not spread far into the Baltic
proper and therefore it cannol serve as an index fossil
for the basin. Therefore the name of this interval of
the Baltic Sea history should be changed. Besides, the
bivalve itsell has been renamed from Yoldia to
Portlandia.

In this paper we shall discuss only the prablems re-
lated to the Preboreal Yoldia Sea, Until now several
investipators (Blaszischin 982; Picczka 1992 aol) as-
sume that the saline oceanic waters penetrated into
the Baltic Sea in lateglacial time when the Karelian
lee Sea (Hyyppa 1943) or the Lateglacial Yoldia Sea
(Sauramo 1958) was supposcd to have existed there,
In recent Russian publications, compiled on the basis
ol complex studies, the penctration of saline oceanic
waters from the White Sea into the Baltic is denied
(Kvasov 1975, 1979). Instead of contributing to the in-
put of saline waters into the Baltic basin, the existing
channels might have served as paths along which the
surplus fresh water escaped from the basin (Gudelis
1976), The lateglacial history of the Baltic Sea in the
castern portion of the Baltic was recently summarized
by Donner and Raukas ( 1989),
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HISTORICAL BACKGROUND

Rescarch into the deposits, topography and shoreline
displacement of the Preboreal Yoldia Sea in the Easi-
crn Baltic area goes back to the beginning of the cen-
tury, but until now this is the least clear interval in the
Baltic Sea history. It has never been properly defined
stratigraphically and its shorelines are hypothetical.

Gi. D Geer (1896) called the whole pre-Ancylus
stage the “Lateglacial lee-Sea”, although actually it was
i [reshwater basin, Schmidt (1894) differentiated three
stages in the history of the Baltic Sea; 1) the late-gla-
cial fresh-water stage where subfossil molluses are ab-
sent; 1) fresh-waler stage with Ancylus molluse shells,
and 3) marine stage with brackish-water molluse shells.
To our mind this scheme is valid for the Baltic until
MW,

In the 5t. Petersburg area the carly history of the
Baltic Sea was studied in detail by Yakovlev (1926)
and Markov (1931). 1t was believed that during the
Older Dryas there existed the [-st Baltic lee Lake with
its level at an altitude of 36-38 m in the St. Petersburg
area. In the Allergd a deep regression look place dur-
ing which saline waters penetrated into the Baltic de-
pression, and the 1-st Yoldia Sea was formed. 1t was
supposed that in the Younger Dryas a new lransgres-
sion took place and the 1l-nd Baltic lee Lake came
into being with its level at an altitude of 28 m near St.
Petersburg. Later Kvasov (1975, 1979) demonstrated
that the whole carly history of the Baltic Sea here was
a history of large resh-water ice-dammed lakes.

Contradictory interpretations are available on
Preboreal sediments and shorelines in the St. Peters-
burg area. In the city of St Petersburg and its vicinity
the Yoldia Sea deposits with mixed diatom flora have
been found at depths af <16 to -8 m (Znamenskaya &
Cheremisinova 1974), and near Vyborg within the in-
terval -3.2 to +8 m (Vishnevskaya & Kleimenova 1970
a.0.). The waters of the Yoldia Sea didn’t reach the
depression of Lake Ladoga. According to
Znamenskaya and Cheremisinova (1974), the maxi-
mum of the Yoldia regressionin the St, Petersburg arca
was - 10m, according to Kvasov (1979 up 1o -35m. In
the mosi recent publications the Russian anthors main-
tain that the Yoldian sediments in this region are char-
acvterized by poor ecologically mixed diatom assem-
blages (Dzhinoridze 1992), the Yoldia Sca itsell was
considerably desalinated and its final stage, the
Izchencis phase, was characterized by somewhat higher
salinity (Kleimenova & Vishnevskaya 1992). In the
carlier publications the same authors (c.p.
Vishnevskaya & Kleimenova 1974) mentioned the con-
siderable salinity of the Preboreal Yoldia Sea with high
content of brackish water diatoms (809%) in Yoldian
sediments,

Estonian and Finnish geologists (Kessel et al, 1988)
are of the opinion that the brackish-water Echeneis
stage between the Yoldia and Ancylus stages should
be dropped, because the recent investigations of bot-
tom sediments of the Baltic indicate that the ecologi-
cal conditions prevailing in the basin were rather close
1o fresh-water environments, and, thus, it may be con-
cluded that during Echeneis stage any extensive in-

i

Mow lrom the ocean into the Baltic Sea could not have
existed.

Preboreal Yoldia Sea beaches in West and North
Estonia were deseribed by Laasi (1940, Opik & 1aasi
1937), who pointed out their close altitudes to the
Ancylus levels. For a long time the Estonian Yoldian
shorelines were mechanically correlated with corre-
sponding shorelines in Finland, and therefore all mis-
takes which had been made on the northern coast of
the Gull of Finland were repeated on the southern
coast, In the fiftics and carly sixties Kessel (1990, 19614,
1961b) differentiated six Yoldia levels (Y, - Y, ) which
according 1o her were traceable throughout the coastal
region in Estonia at  altitudes up to 50-60 m
as L Kessel 1961a,b), near Tallinn at an altitude of
40-47 m (Kessel 1961a). She was of the opinion that
Yoldia beaches lower than +20 m in NE and SW Es-
tonia were eroded during the Ancylus transgression
(Kessel 1961a). However in another paper from the
same year (Kessel 1961b) she mentioned  Yoldia
beaches at the coast of Pirnu Bay at an altitude of
+ 17 m. In 1963 she described Yoldia beaches here even
at an altitude of +19 to +13 m (Kessel 1963). After-
wards she came to the conclusion that most of her
Yoldia levels belonged to the stage of the Baltic lee
Lake, and the Yoldia level in North Estonia is trace-
able only a bit higher than the Aneylus level (Kessel
1966). Inseveral regions she described the lagoons and
coastal lakes of the Yoldia Sea with mixed and rather
poor diatom flora (Kessel & Punning 1969), Brackish-
water diatoms in Sajamiie and Tondi lagoons include
the species now registered in the lakes of the present
Kola Peninsula and Lapland (Kessel 1987).

In Latvia the preboreal sediments of the Baltic,
which may belong to the Yoldia Stage, have been found
in several places some ten metres below sea level
(Veinbergs 1979; Veinbergs & Stelle 1981). In
Lithuania (Gudelis 1979), Kaliningrad area
(Blazcischin 1981) and Poland (Litvin & Rebains 1981)
the lowermost zone (40-72 m below present sea level)
of the submarine shore formations, however, without
corresponding stratigraphical data, has been correlated
wilh the Yoldia Stage. This conclusion is based on the
assumption that in the southern and southeastern Bal-
tic the oldest shorelines lic at the greatest depths, and
the Preboreal is characterized by the lowest position
of the water level in the Baltic basin throughoui the
whole Postglacial period.

YOLDIA SHORELINES

West and North Estonia may serve as a key region for
the study of Yoldia shorelines in the Lastern Baltic.
Coastal formations of the Yoldia Sea, higher than the
maximum level of the Ancylus Lake, could have been
formed only in NW Estonia and near Tallinn at an abso-
lute elevation between 55 (Kapu Peninsula on the is-
land of Hijumaa) and 30 m (region of Tallinn). In other
arcas the Yoldian deposits are buried beneath vounger
sediments (Fig 1) and are not immediately traceable.
As we have already mentioned, Kessel erroneously
differentiated in the supramarine arca of Estonia six
(Kessel 1961a,b) Yoldia shorelines, some of which are

_ -:1-*! '1:
5 2 Tallin

Fig. 1. Distribution of the Yoldia Sea. | - ice marging 2 - dry lind; 3 - isolines; 4 - alowdes of Yoldian deposies and landforms; 5

- best-knovwn sives wath Porrlamelir (Yoldea) arverica shells,

now considercd as lateglacial levels. In terms ol shore
displacement, the Yoldia Sea in Estonia (as in Finland)
was regressive due o the rapid crustal uplift. The high-
est Yoldia shoreline (Y,) inside Salpausselki is between
25 and 30 m below the youngest Baltic lee Lake level
(B,,). By extrapolation we obtain 85-90 m asl for its
altitude on the coast near Helsinki (Donner 1982). In
Estonia, in the region of Pirm, the regression after the
Hillingen outMow was also about 25-30 m ( Talviste 1988,
Unforiunately, the lowest point reached by the Yoldia
regression cannot be precisely determined. Tn southern

IFinland it is estimated at aboutl 55 m asl (Lronen &
Haila 1982}, which means that the total Yoldia regres-
sion on the Finnish coast near Helsinki was somewhat
e tween 30 and 400m. In NW Estonia it was supposed to
have been about 50-35 m(Kessel & Raukas 1979), How-
ever, Lhe latter conclusion was based on the assumplion
that several hundred years alter the Billingen outllow,
ca. 9, 700-9,500 years ago {Kessel & Raukas 1981), there
was a short transgressive phase (Y ) which changed
smoothly into a new regression, during which the water
level near Tallinn and Piirsalu dropped at least 10 metres.



According to Kessel and Raukas (1981), the alti-
tudes of the level Y are 54.8 mat Kopu, 40 min Tallinn,
9 m near Pamo and 3 m at Piiskopi-Lemmeoja. Ae-
cording (o Kessel and Punning (1969), the transgres-
sive coastal forms of the Yoldia Sea (Y ) in North Es-
tonia are located about 10 m higher than Yoldia level
Y, and several metres higher than the maximum level
ol the Ancylus Lake in the same area (near Tallinn at
it height of 40 m).

It means, that Kessel has changed her opinion about
the highest level of the Yoldia Sea several times. In
her earliest papers the highest level was Y, (Kessel
1960, 1961a,b), then Y| (Kessel & Punning 1969) and
alterwards once again Y, (Kessel & Raukas 1981).

Yoldian (7) coastal formations above the Ancylus
level (35 m) have been found in several places around
Tallinn, c.g, a1 Parnamiic (42-46 m), Viio (37.8 m),
Toelihtme (38 m), Sojamie and Tondi (40 m). How-
ever, we have no ground for maintaining that these
are transgressive formations and cven it is not clear
whether these are Yoldian beach deposits or not. We
can probably differentiate in western and northemn
Fstonia only one Yoldia level which is about 20 m
lower than Y1 level in the southern Finland (Tlyvirinen
¢l al. 1992, Fig. 114). For this reason, direct correla-
tion of stonian and Finnish Yoldian shorelines is im-
possible. This kind of correlation was atlempled as
carly as the 1930s. For instance, Tammekann (1936)
mentioned that the level of the river delta, which dis-
charped into the Yoldia Sea at Kroodi, was al an el-
evation of about 30 m. Considering the tectonic uplift
of the arca, this level can be correlated with the fifth
phase of the Preboreal Yoldia Sea on the island of
Suursaari (Sauramo 1958), Sauramo (1958) himsell
reached the conclusion that the maximum level of the
licheneis Sea al Kroodi was about 37 m, and the level
ol the Ancylus Lake was about 4 m lower. Bul such
corrclations without stratigraphic studics are unreli-
ahle.

Preboreal Yoldian deposits near the Latvian coast
al Ventspils are about 5 m, at the mouth of the Venta
River 6-25 m, at the mouth of the Daugava River 20-
28.5 m and in the arca of Papesciems about 50 m be-
low the present sea level (Veinbergs 1979; Veinbergs
& Stelle 1981).

The shoreline of the Yoldia Sea near the Lithuanian
coust is 40-30 km to the west of the recent shore, at a
depth of approximately - 45—60 m ( Gudelis 1979), NW
of the Sambian Peninsula in the Kaliningrad area, on
the banks of Kuriy-Sambian platean, three series of
submerged ¢liffs and terrace remnants of the Yoldia
Sen have been found at depths of -58.5 - -63.5 m, the
clearest of which is situated at a depth of -60 - <62 m
{ Blazcischin 1981), According to Litvin and Rebains
{1981 Yoldian terraces in the Southern Baltic west of
Klaipéda and north of Gdansk lie at depths of 58-72
m below the present sea level (Fig. 1),

LITHOSTRATIG RAPITY

The bottom deposits of the Baltic Sea may be subdi-
vided into different sediment units (varved clays,

sulphide clays ete.), as suggested by Ignatius et al.
(1981). However, these lithostratigraphical units are
difficult to relate to any geochronological or
biostratigraphical scale (Hyviirinen et al. 1992). Ac-
cording to lgnatius et al. (1981), the uppermos! varved
clays and the lower transition clays were deposited off-
shore during the Yoldian Stapge. .ﬂcrrl al. (1988) stud-
ied three sediment cores from the northern part of the
Gull of Finland and found it difficult to draw a litho-
and biostratigraphic borderline between the Yoldia and
Ancylus sediments.

Lutt (1992) distinguished seven more or less dis-
tinct lithological units in the Gulf of Finland, but he
could not differentiate Yoldian beds. Rennel (1991)
correlated in the sections thin silt layers with the
“Billingen event”, and she included all grey or
multicoloured sediments beiween those layers and
“hydroirolite clay” in the Yoldia Stage. The charac-
teristic grey colour appears in the sediments several
centimetres above silt layers and according to the pal-
len evidence marks the Younger Dryas and Preboreal
boundary,

Spiridonov et al. (1988) distinguished three
rhythmites in the Gulf of Finland: placial (1),
glacioagueous (11) and above those brownish-grey solt
pelites (I11). The latter accumulated in the early Ho-
locene, i.c. in Preboreal and Boreal times. In fact, there
is a sharp contact at the base and the top of the units,
but no clear lithostratigraphic boundary between the
Preboreal and Boreal beds. The microfossils do not
offer sulficient criteria for the precise location of the
boundary either. The change to a diztom flora indi-
cating brackish and fresh water conditions does not
correlate with the changes in the sediment type. Ac-
cording 1o Dzhinoridze (1986), the lower part of the
sequence is dominated by freshwater and fresh-brack-
ish water diatoms, such as Melosira islandica subsp,
helvetiva; there are also single representatives of briack-
ish-water diatom flora. In the overlying Boreal layers
there is only a fresh-water diatom assemblage, which
is characteristic of the Ancylus Stage. But, aswas men-
tioned by Spiridonov et al. (1988), marine diatoms
which Dzhinoridze used as the criteria in distinguish-
ing the Yoldian evolutionary stage were probably re-
deposited rom the Eemian deposits,

In the varved clay series from southern Finland,
Sauramo (1923) identified a horizon marking a change
from “diatactic to summictic” clays. According to the
traditional interpretation, diatactic varves were depos-
ited in fresh waler and summictic varves in saline wa-
ter. This horizon has therefore been taken 1o mark
the inflow of saline water in the Finland arca after the
opening of the Billingen channel. The varve date of
this event is about 300 years after the drainage of the
Baltic lee Lake, and it would thus be about a hundred
years younger than the corresponding event in the
Stockholm arca ( Hyviirinen & Eronen 1979). Later au-
thors (Niemelid 1971) have pointed out that the change
in the varve types need not always reflect a salinity
change but may be determined by other factors. such
as the distance from the ice margin and depth of wa-
ter.

On the raised beaches of northern and western Es-

tonia the Yoldia (7) beach ridges, spits and bars con-
sist of nonrounded shingle carbonate material Trom
the local limestones, They do not contain molluse shells
and their age is unclear. [n some places (Iru, Kroodi
i) iwolold coarse-grained shingle barrier spits of
greal thickness (7-8 m) of sediments can be found
(Ravkas ¢t al. 1963). Clasts in lower beds are better
rounded and sometimes cemented. Such cemented
carbonaie conglomerates require subacrial conditions,
meaning that prior (o the transgression they must have
been on dry land, Earlier we believed (Kessel & Raukas
196T) thal the lower beds al an altitude of 30-32 m
belonged to the Yoldia or Echeneis stage, and the up-
per beds to the Ancylus transgression. However. as the
lower beds do not contain molluse shells and below
them we have not found older organic (lagoonal, lacus-
irine or paludial) deposits, it is not excluded that these
can even be glacioluvial sediments. Therelore, they
cannol be used in solving problems related o the evo-
lution of the Yoldia Sea.

The Preboreal lagoonal sedimenis of the Yoldia Sea
which lic below contemporary sea level near the
Latwvian and Lithuanian coasts are represented by
sandy clays and silts, and contain substantial propor-
tion ol marine dintoms, also sometimes planl remains
and molluse shell ragments (Veinbergs 1979) which
may be indicative of the inflow of foreign matier and
redeposition of sediments,

BIOSTRATIGRAPHY

Differentiation of Preboreal near- and offshore depos-
its and coastal sediments in the area under consider-
ation is quite easy. The boundary between the Younger
Dryas lforest-tundra and tundra vegetation and
Preboreal moderately warm and dry climate lToresi vep-
ctation is sharp. Tundra and xerophilous specics are
reduced or disappear and on the present day soils
sparse birch woods have become established. During
the maximum ol birch {in Estonia ca. 9,350 yr 13.1),
the content of birch pollen (mainly Betula sect. Albae)
renched 0%, and in some lakes even Y0%%. The con-
tent of Beiula nana among the birches is less than 107,
The content of spruce was several percent and pine
about 207 (Kajak et al. 1976). The accumulation of
sapropel and lacustrine lime started in lakes.

I'he wpper boundary of the Preboreal is transitional.
In the first hall of the Boreal pine and birch foresis
cxpanded, but in the second hall of the Boreal {7,800-
5,000 yr B.1) the composition of [orests changed con-
siderably: they beeame differentiated depending upon
the soil and other physical and geographical conditions
(Kabailicné & Raukas 1987).

Establishing Preboreal sediments without addi-
tional ecological data will not help much in studying
the distribution of the Yoldia Sea. The malacolauna
in the Yoldian coastal deposits in the Eastern Baltic
area is unknown, At the same time Lateglacial and
carly Postglacial sediments tend to be poor in diatoms,
and often contain redeposited and/or in-washed taxa,
Therelore, clear boundaries cannot usually be drawn
between the Baltic Tee Lake and Yoldia deposits

(Hyvirinen et al. 1992), The correlation of coastal sedi-
ments with Baltic offshore sediments is still in many
respeets unseltled, as they do not form continuons se-
uences,

The lagoons and coastal lakes of the Yoldia time
were [ormed inseveral parts of the area (Kessel 1987),
c.g in the Parnu region in SW Estonia at an absolute
height of 9-11 m. According 1o "C datings they were
lormed in the birch pollen zone about 9. 700-9,500 vears
ago (Kessel & Punning 1969). The content of birch
pollen in northern Estonian Yoldian lagoonal depos-
is, situated at an absolute height of 40-42 m, reaches
BS54,

ECOLOGICAL CONDITIONS

'he hydrology and salinity of the Yoldia Sca have
been subject to much discussion. A detailed account
of the ccological conditions in the area of the Bal-
tic-Atlantic straits in western and Central Sweden
was provided by Freden (1988). Recent diatom stud-
ies in the Kalmarsund area (Hidkansson inSvensson
1989) suggest that there was only o briefl (100-150
years) influx of salt water during the middle part of
the Yoldia stage, which did not reach the open Bal-
tic and the Gulf of Finland (Hyvirinen et al. 1992),
According to Abelmann (1992), during the Yoldia
stage brackish-marine conditions oceurred only in
the northwestern part of the Baltic Sea (Karlso
Basin), linked 1o a limited marine ingression which
crossed the southern part of Sweden. According to
Gudelis (1979) there were only fresh-water basins
of various sizes near the Lithuanian coast in the
Preboreal.

Pue to the limited connection with the ocean, and
abundant meltwater supplied from the nearby ice sheet,
the salinity of the Yoldia Sea was low, and the brack-
ish-water malacofauna, including rare dwarl forms of
Portlandia (Yoldia) arciica, were preserved in a rather
small western part of the Baltic. The single specimens
of B2 arctica found in tills and marine deposits in the
Southern Baltie (Kliewe & Janke 1978) and in Lalvia
have probably been redeposited from the Eemian sedi-
ments. These are known 1o occur in the coastal zone
of Latvia in tills younger than the Eemian marine de-
posits (Dreimanis 1970). For example, on the left bank
ol the Daugava River 2 arerica has been found in five
tills of the last ice age and even in the gravel and varved
clay between two of the tills, All together Dreimanis
has found shells or [ragments of I arctica of more than
23 sites in Latvia. In most cases shells were found in
typical tills, and in all cases they were abraded to vari-
ous degree. Never they were found in Lalvia in ma-
rine sediments in sit.

The Yoldian offshore sediments in the arca under
consideration are typically barren of diatoms, or may
contain avery sparse [ora consisting mainly of Melosira
wslandica, which is the dominant species in the richer
foras of the Ancylus stage upwards (Hyvirinen et al.
1992). This means that the Yoldian offshore diatom
assemblages are mainly fresh.

In some littoral sediments along the Finnish coast



varying amounts of brackish, epiphytic and benthic dia-
toms have been found in sediments underlying the
Ancylus steata (c.p. Fronen & Haila 1982; Ristaniemi
& Cillickert 1987). Nitzschia navicularis, Diplonets
smiihit and Mastogleia spp. are frequent components
of these Moras. In many cases, however, the propor-
tion ol brackish-water diatoms is quite small and the
Moras are dominated by the same oligohalobous taxa
as the subsequent Ancylus floras (Hyvirinen et al.
194923, In such cases the occurrence of brackish taxa
might be due 1o redeposition, particularly as the dia-
tom density is often low (Eronen 1974), On the other
hand, at some sites horizons containing relatively rich
brackish assemblages have been found underlying
MAneylus strata; [or instance, in the core [rom
Laihalampi, near Helsinki (Eronen & Haila, 1952).
And, what is most surprising. occasionally, c.g. in the
St Petersburg arca, brackish-water or even marine
diatoms have also been [ound in the overlying Boreal
deposits of the Ancylus Lake (Znamenskaya &
Cheremisinova 1974).

In the littoral zone of Estonia, e.g. in the Pirita core
in Tallinn, brackish-water marine diatoms (Nizschia
navicularis, N. punctata, Epithemia turgida,
Crranunatopliora oceanica a.0.) have been found lo-
gether with typical fresh-water diatoms (Opephora
marvi, Diploneis desnbiittensis, Cvmbella sintata, Am-
plora ovalis, Cyrosigna aftenuaten a.0,) nol only in
the Yoldian deposits (at a depth of 12.90-14.15 m),
but also in the Younger Dryas sediments (at a depth
ol 14.15-16.10 m) of the Baltic lee Lake (Kessel &
Punning 1969), Mixed brackishowater (Coseinodiseus
divisus, Mastogloia smithii, Actinopivehus undulatus
a.0.) and [resh-water diatlomaceous complexes
( Cdpeprhora marivi, Rhopalodia gibba a.o.), with a preva-
lence of the latwer (559), have also been found in
Prebareal Yoldian sediments in the Pudisoo core from
the Hara Peninsula (Kessel & Punning 1969).

In the Tallinn core brackish-water diatoms
(Nitzsehia navienlaris, Campylodiseus echeneis,
Cirammatophora oceanica, Coscinodisews sp. a.0.) are
prevailing. Rather similar is the diatom content in the
Harku core, where the taxa have been registered by
Pork (Kessel & Pork 1971 In the lower part of Yoldian
sediments Diploneis smichii f smirhii and [ vhombica
prevail (3370), Mizehia naviewlaris being subdominant,
E:piphytic (5176} species are not so abundant as in the
upper part of the Yoldian sediments (849 ).
Oligohalobous species (Cvnbella prostrata, Epithemia
turgida) prevail. Typical [resh water diatoms
{Gvrosigma attenuainn, Cvinbella lacusinis, O, sinuata)
together with brackish water forms (Nuzsehia
maviceilars ) oceur. Diatom analyses [rom the Tondi and
Sojamiie mires show a slightly brackish shallow-water
environment rich in mineral salts (Lepland et al. 1993).

In the light of the above we should also take a criti-
cal look at the sections near the Latvian coast: [or ex-
ample, in the Ventspils lagoon where the Yoldian
sandy-clayey sediments oceur at a depth of 15 m below
sed level and contain up 1o 48% ol marine dinloms
(Veinbergs 1979 Veinbergs & Stelle 1981). The com-
plex of saline-water [orms comprises Mastogloia smithii
Thw. + var. amphucephio Gron., Diploneis smithii

i

(Breb) Cl + var. romnea Mer., Nuzschia puncrara (W,
Sme) Ciran, Campylodisens echenes hr. Al the mouth
of the Daugava River, at depths of 20-28.5 m below
sea level, the content of marine distoms (Coeconeds
placeniuda, Diploreis xsnithi, Cvmatoplaera elliprica)
even amounis o 569, The occurrence of such marine
diatomaccous taxa together with fresh-water forms is
probably due 1o redeposition.

M. Kabailiene concluded (1981 that out of all de-
pressions in the central and southern Baltic only the
Giotland depression has a somewhat higher amount
of brackish-water species, In the Gdansk and Gotland
depressions fresh water taxa are clearly prevailing,

ONTHE EVOLUTION OF THE YOLDIA SEA

We cannot solve the most topical problems of the
Yoldia Sea in the Eastern Baltic, because the events ol
opening and closing of the connection between the
Baltic and Atlantic in Ceniral Swedenwere not direetly
reflected in cenlogical conditions on the opposite side
of the sea which was under the influence of the rapidly
melting ice. The Billingen outllow seems 1o be marked
in the sediment sequences (Rennel 1989), but the end
ol the Yoldia stage is transitional and not traceable.
Aceording to the present common concepl, the Yoldia
Sea was cut off from the ocean about 9500 years ago
when the thresholds of the Nirke Strail, conneeting
the Yoldia Basin with the ocean, rose above sea level
as 2 result of glacioisostatic uplift. 11 the linal drainage
ol the Baltic lee Lake is estimated at 10,300 B.1%
(Svensson 1989), then the total duration of the Yoldia
Sea should have been about 800 years. In carlier stud-
ies in Finland and adjoining areas a much longer Yoldia
stage was postulated (Sauramo 1958); it included the
iransitional Echeneis stage, which temporally belongs
1o the Ancylus stage (Kessel et al, 19688). However,
there is also an alternative possibility that the strata,
which Thomasson [(1927) referred to the Echeneis
stage, are probably older and actually belong to the
saline phase of the Yoldia stage (Svensson 1989,
The ingression of salt water into the Baltic was orig-
nally thought 1o have followed immediately after the
drainage of the Baltic Tee Lake (De Geer 1940), bt
later studies proved that it was delayed by about 2iK)
years and began ca 260 varve years aller the drainage
or 1HL429 varve years before 1950 (Strimberg 1986).
Aller the Billingen outllow in southeastern Swe-
dena rapid (ca. 3m/00 years) regression ol about 17
m occurred (Svensson 1991), in Lithuania it was ca.
18-20 m (Godelis 1993), Near Pirnu in Fstonia the
regression was about 25-30 m (Talviste 1988). W
Ramsay (1927) estimated the drainage in Finland a
28 m at the time when the ice was inside Salpaunsselki
11 (S5 11). According to Sauramo (1958), the first drain-
age ol the Baltie lee Lake down 1o sea level was dur-
ing the formation of 55 1 {(B,—g), the second drainage
o the level of Yoldia Sea immediately afier the for-
mationof 55 11 (B, —Y ). and the final drainage. again
to the level of the Yoldia Sea. after the formation of
SS 11 (B, —Y,). the [irst drainage being about 25 m
and the two latter ones about 27-28 m. In the Baltic
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States such complicated lakefsea level Muctuations are
unknown {Donner & Haukas 1989)

As the loeal isostatic uplilt in the northern part of
the territory under consideration was much faster than
the custatic sea-level rise, and the southern part of the
arca was subject tosinking, then the whole Yoldia stage
in the Fastern Baltic was regressive. The rate of re-
gression during the stapge decreased to the south and
cast with the decreasing isostatic uplift. 11 should be
puinted oul that in the stratotype area in NW Estonia
the velocity ol the neatectonic uplilt during Preboreal
lime was about 3 em per vear (Kessel & Miidel 1973),
and therelore it would be difficult (o expect the Yoldia
Sea transgressions in wide arens. Some evidence of
transgression in the second hall of the Yoldia stage
due 10 the rise of vecan level in Preboreal { Fairbanks
1989) could exist anly in sinking territories (c.g. the
Southern Baltic) and in areas of zero land uplift, ¢.p.
in SW Estonia near the Latvian border and in the cast-
ern part of the Cull of Finland. Regression was decper,
alder and clearer in areas that underwent inconsider-
able uplift (Fig. 2),

The Yoldia Sea regression was [ollowed by the
Ancylus transgression which continued until the water
level reached the thresholds in the area of slower land
uplift in the region of the Danish Straits, The culmi-
nation ol the Ancylus transgression, depending on the
veloeity of the neotectonic uplift, differed with the ar-
cas of the Baltic (Kessel & Raukas 1988), 1T the trans-
pression started at about 9600 B2, the water level
rose rapidly south and southeast of the discharge arca
and it did not reach the regions with intensive land
uplift in the arca of the Bothnian Gull In the regions
of moderate uplift (N and NW Estonia) regressive
constal formations of the Yoldia Sea and transgressive
lormations of the Ancylus Lake lic close (o cach other,
and from an absolute height of about 30 min the con-

temporary lopography all Yoldian shorelines and sedi-
ments can be traced only below the Ancylus ones, In
I=stonia, Yoldian beach ridges have never been found
at altitudes below 35 m (Kessel & Raukas |969).

CONCLUSIONS

In the Eastern Baltic arca the fresh-water Yoldia Sea
basin wis regressive inorigin. [ts shorelines are in most
cases below the contemporary sea level and in the area
af more intensive neotectonic uplift (N and NW Esto-
nia) only fragmentary beach ridges can be traced, which
most likely belong to one Yoldia level There is nei-
ther morphological nor stratigraphical evidence in sup-
port of the existence of several Yoldian shorelines. On
the regressive coast of the Yoldia Sea o number of la-
goons and coastal lakes formed in the first hall of the
PPreboreal. In all likelihood, their lormation continued
in the sccond hall of the Preboreal and beginning of
Boreal, before they were Mlooded by the waters of the
Ancylus transgression and buried under the Ancylus
sediments, In the northem portion of the Eastern Baltic
the Ancylus transgression culminated near the PB/B
boundary and has been dated at about 9,000 years 3.1
(Haila & Raukas 1992},
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Seismic rellecuon profiling in the castern part of conral Baltic Proper has re-
vealed @ system of buried ghcial paleochannels incised in Devoniin wervestrial
bedrock, A system ol lue glacil w recent submarine valleys, mprimed m e
present sealloor morphology, may in pare have inherived strucnml feares from
the plenchannel sysienn although it seens mainly wo extend along presens bownd-
aries ol warer masses, Lo i erends along boundaries berween erosional and e s
sitiori] seabed.

The paleachannel system mcludes ar lease three generarions of subglacially
eraded valleys, provisionally ateibuced o the Elsterian, Saalean and the
Weichselian glacioons, respectively. The eldest paleochannels are subsanally
:!l;-n:-per and wider than the younger g,c]u.ntimn which s consisrene with the
conditions on land. Although essentially inde pendent of previous marphology
and structure, the palevchaniiels party trened along tectonic faults, and presun-
ably also partdy along the preghicul drainage sysions,

The paleochannels are resricred 1o the eanly emded appermost Mididle
Devonian 1o lowermoss Upper Devonian rerrestrial sandstones (Sventaji,
Burtnicki and Arukula Horons), The Elsterian palcochannels generally axend
throngh the sandstone unit vo the top ol the Middle Dewsnban limestone (Marea
Hurizon), The paleochannels are vypacally inlilled by il followed by sirarified
or unstratifed glaciolluvial marerial. Younger paleochannels are occasionally in-
cised imo the infillimgs of older strocmres. A rémarkably even thickness off
w‘.‘il’.‘h H‘.'!jﬂ" "“ i.\ lii.'!.'"!““l on "J].' ||||.'-| !;ul'lt'l.‘;l“}' "i“ lL'r”ﬁ“"lIr‘I surtace cut !rrll'l. l'p'

in bedrock and partly in older glacialfimierglacial beds,

INTRODUCTION

Seismic rellection profiling performed during a joint
Lithuanian-Swedish expedition, cruise 648 of RV
VIEJAS, revealed a s}rsil.,rn ol buricd 5.1.lhg|IlL1H1
paleochannels. The seismic profiles also contain new
data on the younger, late glacial 10 posiglacial, valley
system imprinted on the seafloor south of the Gotland
Baxin

The expedition to the cast central part of the Bal-
lic I'r::pr:r was undertaken during the period June 17
Lo lulyr 1993, Seismic refllection profiling was carried
out in lhc cconomic zones of Lithuania, Latvia and
partly of Sweden (Fig. 1), The eruise was organized by
the Lithuanian Institute of Geology, Vilnius, and the
Department of Geology and Geochemistry, Stockholm
University. Scientists from the Lithuanian Oil Com-
pany, Gargidai, the Department of Geology of Latvia,
Riga, the Institute of Geography, Vilnius, the Branch
of Marine Gieology of the Polish Geological Institute,
Sopol, the Baltic Sea Rescarch Institute, Warnemiinde,
and the Institute of Gieology, Tallinn, took part in the
expedition,

I'he expedition aimed to investigate in detail the
structure and stratigraphy of the upper parts ol the
Mesozoic and Paleoroie sedimentary bedrock, as well
as 1o colleet pew data on the glacial and postglacial

development of the arca. The investigated arca in-
cluded the Fard and Gotland Depressions, the north-
ern parl of the Gdansk Depression, as well as the
Klaipeda-Vientspils Platean, and the northern part of
the Kurfiy-Sambian Platcan,

This paper is focused on the systems of
paleochannels, incised during different glacial phases
in the southeastern slope of the Gotland Depression.
Some of the channels cut deep into the sedimentary
bedrock and are completely filled with Ouaternary
deposits, whercas others are still visible in the sca-
Noor morphology.

PREVIOUS INVESTIGATIONS

Sviridov et al, (1976), dealing with the pre-Quaternary
reliel of the Baltic region, was {irst to mention the pres-
ence of glacial grooves in the bedrock on the slopes of
the Ciotland Basin. The buried channel systcm on the
southeastern slope of the Gotland Depression was
again observed by Flodén (1980), and although the
paleochannels were used by him 1o oliain velocity es-
timates lor the Devonian sedimentary bedrock, he
never discussed their extension or development,
Cintgalas (cd. 1976), Svindov & Litvin (1983) and
other authors working with the pre-Cuaternary relief
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Fig. 1. The Cemral par of the Baliie Proper with the vack lines and location of vhe three seismie segiments descnbed in ihe exr,

Thee presemt area of wvestigacion is marked by o recrangle.

ol the 15 Baltie region describe onshore and olfshore
paleochannels  in the 5E Baltic area. The ollshore
paleochannels are  deseribed as 30-180 m deep and
0.2-10 Km wide. They are interpreted as polypenctic
due to Muvial, glaciofluvial or glacial groove erosion.
Cinshore, deeply eroded [luvial palcochannels, re-
formed by Quaternary glaciers, are described from the
wistern Lithuania and the Kaliningrad District. The
hase of these onshore channels, which are very char-
acteristic of the region, is located 30-80 m below the
present sea level The lower part of the channcls are
filled with sediments containing alluvial sands and clays,
12-15 m thick. The upper part of the channels are fre-
quently Filled with Barly Pleistocene tills, 60100 m
1hick.

An extensional amount ol geological-geophysical
data, including results of deep marine drillings, were
analyzed by Grigelis et al. (1991) in the monograph
“Cieology and Geomorphology of the Baltic Sea”. In
connection with this work, some general information
concerning channel structures in the Baltic Proper was
presented by Repecka et al (1993), and also included
by CGielumbauskaité et al (1993} on the Map ol the
Cuaternary geology of the Baltie Sea. and on the Geo-
murphological Map of the Baltic Sea.

MATERIALS AND METHODS

The material used in the present paper was mainly
collected during the cruise 6/48 onboard the Lithuanian
RV VEJAS in the summer of 1993, Some material
collected and processed by Flodén (1980) has also been
incorporated into the work.

During the 1993 eruise a RAYTHEON GPS navi-
gator was used for the positioning. A PC-.computer was
attached to the navigator and longitude/Jatitude posi-
tions in WOS-84 were stored as compuler data [iles.
The accuracy obtained for the positioning was better
than +/- 50 m. A total of 2630 km of continuous
cchosounding and seismic reflection profiling was per-
formed. The present N-5 survey lines in the castern
part of the central Baltic Proper have a spacing of
approx. 10" of latitude degree, Lo, ca 11 km (Fig. 1)

Water depth and battom topography was recorded
by a SKIPPPER 607 echosounder at a depth range of
0-250 m. Due to the iemporary installation of the
cchosounder, and the requirement of the seismic pro-
filing 10 have a ship speed of more than 6 knots, the
recordings were of a general low quality.

To obtain information on the sub-botlom structure,
an analogue single-channel seismic reflection equip-

menl. based on a PAR-GO0B airgun, was used. The re-
flected sipnals were received by a hydrophone eel con-
taining 100 hydrophone ¢lements housed in a 20 m
hose. The signals were [illered on site and two 250)-
S0 Fle records were displayed on precision graphic
recorders, one of them was stacked lour times belore
recording. The graphical display time interval was 0.5 s,

DESCRIFTION OF THE CHANNEL SYSTEMS

This paper deals with two morphologically different
sets of palcochannels, namely those which are com-
pletely infilled and those which are imprinted on the
seaflloor. The lormer channels are the oldest, ranging
inage, most probably, [rom the Elsterian to the Weich-
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Fig, 2. Bathymietric map of SE Ceneral Baltie Proper. | - isobaches in merres; 2 - location of lare glacial to recent paleochannels (see

enlargemeni, Fig. 8).



selian, whereas the latter are Weichselian to Recenl.
Some of the latter channels have inherited their chan-
nel morphology fram older structures.

Geology and geomorphology
The presently investigated area is located along the

generally northward dipping sealloor which [orms
the southern boundary of the Gotland Basin (Fig,

2). The upper parts of the slope, which is located a
depths of 110-180 m, contain [requent
paleochannels (Fig. 3). The bedrock surface in this
part has a Lower 1o Middle Devonian peneplaimized
cuestian relief sculptured mainly in terrestrial sand-
stones. The Devonian stratal sequence dips pently
towards the Si, thereby increasing in thickness in
this direction. The bedrock is overlain by a rather
thin (less than 20 m) Quaternary cover, mainly com-

1040 EASTERM SLOVE

=

Fig. A Seismic recording along profile 9306, wath tentative i.rlll.'l",lrl.'l:l.llll.}h. Quiaternary deposits: mlV - Lhml-j.';,hl'.i-ll Lll-‘}hiiilk. B-
ghicial deposits; Devonian sedimentary bedrock: D sv - Svenioji Horizon, D br - Burtnicki Horizon, Dar - Arakula Harizon,

D_Iur = Marva Hortzon.

posed of 1ill. This gives the scabed a rather rugged
appearance along this elevation in contrast (o the
deeper parts of the Gotland Depression where clays
Form the sea bed (Fig. 2.4).

The Devonian stratal sequence of this arca con-
sists of continental as well as marine deposits (Fig, 5).
The terrigenous sediments are of the Old Red Sand-
stone type, namely sandstone, siltstone and clay. The
dominating terrestrial sequence, which ranges from the
Middle Devonian Arukula Horizon to the Upper De-
vonian Sventoji Horizon, (Fig 6) bears signs of nu-
merous erosional events, signified by major disconti-
nuity surlaces.

The terrigenous Sventaji Horizon is overlain by the
marine Plavinas 1o Pami&is Horizon (Fig 5). These
formations, which consist of limestones and dolomites,
form the southeasternmost limit of the Gotland Basin
by & system of clints which rise approximately 50 m
above the scafloor.

The paleovalleys in the East Central Ballic Proper
are mainly confined 1o the uppermost Middle Devo-
nian and the lowermost Upper Devonian terrigenous
sequence, the Arukula, Burtnicki and Sventoji Hori-
sons, One valley was, however, found in the marine
Plavinas 1o PamiiSis Horizons. The paleovalleys gen-
erally extend down to the strongly reflecting surface
which represents the top ol the marine imestones of
the Narva Horizon (Fig, 5).

lhe northern and northwestern slopes ol the
Ciotland Basin are sculptured in Silurian limestone
which forms the upper surfaces of an extensive succes-
sion of barrier reefs of Wenlockian-Lodlowian age.

The castern boundary of the Gotland Basin is
formed in Upper Silurian rocks, namely the about 20

1=

m high Pridolian Ohesaare CHIT. The bedrock is lo-
eated at depths of 200-240 m and the Ouaternary thick-
ness reaches 50 m, Mo channels have been observed in
the northern and castern arcas.

The extensive Gotland Depression, of which the
Crotland Basin forms the deepest northern part, is sepa-
rated by an escarpment from the Klaipéda-Venspils
Plateau (Fig. 4). It seems as if a watershed has existed
between the Gotland Depression and the Nemunas
catchment area on the Klaipéda-Ventspils Platean, The
bedrock of the Plateau is composed of Upper Deva-
nian beds of plicative morphostructures, almost with-
oul Quaternary cover.

The base of the Gdansk Depression descends south-
wirds (rom the Klaipéda-Ventspils Plateau (Fig. 2.4).
Oin the casternmost slope of the Depression, there is
a well-expressed arm, 6 km wide and 26 km long, of
the Nemunas River paleovalley (Fig. 2). This is a flu-
vial-glaciofluvial channel levelled by later agents of
marine abrasional-accumulative processes. The bur-
icd network of the Nemunas calchment area can be
abserved below the 70 m depth. Here the ancient val-
levs are incised in the Mesoroic, i.e. Triassic-Jurassic
deposits (Fig. 7).

Previous investigators ( Gaigalas et al. 1976; Sviridov
1984; Girigelis et al. 1991) have noted that the
palcochannels in the Central and Southeast Baltic
Proper have characteristic V-shapes. The depths and
widths ol the channels range [rom 50 to 180 m respee-
tively from 0.2 to 10 km. Their variations in depth and
width may indicate multiple deepening, Morcover,
some of their imprints in the recent topography indi-
cate that the last deepening took place during the Late
Weichselian (scc Fig ).
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Fig. 4. Morphalogical map of the SE Cenral Baltic Proper.

The glacial paleochannel sysiem

Morphology. The glacial paleochannels are all basi-
cally of the same morphology, although they may ap-
pear different in the seismic records. The differences
in their seismic appearance depends simply on the
angle of crossing. Those channels which are cutl per-
pendicularly are V-formed and rather narrow, gener-
ally about I kmwide. Those channels which are cut at
an angle, are recorded as rather wide structures with
flat bottoms, not conforming with the dip of the bed-
rock. The walls of the channels arc generally steep and
smoolh, those with V-formed appearance have almosit
verlical walls. The upper parts of the walls bend
smoothly outwards. All channels of this type have dur-
ing, or soon afler, their formation been completely
filled with Quaternary deposits (Figs. 9-11).

Infilling. The internal bedding in the channels var-
ies. In general, they reveal 3 different erosional and
depositional events. Each event left a sediment cyele
containing a till at the bottom followed by uvial steati-
ficd or unstratified sediments. The bottom till layer is
in some places substituted by a cycle containing both
unstratified and stratified sediments. The (uvial sedi-
ments differ in their relative disposition when com-
paring the channels. In some, the bottom il is cov-
cred by stratified sediments and in others by un-
stratificd material. The infilling sequences are covered
by Weichselian till, resting on a generally flat crosional
surface.

The channcls are of at least three generations. This
is concluded from the fact that younger generations of
channels are occasionally cut into the infillings of older
channels whereby lorming a peologic succession. The
channels of the oldest generation are unique regard-
ing their great depihs as compared to those of younger
generations.

Along segment 9301/1 (Fig. 9) the first generation
channel is filled by till 1 and unstratified sand and
gravel A second generation channel, much smaller and
narrower, is incised in the unstratificd sediment of the
infilled channel. This second generation channel is
imfilled by till 1. Channels of the second generation
arc also found along the flanks of the original channel
The third gencration channels are even narrower and
smaller than the second generation, and they have gen-
crally been cut into the bedrack on the Manks of the
first generation channels. Along segment 9301 a third
generation channel cuts through tll 11 and into the bed-
rock. It is filled with stratificd sand and gravel,

The infillings of the channels reveal that they be-
long, 1o different glacial phases, most probably differ-
ent glaciations. Thus, the first generation channels are
filled with deposits from a first glacial phase, a till at
the bottom followed by placiofluvial material. The see-
ond generation channels which are eut into the first
generation are mainly filled with a till sequence from
a second glacial phase, The third order channels are
incised in the older glacial deposits and are filled with
glaciofluvial stratified or unstratificd sand and gravel.

As just mentioned, the channel infillings can be suby
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the seismic structure of these units aids their identifi-
cation. Thus, tills are distinctive seismic units of cha-
olic internal structure, multilayered sediments are
clearly seen and so are in many cascs sand units with
weak or absent internal beddings. A further reline-
ment of the infilling strata is possible by comparisons
with onland and offshore drilling data.

FFrom the seismic data, three generations ol tills
have been separated, namely tillunits |, 1T and 111 where
till unit 1is the eldest. Eachtillsequence is clearly scpa-
rated from older and younger stratal units by erosional
surfaces, Till units 1 and 11 are of varying thicknesses,
but in general about 30 m. The tills I and 11 are every-
where clearly separated from till 111 which seems 1o
form a Late Weichselian bottom moraine resting on
the bedrock or ontop of the already infilled
palcochannels. Till [11 is sometimes overlain by clays
but constitutes the sea floor along bedrock elevations.
It has a generally uniform thickness of around 10 m
ovier iilrgl.‘ ATCAs.

The seismic records [urther indicate the presence
of stratified and unstratified sand and gravel deposits
along the paleochannels. Two glaciofluvial sequences,
separated from each other by tills or erosional surfaces,
arc commonly found. These may be interlayered with
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one another, in which case the unstratified sequence
contains lenses and layers of stratificd material
Comparison with drillings onland and offshore sup-
plies further data on the channel infillings. According
to drilling data, two types of infillings are characteris-
ticof the incisions: those with internal laminated strue-
ture and those without it. In the first case, these are
alluvial deposits, tills and glaciofluvial repetitive strue-
tures telling about a multiphase filling process and an
extended life of the incisions. In the second case, these
are infillings of il and glaciofluvial sediments without
internal laminated struciure. At the bottom of these lat-
ter incisions, the alluvial cover is usually thin or often
even absent. The next higher layer contains one or two
tills, which are covered with a third till, thus, burying
them entirely. The latter type of incisions is most char-
acteristic of the southern part of the Gotland Basin,

The late- 1o post-glacial channel system

Muorphology. The late- o post-glacial channels exposed
in the seafloor are rather shallow with only a slightly
negative curvated form (Fig. 8). They commonly oc-
cur at the boundary between areas of accumulational
and erosional seabed.
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As mentioned above, many of the castern Baltic
paleochannels are entirely buried below glacial and
probably also interglacial deposits and they have no
morphological relief in the present seafloor. The ex-
ception is a system of valleys, which has the general
outline of an ancient river network, starting, at the
soithernmost end of the Gotland Basin and extend-

ing along its eastern side, close W Lthe steep caslern
slope (Fig. 2). The topographical map shows that the
valleys of this system trend NE-5W and the longitudi-
nal seismic profiles cross them at oblique angles. Thus
their images in the seismic profiles is distorted. The
valleys are some 4 km wide in the southernmost end
of the Gotland Basin (Fig 2). Towards the NLI: they
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Fig. 8 Sca Hoor wpography of the imvwestigaied area, A- droved
valleys, possibly of the Weichselian degliciaion phasi; B - scarp
ar the western slope of the Klaipeda Bank, possibly of Yoldia age.

merge into one artery at the southern end of the
Liotland Basin which widens 1o 5 km (segment 9307/
1, Fig. 10).

Infilling, Sedimentation in the Baltic in general changes
Iram place to place, but also from time to time. There-
lore, the late glacial and postglacial sedimentary sc-
guences are rarcly complete and continuous. Channel
systlems in the scafloor is a common feature in the
Baltic Sea. They may occasionally be formed by post-
placial water current erosion, but most often they re-
sult from non-deposition of postglacial sediments. Both
types and combinations between them presumably oc-
cur along the channels of the Gotland Basin,

Profile segment descriptions

Segment 9301/1 (Fig. 9): Three generations of
paleochanncls are found along this segment of the seis-
mic profile line 9301 (sec location in Fig. 1), The ¢l-
dest paleachannels are around 120 mdeep and roughly
I kmwide. The bottom deposits consists of till | which
seems 1o have an erosional upper surface. On top of
the till follows unstratified sand and gravel that prob-
ably originally entirely infilled the channels. This se-
quence was later subjected to erosion, which levelled
the surface and cut new channels into the bedrock and
inta the original channels. On this surface till 11 was
deposited. A new erosional phase followed the depo-
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sition of till 11, forming third generation channels cut-
ling through till IT. This third gencration of channels
were infilled with stratilied sand and gravel. The last
glacial period in the arca only levelled off the surlace
and Gl T was deposited as this ice withdrew.
Segment 9307/1 (Fig. 10): Two generations of
paleochannels are present along this scgment of pro-
file line 9307, The eldest is around 4.5 km wide, and
about 60 m deep (see location in Fig. 1). The width of
the channel is presumably greatly exaggerated due to
the angle of crossing, however. The basal infilling of
the channel consists of 1ill [, which is uncvenly distrib-
uted within the channel and also found in small thick-
nesses on the sides of the channel. Possibly, till T has
originally completely filled the channel and has later
been partially removed by luvial erosion. On top of
LIl T follows a stratified sand and gravel aceumulation.
This accumulation is draped over the bottom till and
also over the sides of the structure. s upper surface
has an crosional appearance. On top of the stratified
accumulation follows a thick sequence of unstratificd
sand and pravel which completes the infilling of the
channel. A second generation channel, infilled with till
Il is cut into the unstratified accumulation just men-
tioned. As described for the segment 9301/1, the last
glacial phase in the arca merely levelled the channel
infilling and deposited 1l 111 as a rather even layer
across channels and bedrock alike,
Segment 9312/1 (Fig. 11): Two, and possibly three,
gencrations ol infilled paleochanncls and one modern
channel in the seaflloor are present along this segment
ol profile line 9312, The cldest channel is very narrow,
about 300 m wide and 50 m deep (sce location in Fig.
). It is loeated adjacent o a tectonic fault which trends
NW-SE through the investigated arca. The walls of the
channel are very steep, almost vertical, and very
smooth. The paleochannel is infilled by an unstratified
sand and gravel deposit, which seems 1o have an ero-
sional upper surface. A stratified sandy unit follows
on the western flank of the channel. On the levelled
upper surface of these two units follows an ¢ven cover
ol till Il. A minor second generation channel is cut
into Gl 111 and into the upper part of the underlying
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Fig. 9. Geologieal section based on seismic segment 930111 (Fig.
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older channel. This younger, narrow, channel is infilled
with unstratified sand and gravel. The youngest till unit
in the arca, tll I, is exposed on the sealloor casl-
wards [rom the paleochannel area whereas glacial and
postglacial clays extend westwards. The boundary be-
tween the generally depositional and the gencerally cro-
sional seaflloor along the castern boundary of the
Ciotland Depression is followed by a shallow postgla-
cial ehannel formed in the clay and obviously kepl open
by botlom currents. A subjacent negative form due 1o
a slight reduction in the thickness of till 1 suppests
that the location of this modern channel is inherited
from an older Late Glacial channel system along the
castern limit of the Gotland Depression,

Extension of the channel systems

I'he seismic profiles indicate that the paleochannels in
general are rather short, they seem to appear and disap-
pear rather suddenly although the present basenet of
seismic profiles is not sulficient for a full interpretation
(Fig. 5). Ina general way, the paleachannels extend NE-
SWoalong the southeastern slope of the Gotland De-
pression rather than in the dip dircction. The present
network of seismic profile lines is, however, not sulli-
cienl 1o outline the extensions of the individual
paleochanmels,

The northern boundary of the channel system area
conlorms with a change from Upper Silurian to Lower
Dievanian marine limestones and marls in the north o
more casily eroded Middle to Upper Devonian (Anikula-
Sventoji Horlzons) terrige nous sandstones and siltstones
in the south (Fig. 5). The SE boundary of the channcl
area is controlled by the bedrock, too. [tis located along
the boundary to Upper Devonian (Plavinas Horizon/1.
Frasnian) marine limestones (Fig. 5). The channels are
thus restricted 1o the outerop of the thick terrigenons
sandstone complex at the boundary of Middle-Upper
Plevonian

It is furthermore clear that the depths of the
paleochanncls are restricled by the bedrock composi-
tion. The paleochannels nowhere reach further down into

the bedrock than 1o the Narva Horeon in the Middle
Devonian. The subjacent harder rocks have cvidenily
resisted channel erosion (Fig 5),

Tectomic pallern

The NW-SI: Proterozoic Viistervik-Klaipéda Tectonic

done (Flodén 1980) extends through the investigated
arca outlining a system of younger Faults in the same
general direetion through the Paleozoic sequence. In
the present area normal faulting is the most common
lectonic feature, with displacements generally in the
order of a few metres and only exceptionally up to 51
m. The individual faults are of short extensions and
generally seem 1o have resulted from bending along
the ancient basement zone. A superimposed NE-SW
teclonic system shows some indications of strike-slip
movements.,

The paleochannels discussed in this paper seem in
a pencral way not to be dependent on the tectonic pat-
tern, but & denser network of seismic lines is needed
to decide this. Nevertheless, some few ol these chan-
nels seem 1o follow existing tectonic Fanlts Tor at least
parts of their extensions. The only undisputable ex-
ample in the present seismic profiles is prescnted along
segment 9312/1 (Fig. 11), although the present mate-
rial does not permit a detailed mapping of this
paleochannel. Although the paleochannels appear 1o
be independent of the tectonic pattern, they may co-
incide with tectonic faults as far as their peneral trends
coincide. For comparison, the Lithuanian onshore
channels are not controlled by the tectonic pattern and
in this context they may be comparcd with the chan-
nels all shore,

DISCUSSION

tilacially penerated systems of channels are common
features along the outer marging of major glaciated
arcas, In northern BEurope they ocour along the fringe
ol the glaciated area: in the North Sea (Long & Stoker
1986; Wingficld 1989), in England (Woodland 1970),
in Denmark (Hansen 1971; Berthelsen 1972) in north-
ern Giermany (Bhlers & Linke 1989; Bissmann 1967),
in the east Baltic region (Eberhards & Miidel 1954
Ciaigalas 1970, 1989) and in the southern Baltic Proper
along a general line from the Arkona Basin through
the Hand Bay (o the cast Baltic coast, thus connecting
with the previously deseribed onland arcas.

Channel forming processes

The channcls generally cutl very deep into the sedi-
mentary bedrock. The average depth in the present
areq is about 80 m, which is generally similar 1o those
in the land arcas around the Baltic. Essentially deeper
channels are reported from the North Sea, howeser. The
deep channels start abruptly and terminate equally abruptly,
leaving no possibility for normal water drainage. Therefore
they cannot have developed as river valleys.
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Diespite this, modern rivers in the Baltic countries
arc known to extend along paleovalleys although the
excavalion capabilitics of the rivers never reach down
1o their basal levels. Likewise, paleovalleys in general
are independent of bedrock structure and relicf, but
despite this they occasionally occur along tectonic faulis
for shorter or longer distances. Although we have no
indications from the present offshore area, it is quite
likely that they have also occasionally been cul along
ancient preglacial river beds, A conspicious feature is
further, that despite extensive drillings in the Baltic
countries there are no reports of preglacial river sedi-
ments in the basal part of the channel infillings.

v is further of interest 1o note that the presemt
palcovalleys are confined 1o the area of soll terrestrial
1 3evonian sandstone, indicating thal crosional resistance
is animportant factor for their development. This is again
yuite opposite lo the formation of river valleys, which in
time will excavate into any rock material

As 1o the question how the paleochannels actually
were formed there are several opinions. n the Scan-
dinavian region, the “tunnelvalleys” of Jutland in Den-
mark were first described by Ussing (1907, 1913, who
concluded that they were lormed by excavation of the
ice itsell in combination with subglacial meltwater
streams, The Jutland buricd channels have later been
descibed in more detail by c.g. Milthers (1945),
Sorgenfrei & Berthelsen (1954) and Jessen (1963).
Although the classical theory of “tunnel valley™ for-
mation proposed by Ussing has been sharply eriticised
(Hansen 1971; Berthelsen 1972 Andersen 1973), the
[ormation and infilling of channels by high-velocity
water discharges in subglacial tunnels near the glacial
margin has attained wide aceeptance (Wright 1973).

The meltwater required for catastrophic discharges
through the [rozen [ool of a glacier may be of differ-
ent origins. Bjgrnsson (1976) reported on superglacial
ice lakes in leeland. He states that in some cases an
ice lake is formed in sink holes on the glacier surface,
The hole is tray shaped and colleets meltwater from
the ice surface. This meltwater is drained englacially
through @ hole or a crack at the bottom. The process
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may be rather rapid as the water flows lo the base of
the glacier under a very high pressure. The water will
thus subsequently erode the subglacial surlave,

The other process involving meltwater is erosion
along subglacial tunnels advocated by several authors
(Ehlers & Wingflicld 1991; Licdke 1981; Woodland
1268). There is generally waler present at the inter-
lace between the ice and the bedrock. Wright (1973)
discussed the hydrodynamics of the subglacial waters
below the Weichselian Superior ice lobe, Minnesota,
demonstrating that geothermal flux and frictional heat
are suflicient agents lor slow subglacial melting al-
though the oot of the placier remains frozen. The
Superior ice lobe covered an area of 80,000 k', pro-
ducing channcls of an average 10 m depth and 300 m
width, The conditions were essentially more favourable
in the Baltic area, where the Baltic Sea alone within
its present limits covers an area of 419,000 km'. The
water accumulated during perhaps long periods below
the jce occasionally forced its way through the foot of
the glacicr gathering debris along its way and thercby
increasing its crosive power. As the water pressure was
reduced the subglacial stream changed from erosional
to depositional leaving its load on the bottom of the
channel, but also at the margin of the ice.

An interesting approach to the morphology of the
ice marginal zone is put forward by Hay et al. (1993),
Due to the great load of the ice on the bedrock a wedge
or bulge forms at the periphery of the ice. Subareal
water may then break through the bulge along streams
or rivers, As the ice load is removed the bulge drops
and the valleys drop accordingly. The result is chan-
nels cut into the bedrock, later filled and buried by
Ouaternary deposits. [t may be argued that the size of
the bulge would greatly exceed the lengths of the chan-
nels, which in our case is no more than 5-15 km. Also
the basal infill of the channels would be clastic sedi-
ments rather than till. We should not exclude the pos-
sibility of different channel forming agents along the
ice margins, however, and some of the minor channels
of the third generation in our area are entirely filled
by stratificd sediments (Fig. 9).

It is probuble thal parts of the channe| system im-
printed in the present sealloor morphology of the in-
vestigated area has o late glacial history as river val-
leys. Presently they oceor as shallow trenches along
boundarics between areas of erosion and deposition.
The trench along the base of the castern slope of the
Giotland Depression is representative (Fig. 8). [t evi-
dently marks the boundary between a waler mass mov-
ing along the slope of the Depression and an inactive
waler mass within the Depression. This does not ex-
plain all trench-like features in the arca and these will
b subject to further investigations,

Age of the channels

The channels of the presently investigated area form a
lime sequence in which three gencrations of
paleochannels are separated by extensive till units, The
Late Glacial to Recent channel system needs no Tur-
ther comments in this respect. The present invesliga-
Lion is purely a seismic study and no drillings have been
perfurmed. Therefore the age of the paleochannels can
only be discussed from comparisons with other arcas.

In Lithuania, and offshore Lithuania, deposits arc
known [rom three major glaciations, namely Elsterian,
Saalean and Weichselian (Grigelis, ed. 1991). The
deepest paleochannels onland belong 1o the Elsterian
glaciation, whereas increasingly smaller channels are
attributed (o the Saalcan respectively the Weichselian
glaciations {Ciaigalas, ed. 1976), In Northwest Germany
a similar system of deep paleochannels was cul inlo
the substralum during the Elsterian glaciation, which
incidently is regarded as the first glaciation in NW
Lurope (Ghlers et al. 1984), No comparative Saalcan
or Weichselian paleochannels are described from the
Cherman area,

Although we lack drill-core evidence [rom the area
in coneern, it is reasonable o point out the similari-
tics with the adjacent land data, placing the three gen-
erations of channels in the Elsterian, Saalean respec-
tively the Weichselian glaciations. The evidences con-
verning the Elsterian age of the deep paleovalleys of
the first generation are convineing, whereas the two
younger systems require further verification.

CONCLUSIONS

I'he basic network of single channel seismic reflection
profiles shot along N-S lines between Gotland and the
I Baltic coast has revealed new information on the
geological framewaork and on the Paleozoic to Ouater-
nary stratigraphic successions ol the arca. Among the
geological structures revealed in the area are the gla-
cial deep channels discussed in this paper. Although
much details remain to be studied in the course ol our
joint investigations in the area, and even though the
present network of profiles does not permitl any de-
tailed mapping of the individual paleochannels, we are
able 1o draw some general conelusions about the newly
lound paleovalley system,

(1) Two genetically different valley systems are

present in the arca SE of the Gotlnd Depression,
namely asystem ol subglacially incised and fully infilled
paleochannels and a system of late- 1o post-glacial val-
leys imprinted in the present seafloor relicl

(2) The paleovalley system includes at least thre
generations of valleys, provisionally attributed 1o the
Elsterian, Saalean and the Weichselinn glaciations, in
congrucnce with the onland conditions in the SE and
SW parts ol the Baltic.

{(3) The eldest (Tlsterian) paleovalleys are larger
and deeper than those of later glaciations by a [actor
of magnitude, which is consistent with the conditions
on land,

(4) The paleovalleys are conlined 1o the uppermost
Middle Devonian and the lowermost Upper Devonian
lerrestrial sandstones, Lo, W an casily eroded stratal
unit. The eldest paleovalleys generally extend through
the sandstone unil to the wp ol the Middle Devonian
limestone (Narva Horizon),

(5) The paleovalleys are typically infilled by till
[ollowed by stratificd or unstratified glaciolluvial ma-
tlerial. Younger paleovalleys are occasionally Incised
into the infillings of older structures.

(0) The paleochannels and their infillings offer «
key to the acousticsignature of the suceessive tll units,
whereby mapping the extensions of pre-Weichselian
deposits in the SE Baltic Proper becomes prospective

(7) The late- 1o post-glacial channe! system inside
and an the slope of the Gotland Depression is largely
due to actions of water masses up to the present day.
Their inheritance of older morphological features is
still unclear,

(5) A remarkably even thickness of Weichselian till
is deposited on top of a generally [lan erosional sur-
face cut partly in bedrock and partly in older glacial/
interglacial beds. The erosional power of the
Weichselian ice seems to have been much less than
that of provious glaciations. The base Weichselinn
forms & good seismic marker surface in the area B and
sk of Gotland.
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Seabed Investigations of Upper Proterozoic to Lower
Palaeozoic Erratics in the Aland Sea, Sweden, by the

SPERESAT Technique

Per Hl"ll:lll'l'hcrg and Stefan E. The newly developed sealusd ulllpltr, mamed SPERESAT, has been used for

Hagenfeldt

investigations ol sedimennary bodrock ermties in the Aland Sea. The reehinigue

permits exvensive sampling underneach clay beds 1o a preater exvem than wirth
Soderberg, P, & Hagenfeldy, 5. 1994 dredging, The samples obmained vielded various ivpes of sedimentary bedrock,
Seabed investigations of Upper Protero- e g sandstone, shale, and limestone, They are comparcd with on-shore samples.
soic o Lower Palacozoie erratics in the The Unir 1 of the mlormal Siderarm formaion, iu'i.llr; ol Midedle Rilllw.ul ape,
Aland Sca, Sweden, by the SPERESAT ks exposed in the western pares of the Alaiel Sea alesng the Gl zone wowards the
technique. Boltica, Vol & pp. 27-37.  Swckholn archipelago area, Uni 2, representing, the upper pan of the saine

Vilnius, ISHMN Y986-615-01-1

formarion, being of Late Riphean w Vendian age, i presen in the souchern

Per Séderbere and Stefan E. Hagenfeld,  Mand Sea. Shale, also included in the unit 2, occurs sporachically as erratics,

l'-'r'Pﬂ'-l"f-‘Hl'ﬂl' l—‘f(;t"ﬂfﬂj{i' aitd Creochemis- Lower Cambrian sandsione, forming the lower pare of wnie 3, 15 wadely disiril-

v, Stockholn Elniversity, 8 - 106 OF  ued as ercatics, thougl non very Frequent, The Ordovician Bivestone, forming,

Stovkhoblm, Sweden! received 22 Novemn- thie upper part of unit 3, follows the on=shore dismibuton wach the bolk of

by 19093, aceepred T4ith December 1004, limestane erratics comprising the Upper Ordovician Balie limesione i rthe
castern part of the Aland Sea, and Lower and Middle Ordovician limesione
erratics being more abundant in the wesiern pare,

INTRODUCTION

I'his article deals with the background, instrument per-
formance and results of seabed sampling in the Aland
Seaarea. 1t is the result of the development of, and field-
work with, a special bottom sampler concept -
SIPERESAT (5PEcial REmote SAmpling Technigue; Fig,
1), SPERESAT is one in a series of new seabed and
subbottom samplers currently being developed by one
of the authors (Soderberg 1988). The SPERESAT tech-
nigue has been tested during several lield trials, The sam-
pler was modified successively as a response 1o field ex-
periences. The present prototype modelsamples the sea-
bed and brings up representative amounts of bedrock
boulders from the glacial drifi at the sampling station.
This is possible despite some metres of covering clays,
The sampler has been [ound 1o work very well down to a
water depth of at least M m (Appendix).

Investigations with the aim to map the sedimentary
bedrock sequence have been performed by Veltheim
(1962, 1969) in the Bothnian Bay, the Bothnian Sea,
and the northern part of the Aland Sea. These investi-
gations were made with grab samplers. The results in-
dicated a close relationship between the distribution
ol erratics assemblages and in sile occurrences of sedi-
mentary bedrock. Later, a comparison was possible
through the access of drill cores (Veltheim 1969,
Thorslund 1979, Tiernvik & Johansson 1980, Lofgren
1985, Hagenleldt 1989), In comparing the grab sam-
pler technigue with SPERESAT, it was obwious that
the SPERESAT tecnique makes it possible 10 pen-

ctrate deeper into the bottom than with grab samplers.
This circumstance allows a more complete view of the
composition of the erratics from the sampling sites.

Stramberg (1971) investigated the varve-chronol-
ogy on the land areas surrounding the Aland Sca ba-
sin. e included observations of glacial striac in order
1o make a model for the deglaciation of the arca. e
concluded that the ice retreat was roughly from 551
towards NNW, Saderberg (1982), using high resolu-
lion marine seismics, found marginal morains indicat-
ing the ice retreat to be slightly more in the direction
towards NW in the Aland Sea Basin.

Flodén (1973) and later Soderberg (1993) errected
a model for the development of the Aland Sea Basin
and the subsea distribution of sedimentary bedrock.
They based their maps on shallow seismic profiling and
seismic relraction measurements. The seismic strati-
graphic subdivision by Soderberg (1993) concerned 3
separale units, Following S&derberg (1993 these units
are also used herein (Figs 2 and 3).

Investigations on the distribution of erratic boul-
ders were performed by Hagenfeldt & Soderberg
(1985) and Hagenfeldt (1993), These investigalions
comprised on-shore sites in the Stockholm Archipelago
and along the coastal arca around the Aland Sea,

The main subjeet of this project was to identify
seismically indicated remnants of Upper Proterozoic
and Lower Palacozoic in sitn occurrences underncath
the unconsolidated sediments in the Aland Sea. The
sampling stations were chosen with regard 1o the gen-
eral direction of the last glacial ice movement.



Fig. 1. The SPERESAT-sampler - A, Supply-hose for com-
pressed air. - B, Lowering and lifiing wire. < C, Air ank for
vertical support, - 1, Wire netting, - E. PYC pipe & in lengeh,
- I Adr injector inside dhe pipe, = G, Warer and sediment inlet,
Far further derails see vexr, From Siderberg (1993),

MATERIAL AND METHODS

The prototype sampler consists of a 6 m long PV pipe
with a wirc-netting case inits upper part (Fig. 1). Com-
pressed air iy injected through the pipe and a conneet-
ing hose from compressors onboard the surface ship.
The expanding air will pull water and bottom sediments
through the pipe into the netting case. The netting case
will in its turn allow for clay and mud 1o pass through,
but will catch rock specimens. A minimum size of rock
specimens is determined by the meshes in the netting case.
Alter retrieval the rock specimens are extracted for closer
examination and laboratory analyses. The SPERESAL tech-
nigue has been found to work well even at water depth ol at
least %0 m ( Appendix). Further modifications are needed
to increase the versatility of the sampler.

The investigated area comprises the southern and
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western parts of the Aland Sea (Fig 4). During field
work with R/V Strombus in [958 and 1990, a total of 34
stations were sampled. These were chosen with regard
to the general direction of the placial ice movement which
wits roughly north-south, Four sampling stations yielded
no erratics, viz. nr. 2, 3, 20, and 27 (Appendix), due to
the presence of a oo thick clay cover. Ferro-manganese
nodules were abundant in the clay at these stations.

The lithologies encountered are the same as those
met with in the Stockholm Archipelago 1o the south
of the Aland Sea. Hence, for a deseription of the
lithologies the reader is referred to Hagenfeldt &
Soderberg (1985) and Hagenfeldt (1993). A tentative
stratigraphic column is presented in Fig. 3.

The [requencies of the obtained erratics were cal-
culated from the total number of rock specimens at
every sampling station (Appendix). The material to-
tals 1,631 rock specimens. Sampling sites with 30 or
more erralics were treated statistically.  These sam-
pling stations, i.e. 13 out of 34, are marked by an as-
terisk in Appendix 1. Sites with fewer erratics are con-
sidered only (o demonstrate whether or not discrete
lithologies are present. Comparison is made with cur-
rent on-shore investigations (Hagenfeldt 1993) in an
atlemt o suggest i st oceurrences from the general
trend in the obtained material (see Figs. 6 - 12),

GENERAL GEOLOGY

The Aland Sea is located ina Proterozoic basinwhich is
lilled by sedimentary bedrock spanning from the Middle
Riphean o Early Palacozoic (Flodén 1973; Siderberg
1982; Flodén & Soderberg 1984; Hagenfeldl &
Soderberg 1985; Hagenfeldt 1993; Soderberg 1993). The
lithologic sequence, as indicated by erratics, consists
mainly of sandstone, shale, and limestone (Hagenfeldt
& Soderberg 1985; Hagenleldt 1993 ).

Sedimentary bedrock. The basal part of the strati-
graphic column in the Aland Sea has been assigned to
the Upper Proterozoic informal Séderarm formation
(Hagenfeldt 1993; Fig. 3). This formation is further
subdivided into two units, of which unit 1 comprises
Middle Riphean (Jotnian) sandstone, and unit 2 Up-
per Riphean to Vendian sandstone and shale. Unit 3
consists of Lower Cambrian, comprising siltstone and
sandstone, and Ordovician limestones. The Lower
Ordovician is represented by Orthoceratite limestone,
comprising the Latorp to Kunda Stages (Hagenfeldt
1993). The composition of the Middle Ordovician is
unceriain, but the Segersiad and probably the Dalby
Limestones is present (Hagenfeldt 1993). The Upper
Ordovician consists of the Baltic limestone, compris-
ing the Rakvere to Pirgu Stages (Hagenfeldt 1993),

Seismic investigations in the Aland Sea performed
by Siderberg (1993) indicate the thickness of the sedi-
mentary rock sequence 1o be approximately 1600 m.
The sedimentary sequence is affected by tectonic dis-
placements and to some extent traversed by several
dolerite intrusions (Soderberg 1993).

Quaternary beds. In gencral terms the entire sca
floor of the Aland Sea consists of clays. Both glacial
amd postglacial clays cover the underlying tills and bed-
rock (Soderberg 19825 1993), Orwver large arcas the cover

BALTIC PROPER

w F1y ir

[:] Swvecofenmian rocks

. Diabase

I3 Ropakivi granile

H Migdle Riphean sondstone

73 upper Riphean/ vengian sondstone

Cambrian sandstone

E Ordovicien Limestone
on top of Cambrian 15

Combrion sandsione, Yallholme
Ordovizion limeslone, Erken

Fig. 2, The disiribution of sedimenary bedrock an the sca Noor of the Mand Sea. Afrer Soiclerbery (1993}

is up toseveral tens of metres thick. The maximum thick-
ness of the clay is found in the bathymetrically deepest
parts of the basin where it reaches approximately 130 m
(Soderberg 1993). On the shoal along the Swedish coast
the clays are thinner. In the sampled area the clay mea-
sures only a few metres, [n minor areas the clay is absent
or almost absent and the underlying till is exposed (Fig. 5).

Bathymetry. The bathymetry of the Aland Sea Basin
is dominated by the deep trench just west off the Aland
Islands (Stderberg 1993, Fig, 6). Here water depths ex-
tend down to 280 m. The western part of the Aland Sea
Basin lorms a shallow arca. OIT shore along the Swedish
coast the boundary between the crystalline basement and
the sedimentary sequence forms a shell structure which
is deepencd by stepwise greater water depth.

RESULTS OF THE FIELD TESTS

Sedimentary bedrock, Sandstone crratics from unit |
of the Sdderarm lormation (Fig. 3), are scattered in
the material (Fig. 7). The frequency varies between ()
and 32 % (Appendix). These sandstonc erratics scem
1o be abundant off the coast of Vilddd and north of
the Siderarm Archipelago. To the cast of the Soderarm
Archipelago the lrequency diminishes,

The sandstone erratics from unit 2 of the S6derarm
formation are the most widespread and abundant
among the investigated samples (Fig. 8). Freguencies

between 3 and 52 % are noted (Appendix). The most
abundant [requencies were [ound at sampling stations
notrth of the Soderarm Archipelago. The [regquency di-
minishes (o the east, as is also the case for unit |

The shale ermatics from unit 2 of the Soderarm forma-
tion ocour at only two sampling stations (Fig. @), The fne-
guency at those stations is only about 1 76 (Appendix).

The Lower Cambrian silistone and sandstone cr-
ratics of the lower part of unit 3 are evenly distributed
between the sampling stations (Fig. 10). The frequency
is moderale, ranging between U and 6 %,

The reddish imestone erratics of the Orthoceratite
limestone show scattered oceurrences (Fig. 11) with a
frequency from 0to 2 % (Appendix). No clear trend is
obvious from the material obtained. but the requency
seems 1o diminishes 10 the cast,

The erratics of greyish limestone from the Middle
Ordovician also oceur as scattered oceurrences (Fig, 12),
The [requency varies between 0 and 3 % (Appendix),
The present material does not permit any evaluation of
trends regarding the Orthoce ratite limestone, However,
the greyish limestones seem (o be absent in the cast,

The top of the sedimentary sequence is represented
by erratics of the Baltic limestone. Contrary 1o the red-
dish Orthoceratite and the greyish Middle Ordavician lime-
stone, ermalics of the Baltic imestone scem o increase in
{requency 1o the east. Ao, erratics of the Baltic limestone
are present as scatlered occurrences throughout the
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Fig. 3. Temarve serangraphic colwnm of the sedimenary bed-
rock sequence in the Aland Sea, as well as in parts of the
Swockholm archipelago, Cluestion marks show uncenainties in
the reconstructed sequence, Modified afver | ]i:gt'nﬁ.'ll!t (1993),

material (Fig 13). The frequency ranges between () and
8 %0 (Appendix), with the highest frequences 1o the east

DISCUSSION

SPERESAT allows sampling of rock specimens under-
neath clayey beds of several metres in thickness, This
is an improvement over the grab sampling technigue,
which only permits sampling approximaiely one meire
below the sea loor. Erraties present in postglacial and
glacial clay, though not abundant. may contribute 1o
the samples of erratics at the sites. However, the bulk
of the material obtained by the SPERESAT technigue
is here considered 1o be sampled in moraine beds.
Comparison with on-shore investigations, The
maximum frequencies of sandstone erratics from unit

a0

| of the Soderarm [ormation are concentrated to the
north of the Soderarm Archipelago, as well as off shore
the coast of Viddo (Fig. 7). Comparing with the
Stockholm Archipelago area and southern Vadda, the
[requency diminishes 1o the south amd easi. On shore,
Uppland unit | is absent in our material, though reported
by Fridin (1956). The possible exposed i site occur-
rence of Lnit 1, as shown by on-shore investigations in
the archipelago arca (Hagenlfeldt & Soderberg 1983,
Hagenleldt 1993), seems to be at the very barder of the
Aland Sca Basin and, possibly in its central part.

Erraties [rom unil 2 of the S6derarm formation are
found only in the Aland Sea and the Stockholm Ar-
chipelago area (Fig. 8). They are absent in surround-
ing arcas, such as on shore Uppland and the Aland
Islands, However, unit 2 is supposcd 1o be present as
far as the northern part of the Aland Sea. Investiga-
lions with grab sampler made by Veltheim (1962)
yiclded sandstone erratics, similar 1o those [rom unit
2, corroborating the above aﬁumptiun. Maximum [re-
guencies of erratics from unit 2 are noted north of the
Stderarm Archipelago arca. The i sitn ocenrrence of
unit 2 is believed to be located in the Aland Sea, Within
that area unit 2 1s probably more extensively exposed
underneath the sea [oor, than is unit 1.

Al the present sub-bottom sampling stations, seat-
teredd shale erratics from unit 2 of the Soderarm forma-
tion give another pattern than on-shore occurrenees in
the Stockholm Archipelago area (Hagenfeldt &
Soderberg 1985, Hagenleldt 1993). The shale crratics
tend 1o have o narrower disicbution in the Stockholm
Archipelago (Fig, 9). Maximum [requencics are found
near the fault zone between the archipelago and the
Aland Sea Basin. In addition, shale erratics have only
been found in the northern parts of the Aland Islands
{ Flagenleldt 1993), These data suggest that i sif ocaar-
rences of the shale are resticted 10 parts of the Aland Sea
hasin, and possibly also to paris of the Bothnian Sea.

Siltstone and sandstone erratics from the Lower
Cambrian part of unit 3 are widely distributed in the
sub-bottom samples and on shore in the Stockholm
Archipelago area (FFig, 10). On the Uppland mainland
and on the Aland Islands, scattered occurrences of
Lower Cambrian sandstones are documented (Wiman
1903, 1918, Hagenfeldi & Soderberg 1985, 1993,
Hausen 1964; Hagenfeldt 1993). The frequencies are
maderate all over the investigated area, generally not
exceeding 5 96, In site occurrence of the Lower Came-
brian siltstone and sandstone is indicated in the Aland
Sea, il the indications from the erratics can be trusted.

Ordovician limestone erratics (unit 3) clearly cor-
roborates the results of on-shore investigations
(Hagenfeldt & Soderberg 1985, Hagenfeldt 1993). The
Lower Ordovician Orthoceratite limestone (Fig. 1),
as well as the Middle Ordovician limestone type (Fig.
12}, occur scattered mainly in the western part of the
Aland Sea. The eastern part is dominated by the Up-
per Ordovician Baltic limestone (Fig. 13). In combi-
nation with seismic investigations by Soderberg (1982;
fig. 26; 1993) and on-shore investigations by Hagenfeldt
(1993), this distribution patiern suggests the presence
of limestone in sheltered positions in parts of the Aland
Sea. The almost complete absence of limestone errtics just
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north of the Sderarm skerrics is remarkable, becuse abun-
dant linds of Bmestone erratics have been noled in the ar-
chipelago (Hagenfekll 1993), The explanation of this pat-
term woukl be the presence of in st oocurmences very near,
or inside the mentioned archipelngo arca,

Comparison with offshore investigations. The
present sampling by SPERESAT and the on-shore ob-
servations indicates the presence of the seismic unils
suggested by Siderberg (1993), The seismically indi-
cated distribution of unit 1 and 2 (Fig. 2) makes up the
main part of the Aland Sea Basin. The distribution
pattern of the erratics reflects this circumstance well,
Hoth the on-shore and the off-shore finds of unit |
and 2 show an even distribution over the area. This is
what can be expected close o an in siiy ocourrence

The distribution pattern of erratics of unit 3 is more
unclear and questionable, The general distribution pat-
lern of unit 3 shows a slight tendency for enhanced val-
ues towards the east. This is specially true for the fre-
quency of the Ulpper Ordovician Baltic imestone erral-
ics inthe omtermost Stockholm Archipelago arca. Tothe
north al this arca seismic signatures and velocities indi-
cate the in sie presence of the Baltic limestone in the
main Alond Sea Basin (Fig. 2; Soderberg 1993),

Ihe enhanced frequency of Lower Ordovician
Oirteceratite imestone in the southern part of the Viiddo
island may originate from the small outerop situated (o-
witrds the north, as indicated by Soderberg (1993),

The even onshore distribution of of Lower Cam-
brian erratics in the arca is also confirmed by sam-
pling with SPERESAL  This may depend on small
Cambrian outerops, which were not possible for Stderberg,

(1993) 1o interpret from the seismic profiles. These out-
crops are thought 10 be exposed around the margins of the
covering Ordovician strata in the central part of the Al
Sca Basin, [t may also depend on small occurme nees at sev-
eral localitics spread in the Aland Sea Basin

RESULTS

(1) In sampling clayey bottom sediments {or crratics it
is necessary lo reach down through the clay to reach
the interesting till with boulders. 1t is obvious that
SPERESAT with its relative deeper penetration is bet-
ter than conventional grab-samplers. The latter only
penetrate the uppermost metre or so.

(2) Sandstone crratics lrom unit 1 of the Saderarm
[ormation (Middle Ripheanfotnian) scem to ocenr
mainly in connection with the fault zone between the
Stockholm Archipelago area and the Aland Sea basin.
It is believed that unit 1 is exposed in this area, How-
ever it conld not be ruled out that unit | is also ex-
pused in the central parts of the Aland Sea basin,

(3) Erratics lromunit 2 of the Séderimm fomation (Lip-
per Riphean/Vendian) are frequent in connection with the
lault zone separating the Stockholm Archipelago area from
the Aland Sea basin. Based on the distribution of the ermt-
ics, unit 2 is thought 1o crop out in the central part of the
Aland Sea Basin as well as hong the faull wone

(4) Shale crratics from unit 2 of the Sodermrm for-
mation (Upper RipheanMendian) are seattered. The
shale is thought to be locally exposed near the fault zone
between the Aland Sea and the mentioned archipelago

*
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Fig. 10, Frequencics of silesrone and sandsrones from the Lower Cambrian parr of unic 3,
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arca. However, the shale is also thought to crop out in
positions more 1o the north, such as in the Bothnian Sea.

(3) Erratics from the Lower Cambrian of unit 3 are
evenly distributed all over the investigated sea botiom
in the Aland Sca, This pattern is similar to the distribu-
tion in the Stockholm Archipelago. [ Towever, increased
frequencies on shore at the coast of Bjérko indicate the
offsshore outerops of Lower Cambrian in the area,

(65) The distribution of Ordovician limestone errat-
ics of unit 3 is similar 1o the onshore pattern, oblained
in the Stockholm Archipelago. Henee, in the eastern part
of the Aland Sea the bulk of the erratics is made up of
the Upper Ordovician Baltic limestone, while Lower and
Middle Ordovician types dominate in the west. [n the
central part a drastic decrease of limestone erratics is
noticed north of the Soderam Archipelago.
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INTRODUCTION

The palynological investigations of bottomsediments in the
Cinll of Riga began in the 1950, (Stelle et al 1976 ), Lnves-
tigations became systecmatic in the 1970s. The
biostratigraphical investigations near the West Estonian
Archipelago appear at this time as well { Kessel & Pork 1970).

The Ouaternary deposits in the Gulf of Riga are spread
wstally in all the places. The brown and greyish-brown mo-
raine of Last {(Weichselian) Glaciation lies on the surface of
Devonian rocks as a rule. The Eemian Interglacial deposits
are also known (Kalnina 1993 ). The brown and greyish-
brewn vanrved clay of the Baltic Gilacial Lake lies above the
Weichselian moraine. These sediments are covered by grey-
ish-browwn, brown rarcly thin bedded clay of the Yoldia Sea
anc ol the Ancylus Lake, The greenish-grey, grey, black mud,
aleurite and sand of the Litorina Sea and the Postitoring
Sea form the upper pant of the geological section of the
Cuaternary deposits,

More than 20 geological sections, which were in-
vestigated with the pollen method, are known in the
Cinlf of Riga at present (Fig. 1).

I'he palynological analytical materials reflect the
changes of vegetation, which have oceunrred during the
Late- and Post-Glacial time within surrounding land
(Danilans & Stelle 1971). Parts ol spores and pollen
have been transported by sea currents from the coastal
regions of the South Baltic. Moreover, spores-pollen
spectra have the natural feature of formation con-
nected with hydrodynamic processes in the large wa-
ter basin,

DESCRIPTION OF POLLEN COMPLEXES

The [ollowing spores-pollen complexes, changing one
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by one, are observed in the common cross-section of
the Late- and the Post-Glacial sedimenis:

I pollen complex. Characterized by a high content of
tree pollen, among which Pinus takes first place. Beala,
Betwda nana and in small quantities Alnus are present
amuong the pollen of trees from other components. The
pollen of Antemisia and Chenopoditm dominate among
the pollen of herbs. Spores are observed in small quan-
titics, There are Sphagnales. Brvales and Pobrpodium,
This pollen complex belongs to the pollen zone Al and
has the age of the Early Allerad time.

11 pollen complex. 11 dilfers with some higher quantity
ol the pollen of herbs from the previous complex, but
the guantity of tree pollen in the total composition
predominates. The amounts of pollen of Berula and
Betula nana in the  composition of complex are in-
creased. Sphagnales, Brvales, Polypodium occar among
the spores. The periglacial Oora - Devas, Hippophae,
Ephedra, Selaginella selaginoides, is presented. The
pollen complex belongs 1o the pollen zone Al and has
the age of the Middle Allerad. -

111 pollen complex. The quantity of tree pollen in com-
position of this complex, in contrast 1o previous com-
plex, has increased 1o the account of pollen of Pinus
and Betula nana. The amount of pollen of herbs has
decreased. Pollen and spores of periglacial flora - Dryvas.
Selaginella selaginoides still occur in the composition
ol the complex. This pollen complex corresponds (o
the pollen zone AL, and has the age of the Late
Allerad.

IV pollen complex. Main feature of the complex is the
increase in her pollen, especially the pollen of Arem-
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Fig. 1, & scheine showing locadon of palynologically invesn-
pated sections

st The paollen of Pinues is prevailed over by the guan-
tity of pollen of Bemla by a small amount. The pollen of
Heiwla nana ocour in high quantities. The pollen of Picea,
Alnus, Salix oceur in minimal quantities. The content of
spores and the pollen of periglacial Nora - Ephedra,
Hippophee, Lvcopodium, Drvas, Selaginella selaginoides
is higher. Brvales and Sphagnales are most often among
the spores. This pollen complex belongs 1o the pollen
zone Dr, and has the age of the Younger iryas time,

V pollen complex. The pollen of herbs decreased in a
total composition of this complex. The pollen of tree
increased Lo the account of the pollen of Pinus. The
pollen ol Betda and Betula nana oceur in small quan-
tities. The pollen of Alnus is present abways. The pol-
len of Pieea, Quercetum micim (Ulmus, Tilia) and
orvius are observed sporadically. The quantity of Ar-
temisia and Chenopodium has decreased among the
spores, however these components can dominate in
the composition of herbs, The amount ol Pelvpodium
has increased among the spores. The periglacial [ora
- Drvas, Ephedra, Hippophae is present. This pollen
complex compares with pollen zone Pb, and has the
age of the Early Preboreal.

VI pollen complex. The quantities of the Berula and Benala
narta pollen have inereased. The pollen of Pirus dominates
in the spectrum of this complex. The pollen ol Alus, Corvlus,
Salix are also present. The pollen of Pieca and Quercenan
e oceur in minimal quantities. The herbs of Aremni-

sia, Chenopodium, Poacea, Cvperacea increase in the pallen
complex. Polypodicen, Brvales and Sphagales are present
among the spores. The spores and the pollen ol periglacial
plants - Ephedra, Hippophae, Divas, Selaginella selaginoides
are observed. The pollen complex belongs 1o the pollen zone
b, and has the age of the Late Preboreal

The pollen complex is subdivided into two
subcomplexes. Lower subcomplex is characterized by
maximum content of the pollen of Berwla and upper
subcomplex is characterized by a maximum content
of the pollen of Pirus.

VII pollen complex. This is characterized by an abso-
lute predominance of the pollen of Pinus over Betuda.
The pollen of Alnes. Pieva, Corvles and Querceium
it are marked among the tree pollen. The pollen
of herbs occur in small amounts, There are Cyperacea,
Poacea, Vanva and Aremisia. The spores present mainly
are Brvales and Polvpodivm, This pollen complex be-
longs 1o the pollen zone BO, and has the age of the
Early Boreal time.

VI pollen complex. The conient of the pollen of Pinus
is lower. The pollen of Alnus, Betula, Picea, Quercetum
enbctrn (Ullmus, Tilia, Quercus) and Corvlus oceur in
larger amounts than in the complex. Here is only a
slight presence of her pollen. The spores Polvpodium
prevail in the composition of spores. The pollen com-
plex corresponds to the pollen zone Ho, and has the
age of the Late Boreal

IX pollen complex. This is characterized by o continual
decrease in pollen of Pinus. The amount of Beida and
Alnus is increasing. The content of the polien of Ui,
Cuercus, Tilia, Corvius is also increasing. The pollen
of Carpinus are present sporadically. The pollen com-
plex correspond to the pollen zone At and has the age
of the Early Atlantic.

X pollen complex. The amount of the pollen of Benda
and Alnus is slightly increased. The contents of the
pollen of Quercerum mixtn are decreasing. The pol-
len of Tilia dominate among the pollen of Quercetim
mixtum. The pollen of Fagus appear in the complex.
The pollen complex is compared with the pollen zone
At, and has the age of the Middle Atlantic.

X1 pollen complex. The quantity of the pollen of
uercetm mixtom is increased mainly 1o the account
of pollen of Cuercus and s, The content of the
pollen of Pirws and Corvins has also increased. The
pollen of Carpinus and Fagus are observed in the com-
position of spectra. The pollen of Picea are present in
smaller amounts than in the previous complex. The
pollen complex belongs to the pollen zone At and has
the age of the Late Adlantic,

X1 pollen complex. This differs by a decrease in quanti-
ties of the Quercetton mocn ([mos, Tilia) and Corvlus
pollen. The amount of the pollen of Pieea, Pinus, Besula,
Alnus is greater. The pollen of Carpines and Fagis are
present. This pollen complex correlates with the pollen
zone Sby and has the age of the Early Subboreal
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Labke 2, Palynostratigraphical scheme of the Lare-Glacial and the Post-Glacial sediment in the Gulf of Riga
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XV pollen complex. The quantitics of Berdla and Alnus
peellen are increased, but Prres has decreased. The pol-
len of Quercenton midem and Carpings ocaur in smiall
yuantities. Separate grains of Fagues pollen are observed.
This pollen complex belongs to the pollen zone Sa, and
hats the age of the Middle Subatlantic.

XVI pollen complex. This characterizes the upper part
of the bottom sediments, The pollen complex differs
by a maximum of Pinus pollen. The amount of herb
pollen has increased. The pollen complex corresponds
to the pollen zone Sa, and has the age of the Late
Subatlantic,

CONCLUSIONS

The general correlation of pollen zones is llustrated
in Table . The section ol st. 8, 2, 554 is most impor-
tant and at present  has the basic overview ol the
palynostratigraphy of the bottom sediments in the Gull
of Riga. However, the separate pollen zones in verti-
cal sections are nol fully expressed always, and can even
be absent sometimes. 11 35 closely connected with the
changing processes of the sedimentation in the basin,
The conditions during  sedimentation are reflected in
the composition of spores and pollen of the Preboreal
and mainly Subboreal sediments. The compuosition of
the pollen zomes of the Preboreal and Subboreal sedi-
menis are formed during ransitional periods of the de-
velopment of the Gulf of Riga - at the beginning of the
development of the Yokdia Sea and during transition from
the Litoring Sea to the Postlitorinag Sea.

The described pollen complexes and their vertical
succession have been used as a basis lor the
palynostratipraphical scheme of the Late-Glacial and
the Post-Cilacial sediments in the Gull of Riga (Stelle
al al. 19923, The scheme is illustrated in Table 2, The
palynostratigraphical scheme reflects the period be-
ginning from the Allerpd time,
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INTRODUCTION

Metals pet into bottom sediments from natural sources
and sources related to human economic and domestic
activity (contamination). The commonly Known Irans-
port ways arce : throught the atmosphere, water and
living organisms, Less  investigated routes of metals
into recent sediments are: ground water discharge and
fluid Nows related o sediment diagenesis.

Of eruecial importance 1o quantitative and qualita-
tive distribution of metals in botiom sediments are
lithological and mineralogical composition of depos-
its, ways ol input and geochemical processes taking
place in the near-bottom water layer and the sediments.

As a result of the rapid development of indusiry,
transport and rural cconomy the natural flux of metals
inscdiments was supplemented during the last decades
with the anthropogenic pollution.

Concentrations of metals and their distribution in
various types of bottom sediments in the East Baltic
Sea are described in many publications (Brzezinska el
al. 1984, Blashichishin el al. 1982, Emelyanov 1970,
LEmelyanoy 1987), There are data on metal contents
and peculiaritics of their accumulation in bottom sedi-
ments of the lower course of Nemunas River and
Curonian Lagoon (Pustelnikov et al. 1983} and on the
pollution load of recent sediments in the castern part
of the Baltic sea (Lukashin 1986),

It is helpful 1o know the rates of sedimentation in
investigalion arcas, [1 was established by Kuptsov ¢t
al. (1984) that the mean rate of sedimentation in the
approaches of Klaipéda port reaches 1.1 mm per year,
in the Gidansk Basin - (0.6 mm, and in the Gotland
Basin - 0.5 mm. Our investigations showed that in the
aquatory of Klaipéda port the rates of sedimentation
are considerably higher and range from several to some
cenlimetres per year.

The knowledge of trace element distribution in
bottom sediments of Nemunas River, Kuriy Marios

Lagoon and East Baltic is considered insufficient be-
cause the previous investigations were not so detail,
the different analysis schemes and instruments were
used. In some study arcas there was a Tack of guanti-
tative data on sclective distribution of trace metals in
sediments. Our investigations were aimed at determin-
ing trace metal distribution involving chemical frac-
tionation of deep-sea, near-shore and estuarine sedi-
mentation systems, More detail regard was made o
heavily industrialized Klaipéda port arca.

The aim of this paper was 1o investigale the con-
tent of metals in recent sediments of the lower course
of Nemunas River, Kurdiy Marios Lagoon and 1zast
Baltic Sea and (o estimate the degree of their pollu-
tion with heavy metals.

METHODS AND MATERIAL

Bottom sediment samples [or metal analysis were col-
lected in 1983-1993. A total of 245 sediment samples
were collected in the lower course of Nemunas River,
the northern part of the Kuriiy Marios Lagoon, the
Klaipéda port and in the East Baltic Sea areas (Fig. 1)
Surficial bottom sediments were taken with a box grab,
sediment cores oblained with gravity corer equipped
with a inerl liner (up to 2.5m in length and 6.0 cm in
diameter). The collected samples were deseribed, the
lamination was examined, redox potential (Eh) and
content of - determined. and grain size analysis
made * .

The redox potential of the sediment was measured
immediately after sampling with a platinum electrodes
which were inseried in each sampling interval of core
to a depth of 3 em (for 2 hours). Samples were taken
[rom the middle of the grab and sediment core in or

* Gram size analysis of bowom sedimemis was done by
S.Gulbinskasand C by R.Stukeniene,
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computed for determination of interdependence lable 1. Mean concentration of metals in the surface layer (0-3 cm) of botom sediments in the lower course of Nemunas

40 30 20" 0" 20"
. E S \ . s Among the concentrations of metals and relationship River, Kuriiy Marios Lagoon and the Baltic Sea.
. between different elements and the type of sediments =
G (‘Table 2). The data obtained in various sedimentation Predoni-  Sam
. 1 areas were unificd into one standardized matrix (189 Sediienation nating ple Concentration, mglkg, dry weight
samples). Area sedimenis  mum
* s e AR o ber  Fe Ma  Co  Zn  Cu Cd Hg b o,
 FAST BALTIC SEA" i
e test ot DISCUSSION e e i O, 28 4800 230 040 2581 459 0.96 - 1507 13.64
L £ The abiatnnd s T T e e e af Memmnas Kiver aleurie B G000 20 0.5} A6.78 1937 0.78 “H_m 14.30
—— ¢ obtaine resulls shm‘_ﬂ.:l in all investigated sedimen- piad = 7000 10 190 6360 70 .49 : 2130 A5.86
tation regions that the highest values ol metal concen-
S0 trations can be observed in water-rich clayey sediments, A
the lowest in coarse-sandy sediments. Such distribution of dhe Kurdiy :dmm sand 15 6800 450 470 28.40 1540 060 008 1380 3570
| Bpreconditioned by the content of fine particles ( <0.001 La twithout K-
. = s i goon fwathioen
mm) in sediments and the linking of most metals with sddla hatd
clay minerals. Thus, near shore, where coarse deposits e
predominate, I!'u: metal contents in bottom sediments i 6 31500 290 L60 13980 29.40 0.35 041 1546 7440
are lowest and increase in the open sed reaching max- The Midkas Bay deuite 6 34000 300 445 17130 2640 119 080 1743 875
mum in the arca of deep sea depressions. [n bays and (labpida: pori) mud 10 40100 750 636 287.00 757.26 176 138 2550 119.0
cmbayments this regularity frequently does not work, gl 10 22000 470 346 7540 23.50 009 006 720 39.00
because clayey-silty sediments accumulate at small depths
Fig. 1. Sampling sations. close to the shore. [L was determined (Parks 1975) that Klaipeda saiid 9 8300 150 1275 2510  BS50 204 003 900 4460
B Pling F:II‘III:ELS nt_rllh:; fractions arc -.Il'mrnj.l:::md Ly gmuri;.::r[p AR oot 6 13400 20 1365 306 117 g TR T S = | I T &
dt:_l"ln iwui'-:l mniﬂ“_"inﬂtinn. All sampl‘{-‘-' were stored r::;: ﬁpﬁﬁgfrwlﬂ::lt :tl;ll::;; :f:i:?i:ngrﬁ:n?:utluliiﬁ:. . o aUamn e e p e
;ut-l;’:}; in plastic containers before analysis in the labo-  We fived that amount of trace elements in bottom sedi- ftsc. ncarlioee
atory. Irec o T H e - - -
Ly sl 23-E0tand heated to) 300 sedinicnt ﬁ;:iﬂﬁﬁnffﬁﬂiﬁ‘ﬁl‘:ﬁ?ﬁﬁmﬁ?ﬁLf:*:::"w{:r of the Baltic Sea and 40 7100 700 1380 1475 890 292 007 1112 4140
samples for Fe, Mn, Co, Zn, Cu, Cd, Pb, and Cranaly-  1¢r column. Under quiet hydrodynamic conditions fine The dee o
sis were heated in closed tephlon crucibles with N suspended terrigenic and biogenic particles togetherwith IHE rf;]:_":: _*'u" aleurite 25 11200 200 240 20081 464 1LAD 0.0 2078 3516
centrated HE/HCIO, and HINO, acid mixture at 1200C 1ra00 ¢lements, settle on the bottom. Analysis of sedi- Cdansk and Cotdand | aad 1732000 400 1780 13970 3176 135 D09 5240 7330
for | 10 3 hours. After cooling, the acids were evapo- et fractions and content of metals in them revealed [ it ' . o L -
rated and the final solutions were stored in 6 % mix-  hay the smaller the median (Md) diametre of sediments, atngl
ture of nitric and perchloric acids taken in cqual vol- ¢ the finer the sediments, the higher the content of Nk eabi Ty il
umes (Breczinska et .al' 1984). The h'ﬂl'll:iﬁ and $1an-  erals in them shown scematically on (Fig. 2). ; “"T " & v 43000 670 2000 8000 $7.00 030 040 20,00 100,00
dard reference materials were prepared in the some According to the increase of concentrations from ';:t.m_rq m?rj‘-’ﬂ Z ' .
way. The accuracy of the results was assessed using — gandy (> 0.1 mm) to aleurite (0.1-0.01 mm) deposits, it

the sediment standarts from Russian Institute  of
Oceanology. The obtained concentrates were ana-
lyzed for the total content of metal by atomic-absorp-

tion spectrophotometers (AAS) “Perkin Elmer Model Suppose that the average concentration of a metal Components X [ Fe M Cu Zn o Cd Hg b Cr Type of sedimeny
03 and “Saturn 3P (air/acetylene flame). Mereury  jn cand cquals 1, then, in mud it is higher by 1.2 to 3.5
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I'he total organic carbon (C ) was determined al- ke smallest ones of Co, Cd and Mn ( by 1.2-2.1 times a -
ter burning samples to CO, by heating to 900°C and higher than in sand) (Table 1). M 0.04,% 0.0 - - 041 050 003 017 027 036 DAO o2
applying automatic titration method (deviee AN-7529, The content of organic matter is another very im- _ i 5 ‘0 0.57 0.71
Russia). portant parameter influencing the concentration of = WG ATH T, ' T R el O IR IR W '
metals in sediments (Hallberg 1991, Volkov 1980
; : : . - - a4 104 . ; : . 26 071 073 078 0.68
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) . ) . . shows that the content of C__ in the sediments of the o foa A ) } ' N ' ! '
Coneentrations of Fe, Mn, Co, Zn, Cu, Cd, Hg, Pb,  sneidered Sea areas ranges from 0.2 to 5.0% with
Cr, and regularitics of their distribution were estab-  {pe average equal to 2.1% of the dry weight of sedi- G L7, 10% L0 - s . . R el
lished in sample cores (up o 2.5 m deep) and surface  ens Similar results have been earlier obtained by = S 050 0.61 0.61
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STATGRAPHICS™. Correlation coefficients () were i sediments can be observed (Fig 2).
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metals can be divided into two groups. One group in-
cludes Cu, Cr, Hg, Zn and Ph, the other group includes
FFe, Mn, Co, and Cd.

Tuble 2. Cocflicients of correlation of chemical elements in the borom sediments of the East Baltic (189 samples).
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The obtained values of correlation coefficients (r)
indicate that there is a direet co-variation between the
content of metals in sediments and their granulometric
composition (Table 2). The liner the sediments, the
higher the content of metals in it Scdiment type mainly
predetermines the distribution of Co (r = 0.71), Fe
(0.6, n (0.08), Ph (0,65 and Hg (0.61). [ts impact on
el {r=0.13) and Mn ({122} concentrations is the least,
Cirain size makes the greatest influence on the content
of Pb, Cu, Hg and C_ . I';.pu.ially high values of correla-
tion coeflicient are Between € and Cr (r= 0,78} {in-
luence of pollution in Klaipeda region), C_ and Zn (r
= 0.77), C_ & and Cu (r = 0.71). The metals are also
strongly related among themselves. 1t s especially troe
about heavy metals. Close direet co-variation  among,
heavy metals suggests their common source and mecha-
nism of distribution in sediments,

The data obtained also suggests that the distribu-
tion of metals in the surface layer of sedimenis of the
investigated arcas is conditioned by mechanical dif-
lerentiation of sedimentary matter which depends on
the conditions of sedimentation and degree of pollu-
tion of the area (Table 1). This is also indicated by the
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observation that the same lithological types of bottom
sediments in different areas contain different amounts
of metals, but the peneral tendency of increased val-
ues in liner [ractions remains. In the nearshore of the
Baltic sea, in the northern part of the Kurdiy Marios

Lagoon and some sections of the lower course of

Nemunas iver, the content of metals in sediments iy
comparatively low. This is explained by the predomi-
nanee of sand [raction. In the zones of local pollution
near lowns, industrial regions and river mouth it is
possible 10 observe the increased values of heavy mel-
als (Pb, Hg, Zn, Cu, Cd, Cr). Such a situation can be
observed in the Nemunas River down the town of
Kaunas, Tilze, the mouth of Dubysa River, and at the
town ol Klaipéda,

The highest concentration values of heavy metals
in all granulometric types of sediments were found in
the sediments of Klaipéda port (Table 1), Most pol-
luted sediments were observed in the Mitkas Bay, an
arca ol cellulose and cardboard factory; the Dane River
mouth and in the harbour basins. Comparison of sand
and silt from the central part of the Baltic sea and
Miskas Bay revealed that in the sand of the latter there
is more Zn by a factor 9.5, Hg 5.8, e 4.4, Mn 4.1, Cu
33, Cr L8 Pbl4and inthe mud - Cu by 237, Hg
15.3, Mn 9.4, Zn 2.0, Cr 1.6, Cd 1.3 limes. Especially
highly polluted is the surface layer of bottom sediments.
If compared with deeper horizons it has considerably
mare Cd, Hg, Pb, Zn, Cu and other metals though the
lithulogical composition of battom sediments is almos!
similar (except till) (Fig. 3).

Similar situation can be also observed in the open
sca wilh the only exception that the differences of
coventrations in the surface and deeper layers are not
so distinet there (Fig4). This is related to changes of
physical-chemical conditions in the surlace layer of
bottom sediments occuring due Lo sediment diagen-
esis and, what is most important. to anthropogenic
pollution which has especially increased during the
post-war period and is distinetly visible in the vertical
section of metals distribution in sample cores. Anthro-
pogenic pollution can be distinguished from natural
background according o the associations of specific,
lechnogenic clement peculiarities of their migration
and accumulation.

Accurate evaluation of pollution of sediments is
problematic as the background level is unknown and
the notion “background concentration of an element”™
is conditional in itsell. 1t is impossible to find such an
area in the sea which would be free of any anthropo-
genic impact, therefore, the absolute estimation of
pollution is impossible. In every respect the evalua-
tion of pollution with metals is relative. This can be
done by comparing the investigated region with the
“ecologically clean™ one, i.e. less polluted, or the con-
centration of metals in recent sediments with the con-
centration in deeper layers of the same type,

The amount of metals settled in botlom sediments
as a result of human economic activity is approximately
revealed by the coefficient of pollution (K). 1t is calen-
lated by dividing the concentration of 4 metal in the
surface (0-3 em) layer of bottom sediments by its con-
centration in deeper horizons (usually below 1 m).
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Fig. 6. Diserabution of P'h concenvranons in the surface {(0-3 cim) layer of boton sedimenes in the Baltie Sea ofl Klaipeda, mpg/ke,

Tabile 3, Average increase of the concentration of metals in recent sediments as a result of human economic activity (K)
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The lower parts of sample cores contain older for-
mations, which in comparison with recent sediments
are less polluted with metals (especially heavy met-
als). There is an assumption that the amount of metals
in the lower part of sample cores is predetermined only
by natural factors because al the time when old sedi-
ments accumulated there was no pollution and no redis-
tribution.

For calculations of the cocfficient of pollution in
the Klaipéda port, castern slope of the Baltic sea and
Gidansk depression several sample cores were selected
in each arca. The resulls are represented in Table 3.
The surface layer of bottom sediments is most highly
polluted in the aquatory of Klaipéda port. The natu-
ral background is there exceeded by 1.2-11.0 times. In
the deep water zone (Gdansk basin) the pollution of
sediments is also considerable. The natural background
is there exceeded by 1.2-3.0 times,

It is evident, that the surface layer of bottom sedi-
ments in all aquatories is enriched with heavy metals
especially Hg, Cd, Zn, Cu and Pb. Comparison of re-
cenl sediments with older ones reveals a slight increase
of Fe and Mn, but we can even observe a decrease of
Mn contents in the Gdansk basin.

[t is interesting to compare mean concentrations
of metals in the surface layer of bottom sediments of
the investigated regions with mean values in sedimen-
tary rocks (Perelman 1975) (Table 1). The mean value
of heavy metal concentrations in the Mifkas Bay
{ Klaipeda port) inall granulometric types of sediments
exceeds the mean value in sedimentary rocks by a lac-
tor 8.6 for Mn, 4.9 for Cd, 3.2 for Zn, 3.0 for Hg, L1 for
Ph. The Gdansk and Gotland basins are also enriched
with technogenic metals (Cd, “n, and Pb) if only in
smaller amounts, The mean value of Cd exceeds the one
in sedimentary rocks by 4.5, Ph 2.6, Zn 1.7 times,

Fig. 5 and 6 represent the distribution of Zn and
Pb concentrations in the surface layer of bottom sedi-
ments in the East Baltic off Klaipeda. There is a dis-
tinet relation of the mentioned elements with fine grain
[(ractions because the arcas of maximum concentrations
are situated in the deep water scetor of the investiga-
tion site (Nemunas old valley and Gdansk depression).
Part of transported sediments getting into the sca
through the Klaipéda channel apparently settle in the
nearshore zone. The mentioned zone is characterized
by increased concentrations of Zn and Pb in sediments.
As 55% and 10% ol the Zn get through the geochemi-
cal mixing zone of saline and fresh water (Kuriiy
Marios Lagoon - Baltic sca) as a constituent of sus-
pensions (investigated by the author) it is not diflicult
to explain their observed distribution in the surface
layer of bottom sediments. According to the concen-
tration of Pb in sediments we can easily reconstruct
the areas of transportation and discharge of sediment
Mow from the Kurdiy Marios Lagoon (Fig. 6).

The distribution of metals in the bottom sediment
cores is a complicated question. Over the general back-
ground (increasced concentration values of clements
in the upper part of sample cores) described above,
hardly explainable fuctuations of metals can be ob-
served. Bven in the sediments of the same type the
concentration of an element may Auctuate within &
wide range. It was noticed that most metals are char-
acterized by increased concentrations in layers rich in
organic matter and hydrotroilite. Presumably, it could
be explained by diferences in physical-chemical condi-
tions of the environment in the past and present, as
well as the intensity of the processes of diagenesis in
sediments.
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Shallow Gas Traps and Gas Migration Models in
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those of sedimentary bedrock. This paper deals with gas rraps and gas migracion
models in the rr].'f.l:l”im- bxdrock arcas. Cas acouwmulations of biogenic arigin m
thier |kk\rg]n:.'i.4| sed e nis acour r.umnmn]j' i delimmired basins within the Swed-
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h”fl Flodén & "}'r""':jd"ﬂ-’f_'m~ ”f‘fﬂlﬁmt’ﬂf mally found in positions of fermacion and sre rarely associaed with pockmarks
of Geology and Geochemistny, Stockholm bubblemarks. In the offshore crysalline bedmock arcas, gas acounmilaons

[lniversitv, S- 106 91 Stockholin, Sweden;
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shaped and found within overlying glacial and postglaciil chiys. They are o

mally sssociared with degassing seructures in the seabed, represented acousti-
cally by either very small poclonarks {rermed bubblemarks i chis paper) or by
motched sealloor. The stes of the bubblemarks and their raves of regenerition
are highly dependenr on the properties of the seafloor sediment, The gas migra-
tion pattern depends an crysalline bedrock morphology, vill diseribamion and

sediment Illln:luw."wx. I appears 1o [ |1=L\-:.ii1|1' (1%} }lrl.'lﬁt'l Illm' kined o cvielence of
gas rnigranion which should be expecred in any pardicular anca,

INTRODUCTION

Clircular depressions in the seabed, termed pockmarks,
have been reported from shelf areas around the world,
mainly areas of basal sedimentary bedrock, where the
presence of petroleum-associated gas is expecled.
Known occurrences up to the present time are dis-
cussed by Hovland and Judd (1988). Pockmarks arc
normally developed in soft bottom sediments and are
usually interpreted as outlet vents for gas or fluid, The
clayey sediments often show disturbances - gas
lurbation - in the vicinity of these stroctures. Gas traps
in the sediment, related to occurrences of pockmarks,
are also a common lfeature,

In the sea areas around Sweden pockmarks of vari-
ous sizes and origins have been reported by several
authors. Whilticar and Werner (1981) describe pock.
mirks associated with the Mesozoic sedimentary bed-
rock arca in the southern Baltic Proper. Flodén and
Siiderberg (1988) found degassing structures and gas
traps in the sediments overlying the crystalline bed-
rock ol the northern Baltic Proper and within the
Stockholm Archipelago.

Those nockmarks and associated trap struclures
which overlic erystalline bedrock areas are ol a special
interest (o the authors; petroleum associated gas is
clearly not present. Nevertheless, most structures off-
shore Sweden have been shown to be created by pas,

as documented by visual gas seepages, gas enuptions and
by analyses of absorbed gas in the sediment (Soderberg
& Flodén 1989). Locally within the archipelagos, explo-
sive gas eruptions with outbursts as high as 10-15 metres
have been reported by the local papulation.

The sizes of pockmarks within the crystalline bed-
rock areas studied by the authors appear 1o depend
on the composition of the overlying sediment, Those
formed in postglacial clay and mud typically range from
some 2040 cmin diameter in soft muds, up 1o aboul
1.5 min diameter in more consolidated clays. Because
of their small sizes, these are referred o as
“bubblemarks” in this paper. Some distinctly larger
pockmarks in late placial varved clay have also been
found. These are up to 40 metres in diameter, 2-3
metres deep, and exhibit distinetly at bottoms.

The main gas source within the areas of crystal-
line bedrock is probably biogenic, with the gas pro-
duced in the postglacial sediment. In addition,
thermogenic gas has been shown to rise 1o the sea-
floor from low levels in the Earth's crust, creating
extensive lields of bubblemarks along major lectonic
lincaments (Soderberg & Flodén 1991, 1992). The
locations of the bubblemarks in relation 1o the lin-
caments is dependent on bedrock morphology, the
distribution of till and on sediment thicknesses, and
several different mechanisms of gas migration can
be distingnished,

METHODS

In this study, gas traps and degassing structures have
Been investigated geophysically by means of low fre-
guency echosounding using a so-called “mud
penetrator” at 4 kKHe, by shallow seismie reflection pro-
filing at 430-900 Hz and by side sean sonar mapping at
300 kHz using a dual frequency 126G & G model 260
image correcting side scan sonar, Further information
an the structures was obtained by seuba diving. A sam-
pling and gas analysis programme for some of the strue-
tures in the Stockholm Archipelago was performed in
arder to determine the composition and origin of the
pas released through the bubblemarks (Stderberg &
Flodén 1989).

Gas traps and their interpretation in sediments
overlyng Swedish erystalline bedrock

The crystalline bedrock arcas investigated, along the
Swedish west and cast coasts, belong 1o the
Fennoscandian Shield. In Abyljorden Bay, on the wes
caast, the bedrock consists ol Bohus Granites (890 Ma),
In the Stockholm Archipelago, on the east const, the
bedrock consists of Svecofennian metascdimentary
govisses and granites (1800-1900 Ma). In neither of
these arcas have any extensive insilu occurrences of @
basal sedimentary bedrock been found.

Seabed structures and sulsurlace gas traps indicat-
ing the presence of migrating gas, i.e. pockmarks and
bubblemarks, mottled scalloor, gas-turbated sedimenis,
dense gas vacoole accumulations ete. ocour along sev-
eral reactivated Precambrian tectonic lineaments in the
arcas investigated (Fig. 1a).
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Fig, 1. a) General location of siady arcas, b} Abyfjarden Bay.
Gras traps on the Swedish west coast

Abyfjorden Bay is one of several well-developed fjords
eroded along NE-5W striking deep lractures on the
Swedish west coast, The sediments of the arca typi-
ecally consist of late glacial varved clay and postglacial
clays and muds, only locally resting on some metres of
il

An investigation of Abyfjorden Bay using mud
penetrator sounding and shallow seismic reflection
profiling revealed an abundance of gas-related sedi-
ment structures inall five fjord sub-basins. The exten-
sion of recently forming gas sheets is shown in Fig. 1b.
The mud penetrator recordings show that, in addition
Lo these sheets of recent biogas, gas from the bedrock
[racture rises through the bottom sediments, This is
evidenced by the occurrences of gas- turbation struc-
tures in the ate glacial varved clay.

The profile (Fig 2) demonstrates a transition from
largely gas free sediments o pas charged sediments
(M), Strong gas-turbation and gas remnanis occur in
the late glacial varved clays (B3) and in the postglacial
(C7) sediments, One level (1) stands out as a “bright
spot” due 1o accumulating gas. In general, it seems that
when sufficient gas pressure has built up below a sedi-
ment surface, the gas breaks through the surface and
migrates o a stratigraphically higher level where o new
EIUElImlllllliHH ITIH}" CDCLIT,

No bubblemarks were recorded in Abyljorden Bay,
but this may merely be due to the fact that the vertical
sounding methods used in Abyfjorden were not capable
ol resolving bubblemarks in the extremely soft bottom
sediments. In comparison, bubblemarks located by side
scan sonar in similar soll boltoms in the Stockholm
Archipelago were found 1o be very small, normally not
more than 20-30 cm in diameter,
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Fig. 2 Gas-wap srucres in Abyljorden Bay (b in Fig. 1), A - gaschiiged sedinenis, B - gas sulusnd glacial varvad elay, C - g mibanad posghacal
sedimerns with gas reminans, L) - gas acowmubaion bebow sepcmial surface cansing “Dright spon™ inage. Mud pencmor reeonding a4 ke

Gas migration medel for Abyfjorden Bay. The records
obtained during the present study reveal a large num-
ber of places where gas vacnole accumulations are
trapped, or have previously been trapped, below suc-
cessively higher stratigraphic surfaces. In addition, the
records show gaslree arcas where gas-turbated glacial
and postglacial sediments reveal the locations of pre-
vious gas accumulations. These gas traps are located
towards the central part of the fjord, directly above
the tectonic linecament along which the fjord has de-
veloped, This vertical gas migration seems to be typi-
cal of areas where glacial and postglacial clays rest di-
rectly on the bedrock (see Fig, 3, section 1),

From these sediment structures it can be concluded
that gas more or less continuously rises from deep
sourees in the bedrock along the fjord fracture. Foture
sampling of the gas vacuole accumulations using a
newly developed gas-sediment sampler (Soderberg
1988) should be able to confirm this.

Gas traps in the Stockholm Archipelago

The erystalline bedrock of the Stockholm Archipelago
is traversed by deep-seated tectonic lineaments trend-
ing mainly NE-SW, NW-5I5 and E-W. The NE-SW and
MNW-5E lincaments are assumed to have been initi-
ated during the culmination of the Svecolennian orog-
eny at about 1850 Ma. Lincaments trending E-W are
vounger. Although lorees during later orogenic phases
have led to the development of new lincaments, they
have mainly reactivated and opened older ones. Sedi-
ments in the Archipelago typically consist of glacial
and postglacial clayey deposits resting on a few metres
ol basal moraine,

In the Stockholm region, the investigations were
concenirated on three major tectonic lincaments,
namely the Vaxholm-Soderarm- Ligskir ineament (V-
S-L in Fig. 4), the Stromma lincament (S) and the
Sodertiilje-Landsort lincament (5-1.).

Gas migralion in till
and clay sediments

Clay
wedimenis

Lo Cryataliine
it =) bedrock

Fig. 3. Migraion mwodeds of thermogenic gas along weonie Gl in ensalline bedrock anss Sections are dawn o scale from dhallow seismie
revordings. | - in arcas where the basal ll is parchy or absent, the gas is observed w0 nse venically through dic sedineene. 2 - in arcas of 2 comimons basl
till comver, tlee s is ohserd 1o migrane sideways o neansbore oudbow arcas The ontflow ances are scarmed by bubbloanads 3 - b anss of thin cay cover,
the gas nss wericlly w the seafloor. The ouflow arcas forn mortbed smlloer. 4 - Tn areas where the basal il is cposod alongshore, no bubble marks

oceur despie surfice oheerations.
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Bubblemarks. Wherens bubble marks in the bottom sedi-
ments are commuon along many of the major tectonic
faults of the Stockholm Archipelago, they are rarc clse-
where. The bubblemarks normally group along the strings
of islands on both sides of the submarine faults, at water
depths of 6-16 m. Bubblemarks are not found along the
decp central parts of the faults. Nor are any gas- turbation
structires found there, We explain the nearshore ocour-

rences of the bubblemarks as duc o a sideways migra-
tion of gas within the bottom moraine to the shallow
nearshore areas where the cover of glacial and postgla-
cial clay sediments is small (see Fig. 3, section 2). The
bubblemarked areas (Fig. 5, Ioe. 1 in Fig. 4) normally
exiend a few hundred metres lengthwisc along the is-
lands, whereas their widths are dependant on the slope
of the seabed. A width of 25-50 m is normal,

SRR AR A T L

Fig. 5. Side scan sonar recording ar 500 kHze. An example of bubblemarks in posiglacial sediments along, the Vasholm-Soderarm-
Ligskiir lineament {Joc. | in Fig, 4). The bubblemarks occur alongshore at warer depths of 6-16 m.
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Sediment and gas analyses indieate that the gas
seepapes mentioned above include a significant con-
tribution of thermogenic gas (Soderberg & Flodén
1259, 1991). This fact, 1wpgether with the locations of
the seepages along major lineaments, leads 1o the con-
clusion that the structures are formed by gas which
rises (o the surface from deep levels in the erystalline
bedrock. Evidence of farge fields of bubblemarks in
the vicinity of an carthquake area in the northern part
of the Stockholm Archipelago (Soderberg & Flodén
1959, 19491 ) further supports the concept of gas from
deep sources in the bedrock as the principal feeder lor
these struclures.

Mottled seabed. Patches of high reflectivity on side scan
sanar recordings have been reported from the Norwe-
gian MNorth Sea, where they are associated with shal-
low seabed depressions (Hovland 1984).

Acreas of "mottled seabed™ oceur in side scan sonar

recordings from the Stockholm Archipelago, too. In
the Archipelago the patches of mottled seabed are of-
len associated with areas of muddy sediment along
narrow straits. The structures are normally elongated
and extend lor several hundreds of metres, lyving di-
rectly above bedrock fractures, A typical side scan so-
nar profile is presented in Fig. 6. The location of this
particular side scan sonar profile (loc. 2 in Fig. 4) is
along a narrow NE- SW lineament which parallels the
Vixholm-Soderarm-Lagskir main lincament (V-5-Lin
Fig 4). Section 3 in Fig. 3, which is based on a scismic
rellection profile along the same line as the sonar re-
cording (Fig. 6), shows that the area ol mottled sea-
bed conforms with an area of unusually thin sediment
cover. [Further to the northeast along this particular
lincament, the thickness of the sediment cover in-
creases and the mottled scabed is replaced by an area
with bubblemarks offset shorewards from the central
Tracture.

Fig. 6. Side scan sonar recording ar 500 ke, An example of mowled seabed (A) in mdely sedimens (boc 2 in Fig, 4), Till ane
bedrack (B) s rx]hm-d on the submarine .‘.lu].n:s berween small islands (C), The sediments are thin and areas of mottled seafloo

occir at several places along the cenire of this lineamen.

I'he areas of mottled seabed are interpreted as vi-
sual evidence of gas scepages along those parts of the
tectonic lineaments where the sediment cover is thin
and where therefore no horizontal migration occurs
(see Fig. 3. scction 3). The thin sediments hold no ac-
cumulations of gas; so pas scepage seems to be almost
constant, According to our diver observations, the
mottled seabeds are actually areas of extremely small
bubblemarks, i.c. bubblemarks on a scale which can-
not be resolved, even using a 500 klz side scan sonar.

Featureless scepages. Along parts of the investigated

lineaments gas seepages occur despite the fact that no
gas traps are seen in the seabed. These seepages are
known to exist from reports of gas outfllow at the wa-
ter surface. One arca of [eatureless scepages is located
along the Stromma lincament at Djurd (loc, 3 in Fig,
4) (Soderberg & Flodén 1992). Numcrous reports of
gas secpages al Djurd have been verificd by analyses
of absorbed gas in clay samples. There is a strong cor-
relation between the extension of the Stromma linca-
ment and the amount of thermogenic gas absorbed in
the clay,

The absence of gas traps and seafloor structures at

3jurds may be explained by the local seabed geology
(sce Fig 3, section 4). The bedrock is exposed or cov-
cred only by a thin basal moraine down to depths of
33-45 m. Below this level, outwards thickening layers
of glacial and postglacial clays oceur. The pas leaving
the bedrock [racture migrates sideways within the bot-
tom moraine and is released alongshore where the
bottam moraine is exposed in the scabed, thus no
ubble marks or other acoustically visible gas traps are
created,

DISCUSSION AND SUMMARY

I'he gas which occurs in the offshore sediments over-
lying the Baltic Shield is ol a mixed biogenic and
thermogenic origin (Soderberg & Flodén 1989, 1991).
The biogenic pas. mainly methane, is in gencral
autochtonous and occurs as extensive acoustic masks
ol gas vacuoles located near the surface of the postgla-
cial sediments. The thermogenic gas is allochionous,
rising 1o the surface along ancient tectonic lineamenis
in the Shicld. The thermogenic gas, normally mixed
with biogenic gas when it reaches the sealloor. is re-
sponsible for the large variely of gas associated sedi-
menl structures presented above.

I'he chemical composition and the thermogenic sig-
nature of the gas absorbed in the offshore sediments,
as well a8 iis restricled occurrences along major lec
tomic lineamenis, lead to the conclusion thil gas com-
munly sceps from deep levels in the crystalline bed-
rock of the Haltic Shichl.

Biagenic pas. 11 is assumed here that the biogenic gas
produced in the upper parts of postglacial and recent
sediments normally escapes vertically to the seabed,
but that the {low is far o small o leave any deiect-
able deformation of the scafloor. This does however
need further investigation

Thermogenic gas. A major dillference between the gas
traps [ound in Abyfjorden Bay and those found in the
Stockholm Archipelago is that, in the former area, the
girs rises vertically through the thick central parts of the
sediment pile, whereas in the Stockholm region the gas
normally migeates sidewiays to outlet vents nearshore
where the clays are thinor absent. The various locations
of the gas struclures described above suggest al least four
dilferent models ol gas migration (Fig. 3).

In Abyfjorden, the cover of boltom moraine is ir-
repular, Cwver large parts ol the ord bottom, glacial day
rests directly on the bedrock (scetion ©in Fig, 3), Under
these conditions, gas from the bedrock fraclure rises al-
most vertically through the sediment, lending the varved
glacial clay a gas-turbated appearance. Possibly, gas mi-
grates along the boundary between bedrock and sedi-
ment oo, but so far this has not been investigated

In the Stockholm region, the cover ol boltom mo-
raine is more complete. Thermogenic gas normally mi-
grates sideways within the moraine to oullet arcas
alongshore, where the clay is thin or absent (sections 2
and 4 in Fig. 3).

Along the main tectonic lincaments these outlel

areas are normally located nearshore to the string of
islands bordering the lincaments. In some arcas, as
along the Vaxholm-Soderarm-Lagskir lincament at
Vettershapa (Soderberg & Flodén 1991), the outlet
venis are developed as bubblemarks which occur ex-
tensively near the islands at water depths between 6
and 16m. The clays in the outlet arcas are usually only
some few metres thick (section 2 in Fig. 3). In other
arcas, as along the Strdmma lincament at Djurd (loc,
3 in Fig. 4), no seabed gas trap structures have devel-
oped at all due to the absence of clay sedimenis on the
steep slopes nearshore (section 4 in Fig. 3).

Along those parts of the tectonic lincaments where
the clay cover isvery thin (section 3 in Fig. 3), pas leaks
dircetly through the sediment, acoustically marking the
location of the bedrock [eacture in the seaflloor (sec
Fig. 6).

In summary, bubblemark distribution can be ex-
plained by the Jocal geology and it is now possible 1o
predict the Kind of evidence of gas migration which
should be expected in any particular area. By using a
combination of acousticsurveying logether with analy-
ses on absorbed pas in samples taken in profiles along
and perpendicular to fault lines it is possible 1o recog-
nize and Jocate the active parts of the wectonic linea-
ments in erystalline bedrock areas and to distinguish
them [rom those parts which are now scaled,

Size and time aspects of pockmarks and bubblemarks.
Not only the locations but also the genceral size and
recycling time of the bubblemarks in the crystalline bed-
rock arca lollows a peneral pattern. In areas of very
loose postglacial sediments, clay and gyitja,
bubblemarks are normally rather small, ranging [rom
some 20-30 cm up to 60-T0 cm in diameter (see Fip,
5). Recyeling time is very short. In a matter of a lew
months time a bubblemarked arca may change [rom
having a limited number ol 60-70 em bubblemarks 1o
hawving o large number of 20-30 cm bubblemarks, Larger
bubblemarks are associaled with increased gas Now of
short duration. Alimited number of large bubblemarks
is what is normally found as the immediate result of
major gas eruptions.

In areas of relatively stiff posiglacial clay,
bubblemarks are vsually somewhat larger, ranging [rom
OO-T0 cm o 150-200 cm in diameter, Recyeling time is
longer. Normally, no significant changes within an arca
were evident during the time span of the current pro-
gram.
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INTRODUCTION

Seismic data show reduced, rather simple Quaternary
seguences in the SE Baltie. Complete ones are present
only in [ew regions. The Ventspils palacodepression
(Cioldlarb et al. 1991 is the largest one. | lowever, the
OQuaternary cover is penctrated only by lew boreholes
and anly one of them is thoroughly studicd. The latter
one is the borehole 37 penctrating sulficiently repre-
septative part of the Quaternary, including three
palacoglacial deposit complexes. According to avail-
able seismic data the lower complex is the oldest one
inthe region. The borehole 37 cores were investigated
according to geolechnical standards: further specimens
were studied by palynologic, micropalaconthologic,
lithostratigraphic and lithogenetic methods. This ar-
ticle presemts the results of the lithogenetic study,
Macrascopic and microscopic examinations, specimen
and thin seetion photography, clay-mineral identifica-
tion by x-ray dilfractometry.

DESCRIPTION OF THE SECTION

Borehole No. 37was drlled in 1988 from the iy Kimberdite”
at a distance ol ea, 15 nautical miles NW from Licpaja, at a
witer depth of 35 me Following deposits (depth in meters
Drelow the sea-hotlom) were penetrated:

L (0= 8.1 m) brown-grey, with brownish-yellow iron-
stained spots and zones, solt and tight loam including
gravel, pebbles, rubbles (ea. 10-209%), seattered boul-
ders. The loam is mainly massive, but locally bedded.
Acvarved clay interbed is present at the loam bed top
(0.2-0.7 m depth interval) and black clay lenses 2-4em
thick arc recorded near its base,

2 (8.1 - 24.4 m) grey and greenish-grey, still and
hard sandy loam with incorporated gravel and cobbles
{ea. 1) = 137%), mainly enriched in local bands. There
are o lew gravel-sand, sandy-silt and loam interbeds 5
o 200 em thick in the 16.5 - 21 minterval

3 (244 - 28.0 m) brownish-grey, stifl clay with low
silt contents (ca. 15 - 2000). The bed is locally
thinbedded, subsequently disturbed.

4. (28.6 - 30.8 m) dark-grey, still, homogenous loam
with preserved platy-edged sets of parting,

5. (308 - 30,4 m) dark-grey, hard loam with ireegu-
larly distributed gravel, pebbles, thin sand lenses (1 -5
mm thick).

B, (36,4 - 4U.3 m) grey, hard sandy loam with pravel,
cobbles; clayey sand and calearcous clay sand interbeds
(2 -3 emthick).

Lithostratigraphic investigations (Ulst & Majore
1964, Springis ¢t al. 1964, Kuten & Klagish 1989,
Gioldfarb et al. 1991) allowed (o assign preliminarily
the beds Mos | and 2 to the Upper- and Middle-leis-
tocene glacial deposit complexes, and the beds Nos 4,
Sand 6 o the Lower-Pleistocene one, which is not
completely penctrated. The bed No. 3 containing no
certain organic remains is supposcd 1o be a result of
the Middle-Pleistocene cither marine or lacustring
deposition. Recent marine sediments are absent in the
core. Cilacial deposits are exposed at the Sea floor.

THE LATE PLEISTOCENE GLACIAL DEPOSITS
They consist of two related types of sediments: tll, and,
glaciolacustrine varved clay. The till consists mainly of

pelite (37 - 417 of the bulk till), silt (30 - 357%), sand
(20 - 25%%), gravel and pebbles (3 - 2077). Each frac-
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Fig. |, Fragments of decomposed granies s enclosed in the
Upper Plestocenc (il o layey marrx, Fhie clevage sers are dis-
||.|:.|:rn! by the onenimi of e rectangular guarty grain o
lines anel the inherent regularly arranged o miceoinchusions,

Samypling degeh m the borchole Noo 57 (510 4.1 m. g
125 X Figs 1,2, 4, 5,7 and Y are micropheiographs of thin
scetions e in polariecd eransininned light vsimg parallel “:II.L‘,‘-
I 2 % amed 5) oor crossed nacols [!:ig\ 7 and 9y,

tion is characterized by dillerent morphologic pecu-
lisritics.

The psephitic [raction contains predominantly
multisized fragments of Palacozoic rocks (limestone,
dalomite, siderite, siltstone, argillite, shell fragmenis)
as well as Rapakivi type granitoides, migmatites, de-
compased pegmalites, rare diorites and detrital mate-
rial of the rocks mentioned: guartz and feldspar [rag-
ments of rectangular shape, often with slightly rounded
corners. The habit of the clastic feldspar is determined
by cleavage, whereas the quartz grain shape depends
un the inherited Tracture and microcleavage sets, usu-
ally teneed by minute Muide inclusions (Figs 1 and 2;
Matsoo & Sawa 1975).

The sand component, medinm- and line-grained,
armounts to 15-2007. 1t consists chielly of quartz with
admixture of slightly altered and fairly fresh feldspars,
carbonates, and heavy minerals (dark colored
hornblends, biotites, epidote, ilmenite, accessories; Fig,
3). There are monocrystalline grains completely liber-
ated from multimineral aggregates, mostly isometric
but having different degree of roundness (Figs 1, 2and
3). Obwiously. the well-rounded ones endured many
eycles of resedimentation. The correlation between the
mutin {eldspar groups varies in the vertical section. At
the 1ill base alkaline ones prevail diminishing progres-
sively upward. This suggests that during the Late Pleis-

tocene the il composition was modificd as a result of

the crosion of different rocks along the glacier route
including local weathering erust residues (Alanasyey
1977, ti;tignhl.\ 1974, Kurshs 1992,

I'he silty fraction (25 - 3078) generally consisis ol

the same minerals as the sandy one, but the definite
increase of the less resistant and crushable phases as
carbonates, feldspars is noticed. This resulls in essen-
tinl contents of broken grains and sharp-edged fine
delris (Fig. 2)

b
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Pleistovene till sandy bauni marnx, The inherent cracks in the
grain are tniced by mimme flodal inchisions devermining rhe
comchoidal fracmre and specific shape ol the cryoclasie. 510
G4 iy magn, 30X

The pelitic fraction contains clay minerals. carbon-
ates, quarlz detritus, feldspars, dark colored minerals,
I'he clay minerals consist of hydromicas mainly of the
illite type (7279, kaolinite originated from hydromicas
(6 - 159, chloriie (8 - 1589, montmorillonite (0 -
108, The maximum ol the kaolinite contents is ab-
served at the till base, whercas the one of chlorite is
recorded at the till top, where montmorillonite is ab-
solutely absent

The typical texture of the upper till is massive. in-
tact (Figs 1, 2and 3). Anundisturbed matrix with marks
of NMuiclal Gbric contains trkbulent orentated clongated
fine particles and irregular disposed pscphitic frag-
ments (Figs 2 and 3),

The glaciolacustrine interbed consists of dark eol-

Fig. 3. Upper emocene nll, The gravel-siee plave of the deers
ral, panly alvered bionee s icorpored moa clayssle mairig
dlark, extobiared outer parr of the plate s nore decom possd, 51
1.9 o, g G35

|I|_-" i “llilrl’ |'|.1.'1\I1:-|.'r|||.' !_vll.lq_;lll_n_uxll_i:n,' 'J.1|'|."l_'\!j ;|,|_:p_ l:|.||.'
(chark) s sanddy-sibe (light) with gravel-siee prains loninee are
alrernaomg. SEYO 0 o, magn, 5 X .

Fags A, & and 8 are the phovwgraphs of the core specimens
{resh Ireciur

ored winter laminae ol | -3 mm thickness and light 4 -
I mm summer ones {(Fig. 4). The composition ol cal-
carcous cliy winter laminae does not differ essentially
from that of the pelitic till fraction, except [or some
additional amount of chemically precipitated earbon-
ates. The summer laminac consist of sandy silt, with
gravel inclusions. The sand grain shape s isometric,
miderately rounded, represented by detrital forms ol
quartz, carbonates, fairly fresh or somewhat altered
feldspars, rare glauconite sphemiles and accessory min-
crals. The silty size particles are slightly rounded, bu
finer clastic material is angular or sharp-cdged.
Adsorbed Fe-hydroxides scem to provide brownish
color to the winter liminac and slight brownish-grey
shades 1o the summer ones.

THE MIDDLE PLEISTOCENE
GLACIAL DEPOSITS

They ane represented by rather monotopos mainky mas-
sive tills differing from the upper ones by a higher sand con-
tent, specific featires of the clay mineral issemblige and
another composition of the erratic material, The ll ditlers
cssentbially from all other units of the section by all main
physical and mechanical parameiers (Table 1),

There are diorites, gabbros, amphibolites, gneisses,
granites, migmatites . pegmatites, carbonale rocks
among the relatively small (10 - 157} psephitic frae-
tion, The prevailing sand [raction (45 - 65%) contains
# lot of comparatively well-rounded grains (Fig. 5) with
a high amount of hornblende, pyroxenc, epidote, bi-
otite. Inthe light part of the Traction carbonates, guarts
and eldspars, predominantly plagioclases sre common
Sometimes alleration traces with clay developed along
joints and cracks on leldspar grams are observed, Car-
honate debris i present mainly in the Torm ol linest
silt-sized particles, intimalely  intermixed with the
chiyey matrix (Fig, 3).

The pelitic [raction consists of highly caleareous clay
containing tightly intermixed carbonates, less guartz,
leldspars and other line dispemsed clastic material, [he
muntmorillonite and illite cliy mineral assemblage is

Fig. 5. Semidecomposed gravel-sie Feldspar-quars ragmens i
4 veny '-II1'|." IJ:I.IiIh'l.l L'I.L:I.'L"L'-t.lﬂh1l:|.|| i.l. [IEETH] i_'n: Ilwil,h -t;\s;'n:i_",llul
sandy and siley parncles) of the Middle Pleiswocene ull, SEY .65
mn, g, 1AL K

completed by Raolinite (related o the illite) and less
chlorite, X-ray analyses show the increase of the swell-
ing phases 1o 26% ol the clay mineral bulk, while
hydromicas, in general, ol illite type decrease o 557
in average. More complex relations between the clay
phases are observed both al the till botlom and the
top: Le. a significant increase of kaolinite and chlo-
rite. The lirst is suggested 1o be due 1o varions
supergenetic alteration processes, The contem of the
latter may be modificd as a result ol excavation and
redeposition of the underlying clay material, with uni-
lorm fine lerrous carbonate and chlorite incomporated
in lower part of the Gl (22,0 - 224 mdepth interval),

Sundy and gravel interlayers observed in the base
ol the unit are similar, in grain compaosition and mor-
phalogy to the till described.

THE MIDDLE PLEISTOCENE INTERTILL CLAY

The characteristic features of the clay bed are as fol-
lows: a homogeneous macro-texture, a high degree of
material sorting and dispersion, and high plasticity. A1
the same time it varies insignilicantly Trom the under-
lying il by the bulk density and liguidity index (Table
1). The pelitic fraction comes up to ca. 807% of the
tatal elay bulk. It contains a smaller amount of car
bonate clastic compared with the upper and lower clay
and loams. Hydromicas of the illite type (73%) with
an associated minor amount of kaolinite (up to 18%),
chlorite (ca. 1095 and sometimes some montmaorillo-
nite form the clay mineral assemblape

Several subsequently Tormed clay bed generations
are recognized in thin seetions. The first one is repre-
sented by chemically precipitated lne-dispersed fer-
rous carbonate stringers with silt-sized guarte inclu-
sions. They associate with the clay laminac, where clay
particles are subparallel to the top-base planc and ar-
ranged in a Tce-to-face way.

Those primary peculiaritics of the clay fabric and
the clay mineral assemblage are observed mainly w
the bed and the top of the clay steatum. They resemble



Fable 1, Some physical, mechanical and mineralogical parameters of the deposits penetrated by the borehole No. 37 in the

Baltic Sea.
L heposits Bulk Wosid Matural  Plasn- Liguisliny Comens of Contenes ol the clay minerals
1|L'41~.i|:|.' Fal waler "'-I'"."' iilex the fracrion within the |1clitic lracewon (%0):
(Glcem) comtents  mdex < 0005 mim
(%) (%5) grain sie hydre= kanli-  chlo-  mont-
mica nite  rite moril-
lomire
Lipper 1.82-1.87 098-1.01 3540 16-20 (40185} ! (V] 17 H L
Mestocene {#0,95)
glacialicusirine
varved clay *
Ulpper 207212 0.51-0060 17-22 9.12 {40).2)- 36,7 2.40.87 68-75 G-15  H-183 0-10
[Mletstocens (4117}
mll
Muddle 2.28.2.32 027031 10-12 A7 {-0.6:)- 1040 == 5462 13200 7-13 11-26G
[Meistocene (+0.2)
ull
Midddle 1.95-2.02 0,68-0,90 26-30 21-24 (0,10)- 08,480,532 61-7%9 1216 7-16  0-10
PMlesmocene {+00.2)
i.“lt']'l i.“ L |d:ﬁ'
Lowrer 200-2.18 DA1-0.62 [6H=24 11-1% {=00.2]- 27783001 558-5%6 12-15% R-10 2222
Mewstocene {#00.2)
ull

* The jraramerers of this unin refer 1o the Ill."i!;lll.!rﬂll'.“'lj-.: borchole Mo, A8

** Microscopic data

those ol the Holocene marine mud of the Baltic Sea
studicd by the authors in the Gotland Peep, about 32
miles MW of the borchole No. 37,

The primary elay texture was many times deformed
and here and there disrupted, There are distinetly vis-
ible sets of brecciation: fissures, cracks and joints (Fig,
6) cemented with aggradated illite. There are also re-
corded secondary cementation marks of the squeezed
clay and significant reereation of the clay particles, as
well as microfolding, microfaults (Fig. 7). Obwviously,
the delormation took place in a frozen state and the
sediment was consolidated and rigid enough to break,
while the cementation started in a thawed state. The
upper part of the clay stratum was enriched by thin
bands of minute siderite (0,003 - 0L004 mm diamelter),
Tt wars markedly croded.

The high content of the cay [raction gives rise Lo
the highest clay plasticity in the section and a rather
high void ratio. At the same time the natural consoli-
dation degree is responsible for an inerease in the bulk
density and a decrease of the liguidity index (Tabie 1),

TUHE EARLY PLEISTOCENE GLACIAL DEPOSITS
The distinet features of the sediments are bedding and

marks of subsequent disruption. Typical till beds of
calearcous loam, with dolomite and various magmalic

)

rocks cobbles, are intecbedded with calcarcous clay
sunds, mainly in the lower part of the unit. In the loam
fresh core fractures platy-edge cleavage resulted in the
multiangular texture (Fig. 8). The loam [ragments are

slickensided, separated one from another by surfaces of

planar discontinuities: fissures, joints, filled with clay,
calcite and colloidal substance. The till matrix diflers from
that of the overlaying tills by o much more expressed top-
base plane orientation of the cliy particles. There are nelic
patterns of random spacing, though the clay Dakes still ex-
pose a tendency to surmound the quartz grains and to pro-
duce edge-to-edge fabric arrangements (Fig, 9).

Ouartzites and minor clastic particles ol decom-
posed granites (altered leldspar and guartz grains, ol-
ten with limonite patches and coatings on their sur-
{ace) prevail in the rather scarce erratic psephite group.

The sandy fraction of the loam beds is oligomictic,
composed mainly of quartz and, in lower quantities,
of slightly altered feldspars, carbonates and detrital
hydromicas. Plagioclases prevail among the feldspars.
There are predominantly rounded coarse grains, par-
ticularly consisting of quartz and carbonate. Fine grains
are mainly angular,

The sandy [raction of the calearcous clay sand
interbeds is approximately similar to that of the loam,
but there are some differences. [t is polymictic, and
alkaline feldspars oceur in the same quantity as the

Fig,. b, Middle Pleistocene interull clay: note the diswrbed pri-
nury bedded wexure, SD 256 m, magn. 2.5 X,

Fig. 7. Middle Pletsiocene pmtertill clay: the disturbed clay con-
rains lenses and clusters of fine quarce debris (white), The clay
feagmicnis ritain clemenes of the closely packed slary labric: 1e.
arey ._-|;|.}- AgRIERAIEs wi:h indubated extineion, s 249 m,
g, 500 X, crossed nicals,

plagioclases. The grain morphology is nearly the
same as mentioned above,

The clay minerals of the loam are represented by
a montmorillonite-illite assemblage, similar to that of
the Middle Pleistocene 161l j.e. illite (35% on the av-
erage), montmorillonite (22%%), kaolinite (149) and
chlorite (99%).

It is very likely that the Lower Pleistocene complex
contains both glacial and marine-glacial deposits.

DISCUSSION AND CONCLUSIONS

The ubtained data prove that the three tills are
rather similar. They are characterized by typical
lithological, textural, physical, mechanical and other
common [eatures verilying their glacial origin, At the
same time, significant differences between the tills have
been found. The common and special till features are

Fig. & The rounded pebble s enclosed a0 die Lower Melsovene all
loan: platy-edped cleavage sets are visble, SE 309 . neagn, 2.5 X

Fig, 9. The Lower Pleistocene ull matrix shows elemients of the
preferred fabric orienuion, though it preserves the rebic par-
verns of the random .\}'ut'i.ll x, v, SLY AL i, g, 160X,
crossed nicols,

similar 1o those of the East Furopean Platform tills
deseribed previously by many authors.

11 is worth 1o mention the usual high clastic car-
bonate content in the till gravel, sand and clay frac-
tions (Springis ¢t al. 1964, Gaigalas 1974, Kuten &
Kiagish 1989). Traces of glacier overloading, dynamic
influences and the signs of frosty weathering are ob-
served in the Gl matrix, as well as in the spacing of
various size fragments, grains, Makes, aflecting cach
other (Moskwitin 1936, Osipov & Sokolov 1975).

The most abundant erratic psephite material is
observed in the Upper Pleistocene till, while the maost
various one inclading a 1ot of erystalline rock types is
found in the Middle Pleistocene till contains scarce
and petrographically rather monotonous rock frag-
ments which appear 1o be most stable under
supergenous conditions (Vitovskaya & Nikitina 1986)

The Middle Pleistocene till is distinguished by the
abundance of sand characterized by well-rounded sand

il



grains and the highest contents of dark-colored heavy
mincralys, The Middle Pleistocene and especially the
Lower Pleistocene tills contain sand interbeds. Their
composition and grain appearance are close or identi-
cal o that of the sand within the loam and sandy loam.
This fact indicates their close origing

lwo persistent clay mineral assemblages are ob-
served in the studied section. The first one, consisting
mainly of illite, is presented both in the Upper Pleis-
tocene till and in the varved clay, as well as in the
Middle Pleistocene intertill clay. The other montmo-
tillonite-illite assemblage was found in the Middle
Pleistocene and Lower Pleistocene tills, Kaolinite and
chlorite are present in diverse quantities in all the units
ol the section.

The Upper Pleistocene till including the varved clay
interbed displays a well-preserved primary lexture. It
is characterized by the highest liquidity index and
high void ratio. Characteristic features of the Middle
Pleistocene 1l arce as [ollows: a considerable homoge-
neity, the highest bulk density and hardness, the low-
est plasticity and liguidity indexes (Table 1), The lower
laying strata are essentially destroyed. The hedded
Lower Pleistocene 1ill stands out againstathe other tills
by a comparatively low bulk density and high plastic-
ity. Many ol the gained data aflirm previous resulis
obtained lor three tills in the Kurzeme scaside region
(Springis ct al. 1964).

There are two water basin originated clay strata in
the studied section. The younger one, within the Up-
per Pleistocene tll, has got the typical texture  pal-
terns ol glaciolacustrine scdimentation and character-
istic inclusions of coarse clastic grains delivered from
Moating ice. The older one, between the Middle Pleis-
teene and Lower Pleistocene tills, differs from the
mentioned above by o considerably higher material
sorting degree and much more homogenous primary
lexture.

The above mentioned features of three nlls and of
the clay strata may be caused by particular gealogical
conditions, palacogeographic environments and gla-
cier spreading during diverse cpochs of the Quater-
nary period,

The Early Pleistocene glacier delivered a residual
material from the upper zones of the Prequaternary
weathering crust developed in the SE part of the Scan-
dinavian Shickl, as well as material of Silurian and [e-
vonian rocks (including the old red formation) widely
spread in the recent Baltic Sca arca (Gaigalas 1974,
Alanasyev 1977, Nemitsova 1986, Kurshs 1992). 11 is
supposed that during the Farly Fleistocene glaciation
the boundary between the palacoglacier and the sea
was near the site of the borehole No, 37 This resulted
in the bedded structure of the lower till including the
Licial varietics of the glacio-marine type.

'he Middle Pleistocene intertill clay stratum was
lormed during several stages. The sedimentation and
lithification processes resulted ina rather homogenous
primary compaosition and structure, and a simple tex-
ture with slightly pronounced very thin bedding, These

e

features, as well as their similarity with the Holocene
sediments of the Gotland Deep in the Baltie Sea, con.
firm the assumption that the clay stratum is deposited
ina deepwater basin, apparently in a marine one. The
[allowing advance of the great Middle Pleistocene gla-
cier and the subsequent significant overloading ha
caused the clay fissuring and even brecciating, obvi-
ously in a frozen state. That means, that the sea bol.
tom was drained dry before the Middle Pleistocene
placiation. During the next interglacial epoch recre-
ation and cementation of the ¢lay in a thawed state
ook place,

The Middle Pleistocene glacier abraded many di-
verse rock and mineral sources: both weathered and
fresh Precambrian rocks in the alimentation arca
(Ciaigalas 1974), obviously uplifted after the previous
glaciation, as well as Palacozoic and Quaternary (ma-
rinc, alluvial, loess, glacial) deposits along the glacier
path. Therclore, there is such a varicty of erratic ma-
terial in the middle till 1ts compaction and homoge-
neous structure may be explained by the position of
the borehole 37 site with regard 1o the central lateral
part of the widespread palacoglacier. That thick gla-
cier essentially disturbed both the underlying intertill
clay and the lower till.

The Late Pleistocene glacier abraded mainly the
slightly weathered and fresh solid rocks of Fenno-
Scandia, as well as predominantly glacial Ouaternary
deposits of the recent Baltic Sea arca (Springis et al.
1964, Gaigalas 1974). That is why the upper till con-
tains abundant, but less diverse erratic material and
semimonomineral (hydromicaous) clay matrix, analo-
pous to that of the Valday tills of European Russia
(Springis el al. 1964, Nemisova 1986) and the Wiscon-
sin tills in Winois, USA (Willman et al. 1963).

Al the end of the Late Pleistocene there was an
oscillating edge of the glacier, elose to the studied site,
and the glaciolacustrine interbed deposited inside the
upper part of the upper till. During the Holocene the
upper lill was probably partly washed out by erosional
processes on the sea bottom,
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INTRODUCTION

The Chernobyl nuclear power plant aceident in 1986
and the increased fallout of radionuclides in the Baltic
Sea area canscd an increase in the level of Cs-137 and
(5134 This was well recorded in the terrestrial and
marine environment incliding the muddy sediments
of the Baltic Sea. The anomalous increase forms i
marker that has been buried o increasing depths in
the sediment, eguivalent to the rate of sedimentation,
.. the time since the aceident. This marker has been
successfully used to conlirm the inferred present day
rade of sedimentation. Measurcable levels of Cesiume-
137 have been observed even in the most watery lay-
crs ol some of the sedimentation basins chosen for
environmental radionuelide monitoring of the Baltic
Sea. In 1992, 6 years alter the fallout, a clear strati-
graphic marker of (5137 was found above the gradu-
ally vanishing 1963 peak in several sediment core
sumples (IkKiheimonen e al 1988),

In sampling sediments [rom completely new sites
this marker can be used as an aid o date sediments.
The rates ol deposition in active sedimentary basing
have normally been determined by tedious and expen-
sive methods involving the use of c.g. Pb-210 and Cs-
137 and related nuclides in land-based laboratories,
Besides being lime-consuming, the results are often

ad

available later than most of the other parameters used
in various sedimentological research. The idea of hav-
ing an on-board preliminary dating method in which
the Cs-137 peak of the Chernobyl accident could be
determined, preferably during ongoing sampling, woull
drastically increase the reliability of both choice o sam-
pling site and the sediment sampling itsell. This ar-
ticle introduces a suggestion for a new gquick on-board
method for the determination of the 1986 laver ina
sediment core,

MEANS AND METHODS

The Marine Ecogeological Patrol (MEP) cruise in Au-

gust 1992 on board the Russian riv Professor Multanovsky
wits 4 mullidisciplinary endeavor incorporating various
geological and geophysical rescarch activitics, The avail-
able equipment included a shipboard gamma-spectrom-
eler, which was used for routine bulk analysis of the ra-
dioactivity of sea-loor sediments collected with a grab
sampler. The idea was aroused 1o try to measure the
pamma-spectrum ol carelfully sliced, one centimeter thick
sections of sediment taken with a second gencration
MNicmisto-corer {“Cemini™ with a 80 mm diameter core
liner) 1o check whether the Chermobwl event conld be
detected at specific levels in the sediments,

Sectioned samples [rom two stations in the castern
Ciill of Finland were chosen for analysis using the
transportable, low-background, shipboard gamma-
spectrometer, type “LUIMEA”, built at the Radiochemi-
cal Laboratory of the Krylov Institute in St.Petersburg,
The chosen stations (No. | and No. 2) represent arcas
with a assumed high rate of sediment deposition.

Noo 1 Nar-d 593344 274720 depth 38 m
Mo, 2 G0 11518 28 53.52 depth 29 m

The gamma-spectromeler system consisted of:

- detector of gamma-radiation based on a scintilla-
tion crystal of Nal(T1) 63 x 63 mm in size, with the
following characteristics:

- sensitivity 4x10-3 (1/Bg.s) (Cs-137);

- backpround level 15(1/s);

- lower limit of detectable activity - 5 (Bq);

- energy range - (.1-3 (Mev);

- energy resolution - 119 along gamma-line for
Cs-137;

- housing with lead shiclding;

- 1024-channe] pulse analyzer,

- PU-based software Tor analysis and display of

resulls.

Cs-137

SHIPBOARD PROCEDURES

The gamma-spectrum of cach | em thick shice of sedi-
ment taken with the Gemini corer and deposited in a
flat plastic dish, was measured with the shipboard ana-
Iyzer for 103 to 14 seconds. The actual spectrums (Fig,
1) were calibrated using a predefined program and a
sel of standards to establish the background level. The
pamma-peaks present in the spectrum were calculated
on the basis of the area of cach photo peak. In the
present study the radionuclides Cs-134 and Cs- 137 were
piven special attention. The total activity and the spe-
cific activity of the sediment samples were evaluated
in Bg/ke, based on the volume and dry weight of the
sample (Fig 2).

To establish the reliability of the shipboard methaod,
the same subsamples were analyzed [or gamma-activ-
ity (Table 1) at the Radioactivity Protection Labora-
tory, Helsinki. The ages of the samples were deter-
mined by the well-established lead-210 method at the
Reactor Laboratory, Espoa,

‘I Sample depth 0-5 cm
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Fig, 1. An example of a gammasspecrum of 4 recent sediment sample from the Gulf of Finland produced warh the gamma-
specrramerer developed ar the Keylov Instinue, St.Petersburg, Note the strong Cs-137 and the vague Cs-134 peak. The activity is
caleulared for dry marter although the measurement iesclf was made on wer marerial.

RESULTS

During the 1992 ry Multanovsky eruise in the Gulf of
Finlund, a large number of sediment samples were
taken from active sedimentary basins. They were found

o have a specific Cs-137 activity of 25 to 500 Bg/kg .
Since most of the measurements were made on grab
samples, the results were indicative of the average spe-
cific activity of sea-lloor sediments. The results indi-
cated that the uppermost few to 10 centimeters of sedi-
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Fig. 2. The vertical distribunion of Cs-137 in three sediment samples from owo siations in the GulCof Findand. The activity is given
in Bgfke of dry mawer. The horzonral axis denoves the thickness and depeh of sample from seanon Mo, 1/ Nar-4 (a) and stanon

Mo, 2 vaken with a corer (b) and a grab {¢).

ments in recent Baltic Sea depositionary basins con-
tain measurable concentrations of Cs-137. The ratio
of Us-137 1o Cs-134 in the photo peaks clearly indi-
cate thal the main source of the contamination can be
attributed 1o the Chernobyl accident.

The use ol the Niemisti-gravity corer and the spe-
cial slicing procedure made it possible to separately
measure | centimeter thick sections of the sediment
core, The abrupt increase in Cs-137 activity from a low,
pre-Chernobyl level, 1o a delinite anomalous peak al
o stratigraphic level that was dated by the Ph-210
e thod and found to coincide with the Chernobyl event
ol 1980, Fig. 2 gives the resulis of the two cores use
in this preliminary study.

Unsupported Pb-210
260 ———
2{}0 |
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||III|I|||.l_

12 3 456 7 8 910111213
Depth incm

I:ig. 3. .lulivi:_}' of lead 210 {Lj-qfkﬁ -I,r.r preer) i the upiper i3
cetitmmeters of sediment core from smoon No, 1 Mar-d, The
discinet decrease in Pl-210acvviry above 7-8 centimeters and a
rather uniform diseribunion wathin the upper 6 centimerers conld
b andicavive of a racher well-imised sedimen layer cicher due o
biorurdzarion or #iil“ll]:l." -:::hihi.:il:p. 4 storm biyer,

DISCUSSION

The Nar-4 sediment samples in Fig. 2 and Table | show
i moderate Cs-137 activity, This is in good agreement
with the lower Ph-210 activities shown for the upper
part of the core in Fig. 3. These observations can he
cxplained by dilution of the sediments with older. less
active sediments, This becames obvious when compar-
ing the K-40 and Cs-137 activities in the two cores (Nar-
d4and XV-1). The higher potassiim activity in Nar-4 is
due to a higher concentration of potassium rich min-
crals (micas, [eldspars, ete,) being typical of older late-
glacial clayey and silty scdiments,

The results from station XV-1 (Table 1) clearly show
that the Chernobyl accident and the [lux of radioac-
tive cesium oceurred when the material, now located 4
1o 6 centimeters below the sea bed, was being depos-
ited. The fact that high cesium concentrations arc
[ound at levels higher up along the core (maximum at
2-4 cm), can be explained as a result of formerly de-
posited modern material being slowly transported from
shallower areas into the sediment basin where station
HV-1 s located.

Thus, a closer serutiny of the distribution of c.p
Cs-137 within the sediment column can be indicative
of the nature of the depositionary environment. An
uniform distribution of concentrations throughout the
upper sediment layer could indicate unstable
depositionary conditions, while a definite maximum
at a specific level followed by a clear decrease in activ-
ity would mark more stable conditions. A steep de-
crease would indicate that large amounts of older, un-
contaminaled material is being deposited, while a
pradual decrease would indicate substantial lateral
transport of recent material.

Table 1. Two sediment cores from the Gulf of Finland measured at the Radioactivity Protection Laboratory, Helsinki

Station Depahin core KAt Byl kg, U134 Bylkg L1537 Bylhg N
lem) (od- %0} [4d- o) (4~ %)
Nar 411 3.07.1992 0-2 11688 (5) 21 (5) 340(3)
A4 2-5 11300 (5) 38 (5) 350 ()
b el | 101 - 105 11300(5) <] <]
R\l 06,07.1992 Q-2 F40 (7 146 (2) 16400 (3)
GO 14" 107 27715177 2-4 TRO(7) 270 (2) Jo9n (3)
1-06 HO0 (7) [4H1 (2) 2320 (3)
G-8 7400 (7) 17 (8) 280 (3)
8- 10 F701(9) 5.4 (200 160 (4)
- 15 830 (7) ERR ) 120 (6)
15 - 20 FH5) 2.3 1(2%) 06y (4)
CONCLUSIONS clement seems to be negligible. The vague peak of the

Clur preliminary results show that the increased level
of Cs-137 activity following the Chernobyl accident is
well preserved in the sediment strata of active sedi-
mentary basins. The maximum Cs-137 peak found at
the depth of 4-5 em (Fig. 2) coincides with the
Chernobyl event established with other dating meth-
ods. The fact that the decline of the activity in overly-
ing deposits is very gradual can be explained by
redepositionary processes and delayed river ranoff.
Although the fallout was originally unevenly distrib-
vied in the marine area, mixing and transportation of
the particulate matter by wave action and currenis
caused cesium (o be deposited on various sea bottoms,
Due 1o resuspension by waves and currents, contami-
nated material is still being transporied (o aclive sedi-
mentary basins. Strong bioturbation by benthic ani-
mals (Mesidotes entomon and Monoporeia affinis) can
be a Turther explanation to the rather high levels of
('s-137 aetivity found in the uppermost sediments and
nol only co-incident with the Chernobyl-event. [
should be noted that the sirongest Cs-137 peak coin-
cided with the Ph-210 date of 1986,

It is obvious that the transportable gamma-spee-
fromeler developed at the Krylov Institute,
St.Petersburg, can be suceessiully used on board 1w
determine the Cs-137 maximum peak direetly from thin
slices of recent sediments. Despite the rather short hall-
life of the radionuclide, the level of radioactive fallout
in Baltic Sca sediments, [ollowing the 1986 Chernobyl
secident, seems o have been sulficient 1o make Os-
137 a reliable sediment stratigraphic marker. Further-
more, the vertical postdepositional migration of the

short-lived Cs-134, still found in the samples, confirms
that the observed anomaly was caused by Chernobyl.
Due to lateral transportation and redeposition, sea-
floor sediments deposited on top of the 1986 deposit
still contain high concentrations of cesinm-137. How-
ever, below the Chernobyl horizon the level of this ra-
dionuclide decreases rapidly to the very low level that
prevailed before the accident indicating that the down-
wiard diflusion of the radionuclide is negligible,

Thus, gamma-spectrometric measurements can be
stuccessfully used to preliminarily determine the rate
ol deposition of recent sediments in active basins of
the Gull of Finland. Besides being quick a further ad-
vantage uf the method is the Fact that the samples are
unaffected by the measuring procedure and can thus
be used for other analytical purposes.
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LARGE SCALE GEOLOGICAL MAPPING IN THE COASTAL PART OF THE BALTIC SEA

Albertas Bitinas and Jonas Satkiinas

Geological Survey of Lithuania, Konarskio 35, 2600 Vilnius, Lithuania

The Geological Survey of Lithuania started o carry
out a complex geological mapping (1:50 000) in the
constal part of the Baltic sea (Kretinga project, 1993-
1997). The area of investigations is a 25-28 Kilometre
witde belt from the state barder with the Republic of
Latvia in the north to Klaipéda in the south. This re-
gion is very sensitive ccologically, therefore mapping
covers a wide complex of dilferent investigations and
is closely connected with geological mapping of the
Baltic sea on the same scale. The objectives of the
Kretinga project are as [ollows:

* drilling through the whole Quaternary thickness
and the upper part of pre-Ounaternary (Cretaceous,
Jurassic, Triassic) deposits;

BALTICA LIBRARY

* geophysical, hydrogeological and geotechnical
field studics;

* sampling and laboratary analysis for
stratigraphical, genetical and geochemical evaluations,
el

As a result of these investigations, a series of spe-
cial maps will be compiled:

* geological and hydrogeological maps of Quater-
nary and pre-Ouaternary l]'l.:PH.‘iil.'i'.

* geomorphological, tectonic, geotechnical and
peochemical maps;

* a map of mineral resources;

* and a set of environmental geology maps.

NB! RECENT LITERATURE ON BALTICA GEOSCIENCES

BALTICA starts with the task to make a collection of the Recent Literature on BALTICA Geosciences, Re-
prints related 1o the Baltic Sea geology should be mailed to the address given below. The publications repre-
sented by reprints received will be included into the BALTICA Geosciences Library.

All BALTTICA readers will benefit from this servicee.

Please send your reprints to;

Dept. of Baltic Marine Geology
Lithuanian Geological Institule

T. Sevéenkos 13, LT 2600 VILNIUS
LITHUANIA

BALTICA Editor

Instructions to the Authors of Baltica

BALTICA publishes ARTICLES (up 10 20 type pages,
including illustrations and references) and BRIEF RE-
PORTS: i.e. REVIEWS (400 words), INFORMATTON
(200 words), and BIBLIOGRAPHY. The manuscripts
for BALTICA should satisfy these instructions.

MANUSCRIPTS should be sent to the Editor in
triplicate: one original and two copics; the 3.5 dis-
kette with a manuscript written in IBM-compatible
ASCIL file, MS-DOS, is necessary, as well. Submitted
papers will be reviewed by two referees. The reviewed
manuscript, il necessary, is sent back to the author.
The accepted articles will not be returned to the au-
thor. The proofs will be sent 1o the author once, Addi-
tions and changes in the proofs are not allowed. The
authors receive 50 reprints [ree of charge.

The manuscript should be typed on a one side of a
standard size sheet [Ad = 21 x 28 cm, type arca [8x 24
cm|, double-spaced with a blank space [3 em wide| on
the left margin. The manuscript should be arranged as
Tesllovas:

[1] Title (short but informative).

[2] First name in full and Name of the author in
capital letters.

|3] Abstract (not exceeding 10 lines), starting from
|2] and |1].

[4] Address of the author’s institution, and dating
of the manuscript,

[5] Main text; no more than three grade headings
should be used, their printing started from the left
margin in small letters, without underlining; only the
words published in italic type should be underlined.
(n the left blank space, marginal notes (Fig. Figs.
Table) are given; literature citations in the text are
given as follows: (Johnsson 1990), (Johansson &
Petersson 1990,

[6] References are given according to the examples
below; titles of magazines and publications should be
given without abbreviations; if references are in Rus-
sian (Cyrillic) or other non-Latin alphabets they should
be translated into English.
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Fromm, E. 1963: Absolute chronology of the Lave-Uluarernary
Baltic. A review of Swedish investiganions. Sltien 1, 40-5%,

Ciarcia Aoobrosians, K. & Robensson, A-M. 1992: Early
Weichselian interstadial sediments st Hamosand, Sweden.
Horeas 21, 305317,

Miidel, A, & Jantunen, T, 1992: Neotectonics and
comtermporary movements. Jn Raukas, A. & Hyvarinen, [
{eds.}: Geology of the Gull of Finland, 87-98. Estonsan
Avcieedermy of Sciences, Tallinn,

Gudelis, V. 1973 Relief" and Quaternary of the Ease Baltie
region. 204 Pp- Mineis, Vilmus,

Girigelis, A AL, Kharin, G5, 8 Kanev, 5.V, 1992: Strarigra-
phy of the Balic Sea Silurian  sediments.  Proceedings
Russian Academy of Sciences. Geological Seriex 10, 81-96,

| 7] All figure captions should be listed on a separale
sheet; the original drawings should not include cap-
tions. [8] Table captions should be piven above the
tables; the tables should be numbered in arabic nu-
merals.

|LLUSTRATTONS can occupy two columns width
of 18x24 ¢m, an intermediate width of 11x14 em, or
only one column width of up to 8 em. They should be
of good design, The legend should be textual. Maps
and schemes should be presented with a linear scale
given, The illustrations should be of quadrangular
shape with a frame or withoutit. It is recommended to
produce illustrations a bit larger, but not exceeding the
Ad size, and to indicate the proposed reducing. The
author's name and the figure number should be wntien
very lightly on the back side. The photos should be clear,
sharply contrasted, printed on a white, smooth paper.

The copies of the original should be of equal quality
as the originals. BALTTICA will not publish plates. Tonal
illustrations should be placed in the text. Colour illustra-
tions can be accepted after consultations with the Editor.

As a rule THE ARTICLES will be published in a
first-in-first-out order.
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