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Stratigraphy of sediments from the Baltic Sea and Kattegat
by foraminifers and paleoceanology

Nadezhda Lukashina

Abstract

Foraminiferal analysis of sediments of Holocene in the Baltic and Kattegat Seas has been carried out . It was
found that these deposits contain eurvhaline benthic foraminifera along with stenohaline planktonic species
typical for the North Atlantic. Growth of concentrations of the first and appearance of the second unambiguously
indicate a more intensive penetration of saline water from the North Sea into the Baltic Sea. This allows to use
foraminifera for stratigraphic analysis of deposits of the Baltic Sea. More rich and various fauna of benthic
foraminifera in the Kattegat Sca allows also to reconstruct the characteristics and dynamics of bottom and

surface water masses, circulated between the Baltic and North Seas.
3 Baltic Sea, Kattegat, henthic and plankiomic foramintfora, woter masses, Subatlaniie, Subboveal, Atlantic

{7 Nadezhda Lakashina fabiotahalimet ruj, PP Shiresfov Institnte of Oceanology RAS, Atlantic Branch, Pr. Mira 1, 236000, Kaliniugrad,
Ruxsia. £ Recerved 15 Seprember 1998, gecepted 22 Awgust 2000,

INTRODUCTION Preboreal and during Atlantic-Subatlantic. To distin-
guish these horizons 1t is normal to use palynology
The Baltic Sea is a saline-water basin, which periodi-  and diatom biostratigraphy methods. Marine conditions
cally through Danish Straits the Morth Atlantic receives  are also imprinted in the sediments as increase in con-
saline water favourable for living foraminifers. North-  centrations of benthic foraminifers and, in some cases,
castwards from the Danish Straits the temperature and  as occurrence of planktonic species (Lukashina 1995),
salinity of water gradually falls, leading to a decrease  This work aims to show that benthic and planktonic
in amount and varicty of benthic fora-
minifers. In the modern Baltic Sea

12 to 38 specics of benthic foramini- E:;i"d AK2622 I

fers are found (Saidova 1981; ;}sihz?;n

Brodnicwicz 1965. Hermelin 1987;

Lutze 1965). Most of them are rep- |

resented by agglutinating species. Sweden

shells of which are quickly destroyed | PshzeegPShe=d

when washing out a sample, From | PS8 &5 '

time to time the North Atlantic water Sh123

transports into the Baltic Sea plank- ‘*:;;1':': + Gdansk

tonic foraminifers inhabiting in the PSh2545 axpas 5 oesn

upper 200-m layver of the oceans. As bpsfngsh W AKoesa

far as we know. there are no refer- rH g AK1416 |

ences on planktonic foraminifers in AEr!kapa Borages R |
a3t }

the Baluic Sea sediments.
Brackish-marine conditions in the

Baltic Sea area exasted twice during _
the last 10 thousand vears - in  Fig. 1. Location of studied cores.
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foraminifers in the Baltic Sea and Kattegat may be used
for stratigraphic and paleooceanological purposes.

MATERIALS AND METHODS

The work is based on matenial collected by scientists
of P.P.Shirshov Institute of Oceanology (Atlantic
Branch, Laboratory of Geology of Atlantic Ocean) in
1980-1997 under the leadership of Prof. E.M.
Emelyanov, including 3 cores of bottom sediments
taken in Gotland Basin, 9 cores from Gdansk Basin,
11 cores and 59 surface samples from Bomholm Ba-
sin, | core from Arkona Basin and 8 cores from
Kattegat (Fig. 1). In most cases 2 cm samples were
taken at 5-cm intervals. All specimens of foramimifers
with diameter larger than 0.1 mm were analvzed and
counted per sample and per | g of sediment.

RESULTS

In the Gotland Basin foraminifers were found in pelitic
mud overlying blue-grey clays (Fig. 2). In the cores
PS-2510 and PS-2530 at sea depths of 239 and 238 m,
correspondingly, benthic foraminifers are represented
by species Elphidium - Eexcavarum, E.incertum,
E albiumbilicatum. Their concentration in the sedi-
ments amounts to 1 700 specimens per | g of sediment.
These cores, as well as the core AK-2622 from a depth
of 240 m are found to contain planktonic foraminifers
belonging mainly to the Boreal group: Globigerinita
glutinata, Globigerina pachyderma dex., Globigerina
bulloides, Globigerina guingueloba. Among them one
may see the Arctic form — Globigerina pachvderma
sin., subtropical species Globorotalia inflara,
Globorotalia scitula, Globigerina catida, and even
tropical Globigerinoides ruber (Lukashina 1995a;
Emelyanov & Lukashina 1995). Concentration of these
species in sediments reaches 200 individuals per 1 g.
This is enough for an approximate evaluation of water
temperature. The latter proved to be 10.5°C and com-
pares well with the vear average temperature in the

North Sea (Atlas of Occans 1977). Shells of plank-
tonic foraminifers are small in size and often partly
dissolved. Occurrence of large amount of planktonic
foraminifers in surface samples proved to be a good
ground for conclusion that these sediments were de-
posited. when invasion of the North Sea water into the
Baltic Sea was the most intensive over the whole Ho-
locene - in Subboreal. This conclusion is supported by
carbon dating (Emelyanov, Bustrom etal. 1995): hori-
zon 0-10 em is dated back to 2400£100 yars B.P.

In the Gdansk Basin (Fig. 3) foraminifers have been
found in 5 bottom cores out of 9. and two of them
wclude planktonic species (7. pachyderma sin.,
G pachyderma dex.. G. quingueloba and G inflata. In

the core AK-2679 at a sca depth of 76 m the concen-

tration of benthic foraminifers, represented by
elfidiums, is high - to 3000 specimens per | g of sedi-
ments. In the core AK-1425 at depth of 102 m amount
of planktonic species comes up to 60 specimens per |
g Maximum concentrations of both specics belong to
deposits of Subboreal. becoming much lower
Subatlantic. Benthic species arec more plentiful in
coastal areas, while planktonic ones - in the open part
of the Gdansk Basin. Shells of foraminifers are small
in size and partly dissolved. The core AK-1425 was
earlier stratified with reference to diatoms (Kabailene
et al. 1978). Sediments of the Baltic Glacial Lake.
Yoldia Sea, Ancvlus Sea, Litorina and post-Litorina
Seas were distinguished in this core. Spore and pollen
analvses support the proposed distribution. At the same
time, three samples taken from lacustrine deposits of
Ancylus stage show the occurrence of planktonic fora-
miunifers. Presently the author is not in a position how
to explain this phenomenon, may be it i1s connected
with redeposition,

In the Bornholm Basin benthic foraminifers have
been found only in 17 out of 39 surface samples. while
planktonic - i ten samples from sea depths of more
than 70 m. Besides elphidiums, benthic species com-
pnise also Bulimina marginara and Cibicides sp.. while
planktonic species are represented by Globigerina
pachyderma sin., Globigerina pachyderma dex .
Globigerina quingueloba, Globigering bultoides,
Globigerinita  glutinata  and
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Globorotala inflata. One may easily
observe gradual decrease in concen-
#m s tration of benthic foraminifers from
o Horizon 150 specimens per g in the north-
western part of the basin to umique

specimens in the southern and cast-
em parts. It is quite probable that the
quantitative distribution of those spe-
cics reflects inflow of saline North-
Atlantic water through the Bornholm
gat. In the Bornholm basin benthic
foraminifers have been found in 10
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Fig. 2. Distribution of benthic and planktonic foraninifers in the sediments of
the Gotland and Arkona Basins (specimens per | g of sediment),

out of 16 cores (Fig. 4), while plank-
tonic ones - in 4 cores. The concen-

Stratigraphy of sediments from the Baltic Sca and Kattegat by foraminifers and paleoccanology
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land, which 1s washed over by the
cold Labrador current. Here concen-
tration of this species comes up to
29% (Lukashina 1983).

It has been found that 5 cores from
21 to 29 m from the Kattegat contain
3 horizons cach. In the lower hori-
zon the concentration of foraminifers
vares from 10 to 1500 specimens per
| g of sediment. This horizon is
characterised by predominance of
Elphidium albiumbilicatum and by

L e
b (b s

Fig. 3. Distribution of benthic and planktonic foraminifers
ihe Gdansk Basin (specimens per | g of sediment),

tration of both species in the sediments is quite low
and ranges from 0.5 to 50 specimens per | g for the
case of planktonic foraminifers, and from | to 56 - for
benthic. Deposits containing the above mentioned fora-
minifers are held to be of not dividing Subboreal and
Atlantic. 3 cores from Bornholm Basin, which were
used as reference points in our studies, have been stud-
ied and stratified by lithological analysis and by means
of spore-pollen and diatom analyses (Emelyanov
1997).

In the core from Arkona Basin (Fig. 2) planktome
(up to 20 specimens per | litre) and benthic (up to 15)
foraminifers have been found in the sediments at 0-50
¢m horizon.

Community of benthic foraminifers found in bot-
tom samples of the Kattegat is much more richer and
various than that in the Baltic Sea. In the northern part
of the sea at the depths more than 80 m Cassidulina
rentforme dominates. This species is related to
Cassidulina laevigata, which is an indicator of the
Morth-Atlantic surface water in the Atlantic ocean
{Lukashina 1983). At the depths from 60 to 20 m pre-
dominant species are Bulimina marginata, Ammonia
heccarii, while subdominant is Nonion labradoricum,
frequently with a considerable share of agglutinated
species. Elphidiums are rarcly found species. Bulinina
merginata is common for coastal shallow waters of
Sweden and indicates water with low content of oxy-
gen and high concentration of organic
matter. It prefers salinity of about 33- |
35 per mill and a temperature range
from 10 to 14°C (Strecter & Lavery o I
1982: Van Weering & Qvale 1983) 0
It is commonly found on the shelf of
the northern Great Britain, where s '™
concentration reaches 35% IL,,‘
(Lukashina 1983). Ammonia beccarti | wn |
15 found in coastal shallow waters of | =
low salinity and moderate tempera- | ™"
ture along the coasts of Denmark and
Sweden (Van Weering & Qvale ——
1983), Nonten labradoricum 1s char-
actenistic of the shelf of Newfound-

o
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intermittent occurrence of planktonic
foraminifers - Globigerina
guingueloba, Globigerina
pachyderma dex., Globigering calida, in concentra-
tions up to 20 specimens per | g. It is probable that
these sediments were deposited during the Atlantic
period. The horizon second from below is notable for
the increased content of foraminifers (up to 3000 speci-
mens per | g), as well as by the increased amount of
Ammonia beccarii and occurrence of Hyvalinea baltica.
Planktonic specimens are absent. Middle horizon is
supposed to be of Subboreal period. In the upper hori-
zon there are no elfidiums, but Nonion labradoricum,
Bulimina marginata and agglutinating species appear,
the concentration of benthic foraminifers does not ex-
ceed 500 specimens per | g. It was probably deposited
during Subatlantic period.

The core PS-2542 (Fig. 5) was taken as reference
for description of sediments from depths reaching 30
m. It has been studied by Konradsen (Christiansen et
al. 1993), whose results compare quite well with ours.
However, interpretation is different (content of "'C in
the shell of Cardium mollusk): below 40 em they are
Preboreal and Boreal, characterised by lagoon and fresh
water conditions. The same stratification was found in
the core 058-030 at a depth of 22 m (Klingberg 1996).
The author (Lukashina, 1995) can’t agree with that
conclusion due to some reasons. ¢.g. occurrence of
planktonic foraminifers under 100 ¢m from the core
surface, and insists upon validity of biostratigraphical
model, according to which the principal changes in

Bornholm Basin
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Fig 4. Distribution of benthic and planktome foraminifers in the sediments of
the Bornholm Basin (specimens per | g of sediment).
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Core PSh 2542, depth 25 m
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DISCUSSION

Distribution of foraminifers in the
cores taken from the Kattegat, as de-

oy scribed above, allows the reconstruc-
- tion of oceanographic conditions in
Holocene, Buliming marginata, in-
dicator of the North Atlantic water,

At was a predominant species at the

depths exceeding 30 m during the
Subboreal and Subatlantic. During
the last 5000 years elphidiums — shal-
low-water species and those adapted
to brackish water conditions - inhab-
ited the depths exceeding 30 m dur-
ing the Atlantic period in high con-
P centrations (Lukashina 1983:
Bl Feyling-Hanssen 1972; Van Weering
1983). The conclusion can be made
that the period between 8000 and
5000 years ago has been
At characterised by mtensive outflow of
surface water of low salinity from the
Baltic Sea into the North Sea. Pre-
dominance of Ammeonia becearii al-

Fig. 5. Distribution of benthic and planktonic foraminifers in the sediments of

the Kattegat (specimens per 1 g of sediment),

communitics of benthic foraminifers in Kattegat have
been caused by hydrological changes 4000 and 2000
vears B.P. (Nordberg 1991).

Three cores from Kattegat, situated at the depths
from 50 to 60 m, show predominance of Bulinina
marginata. Occurrence of other benthic species allow
to distinguish two horizons in the cores. The lower ho-
rizon is characterised by high concentrations of fora-
minifers (up to 40000 specimens per | g) with large
amount of Bulinuna marginata and Hyvalinea baltica,
while the latter was found carlier in Skagerrak at the
depths from 200 to 400 m (Van Weering & Qvale 1983).
One core contains planktonic species Globigerina
pachyderma dex. It 1s quite probably that deposits of
the lower horizon were accumulated during Subboreal
period. The upper honzon is distinguished by a sharp
decrease in foraminifers concentration (up to 5000-
1000 specimens per | g), by occurrence of Nonion
labradoricim, which hasn’t been found at the lower
layer, and by growth aof Ammonia beccarii. Bottom part
of this layer was found to contain silicoflagellates,
characteristic of marine conditions (as of A.G. Matul
- senior scientist from Institute of Oceanology RAS,
personal communication). In the surface laver of the
upper horizon predominance of agglutinating foramini-
fers takes place. This horizon was deposited in
Subatlantic period (see core PSh 2978, Fig .5).

lows to conclude that during
Subboreal—early Atlantic surface
water probably was more saline then
later. Nenion labradoricum was
found to occur in large amounts in the middle part of
Subatlantic at the depths between 30-50 m, it evidences
penetration of cold and saline water from the Morth
mto the Kattegat. Hyalinea baltica has been found to
be predominant in Subboreal at the depths of about 50
m and probably evidences about more intensive pen-
ctration of salinc North-Atlantic water into the Baltic
Sea.

The amount and species variation of foraminifers
in the Baltic Sea is much less than that in the Kattegat.
Large concentrations of benthic species and maximum
concentrations of planktonic species were found in the
Gotland Basin - the last decp basin along the flow of
saline North Sea water. Two thirds of that water mass
is distributed in the Baltic Sea at the depths between
90 to 50 m, and only one third - in near-bottom laver
(Stigebrandt 1995). In the first case the North-Atlan-
tic water passes over sills and reach the Gotland Basin
preserving largely its properties. This water creates
favourable conditions for life activity of benthic fora-
minifers and the transport of shells of dead planktonic
foraminifers followed by their burial. Occurrence of
planktonic foraminifers is possible also to the north of
Gotland Basin. Maximum concentrations of benthic
species in the Baltic Sea are characteristic of coastal
water of Gdansk Basin. while minimum - of Bornholm
Basin.

Stratigraphy of sediments from the Baltic Sea and Katlegat by foraminifers and paleoceanology

CONCLUSION

Foraminifers were found to be suitable, along with dia-
toms, spores and pollen, for biostratigraphic analysis
of deposits in the Baltic Sca arca. Foraminifers are sen-
itive indicator by which one may judge the intensity
of penetration of salt water into the Baltic Sca. Oceur-
rence of planktonic foraminifers in the sediment indi-
cates an intensification of the North-Atlantic water
inflow into the Baltic Sea, that for the last time took
place during Atlantic-Subatlantic, when the Dutch Sills
were deeper than today.

More variable fauna of benthic foraminifers
in the Kattegat made it possible not only to determine
the stratigraphy of bottom sediments, but also to re-
construct a palecoceanographic conditions and to judge
about properties and dynamics in the exchange of sur-
face and bottom water masses between the North Sea
and Baltic Sea during the Holocene.
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Interaction between the drifting dunes of the Curonian Barrier Spit
and the Curonian Lagoon

Ramiinas Povilanskas, Boris V. Chubarenko

Abstract

The paper analyses the interaction between the Curonian drifting dunes and the lagoon. The advance of the
dunes into the Curonian Lagoon in 1955-1995 has created a wide diversity of coastal processes at the leeward
foot of dunes. Patterns of these processes are analysed and their characterisation is given, based on results of the
comparative cartometric analysis and field survey. Formation of sand debris. slumps, suffosion gullics and
gyttja exposures is analysed, as well as development of new capes in the lagoon, Impact of dune advance on the
development of the lagoon coastline and the littoral is discussed.

O Dumes, barrier spit, lagoon, coastline, littoral, gyitia, suffosion

O Ramiinas Povilanskas framunas@gmfhe ], Klaipida University, Facultv of Natural Sciences and Mathematics, i Manio 84; LT-
3802 Kiwipéda, Lichwania; Roris 17 Chubarenko [ehuboris@ioran boenigru], PP Shivshov Institute of Oceanology BAS, Ailantic
Branch, Pr Mira 1, 236000 Kalinmgrad, Russia. O Received | March [999; aceepted 30 October 2000

INTRODUCTION

The drift of sand dunes. first, parabolic dunes, then
starting from the 17-18" centuries barkhane dunes
is the most important morphodynamic agent shap-
ing the coastal zone in the western part of the
Curonian Lagoon (Kuriiy Marios) (Povilanskas &
Ducinskas, in press). The aim of this paper is to
analyse, what is the impact of the drifting dunes on
the lagoon coastline in the second half of the 20™
century. .

The Curonian barrier spit (Kurdiy Nerija) (Fig. 1)
i1s the largest accumulative coastal macro-form in the
Baltic Sea region (Gudelis 1995). The length of the
Curonian Spit is 94 km (sensu stricio), the width var-
ies from ca. 4 km to ca. 370 m only (Gudelis 1998). It
originated as a whole during the late Litorina and post-
Litorina time (Kabailicné 1997a),

The present landscape of the Curonian Spit is the
result of the dramatic changes that took place during
17-19" centuries. During that period, the climax of
wlich was after the Seven-vear war (1757-1763), the
ancient parabolic dunes which covered the whole sur-
face of the Curomian Spit since Litorina period (Paul
1944-1951; Gudelis 1989-1990) were completely de-
stroved by drifting sand and replaced by barkhane
dunes. The main reasons for such a shift are consid-

b

ered to be the deforestation of the original mixed for-
ests which covered the parabolic dunes, overgrazing
of the open sand plains and extensive forest fires
(Mager 1938, Kunskas 1997), However, the natural
factors, related to the climate fluctuations should not
be ignored cither. Archacologists have observed inten-
sive accumulations of marine sand at other coastal strips
of the south-cast Baltic in 17-18" centuries as well
(LZulkus 1989/1990),

This phenomenon might be related to a more inten-
sive erosion of the morainic Sambian coast during that
period and the longshore transport and discharge of
sediments to the north of it along the accumulative
Curonian Spit and continental coast of Lithuania and
Latvia. Such a coastal development of the south-cast
Baltic might be compatible with the sharp changes in
coastal dvnamies observed at other European regions
during the same historic period (Davies & Williams
1991). As a result of these changes, the chain of drift-
ing barkhane dunes has evolved and rapidly advanced
castwards across the spit under the prevailing west-
erly winds,

It is not clear, why parabolic dunes were replaced
by the barkhane dunes on the Curonian Spit in 18-19%
centuries. E g, on the Skaw Spit, Denmark, parabolic
dunes were still very active sand dnift agents in the
same period ( Lyng Anthonsen 1998)
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By comparing different maps of the Curonian Spit
from the 18-19" centuries, some general conclusions
about the barkhane dune movement and morphologic
development of the Iﬂg-:}nnl coast in that period can be
made (cf. Mardosiené & Kirlys 1988). In the map from
1733 we see that already then the central part of the
Curonian Spit was woodless and covered by drifting
parkhane dunes. As a consequence, the lagoon coast
became indented, with a lot of new, 100-300 m long
and 2-3 km wide, sandy capes appearing on the for-
merly graded coastline. In the 19% century this process
expanded over the entire lagoon coastline. Though the
main crest of the barkhane dune ridge was half-way
hetween the sea and the lagoon coast. the single sand
masses from the blow-outs in the dune-ridge which
were promoted by the stronger windstreams blowing
through the blow-out vallevs advanced faster towards
the lagoon. In this way, a series of lagoon capes devel-
oped in front of the blow-out valleys. As the local tra-
dition said, some dunes “fell into the la-

1984, Kazakevicius (1979 1985 1988 1989-1990) in-
vestigated the changes in the marine and lagoon coast-
line of the entire Curonian Spit over the same period.

In our survey we have made a comparative
cartometric analysis of the morphologic changes in all
four wandering dune areas existing today and along
the entire lagoon coastline of the Curonian Spit over
the period of 1955-1995, For the comparative analysis
we used the cartographic materials from different pe-
riods. These materials included the bathymetric chart
of the northern part of the Curoman lagoon from 1943
in scale 1:25,000, the topographic map of the Curonian
Spit from 1955 in scale 1:25,000, the topographic map
from 1993 (Lithuaman part, scale 1:10,000), and from
1994 (Russian part, scale 1:25,000). Also, the coastal
zone maps produced from the results of the geodetic
surveys carried out along the lagoon coast of the
Curonian Spit by the Institute of Geography in 1987-
1997 were used as well.

goon” (Mager 1938).

During the turn of the 18" and 19" cen-
turies the drifting sand has posed an ever
growing threat to local villages, Berlin-
St. Petersburg mail route. and Klaipéda
{Memel) seaport navigation channel
(Gudelis 1998). Therefore the effective
program of sand stabilisation by forest
planting was carried out since the begin-
ning of the 19" century. Today there are
four strips of the drifting barkhane dune
ridge left intact on the Curonian Spit. The
total length of these is 30.6 km, 20.9 km
being on the Russian side and 9.7 km on
the Lithuanian side of the Curoman Spit
{(Povilanskas & Chubarenko 1998).
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METHODOLOGY

Quite a few comparative cartometric sur-
vevs have been carried out on the
Curonian Spit since the pioneering sur-
veys of Berendt (1869) and Heb von
Wichdorf (1919). Michaliukaité (1967}
measured the barkhane dune drift rate and
the changes in the coastline of the north-
ern and central part of the Curoman Spit
over the period of 1910-1955. Her survey
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was aimed to assess the impact of the dnft-
ing dunes on the development of the la-
zoon coastline after the extensive affor-
estation program of the 19" century.
Mardosiené (1988), Mardosienc and
Vainauskas (1984), Gudelhis and
Kazakevidius (1988) examined the ad-
vance of several highest drifting dunes of
the Curomian Spit over the period of 1910-
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Fig. 1. The Curonian Lagoon and the South-East Baltic Region,
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Fig. 2. Dynamics of migrating dunes on the northern slri|:;
of the Curonian Spit.
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Fig. 3. Dynamics of migrating dunes on the central strip of
the Curonian Spit.

Changes of the drifting dunes and coastal zone were
assessed using 258 profiles with an average distance
of 387 6 m between neighbouring profiles. The pro-
files covered the whole width of the dune ridge and
the lagoon coastal zone of the Curonian Spit (down to
3 m depth). During the geodetic survey the position of
the surface points was identified with a minimum ac-
curacy of d(x) =+ 5 m. The accuracy of the depth and
height measurements is d(y) =+ 0.2 m. The standard
error of all metric and planimetric procedures is (.4
mm, which means that the minimum accuracy of the
cartometric survey using maps with a scale of 1:25,000
and larger is d(x) = % 10 m. The estimation of the net
dune volume changes between 1955 and 1994 for each
cross-section was a three-step procedure.

First, we calculated the horizontal shifts of points
with altitudes of 35 m, 30 m, 25 m, 20m, 15 m, 10 m,
5 m (where available). 2.5 m. (0 m; or with depths of -
03m, =l m =1.5m, =2 m. =2.5m and 3 m. Then we
cstimated the ageregate area of profile changes between
1955 and 1994, Finally, the deposit volume change in
the dunes and the foreshore was estimated by multi-
plving the average arca of profile changes in the
neighbouring cross-sections by the distance between
these cross-sections.

The digitisation and computation procedures were
carried out using software adapted at the Atlantic De-
partment of the Shirshov Institute of Oceanography.
The coastal processes resulting from the interaction
between the drifting dunes and the lagoon were stud-
ied and mapped in site during field surveys carried out
during various seasons in |993-1998.

* Here and further i the text the term “palve™ means a plain on
the barrier spits formed by the sand dnfted from the beach or

migrating dunes, overgrown with grass, bushes. forest (el Gudelis
1943
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RESULTS

The results of our survey confirm the assumption thai
without a steady supply of sand from the scashore the
annual migration rate of the dune ridge crest has slowed
down from 11-13 m per year in 1837-1861, to 2-3 m
per vear in 1955-1997. The migration rate of the dune

crest in the southernmost (Diuny—Maréios) strip of

the drifting dunes was 3-4 m per vear while in the north-
ernmost (Pervalkos-Avikalnio) strip it was only 1-2m
per year (Figs. 2-5).

While the drifting dunes were advancing, the length
of the contact interface between the dunes and the la-
woon was rapidly increasing. In 19" century there was
a palve’ plain between the drifting dunes and the la-
goon in many places. However, in the second half of
20™ century drifting dunes were in the direct contact
with the Curonian Lagoon at over 29 km of the 30.6
km total length of the dune nidge (Povilanskas &
Chubarenko 1998). The interaction between the mi-
grating dunes and the lagoon creates a wide diversity
of coastal processes at the lecward foot of the Curonian
dunes: formation of slumps and sand debris, suffosion
gullics, and gyttja exposures.

The favourable conditions for the slump and debris
formation occur all year round due to the steady sup-
ply of sand which rolls over the dune crest from the
windward slope of the drifting dune to the leeward
slope being driven by westerly winds, At the same time,
the waves and drifting 1ce on the Curoman Lagoon
constantly erode the dune foot. Both processes ncrease
the steepness of the leeward part of the dune profile
and promote slump and debris formation (Fig. 6).
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Fig 4. Dvnamics of migrating dunes on the southern strip
of the Curonian Spit.
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Fig. 5. Dynamics of migrating dunes on the southernmost
strip of the Curonian Spit.,
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Fig. 6. Formation of sand debns on the lagoon coast of the
Curonian Spit. Cape Senuyjy Nagliy. Photo by R
Povilanskas, March 1998,

There exists a very distinct geographic variation of
the morphodynamic processes. While debris forma-
tion occurs along the entire length of the contact zone
between the drifting dunes and the lagoon, slumps oc-
cur only on the northernmost (Pervalka-Avikalnis) strip
of the drifting dunes. Both slopes of these grey dunes
are covered by grass vegetation, which makes defla-
tion of sand and thus development of loose sand de-
bris at the dune foot more difficult. The formation of
slumps 15 the prevailing morphodynamic process on
the leeward dune slopes there. The slumps form mainly
during spring due to large vanations in humidity and
temperature on the dunc surface (Povilanskas 1998).
Unfortunately, no instrumental measurements of the
slump and debris development have been ever taken
on the Curonian Spit.

Development of suffosion gullics on the lagoon
coast of the Curoman Spit is also directly related to
the dune advance. The ground water discharges at the
leeward foot of the drifting dunc and carries out sand
particles to the coast. This process makes the leeward
dune slope steeper, which promotes the creation of
suffosion gullies. Suffosion is spread along the entire
northern strip of the lagoon coast. however all traces

of suffosion are rapidly erased by the dunc advance
combined with the impact from drifting ice and waves.
The only fully developed suffosion gully on the la-
goon coast of the Curonian Spit is in front of the is-
land Kiaulés Nugara. The continuity of suffosion pro-
cesses at this site is witnessed by the steepening slopes
and permanence of the shape of the gully since 1913
(Fig. 7).

Another geomorphologic process, which is directly
triggered by the dune advance, is the development of
the lagoon gyvttja exposures. Gyttja is composed of the
fine organic material: fine detritus - about 50%. pehitic
(clavey) particles - 30%, sometimes up to 60%, and
carbonates - 13-20% or less (Kabailieng 1997b). Duc
to its plasticity, gyttja 1s pressed out of the underlying
layer by the huge mass of the advancing dune. How-
ever. the reason. why these exposures occur only on
the central and northern part of the Curonian Spit coast
1s unclear.

According to the results of our field survey carried
out in 1996-1998, there were three such exposures,
existing on the lagoon coast: at the Vingopes cape (Fig.
8). at the Parmidzio bight and in the Grobsto bight (Fig.
9 and Fig. 10). The stability of gyttja exposures de-
pends on the activity of coastal agents at these strips,
Thus. the Parmdzio exposure is declared a natural heri-
tage site, which presumes its long-term existence.
Meanwhile, the gyttja exposure to the north of the
Agilos cape, which was found in 1985 by Kazakevicius
and Klimasauskas (Kabailien¢ 1997b}), was already
eroded away by waves and drifting ice in 1998,

The dune advance is the prevailing agent of long-
term changes of the lagoon coastline of the Curonian
Spit. This prevalence is still very apparent, in spite of
slowing down of the dune drift rate. At the foot of the
drifting dune the average annual advance of the la-
goon coastling castwards is 4 m, which is more than 2
times faster than at other accumulative strips of the
Curonian Lagoon coastline. The coastline changes

TRy
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Fig 7. Development of suffosion gully. Cape Ledy, 1913-
1994 (By comparing the situation of 1913 with the siua-
tion of 1994 we can see how the slopes of the gully have
developed into the steep eroded scarps forming the valley
ol 21 shon brooklet).
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Fig. 8. Gyitja exposure of the cape Vingkopés with vegeta-
tion belts. 1 Soil, 2-Ooxze: 3-Sand. 4-Gyitja: 3-Black alder;
f-Feed,
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depend on the ratio between the amount of sand, which
is blown out from the windward slope of the dune and
the amount of sand reaching the lagoon on the lee-
ward side. In the white dune strip between Diuny and

Fig. 10, Gyttja exposure in Grobsio bight. 1-Soil; 2-Gyitja;
3-Sand; 4-Forbs, 5-Shrub,

cape Mardios this ratio 1s 81.7%, while in the grey
dune area between Pervalka and cape Avikalnio this
ratio is only 34.2% (Table 1).

The advance of the dunes into the Curoman La-
goon in 1955-1995 has also led to the formation of
new capes in the lagoon in front of the blow-out val-
leys of the dune ridge as in former periods. These newly
developed capes are cape Vingkopés and cape Senyjy
Nagliy in the northernmost coastal dune strip and cape
Lotmikio in the southernmost strip.

Waves and currents spread the sand from dunes over
the foreshore. The prevailing sediment transport di-
rection in the Curonian Lagoon is northwards under
the impact of strong southern and south-west winds
during the autumn and winter storm scasons (Kirlvs &
Stauskaité 1982). In the long term the littoral of the
lagoon in front of the dunes becomes steeper due to
faster advance of duncs compared to the distribution
of sediments by waves and currents. In the coastal ar-
cas immediately north of the drifting dune strips the
littoral becomes flatter and more shallow due to the

Table 1. Net sediment input from different strips of migrating dunes to the lagoon shore-zone of the Curonian Spit from

1955-1994
June st W v v

Wigrating dune strip IlcnI;h‘T: km K km® & o
Agilos — Avikalmo 2730 35402 242032 1.1:02 0.2+0.1 0.940.1
Lyvdumao - Agilos 4410 75404 4 8204 27203 R0 2 19202
Pamid2io — Midos 638 1.740.1 (1.8=0.1 0,940, | 0 6+0.1 ). 3+01
Girobito bight 78S | 21009 1 8004 032004 | 0.120,1 0.2:0.1
Cape Grobito 1880 | 2201 Q12005 1.1+0.] 012003 1.040.1
Priedvno — Skilvvies SRER 141404 1.5+03 6640 3 4.1x03 2.5302
Cape Apvaliojo Med2io - Cape Mardios 8555 319 840.6 7104 127406 14,2404 18,5805
Baltakalniy - Cape Apvaliojo MedZio 4525 | 89204 1.8£0.2 71404 24402 4.7:03
TOTAL 29414 TRB+1.0 26306 52 5208 225207 30,007

¥, = volume of blown out sand i the dune stnp. ¥V, - volume of accumulated acolian sediments before the shoreline of 1955, V<
nel volume of acolian sediments deposited in the shore-zone. ¥V, - volume of acolian sediments deposited between the 1955 and 1994
shoreline: V- volume of acolion sediments deposited in the littoral
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deposition of sand sediments brought by the longshore
drifi from dune areas,

The distribution of sediments from the drifting
dunes along the lagoon coast of the Curoman Spit forms
the distinet system of littoral cells. Whether these cells
are relatively permanent or not depends upon the long-
term permanence of the sand input from the drifting

dunes

DISCUSSION

According to Mader (1995), the Curonian Lagoon ¢re-
ates a natural boundary which prevents the drifting
dunes from further advance eastwards due to coastal
crosion and water infiltration into the lower part of the
dune body. Such assumption partially corresponds to
the statement of Kunskas (1997) concerning the carly
development stages of the Curoman Spit. However,
neither the cartometric analysis of the dune migration
and the lagoon coast development in 19" century, nor
our cartometric survey results confirm the assumption
of Mader. The prevailing morphodynamic trends on
the Curonian Spit after the afforestation are the flat-
teming of the dune profile and the steady advance of its
leeward foot into the lagoon.

The interest in the interaction between the drifting
dunes and the lagoon i1s not only theoretical. Whether
or not such interaction is taken into account might have
tremendous practical effect for the effective develop-
ment and implementation of the truly integrated shore-
line management program for the Curonian Spit.
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SANTRAUKA

Kurdiy nerijos pustomy kopu saveika su Kursiy
mariomis

Kurgiy nerijos pustomy kopy slinkimas aktyviai
transformuoja mariy kranta. 19535-1995 m. laikotarpiu

1§ 30.6 km bendro Kurdiy nerijos slenkanéiyjuy kopu
gibrio ilgio net 29.4 km ilgyje kopos buvo
betarpitkame salvtyje su Kuriiy mariomis. Ties
pustomomis kopomis stebimas sparciausias kranto
linijos persistimimas | marias (vidutimskar 2.2 karto
spartesmis, negu prickrantingés pernasos nesmeny
suklostymo vietose). Sio proceso sparta priklauso nuo
to- kokia dalis prieSvépmame pustomy kopy $laite
iipustyto smélio patenka | manias pavejiniame Slaite.
Didziausias prie§véjiniame kopy sSlaite iSpustytas
smelio kickis patenka | mariy kranto zona ties Budumo
krantais esanc¢iame Baltakalniy-Marcios rago pustomy
kopy ruoze (81.7%) o ties Vidmariy ir Panerijos
duburio kranto zona esanéiuose pustomy kopy
ruozuose Sis santykis Zymiar mazesnis (atitinkamai
49,7% ir 34.2%). 19 a. viduryvje. t.yv., intensyviausio
Kurdiy nerijos pustomy kopy slinkimo latkotarpiu
nustatytas desningumas, kad kranto linija sparéiausiai
stiimési | marias raguose, susidariusiuose tics
defliacinémis pralauzomis kopagiibryje, tinka ir
dabartiniam kopu sgveikos su mariomis etapui, Ties
defliacinémis pralauzomis formuojasi nauji Kurdiy
nerijos ragai (Senyju Nagliy. Vingkopés, Lotmikio).

Svarbiausias pustomy kopy poveikis kranto zonos
dinamikai pasireiikia atabrado morfodinaminés
tendencijos pokyéiais. Patenkantis | Kurdiy marias
pustomy kopu smelis prickrantés sroviy poveikyje
pasklinda platesniame atabrado ruoze. Todel ties
pustomomis kopomis sutinkamas sparciai gilejantis
atabradas. nes spartaus kranto linijos stimimosi |
marias nespéja kompensuoti prickrantes seklejimas.
Tiems prickrantés ruozams, kurie yra pustomy kopy
kaimvnystéje ir intensyvios prickrantés neSmeny
pernasos poveikio zonoje, biidingas lékstas atabradas.

Dél Kurgiy nerijos slenkanéiyjy kopu saveikos su
Kurdiy mariomis ir po colinémis nuogulomis
sliigsanéiu substratu, mariy pakrantéje vyksta aktyvis
Slaitiniai procesai: gravitaciniai (nuogriuvos, nuobiros,
nuoslankos), sufozija ir mariy mergelio atodangy
susidarymas. Nuogriuvos ir nuobiros biidingos visicms
Kurdiy nerijos slenkanciujy kopuy ruoZams, tuo tarpu
nuoslankos daugiausia susidaro Siauriniame Kuriy
nerijos slenkanéiyjy kopy ruoze, kur kopy pavéjinis
Slaitas apauggs Zoline augalija, stabdanéia nuogriuvy
ir nuobiry formavimasi. Sufozija ber mariy mergelio
atodangy formavimasis taip pat vyksta tik centringje
ir Siauringje Kurfiy nerijos mariy pakranteje.
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Holocene shoreline displacement and palaeogeography of the Képu Peninsula,

Hiiumaa Island, Estonia

Leili Saarse, Atko Heinsalu, Juha Karhu, Jiri Vassilfev, Siim Veski

Abstract

A sediment profile from the Kéivasoo Bog, Hilumaa Island. Estonia was examined for the lithology, pollen,
diatoms and isotopic compaosition of carbon and oxygen in gastropod shells to record relative sea level changes
during the Holocene. The Kdivasoo basin was first isolated from the Baltic Sea basin in the Late Boreal, about
$300 BP, forming a small coastal lake. It reconnected to the Baltic Sea basin about 8000 BP at the beginning of
the Litorina Sea stage. The Kdivasoo basin finally isolated from the sea about 7800 BP and formed a shallow
alkaling lake. At the beginning of the Subboreal the lake was overgrown. A new shore displacement curve was
reconstructed for the Kopu Peninsula, and compared with that for Saaremaa Island and West Estoma. Culmination

of the Litorina Sea transgression was diachronous depending on the character of land uplift.
[T Pollen, diatoms, " dates, sotapic composition, shore displacement enrve, Képu Peminsnife, Hitnmaa Isfand, Extonia
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INTRODUCTION

In the history of the Baltic Sea four main stages have
been distinguished (the Baltic lce Lake, the Yoldia Sea,
the Anevlus Lake and the Litorina Sea) governed by
the recession of the last ice sheet and consequent land
uplift. and connections with the ocean. The coastal
formations of the Baltic lee Lake (12,600-10,300 BP)
have been identified in two main levels, the B | and
the B Il (Donner 1993). Owing to the retreat of ice in
south-central Sweden and opening up of the connec-
tion with the Atlantic Ocean. the Baltic Ice Lake level
dropped about 25-28 m and the Yoldia Sea stage be-
zan (Svensson 1989 Bjorek 1995 Donner 1995), The
Yoldia Seéa (10.300-9500 BP) has been divided into
three sub-stages, with brackish-water conditions in the
middle (Svensson 1989. Wastegard et al. 1995:
Heinsalu 2000). Due to land uplift the straits closed
and the Ancvlus Lake (9500-8000 BP) was formed.
with transgression that culminated between 9200-9000
BP (Bjarck 1987, 1995), Establishment of a new out-
let and reaching of the equilibrium between the Baltic
Sea basin and the ocean level marks the end of the
Ancvylus Lake. A relatively rapid custatic sea level rise

and decreased land uplift caused the ingression of
marin¢ waters into the Baltic Sea basin and the onset
of the Litorina Sea stage.

Besides these four main stages. the Mastogloia Sea
has been recognised as a transitional diatom-strati-
graphic unit, preceded by the freshwater Ancylus Lake
and succeeded by the Litorina Seca (Kessel & Pork
1974; Hyvarinen et al. 1988; Aker ¢t al. 1988). The
Mastogloia Sea strata are distinguished by sparse pres-
ence of weakly brackish-water diatoms Rhoicosphenia
curvata, Nitzschia tryblionella, Campylodiscus
echeneis and Mastogloia spp. among the prevailing
freshwater taxa, particularly in profiles of the littoral
arcas (Hyvarimen 1984), while in the offshore se-
quences such a transitional unit is commonly absent
(Ignatius ct al. 1981), The slightly brackish-water dia-
toms appeared around 8500 BP in sequences of south-
ern Sweden (Berglund 1964, 1971), around 8000 BP
in Finland (Alhonen 1971 Eronen 1974 Hyvirinen
1982) and about 7800-8000 BP in western Estoma
(Kessel & Pork 1974). They mark a gradual penetra-
tion of salt water into the Baltic Sea basin, after the
opening up of the Danish Straits due to the eustatic
rise of the ocean level. Due to insufficient biostrati-
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graphic records, the Mastogloia Sea sediments in Es-
tomia (¢.g. Lumiste on Muhu Island) have been related
to the Litorina Sea (Kessel & Pork 1974),

The beginning of the Litorina Sca stage in a strict
sense is usually placed at between 7500 and 7000 BP,
a time when a more pronounced increase in salinity
can be traced in the Baltic Sca sediments (Hyvviinnen
1980 Eronen 1Y83). In the off-shore sediments this
event is marked by a well-defined hithostratigraphic
boundary (Ignatius et al, 1981). According to molluse
faunas the maximum salinity of the Litorina Sca ranged
between 15-20 %o (Hyvarinen et al. 1988). In Estonia
and Finland only one major transgression of the
Litorina Sea has been distinguished, although this trans-
gression culminated at different times between 7000
and 6000 BP, depending on the local land uplift (Eronen
1974, Hyvirinen 1980). The salinity of the Baltic Sca
basin gradually decreased since 4000 BP during the
following Limnea Sca stage (Hyvarinen et al. 198R).

THE STUDY AREA

The Kdpu Peninsula on the Hilumaa Island with its
broken topography. wide spectrum of scarps and
rather rapid land uplift 1s one of the best regions in
Estoma for mapping of ancient coastal formations
(Fig. 1). However, the possibilities to date these for-
mations arc rather restricted due to the limited extent
of organic deposits. The first reports on the Ancvlus
Lake and the Litorina Sea deposits and shorelines of
the Kdpu Peninsula were published seventy vears ago
(Ramsay 1929), and numerous studies have followed
since that time (Kents 1939 Kessel & Raukas 1967,
1979 Ratas 1976; Haila & Raukas 1992; Lougas et
al. 1995; Raukas 1994, 1995, Raukas & Ratas 1995,
Konigsson et al. 1998; Hang & Kokovkin 1999),
The shortage of biostratigraphic proxics and reli-
able radiocarbon dates has often led to nusinterpre-
tation of ancient coastal formations and their chro-

nology. The highest

Kaiay = shoreline on the
____-__é'——-==;_-§ —— *I-»_’tﬁpu Nanihalise P Képu Peninsula is
3 G R . v located at an eleva-
U #@” tion of 60-61 m
Y um = N (Kessel & Raukas

B "I Village -2
i e w!® ikopu o 1967) and prebably
!‘: K{ij'aggg =% , N ! v d belongs to the Yoldia

Sea stage. Morpho-

i ==
| Bog ' logically, the well-
developed scarps
— | [ and beach ridges at
‘=N *: 3 an clevation of 44—
o xﬁ / 45 m have been cor-
ol Y L related awith  the
b 4 Ancylus Lake (Kents
e 1 1939) On the basis
. - - g@ of measured terraces.
il il scarps and beach
() Stone Age setlements || ridges, Kents (1939)
+ Sampling point AN distinguished five
Saaremaa | [i] Graveyard e different levels in the

Fig. 1. Location of the study arca and Kéivasoo Bog.

The mam objective of the present paper 1s to revise
the evolution of the Kdpu Peninsula on the basis of
new pollen. diatom and 1sotopic data. and radiocarbon
dates and to hughlight the environmental conditions at
the beginming of the Litorina Sea stage. New radiocar-
bon dated shore displacement diagram for the Képu
Peninsula was reconstructed and compared with those
of Saaremaa Island and West Estoma. A regional svn-
thesis of the sea level changes at the beginning of the
Holocene in the region is presented. The pollen record
and radiocarbon dates of the Kéivasoo Bog sediments
have been recently published by Konigsson et al
{(1UuR).

&

development of the
Litorina Sca, later
supported by
Kessel's mvestigations (Kessel & Raukas 1967,
1979). The highest Litorina Sea beach formations
arc found at 27.6 m (Kents 1939) or 26 m {Kessel
& Raukas 1967).

koivasoo 1s a small raised bog between two series
of scarpsat 27 6and 23 8 ma.s | with a narrow thresh-
old in the south at an elevation of 26.5 m. The present
overflow threshold lies at ca 23 m asl, and it was
deepened in connection with the dramage of the bog.
The Kdivasoo Bog was selected as kev site for inves-
tigations because it lies near the Litorina Sea lhimit and
holds limnic, lagoonal and terrestrial deposits of Bo-
real to Subatlantic age.

Holocene shoreline displacement and palacogeography of the Kapu Peninsuli, Hilumaa Island, Estonia
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MATERIALAND METHODS

The morphology and sediment stratigraphy of the
Kiivasoo Bog was examined along two transects us-
ine o Russian peat sampler. A total thickness of 331

masl bain core ma.;.i
27
26
Ll o
s __r—""‘"" s
4 - - - 24
% i00 200 300 400 500 BOD  TOO M
|| pemt ) Gottiaf ] catcareous st Y su 7] sana

'E'-ig: 2. Sediment profile A—B from the Kdivasoo Bog. For
location see Fig. 1

fable 1. Stratigraphy of the Kdivasoo Bog profile

‘ Depth. cm Sediment description

Sphagnum peat with Evtophorum and
wood fragments

Gyitja, upper part contains abundant
plant detritus

Calcarcous silt with plant fragments and
mollusc shells. The upper contact 15
sharp and with thin sand lamina
indicative of acolian activitics and/or
water-level changes

Silt with mollusc shells

Sand, finc grained, with mollusc shell
fragments

[[r-l‘}?
| 97-240

240-318

118325
| 325-351

cm of sediment was continuously sampled. Samples
for diatom and isotope analyses were taken from the
lower part of the main core (Fig. 1). Diatom samples
were treated with 30% H,O, according to Battarbee
(19%6). Diatom taxonomy
follows Hustedt (1930),

From cach sample one to three gastropod shells, weigh-
ing 1-3 mg in total, were selected for analysis. Pow-
dered shells were treated with 30% H.Q, overnight in
order to remove organic material (Boiseau & Juillet-
Leclere 1997) and then reacted with >100% H PO, for
more than 16 hours. The product CO. was purified
cryogenically and analysed for its carbon and oxygen
isotope composition using a Finnigan MAT 251 mass
spectrometer. The 8'*C and 8'*0 values are reproduc-
ible to better than +0.1%e.

RESULTS
Lithostratigraphy and chronology

Five main lithostratigraphic units (sand, silt, calcare-
ous silt, gvttja and peat) have been distinguished and
examined in the sediment of the Kaivasoo Bog (Fig.
2). The lithostratigraphy of the studied profile i1s as
follows:

The content of matter carbon in the lowermost sand
and silt units is less than 1% and that of carbonate is
around 8-10%. In the calcarcous silt the organic frac-
tion forms 5-7%, carbonate fraction increases rapidly
to about 60-70%. The most pronounced change in the
sediment lithology occurs at the depth of 240 cm. where
the carbonate fraction decreases to less than 1%, the
terrigenous fraction shortly increases to 60% and the
organic fraction starts to rise.

Sarv (1981) and Sarv et al_ (1982) have published
conventional radiocarbon dates on the total organic and
carbonate fraction, and AMS dates from wood and plant
fragments have been reported by Kénigsson et al.
(1998). All ages are given as uncalibrated and uncor-
rected radiocarbon vears before present (Table 2). The
AMS dates are preferred to conventional ones. How-
ever. the date 84954835 from a plant fragment washed
out from the calcarcous silt at 289 5 em is problematic

Table. 2. Results of radiocarbon dates from the Kdivasoo Bog

Malder and Tynni (1967~ ; HC ape. ratary Mo Material

1973), Tynni (1975-1980), Depth. cm Adfuﬂtsﬁldcpthi C age, BP | Laboratory No

Krammer and Lange-

Bertalot (1986-1991). The | Investigated core

organic and total carbonate |36 2775 £ 65 Ua-12 073 Wood

content was cstimated by | 140 461570 | Ua-12072 Wood

loss-on-ignition at 350° C  [2455 GHI5 £ 85 Ua-12 071 Plant fragments

and at 825° C respectively.  |289.3 BJU5 £ 85 Ua-12 070 Flant fragmenis
Isotope ratios of carbon

and ﬂxw;cn inmollusc shells | Sar: 1981 :

: ; 0-10 0-10 10K30 & GO TA-5223 Bulk organic
were determined at the g, o, 65-75 2440 + 60 TA-524 Bulk organic
Laboratory for Isotope Ge- | 40_110 110-120 | 4360460 | TA-525 Bulk organic
ology of the Geological Sur- | 50190 185-195 | 4860+ 70 TA-526 Bulk organic
vey of Finland. Shells and  |290-210 215-225 | 6580460 TA-527 Bulk organic
shell fragments were sepa-  [220-230 245-255 7440 £ 60 TA-528 Carbonate fraction
rated from the sediment by | 230-240 260-270 7850 £ 70 TA-529 Carbonate fraction
sieving and hand picking. |270-280 3115-325 B100 £ 90 TA-530 Carbonate fraction
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and does not match with the pollen stratigraphy. The
conventional radiocarbon dates of calcareous silt are
probably too old due to the hard-water effect.

POLLEN ANALYSIS

A 351-cm profile from the central part of the
Kdivasoo Bog was divided into five pollen assem-
blage zones (Fig. 3; Kénigsson et al. 1998). The low-
ermost part of the profile shows a high Pinus pollen
frequency with low Ulmus and sporadic Tilia. This
15 not in harmony with other Early Atlantic pollen
spectra in Estonia, according to which Tilia reached
into the area at the Boreal/Atlantic transition and
o po

B,

& Fuipna

{Kutzing) Grunow., Opephora mariyi Heribaud,
Achnanthes clever Grunow and Eprthemia frickei
Krammer. Amphora pediculus, Opephora marty:,
Achnanthes clever, Cocconels thumensis Mayer are
epipsammic 1.¢. diatoms attached to sand and silt grains
They mostly inhabit littoral areas of eutrophic alka-
line lakes in Estonia. Epithemta fricker 1s epiphytic
Planktonic and large-lake taxa are absent.

DZ 2. 325-265 cm. This zone 1s characterised by a
new diatom assemblage. The dominating species of
the previous zone disappear or decline at the zone bor-
der. Planktonic, large-lake Aulacoserra islandica (O
Miiller) Simonsen and Stephanodiscus neoastraca
Hakansson & Kling characterise the zone, even though
their abundance is only moderate. In the upper part of
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Fig. 3. Simplified pollen diagram from the Kdivasoo Bog,

Umus having its maximum occurrence in the Early
Atlantic. Such peculiar spectra with over-represented
Pinus pollen are common to transgression/regres-
sion areas (Thomson 1929). The lowermost silt unit
contains a high number of Pediastrum spores and
redeposited Picea pollen. The uppermost calcare-
ous unit is rich in Borrvococcus colonies, and the
values of Pediastrum are low. Two radiocarbon dates
from this unit confirm its deposition during the Early
Atlantic. Typical Atlantic spectra occur in gytya,
which started to accumulate at about 6825485 BP.
About 2000 vears later, the coastal lake was filled
in with peat and abundant pollen of dwarf shrubs
and Calluna 1s charactenstic of the upper part of
the pollen profile (Fig. 3).

DIATOM ANALYSIS

The sediment scction of the Kaivasoo Bog was
anal¥sed for diatoms from 230 em downwards. The
diatom diagram displays freshwater floras throughout
the analysed section, with pronounced changes at 325
and 263 cm. The diagram is subdivided into three dia-
tom assemblage zones (Fig. 4).

DZ 1, 350-325 em. The zone is characterised by a
dominance of periphyvtic diatoms Amphora pediculus
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the zone their amount decreases. Mastogloia elliptica
{Agardh) Cleve. M. smithii Thwaites and M. smithii
var. lacustris Grunow, Cymbella leproceros
(Ehrenberg) Kutzing and Gomphonema angustum
Agardh arc common.

DZ 3, 265-230 cm. Large-lake diatoms have dis-
appeared. The share of Mastoglova smithir and M
elliptica decreases, except at the depth of 240-235 em.
Other subdominant species of the previous zone either
disappear or their values decrease and they are replaced
by a small-lake fora with peniphvtic diatoms Cymbella
ehrenbergn Kutzing, €. laevis Naegeli, Navicula
radiosa Kitzing and planktonic Cyelorella comta
Kiitzing and . krammer: Hakansson. The last sample
consists only of corroded valves of Cymbella
ehrenbergn. Diatoms are not preserved above 230 cm.

ISOTOPIC COMPOSITION

The dyvnamic picture of diatom flora 1s supplemented
by oxygen and carbon 1sotope records obtained from
gastropod shells (Table 3). The 1sotope ratios of two
Cerastoderma glawcum samples from the Litorina Sea
deposits (Punning et al. 1988) are given for compari-
son. The 80 values vary from —6.0 to -3 4%. and
&"C displays values between 1.7-7.0%« having an

Holocene shoreline displacement and palacogeography of the Kapu Peninsula, Hilumaa 1sland, Estonia
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Fip 4 Diatom diagram from the lowermost part of the Kéivasoo Bog. For lithology see Fig. 3.

Sea with 8"°C values of carbonate ranging from -6.8
to+2 3%a. These data suggest that the gastropods with
5"*C-enniched carbonate shells represent a distinct en-
vironment, possibly not open to the Baltic Sea basin.
In a restricted. closed lake environment the isotopic
composition of dissolved in-
organic carbon may evolve to
— higher 6C values due to high

opposite trend of change. Oxygen isotope values are
low in the bottommost part of the profile correspond-
e to the transition of the Boreal to the Atlantic. fol-
lowed by an increase up to—3 4%e at 250 em. The 6"C
values show a distinet minimum in the middle of the

[uble 3. 8% and 8"C values of molluse shells from Hitnmaa Island

s 5 ey = 1 i LR y . JL .

Sile Molluse species Depth, em | Environment | d™0%0 | d"'C.% productivity (McKenzie 1985
. Rozanskictal, 1988). Because
]"\:.‘H'l. 500 | Lymaea spp.”! 243 Closed lake --f.ﬁﬂ 6,949 molluses are considered to se-
Rovasoo | Lynmraea spp.”! 250 Closed lake -3.39 4.99

crete shell in near isotopic

koivasoo | Lymmnaea spp.:.’ 270280 Lagoon -5.05 70 equilibrium with the environ-
hoivasoo| Lymnaea spp.” 280-290 Lagoon -5.96 2.50 mental  water (Fritz &
|u.'-|\ asoo| Lymnaea spp.” 2‘-’“—31“" ) Lagoon -5,02 !'2 | Poplawski 1974), a shift in the
Kaivasoo| Lymuaca spp.! 320-325 | Closed lake | 3.0 3.32 5"°C values of dissolved inor-
Vanajée' | Cernstoderima glaucinn I,|_1ur!m E:E:I -:_t.l_i 1.3 ganic carbon would be re-

Litorina Sea | -3.5 1.9 flected as a similar shift in the

Sunrepsi’ | Cerastoderma glaucum

s isotope ratios of shells.
Vilues necording to Punning ¢f al 1988

calearcous silt. A rapid decrease in §'C by about 4%« DISCUSSION
it the depth of 320-300 cm marks the start of the trans-
UTESSION

The molluse shells collected from 315-320 emand
250243 em of the core have 6"°C values varving from
7010 7 (%, These values are distinetively higher than
those recorded for shells from deposits representing
the Anevlus Lake. the Litorina Sea or the Limnea Sea
stages of the Baltic Sca by Punning et al. (1988), Their
study included 46 Cerastoderme glavcwm and Lym-
nava halthica shells from vanous stages of the Baluc

Fig. 3 summanses the development of the Kopu Pen-
imsula between the transgressions of the Ancylus Lake
and the Litorina Sea. During the culmmation of the
Ancvlus Lake transgression at about 2200 BP Képu
Peninsula was a small elongated island (Fig. 3a) which
increased in size continuously due to land uphft. At
about 8400 BP. the Kéivasoo basin emerged and prob-
ably formed a small lagoon where sand deposited (Fig.
3¢). About 100 vears later, it was isolated from the

19



Leili Saarse, Atho Heinsalu, Jula Karlw, Jiiri Vassiljev, Sian Veski

C) s400BP D) 8300 BP

E) BODDEBP F) 7800 BP

Fig. 3, Early Holocene palacogeography of the Kdopu Pen-
insula.

Baltic Sea basin for the first time and turned into a
coastal lake (Fig. 5d). The Ancylus Lake level de-
creased below the Kaivasoo basin threshold (26.5 m),
most probably to about 24 m. If it would have dropped
more, the Kdivasoo basin would have dried up due to
a highly permeable Ancylus Lake beach ridge of sand
and gravel, which borders Kdivasoo basin from the
south. According to the authors™ observations the
Ancylus Lake regression had an amplitude of about
20 m on the Képu Peninsula (Fig. 6). Raukas et al
(1996) suggest a deeper regression. downto 20 mas 1.
in that case the coastal lake of Kéivasoo should have
disappeared. Diatom assemblage (Fig. 4. DZ 1) indi-
cates alkaline freshwater conditions i this very shal-
low coastal lake, which remained on the sandy coast
of the retreating Ancylus Lake (Fig. 7). The high
amount of Pediastrum coenobia and the 6"C values
of shells also refer to post-isolational conditions (Fig
3. Table 3). The presence of Alnus, Ulmus and Queercuy
pollen with increasing Py pollen confirms the Late
Boreal age of the isolation.

Changes in lithology (Table 1). a sharp decrcase in
Pediastrum (Fig. 3). appearance of large-lake diatom
taxa (Fig. 4) indicate consistent changes in the envi-
ronmental conditions at 3 18-325 cm. Large-lake plank-
tonic diatoms Awlacoseira islamdica and
Stephanodiscus nepastrae and periphyvtic Cymbella
lemceolata (Ehrenberg) Kirchner (Fig. 4. DZ 2) sug-
gest the inundation of the Kdivasoo basin and the es-
tablishment of a connection with the Baltic Sca basin
The relatively high abundance of small-lake species
reveals that this connection was weak The deseribed

20

rise in the water level of the Baltic Sea basin, after the
Ancylus Lake regression, could have happened due 1p
establishment of the connection with the ocean
Eustatic rise of the ocean level led to intermittent in-
flows of saline water over the sills of the Damish Straits
into the Baltic Sea basin. Soon after at 8800-8900 Ep
the first indications of saline water penetration into the
Baltic Sea basin appeared in the areas close to the en-
trance along the coast of Blekinge, southern Swedcn
(Berglund & Sandgren 1996) and in the Bornholm
basin (Andrén et al. 2000), However, in southern Fin-
land the coastal waters became brackish at about 8000
BP (Hyvirinen 1984). This slow spread of brackish
water across the Baltic Sea basin can be explained by
the limited water exchange between the Kattegat and
the landlocked Baltic Sea basin. The density differ-
ences of the marine and fresh water forced the saline
water to flow as a bottom-current, vertical mixing of
the water column was prevented by a permanent halo-
cling and the sills separating the various sub-basins
were obstacles for the spread of saline water towards
the northern basins.

According to the diatom assemblage we can sug-
gest the formation of a sheltered freshwater lagoon at
about 8100-8000 BP {Fig. 5¢) in the K&ivasoo basin
Brackish littoral diatom species are absent and it is
highly speculative to state about the salinity of the
Kaivasoo basin relving only on the salinity indifferent
Mastogloia spp. The diatom data suggests that saline
water had not vet reached the coastal area of Hilumaa
Island by that time. The environment of that shallow
freshwater lagoon was highly cutrophic and alkaline
Epiphytic Cymbella leptoceros, Gomphonema
angustum and Epithemia spp. refer to abundant benthic
macrophyte vegetation, consistent with more frequent
aquatic pollen appearance (Fig. 3).
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Fig. 6. Early Holocene shore displacement curves for the
(a) Képu Peninsula. (b) Saaremaa Island. (c. d) West Esto-
mia,

Holocene shoreling displacement and palacogeography of the Kopu Peninsula. Hitumaa Island. Estoma
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lake conditions. A similar dis-
crepancy between the lithologi-
cal and diatom records, defining
the 1solation contact, has also been described in a sedi-
ment sequence near Virolahti (Micttinen & Hyvénnen
1997)

The saline Litorina Sea never flooded Kéivasoo
basin. Acolian activities and dune formation. which
actrvated in Kapu Peninsula, can explain the increased
terrieenous fraction in the sediment composition and
associated change in the composition of diatoms (Fig.
41 Atter the final 1solation, the Kéivasoo basin be-
came a shallow cutrophic coastal lake where gyvitja
deposited and from 4900 BP onwards it was filled in
with peat. Kdpu Peninsula itsclf joined with the man
1sland at about 4000 BP.

\ model of the 27-m Litorina Seca isobasc for the
Kopu Peminsula 1s presented in Figure 6a. It covers a
time span between 10 000 and 5000 BP and it 15 com-
parcd with the shore displacement curves from
Saarcmaa Island (Fig. 6b) and West Estoma (Fig. 6c.
i) The latter are based on biostratigraphical. geomor-
phological and "C data by Veski (1998) with input
from previous data. The shore displacement curves
(Fig 6} support the opinion. that the culmination
I itoring Sea transgression peak was diachronous, de-
pending on the rate of the 1sostatic uplift. The trans-
sression occurred later in arcas with a lower rate of
land uplift (Eronen 1974, Hyvarinen et al 1992
Vhettmen & Hyvarinen 1997)

CONCLUSIONS

\ continuous hmme profile and new biostratigraphic
ceords indicate the Ancyvlus Lake regressional lmit
down to 24 mas.|. on the Képu Peninsula. which con-
tradict the suggestion of a much deeper regression of
Raukas et al (1996)

Fig 7. Summary diagram for the environmental development of the Kéivasoo basin.

The Kdivasoo basin isolated twice. first at the end
of the Ancylus Lake regression at about 8300 BP and
the second time after the Litorma Sea transgression
7800 BP. Freshwater conditions still oceurred during
the culmination of the Litorina Sea transgression on
Kdpu Penmsula, The saline Litorina Sca never mun-
dated the Kéivasoo basin (Fig, 7).

Reconstructed shore displacement curves for Kopu
Peninsula, Saarcmaa Island and West Estonia support
the opinion that the peak of the Litorina Sca transgres-
sion was diachronous, depending on the rate of isos-
tatic uplifi. The peak occurred later in areas with a lower
rate of land uphft.
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Sulfide geochemistry and mineralogy from two different Baltic Sea environments:
Bothnian Sea and Gotland Deep

Marti Milkki

Abstract

The purpose of this study is to compare sedimentary sulfide formation of the Bothnian Sea (EB-1) with that of
the Gotland Deep (BY-15). Only monosulfides are present at site EB- 1, attributed to the lack of elemental sulfur
that prevents pyrite formation. At site BY-135, sulfides occur mostly in the pyrite form. Organic matter is interpreted
to be the main limiting factor for sulfide formation due to almost constant excess of elemental/organic sulfur at
site BY-13. Because of intermittent anoxia most iron remains as dissolved Fe® form which prevents general
iron-limitation. The limiting factor for sulfide formation is obscure at EB-1 site. For trace metals, only

molybdenum appears to be assosiated with sulfur. Pyrite formation is closely linked with that of carbonate

formation at BY-15 site. Synsedimentary and diagenetic crystals for both phases were observed.

3 Baltic Sea, geachemistry, petrograply, sediments, sulfides.
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INTRODUCTION

Ferrous sulfides, especially pyrite, are common
authigenic minerals in sea sediments. Dissolved sul-
fate is reduced by anaerobic bacteria either in near-
bottom or interstitial waters, and Fe-sulfides are formed
by the reaction of hydrogen sulfide and ferrous ion.
The subject has been studied both in present marine
sediments (Berner, 1970, Jorgensen 1977, Filipek &
Owen 1980, Sweeney & Kaplan 1980, Leventhal 1983,
Howarth & Joergensen 1984, King et al. 1985, Canfield
1989, Jargensen 1989, Canfield et al. 1992, Luther et
al. 1992, Thamdrup et al. 1994) and older sediments
of Phanerozoic time (Berner & Raiswell 1983, Gibson
1985, Raiswell et al. 1988, Raiswell et al. 1993,
Revnolds et al. 1994, Coleman & Raiswell 1995),
Some previous studies about the sulfide formation in
Baltic sedimeonts have been made (e.g.. Ignatius et al.
1968, Papunen 1968. Suess 1979, Lein 1983, Boesen
& Postma 1988, Salonen et al. 1995). Especially
Meumann et al. (1997, Sternbeck & Sohlenius (1997)
and Lepland & Stevens (1998) have investigated sul-
fide formation with respect to carbonate formation in
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a given environment. The relationship between sul-
fides and authigenic phosphate minerals has also been
exhibited in a freshwater/brackish environment
{Postma 1982),

The Baltic region is characterized by different hy-
drographic conditions and sedimentation rates. which
make the sediments of this relatively small area het-
erogeneous. Due to a small vertical salinity differ-
ence in water masses the surface sediments of the
Bothnian Sea area are permanently oxic. This allows
water mixing and oxygen penetration 1o surface sedi-
ments. A permanent salinity stratification exists in the
Baltic Proper area which prevents the mixing of oxy-
gen-rich surface water and oxygen deficient bottom
waters. After oxygen depletion by organic matter deg-
radation anoxic conditions prevail in near-bottom con-
ditions until the next oxygenated saline water inflow
event occurs from the Danish straits.

Different environmental conditions have an impact
on the formation of authigenic minerals. The deep water
salinity varies from 5-8 %o in the Bothnian Sea to 10-
13%a in the Baltic Proper (Kullenberg 1981, WulfF et
al. 1994). A wotal carbon in the Bothnian Sea upper-
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= (1993). The “background™ carbon value is typically
2.5% and occurs > 80% as organic form in EB-1 sedi-
ments (Brigmann & Lange 1990), By contrast. total
organic carbon (TOC) may reach 9-10% values in
the Gotland Deep (Emelvanov 1988, Neumann et al.
1997). Pyrite formation is a function of a non-reac-
tive (buried) organic matter and salinity (Berner
1984).

The purpose of this study is to compare sulfide
formation in the Gotland Deep (the Baltic Proper)
and the Bothnian Sea sediments. The site EB-]
(61°04.00°N, 19744 00°E: Fig. 1) is in the decpest part
of the Bothnian Sea (water depth 130 m). The upper-
most four meters of the sediment in the area are of
postglacial clay material (Winterhalter 1972). The av-
erage sedimentation rate in the consolidated part of
sediments is ca. 0.27 mm/y and in upper unconsoli-
dated part ca. 2.4 mm/y, respectively (Niemisto 1982).
The thickness of the oxidized surface sediments is
ca. 5 ¢m. No visible structures are present, possibly
because of bioturbation (Niemist6 1983). The site BY-
15 (57°19.21'N, 20°03.00°E) is in the deepest part of
the Gotland Deep (water depth 236 m). The thick-
ness of postglacial clay layer is 5-7 m (Niemistd &
Voipio 1974, Ignatius et al. 1981). The sedimenta-
tion rate has been estimated as 1.0-1.6 mm/y (Salonen
et al. 1995) and the rate may vary even within a single
area in the basin (Niemisté & Voipio 1974). The
bioturbation i1s completely absent at the uppermost
core of BY-135 (Fig. 1) suggesting generally an insuf-
ficient oxvgen content for benthic fauna. Descriptions
of the uppermost part of cores were made in field in
sitm (Fig, 1).

—_—

Fiz | Sampling sites and in situ-descriptions of the upper-
must cores (.. Salonen ct al. 1995),

most sediments (2.5-3.5%) has been measured by
Brigmann & Lange (1990) and Leivuort & Niemistd

Tuble 1. A sequential extraction analysis (SEA) -procedure for K, Na; Ca, Mg: 50, Fe. Mn: Co.Cu, Mo, Mi. Pb. Zn. HXL
= livdroxylaming hydrochloride

step method expected farget meastured elemenls original reference

|1 ion exchanged water pore waler K, Ma; Ca, Mg: 50, (sce text)

Il IMNHAc pH7 2d “exchangeable” K. Na: Ca, Mg: SO, Tessier et al. (1979}

(11 NH Ac-HAc pH 4R “carbonates” Ca, Mg: Fe, Mn Tessier et al. (1979)

| 15 min ultrasonic bath

(V1 MHXL-2MHAc “poorly ordered oxides Fe. Mn Chester and Hughes

I35 min wortex slirrer and hydroxides” (1967), Filipek and
Theobald Jr. (1981)
Voo 03 M Na-citrate - | M “ervstalling Fe-oxides™. | Fe Mehra and Jackson (1960,

NaHCO, - Na-dithionite
153 min heated at 80°C
water bath

VI 4 M HCI with KCIO, (*)

“Fes -Fe” Thamdrup et al. (1994)

“sheet silicate -Fe'. Olade and Fletcher (1974)
"FesS, e, “elemental
sulfior”™ (S} and

“organic sulfur” (S )

Fe: 30 Co, Cu, Mo,
Mi, Ph, Znn

UHC was added before oxidant in order o eliminate possible remnant monosulfide fraction afler Step V. el "otal™ (HCI - KCIO,)
Hrsselution _ _ o
AL SEA element values were corrected using “total” HOLKCIO, leachable Pe (Fe_, ) and total SEA Fe value Fe_, ). seeFigs 20,50
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MATERIALS AND METHODS

During the r/v Aranda’s cruise in September 1995 two
sediment cores were taken in the Bothnian Sea (EB-1)
and the Gotland Deep (BY-15) (Fig. 1). The Niemisti
gravity corer (Niemists 1974) was used to retrieve sedi-
ment samples. Both cores were sliced into 2 cm pieces
which were placed in Petri-dishes, sealed immediately
and stored frozen until analyzed.

The sediment samples were subjected to a sequen-
tial extraction analysis (SEA; Steps [-V1. see Table 1).
During laboratory work the outermost part of samples
was peeled out to maintain the originality. 10 g of fro-
zen sample were transferred into a tube without any
other pretreatments. After thawing of a sample, pore
water was extracted by centrifugation. The SEA
leachings were performed using 25-ml reagent. An in-
ert gas (argon) was used in order to avoid contamina-
tion during laboratory storage.

A total "reactive iron™ was extracted from separate
samples using hot, concentrated (25%) HCI for 2 min.
A dried, homogenized (.5 g sample with 15-ml reagent
was used. The methed provides dissolving Fe almost
completely from Fe-bearing sheet silicates, carbonates,
monosulfides and oxides. Pyrite, even fine grained, is
insoluble by this treatment (see Berner 1970, Postma
1982, Raiswell et al. 1988, Jorgensen 1989, Canfield
et al. 1992, Raiswell et al. 1993). The HCl-soluble Fe
reflects a maximum Fe-reactivity towards pyrite for-
mation.

A "total” metal and sulphur content (HCI - KCIO )

) was determined from
Table 2. Dry weight (dw-  separate, fresh
%) and PO “inorganic

A samples. lron was
phosphate™ data (mg/g dw),  used to correct all el-

EB-1 ement loss during

£ 3 SEA. An "inorganic”
o . i phosphorus (PO )
content was measured
L 12 20 separately (see
4 | 227 8.7 Carman & Jonsson
[ 24,3 4.5 1991) in order to char-
8 | 266 39 acterize possible
0 | 283 24 authigenic phosphate
= phases (e.g. vivianite

2 | 50 L 28 | Fe(PO4), * 8H.0)
14 _| 364 S The Na, K, Ca, Mg
16 | 293 2.1 and Fe contents were
18 28.9 1.7 measured by a lame-
20 | 304 1.7 AAS  (GBCY03);
17 3.6 3 phosphorus, sulfur,
>4 304 35 m_ld trace metals pos-
- 3 sibly incorporated
26 30.6 2.7 into sulfides (Co, Cu,
18 304 3.6 Mo, Ni, Ph, Zn) were
30 30.1 1.8 measured by an ICP-
a2 33.6 2.3 AES (Jobin Yvon
34 I 18 70+). During a dry

Fig. 2A. A "reactive iron” (EB-1). Symbols a, b and ¢ de-
note Steps I11, 1V and V, respectively, see Table 1. Symbol d
denotes HCI leachable "total reactive iron™ subtracted by
the Steps 111, IV and V. Symbol d is attributed here as "sheet
silicate -Fe”,

Fig. 2B. Sulfur data (EB-1). Symbols a and b denote Steps
| and V1, see Table 1. Symbol ¢ denotes HCI-KC10 -leach-
able "total 8" subtracted by the steps | and V1, S}un]bm cis
attributed here as "FeS -5™.

Fig. 2C. A comparison of "total Fe” from SEA (S Fe_ )
after correction, "total Fe” from separate, reference HCT -
KCIDJ, leaching [FE.M ) and HCl-leachable Fe {Fc.m. Y (EB-
[}, Since (Fe ) » {E-‘eu ), no pyrite exists in sediment
samples, in agrecment with the microscopical studies,

weight (dw-%) determination (105°C for 22 h.) the
role of mineral salt precipitates was ignored.

X-ray diffraction (XRD) analyses were made both
in a total and a heavy liquid (D = 2.8 g/em’) fraction
{Callahan 1987). The twotal samples were boiled in a

159 11.0.-solution (15 min.) in order to remove or-
g;miu matter. The samples were ground on agate mor-
tar hefore the heavy liquid separation. The positions
of N[t D-reflections were corrected using an internal
silicon standard. A Philips PW3710 XRD unit with a
yraphite curved monochromator was used. ‘

P, AAS and XRD analyses were carried out at
the University of Helsinki, Department of Geology.
Thin and polished sections were made in both cores
and analysed visually by a polarizing microscope (PM)
and # scanning electron microscope (SEM). Statistical
analy ses (correlation coefficients) were made for both
.|;|,1n|1.'..w .\M.!!:rﬂ!':'llﬁl}".

RESULTS AND INTERPRETATIONS
fothnian Sea (EB-1)

The salinity of pore water does not change significantly
with sediment depth. The concentrations of Na™ and
K correlate weakly with those of dw-% data (r=10.76.
¢ = (1.73; Tables 2, 3) which may be due to adsorption
on dry matter. XRD examinations reveal a predomi-
nance of illite, chlorite, quartz, feldspars and amphib-
ole. in agreement with previous studies (Papunen 1968,
Bostriim et al. 1978). The concentrations of Ca®* and
Mo do not vary with depth of the core and the corre-
lations with the dw-% data are negative (r=-0.75,r=
-1.76; Tables 2, 3). Also Ca* and Mg exchangeable
enrichments occur in the uppermost sediment relative
1o Na” and K~ (Table 3). Except for surface sediment

where bioturbation occurs (Niemistd 1983), pore wa-
ter general stagnation may occur in EB-1 sediments.

Mn-oxides occur in uppermost 4 cm, in contrast
with those of pore water and exchangeable Mn (Table
3). The Mn species reflect the redox conditions in sedi-
ments (Berner 1980); in addition, increasing contents
of Fe-oxides occur in the lowermost part of the oxi-
dized zone (Fig. 2A). It is possible that a suboxic zone
exists at 4-6 cm depth interval. Sediments may have a
positive redox potential throughout the surface oxide
layer although the distribution of dissolved O is lim-
ited only to the uppermost zone (Howarth & Jorgensen
1984, Jorgensen 1989, Thamdrup et al. 1994). The high
Mn-oxide concentration (1.5 to 2 mg/g) relative to dis-
solved (3-3 mg/l; 8-13 mg/g) and exchangeable (200-
400 mg/g) phases below oxic layer suggests a strong
reoxidation tendency for Mn. Mn is involved redox
reactions with O, in the upper part of the oxic sedi-
ment while Fe(lIT1)/Fe(1l) couple mainly controls the
lower part of the oxic sediment (Bagander & Niemisti
1978).

Carbonates are absent (PM. XRD) in sediment
samples which is also indicated by the near-zero HAc-
NH, Ac "carbonate” values (=0.1 mg/g) (Table 3). The
dissolution of Fe is more substantial (Fig. 3). The pres-
ence of H.S may prevent siderite precipitation (Postma
1982). The maximum concentration of the HAc-
NH Ac-leachable Fe occurs in a deep zone of the sedi-
ment, which is consistent with S deep maximum (Fig.
2B). This is a possible indication for a weak, in situ
sulfide formation process between the "reactive”™ Fe
and pore water 5 (Table 3).

luble 3. SEA for K, Na, Ca, Mg, Mn and SO, -ions mg/g dw (Step | mg/l); (EB-1). SEA for Fe, see Figure 2A. Symbaol

{1 denotes below detection limit values

i STEPI STEPII STEPII STEPIV
em | Na*| K*| Ca*|Mg"|Mn™ |S0*]| Na K| Ca| Mg | Mn | Ca | Mg | Mn Mn
‘2 [ 1734 97| so| 148 o 3%] 1.5 | 2 | 3.1 0| 04| 01 | 01 1.8
L4 1876 109] s7| 143 0| 428 1| 071 13| 2| 0] 03] 01 |0l 1.3
6 | 19761 1321 60| 140| 4| 434| 13| 1| 13| 2| 03] 0201 |01 0.1
|8 [ 1920 147] 56| 131] 39| 400| 1.2 1] 09 1.61 04| 02 0| 0. 0.1
D10 | 1972 150] 4| 134 42| 372| 11| 09 o8] 4] 02 01 0] o 0
12 | 2160| 168 57| 136] 25| 385] 1. 11 00| 16| 02 01 0| 0.1 0
|14 [ 2068] 160] sS4 132| 34| 278 | 1] 09 15| 02 01 0| o 0
|16 | 2155] 162 56| 136| 23| 279| 12 1 09| 16 027 0. 0| 0 0
18 | 2056] 1s2] 48| 18| 3.0] 230 1| 09 o8] 14 02 01 0 0 0
20 | 2141 153] s0| 126| 3.0 20| 1| 09 08| 1a] 02| 0l 0] o 0
32 | 2000] 154| 44| 109] 08| 214| 1.2 1 o8] 15 027 o1 0 0 0.1
24 [ 2257 150| 49| 19| 2| 177| 1.3 1 09| 1.6 03| 0.1 0| 0.l 0.1
26 | 2129] 71| a8 nz| 23| 159] 1.2 tlT oo 1el02] 01|00 |01 0
3% | 2011] 144 46| 116| 19| 156 1.1 1| 08| 15| 03] 0. 0| 0.l 0.1
30 | 1944] 1391 43| 103| 15| 125] 1.1 1| 08| 14| 01 ] 01 | 0] 0.l i
32 | 2299| 167| 48| 125| 1.2| 13| o8| 08| 07| 11| oz ou 0 | 0.1 0
34 | 2164| 147| 45| 2| 16| 91| o9 o8| 07| 120200 | o]0l 0
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The HCl-leachable Fe in the sediment is charac-
teristically bound by sheet silicates (Fig. 2A). Accord-
ing to Canfield etal. (1992) and Thamdrup et al. (1994},
a sheet silicate-Fe is weakly reactive and forms Fe-
sulfides during further burial in the time interval of thou-
sands of years. Pyrite is virtually absent (PM, XRD,
Figs. 2B.C). Most of S occur as at monosulfide stage
(Fig. 2B). A calculated FeS -5 content (2-4 mg/g, Fig.
2B) correlates stoichiometrically satisfactory with that
of dithionite extractable iron (6-7 mg/g, Fig. 2A) in
reducing sediments, FeS may occur even in oxidizing
conditions due to reducing microenvironments
(Jorgensen 1977, Seppiinen, 1984).

No indication exists that any of measured trace el-
ements (Co, Cu, Ni. Pb, Zn: Table 4) are incorporated
into sulfides. The correlations with the "total 8™ frac-
tion (r = -0.39 - +0.07) are absent. Authigenic PO *
phases appear to be associated with surficial oxides as
described by Carman & Jonsson (1991); (Tables 2, 3).

Gotland Deep (BY-15)

Negative correlations oceur with dw-% and pore
water cations (r=-0.67 for Na", r=035forK", r=-
0.80 for Ca*, r=-0.82 for Mg**) which also applies to
the relationship between dw-% and exchangeable Na,
K, Ca and Mg (Tables 5, 6). The deviations are great-
est in the surficial part of sediment suggesting the ef-
fect of the salt water inflow in 1993. The relationship
between the surface fluffy layer and the increase of

FeS-S (mg/g)

05 1 15 2 25
Fe acmgac (MI/Q)

EB-1).

Fig. 3. Fe5-5 versus Fe

FAe-NHAAC®

salinity is clear (Fig. 1, Table 6). The fluffy layer has
been formed by the current activity (see Perttili &
Miemistd 1993).

Table 4. Trace element data (mg/g dw); (EB-1). Step V1 denotes “residual” (res.) fraction, e.g. pynite, organic matter, silicate
minerals. Steps I-V1 denote "total” (tot.) fraction (HCI - KCIO,) which was done separately and assumed to represent the

phases [-W1. ND = not detected

Vi I-vi| V| 1-V1 | VI V| 1-vI| W VI Vi 1-VI

cim Cao Co Cu Cu Mo Ma Ni Ni Ph Ph In n
(res.)| (tot)| (res.)| (tot)| (res.)| (tot) (res.)| (tot.)| (ves.)| (tot.)| (res.) | (tot.)

2 | 28 28 39 60 ND ND| 56 75 49 73 | 250 280
4 18 25 22 39 ND ND| 29 43 26 | 48 150 180
6 25 24 30 42 ND ND| 4l 45 41 53 220 200
8 21 22 3 43 ND ND| 34 45 28 53 180 200
10 19 21 1 30 43 ND ND| 36 42 26 54 170 190
12 21 21 29 49 ND ND| 34 43 18 49 160 | 230
14 19 24 26 49 ND ND| 31 46 19 56 140 | 210
16 19 22 26 47 ND ND| 32 46 (51 53 140 200
18 19 22 29 45 ND ND| 35 43 e I 160 180
20 18 18 | 25| 40| ND| ND| 35| 40 | 16 | 38 | 140 | 150
22 18 22 23 41 ND ND| 34 42 18 18 140 160
24 19 26 24 39 ND ND| 33 3 16 34 140 150
26 21 20 24 43 ND ND| 33 49 | 12 36 120 160
28 15 20 20 41 ND ND| 30 43 13 33 1o 150
30 17 8 21 39 | ND| ND| 3 | 12 29 | 110 | 130
n 16 20 19 39 ND ND| 31 39 I 28 110 140
34 I3 18 20 33 ND ND| 30 33 10 24 120 110

¢y 1fide geochemistry and mineralogy from two different Baltic Sea environments: Bothnian Sca and Gotland Deep

Table 5. Drv weight (dw-"a)

and PO ™ "inorganic phosphite”
data (mg/g dwy, BY-13
cim dw PO}
6.2 . 1.9
% 14
1 1.6 4.4
B 17 3.2
1] 18.2 i6
12 16.8 5.1
14 19.9 32
16 229 28
18 19,5 3.6
[‘P . [L] 211ri||l||| AR Tt Do (0] 2000 jum 20 21.9 B
22 228 3
Fig 14 The partly dissolved carbonate twin rhomboedra, which has probably formed 24 19.4 3.8
durine an carly diagenesis [BY-15, 24 cin, plane polarized light (PPL)], 26 232 28
Fig 4B. Calcareous skeleton remnant [BY=15, 14 em. crossed nicols). 2% 71 5 18
Fig 4O Rhytmitic pyrite layers within a clay mineral/organic matier dominated laver. S ;
Note (e contact with the carbonate laver [BY-15, 40 cm, PPL]. 30 24.2 2
Fig 1D A massive sulfide laver. The carbonate/organic clay contact is not visible 32 71 3
|BY-15. 42 cm, PPL| 31 1 1
I'he maximum of pore water Mn concentration (40 undergo dissolution 36 25.1 -
mu'l) is associated with the surface zone while the  and recrystallization 34 236 | 31
deeper lavers contain only a few mg/l of Min (Table 6).  events. Diagenctic 40 285 5.3
Evidently the surficial enrichment of Mn™ is ductoa  changes of pore water 42 23 | 14
rapid organic matter degradation and a subsequent re-  Ca/Mn ratios are nol |7y 6.4 15
duction of Mn(IV) oxides. There was an oxvegenated  observed (Table 6).
. : ; . A p 46 26,5 31
remnant in surface sediments. According to Widerlund Fhe low abun-

& Roos (1994) this kind of zone can persist for some
e in anoxic sediments
e chemical composition of the HAe-NH Ac ex-
tractable “ecarbonate™ fraction does not show vanation
with respeet to the concentrations of Mn, Ca and Mg
(Table &), The composition of the “carbonate”™ phase
(Mn, . Ca, . Mg, JCO, . in agreement with that of
Lk 1hs:cn & Postma ( 1989) and Neumann et al. (1997),
does not differ much from that tS[iI'II-.l[L‘d for samples
from the Fara deep [(Mn..Ca, | JCO,; Manheim
1961, 1982] or Landsort dn.l..pHMlL F*1 ™ ""'1*:-.. ACO.
Suess 1979, (Mn,..Ca,..Mg, ) CU Lepland 1nd
Stevens 1998] The XRD d-value (2.88 A) indicates
kumahorite. Ca-rhodocrosite or dolomite. The HAc-
NH Ae extractable Fe differs greatly with those of Ca.
Me and Mn.
I'he presence of primary (during sedimentation) and

arly diagenetic carbonate particles are observed by
PAL(Fig. 4A-C). Primary carbonates occur as lenses.
avers or concretions within silicates, sulfides and or-
anic matter. The grain size of carbonate particles var-
s from few pm up to 300 pm, and many of globes.
heletons and cuhedral particles (c.f. Peterstad &
agaard 1985) seem to be corroded or partly dissolved.
vecording to Jakobsen & Postma (1989), carbonates

dance of easily leach-

able Fe phases is consistent with the generally redue-
ing surface sediment conditions (Fig. SA). If calcu-
lated as Fe monosulfide. these reactive fractions can
contain up to 2-3 my/g Fe8 sediment. The silicate min-
eralogy is identical with that of EB-1 and contains most
of weakly reactive iron phases. Framboidal pyrite is
readily identified by PM and SEM as well as by chemu-
cal extractions (ca. 20-40 mg/g FeS.) (Figs. 5C, 6A-
D). The stoichiometrical “excess™ of S relative to py-
rite-iren (Fig. 3B, 3C) indicates that a substantial part
of sulfur mav occur as native (8”) or organmic state, in
disagreement with the study of Boesen & Postma
( 1988). Although pyrite can be slightly non-stoichio-
metric (FeS ., . Bertolin et al_. 1995). the large S-
CXCess l:l]'l_i;.lll:\fguif in this study as well as total Fe/S
behavior described by Salonen et al. (1995) indicate
the existence of §” and/or organic S-compounds in the
sediments.

Single pyvrite framboids (10 mm) formed by small
crystallites appear to be of ssnsedimentary origin, They
mostly occur as individual rhyvtmites within single or-
ganic/detrital matter lavers or as thicker massive indi-
vidual lavers (Fig. 4C, 4D; Fig. 6D). Diagenetic
framboids (40 mm) occur as clusters (Fig. 6A-D). The
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partial dissolution of pyrite described by Cutter &
Velinsky (1988) is not observed here. The lattice
value (5418 £ 0.005 A) compares extremely well
with 5.4 19+ 0.003 A reported for Littorina/ Anchylus
boundary pyrites in the Bothnian Sea postglacial sedi-
ments (Papunen 1968). Marcasite is not found in any
of the samples examined. Usually this FeS. -polyform
occurs only in old sediments (Goldhaber & Kaplan,
1974).

Trace metal data (Table 7) indicate that only mo-
lybdenum appears to be associated with pyrite. The
correlation between residual Mo and residual S is clear
(r=10.91). Mineral phosphate phases are not identified
despite of somewhat even distribution of PO,* con-
tent throughout the core (Table 5).

DISCUSSION
EB-1

The pore water S content is usually only a few percent
of total S content (Fig. 2B). A major part of the sulfide
precipitation evidently occurs during carly diagenesis.
The total surface carbon in the Bothnian Sea area 2.3
£ 1.0 % (Lemvuon & Niemistd 1993) does not decrease
significantly with depth m EB-1 arca (Niemisto &

—

Voipio 1981, Brigmann & Lange 1990). This prob.
ably suggests that the degradation of the reactive or.
ganic matter will be completed during early diagen.
esis. The redoxeling represents a boundary of an a¢.
tive bioturbation which allows for sulfate-ion trans.
portation to the oxic-anoxic boundary, According g
Berner (1984) and Jyrgensen (1989), the sulfate-re-
duction rate is intense within a few centimeter duep
zone below the sediment surface because of an anacrg-
bic degradation of organic matter and which decreases
with depth.

It 1s controversial whether sulfur or iron limits sy-
fide formation in the Bothnian Sea. The reactive iron
content probably limits sulfide precipitation in the
EB-1 area at carly stage of diagenesis. The content
of the ecasily leachable (HAc-NH Ac) iron depends
more on depositional conditions rather than diage-
netic processes (Fig. 3). This is exactly the same depth
where a Fe8S -8 maximum occurs, The 20-25 ecm zone
may represent a remnant of an unusual high deposi-
tion of reactive species probably by storm events. On
the other hand, permanent surface oxic conditions
(Letvuori & Niemistd 1995) oxidize TOC to CO.. thus
inhibiting sulfide formation. The SO * does not ap-
pear to limit sulfide formation at an early stage of
diagenesis (Table 3).

Table 6. SEA for K. Na. Ca, Mg, Mn and SO, -ions mg/g dw (Step I mg/l): (EB-1). SEA for Fe, see Figure 5A

STEPI

STEPII STEP 111 STEP 1V |

cm Na' K*| Ca*| Mg** | Mn* Sﬂf' N

K| Ca| Mg | Mn | Ca | Mg | Mn Mn

2 4534 199 180| 520 408| 1168 | 34

D6| 24| 25| 28 | 04 | 0.1 0.6 6.4

4691 190] 181 521| 15.9| 1032 [

06| 32 23| 45 17 | 0.8 | 55.5 1.8

= e

4183|187 151 427 96| 882 2

09 271 25 3.7 1129 | 0.7 | 457 7

8 4064 210) 135] 373 68| B3B| 16

1.1] 22| 22| 22| 87 | 0.5 | 20.7 73

10 | 4060] 203] 140| 384| 74| 850 | L7

1.1 2 2| 22| 88| 05 | 30.7 823

12 | 3508 189] 1001| 307 24| 652 1%

12) 21| 22| 26 | &89 | 0.6 | 326 40

14 | 3697 208| 114 324 1| 68| 17

13 L7 22| 18| 23 | 0.2 928 iz

16 | 4161 236| 133| 369 LB| 825 17

4] 16| 2.1 14| 14| 02 55 1.5

18 | 3642 203] 107 295 1| o8l 2

1L5) L8| 24| 15[ 21 | 0.2 84 ig

20 | 3984) -234| 122 347 L4] T 1.8

L3y 1.7 23] 13 [ 28| 02| 111 54

22 | 3964 239 109 316 25| 7811 1.5

L3] 15| 2.1 1.3 1.6 | 0.2 6.7 29

24 | 3589 216] 104| 309 24| 640| 2.1

Lol 18| 24 16 | 44 | 03 | 165 7.7

26 | 4109) 248] 125] 371 L8] 734 18

141 1.5 2.1 1.5 L8 | 02 1.3 33 |

28 | 3795 218] 110 323 22| s13| 15

1.1] 14 1.8 [ 14 3|02 12 5.3

30 | 3915] 2251 114 343 22| 666 16

1.1 LS| 19 L5 T 04 | 248 26.6

32 | 3594] 198 99| 308| 21| 571| 16

L1| L5 19| LB | 39 | 0.3 | 14.7 29

34 | 3771 212] 108 312| 18] 577| 17| 13] 17| 2| 16| 57| 04 | 206 5.6
36 | 3744 197] 108] 313] 4| 554| 14 [ 13| 16] 15| 5|03 174 i6
38 | 3761| 191] 112] 330 50 536 | 15| 09] 14| 17| 15| 65| 04 | 224] 216
40 | 3752] 200] 2| 317] 34] smm| 12| o07] 14 13| 15| 59 | 04 | 225 42

42 | 3583 192| 108] 327| 36| 515] 16

1] 15) 18] 15 58] 04| 20| 216

44 33921 202] 109] 316 26| 539 1.2

08| 1 1.5 14 | 57 | 0.3 18.9 13.7

46 | 3687] 205] 109] 310] 19| s506| 12

08] 13) 15] 14 ] 63| 04 | 198 127
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Fig 6A. Diagenctically
tormed pyrite framboid
clisster |[BY-15, 14 em,
scinning electron micro=
scope (SEM).

Fig 6B,C. Magnifications
ol 6A. The single cryvstal-
liies appear to be subhedral
I crvstal form.

i 6D. A pyrite collection
ilier dense liquid separa-
tom. Smaller framboids ap-
it 1o be synsedimentary
origin. while larger
Itimboids are of diagenctic
urigin [BY-15, SEM]

Fig. 3A. A “reactive iron” (BY-15). Symbols a. b and ¢
denote Steps 111 TV and V, respectively, see Table 1. Sym-
bol d denotes HCL leachable “total reactive iron” subtracted
by the Steps 11, 1V and V. Symbol d is attributed here as
“sheet silicate -Fe™

Fig. 5B. Sulfur data (BY-15). Symbols a and b denote Steps
I and VI, see Table 1. A remnant ¢ phase is not the “real
FeS -S phase due to analytical uncertaintics (see low Fe
values in Figure 5A, phase ¢). Almost all S species occur as
FeS.. clememal or organic sulfur.

Fig.'5C. A comparison of "total Fe” from SEA (S Fc_ )
afier correction, “total Fe" from separate, reference HC1-
KCIO, leaching (Fe , ) and HCl-leachable Fe (Fe ). (BY-
15). The difference of Fe,, and Fe . is attributed to “FeS8,
-Fe™.

Due to a lack of 8%, FeS is not converted to pyrite.
Pyrite formation is contingent on the presence of 8"
(Berner 1970, Goldhaber & Kaplan 1974, Coleman &
Raiswell 1995). Jfrgensen (1977) estimated that as
much as 90 % of total reduced S can be re-oxidized to
sulfate ion, which would partly explain the lack of §”.

BY-15

The pore water S 15 < 10% of the total S content (Fig.
5B). Chloride-rich water affects pore water content at
depths of about 5 cm (c.f. Neumann et al. 1997). The
diffusion effect for authigenic mineral precipitation
appears to be negligible relative to synsedimentary
mineral formation. The general sulfur-carbonate -re-
lationship appears to prevail in the Gotland Deep sedi-
ments (Fig. 5B, Table 6).

The notably strong maxima for sulfur and carbon-
ate specices in the surficial sediments may be due to
stagnation period 1976-1993 in H.S and HCO,rich
environment. It was, however, observed that the salt
pulse itsclf may control authigenic mineral formation
(Neumann et al. 1997, Sternbeck & Sohlenius 1997).
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In addition, Salonen et al. (1995) did not observe any
surficial § maximum suggesting that the S formation
took place after the inflow event. The saline water con-
tributes authigenic mineral formation at BY-15 (c.f.
Figs. | and 5).

The laminated sediments are interpreted to reflect
the absence of bioturbation and the presence of anoxia
(Jonsson et al. 1990, Sohlenius & Andren, 1995), They
may be formed also by seasonal currents or even in
sediments with permanently oxic surface and low bio-
logical productivity relative to the sedimentation rate
(Morris ct al. 1988, Widerlund & Roos 1994). Berner
(1984) proposed that the low scatter of C to S indi-
cates oxic surface conditions. Rhytmitic/massive py-
rite layers are mostly associated with organic matter
(e.g. Fig. 4C, D), suggesting the O/ H_S fluctuations
in the near-bottom water column,

The homogeneity is attributed to a bioturbation ef-
fect (Jonsson et al. 1990) or gas formation (Salonen et
al. 1995). Although a clear lamination is absent in thin
section samples at 14 and 24 cm depths, material does
not show a random nature. The absence of clear pyrite
- organic matter relationship suggests that the period

may reflect longer periods of stagnation allowing
greater scatter of organic matter and pyrite as proposed
by Berner (1984), see also Boesen and Postma (1983),

According to Huckriede et al. (1996}, the non-lami-
nated part has been formed by extreme stagnation that
gradually eliminates the salimity difference between the
surface and bottom water masses, allowing mixing
throughout the water column, colomalization ang
bioturbation of the bottom sediments by benthos. The
present work indicates that the prolonged cuxinic pe-
riods were not sufficiently long to weaken the halo-
cline. Lepland & Stevens (1998) argued that the lack
of lamination may be due to increased input of detrital
material. It is possible that sporadical inflowing events
have prevented the developing of extreme stagnation
periods during the period of 14 and 24 cm PM samples.

The diagenetic FeS, framboids are larger in size
than synsedimentary formed FeS, (Fig. 6D). It 1s pos-
sible that the supply of reactants present, e.g. reactive
organic matter in the surface sediment simultancous|y
produces several pynite growth centers. which would
prevent further growth of single units. Diagenetic,
weakly reactive organic matter would produce only

Table 7. Trace element data (mg/g dw); (EB-1). Step V1 denotes “residual™ (res.) fraction, e.g. pyrite, organic matlcr,
silicatc minerals. Steps 1-VI denote “total™ (tot.) fraction (HCI - KCIO,) which was done separately and assumed 1o

represent the phases 1-W1

vi | 1-vi] o ve | e-vil v | oevel o vilt-vil v | oevi] ovi | i-vi
cm Co Co Cu Cu Mo Mo Ni Ni Ph Ph n n
{res.)| (tot.)| (res)| dtot)| (res)! (tot)l (res)| (tot)| (res)| (tot) | (res.) | (tot)

2 15 20 83 | 80 | 26 | 152| 30 | 45 0 | 76 | 92 | 348
4 13 | nz] 3] e | 16| 77| 15| 69 | 102 | 384 | 631
6 37 s4 | 62| o | 3| 91| 37 85 73 | ns | 285 | c18
8 20) 24 39 | 66 W | 42 39 52 2 | 60 | 169 | 299
10 21 25 34 59 1 12 39 54 39 | s9 | 13| 20 |
12 19 25 313 | 60 9 Wl 36| nsl| | 61| nel| 19s
14 15 21 40 | 60 T 36 | 38 | 121 34 ] e | ww] s
16 16 16 39 46 8 14 37 42 Fi!] 42 9y 104
18 20 4 | 46| 64| 20| 3 46 | s8 | a0 | ag | 132 ] 127
20 12 6 | st | 60 7 35 | 36| s0| 27| s0 | 103]| 129
22 18 23 15 | 54 14 0 | 3 19 % | 46 | 87 | ns
24 19 22 56 | 64 17 | 3w | 51 60 1 sa | e | 140
26 22 21 2] so| 22 3 a3 || 46 32 6 | 0] 1s
28 13 18 48 52 27 i2 40 46 27 43 By 112
30 9 | 22| 49| s0| 26| 3| 45| 50| 2 | 48 | 85 | 11l
32 31 2 5 50 32 50 | 48 | 54 23 43 | 76 | 124
ET 28 28 55 50 I 56 | sl 56 32 15 | 102 | 137
36 19 21 53 35 M| 9 4| H 26 38 8 | 114
38 23 25 | 64 73 8 70 B | 53 ST 9 | 114
10 25 23 8 | 57| 50| 68 | T 6 | 45 | 79 | 10l
42 21- 2w | 1] s | 63| s sol 62| 270 so| 95 | 12
T 23 | 26| 57| s8] ex | | 42| 8| 23| 39| 73| 106
16 9 | 21| se| so| 27 a2 3« 45| 9] 38| 0| 104 _
32

Sulfide
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|ocal growth centers. allowing for larger framboid for-

ation . . .
mﬂ-rh,_- culfur species may limit the sulfide formation

- the Gotland Deep arca, in agreement with that of
ﬁucknmlc et al. (1996) and disagreement with the stud-
jes of Boesen & Pustma_[l?ﬂﬂ] and Stcmhcnk .&
gohlenius (1997). The pyrite-Fe mrr_eiallr.'s Fm?‘l}' 'H:'lﬂ'l
that of total S(r=0.77) hut_ the stoichiometrical im-
balance for the 8, /S . ratio 3.4+ 1.9, n= 21)is
clear. The clement limitations for sulfide formation may
only concern certain part of the cores (Lepland &
Grevens 1998). Due to the low content of the HAg-
NH Ac leachable iron content in the uppermost sedi-
ment (< 10 mg/g) it is controversial, whether sulfur
limitation in BY 15 arca applics generally. The small
amounts of reactive HAc-NH Ac iron species gener-
ally in sediment indicate that almost all reactive iron
is used up for sulfidization process. The slightly higher
reactive-Fe content in surficial sediments indicates only
minor diagenetic FeS, formation,

The FeS.-S is 1 - 2 % at BY-15. The reduced-5S
content in continental shelf areas is usually <1 %
(Jyrgensen 1989) and in permanently euxinic Black
Sea sediments in the range of 0.5 - 1.5 % (Berner [984).
The salimty (and the sulfate content) m the Baltic
Proper is only about 1/3 from that of normal oxic and
anoxic marine sediments. Obviously the high organic
maticr accumulation (8-9 % of C_ . see Niemistd &
Voipio 1974, Emelyanov 1988) i1s mainly responsible
for higher pyrite content in BY-135 sediments.

CONCLUSIONS

(1) The BY-15 sample contained 3-10 times more §
than that of EB-1. The higher sulfate and TOC content
(.. Niemisto & Voipio 1974, 1981, Emelvanov 1988,
Brogmann & Lange 1990) contribute sulfide content
at studied sites.

(1) The content of the easily leachable "reactive”™
Fe fractions (Steps 111-V) is considerably bigger at EB-
| sie (10-30 mg/g) relative to BY-15 (5-10 mg/g).
Probably the permanent oxic surface conditions at EB-
| allows the reoxidation of Fe(ll) which may prevent
“less reactive” iron transformation toward “more re-
active” iron phases. The intermittent anoxia at BY-15
maximizes iron reactivity toward sulfide formation,
this preventing general iron limitation.

(3) Sulfides occur mainly as FeS at EB-1 site while
FeS.and S"or S contribute virtually at BY-15. Prob-
ably the lack of §° prevents the conversion of FeS into
prnite at EB-1. This mayv be due to reoxidation ten-
deney at the redoxeline.

() Authigenic Mn-carbonates coexist with total and
purite sulfur proportionally at BY-13 site. The carbon-
ate-sulfide behavior may represent changing environ-
mental conditions over longer time periods in the
Gotland Deep. The permanent surface oxic conditions

at EB-1 oxidize TOC to CO, preventing carbonate for-
mation there.
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Late- and Postglacial palacogeomorphology on the Klaipéda submarine slope,
southeastern Baltic Sea

Leonora Zivilé Gelumbauskaité

Abstract

The palacogeomorphology of the Late-glacial and Postglacial history is described using high-resolution
seismoacoustic profiles. The Late-glacial and Holocene sequence is divided into six seismic units that calibrated
with existing cores and boreholes. The Late Pleistocene glacial and Holocene history of the Klaipéda submarine
slope is reconstructed and with known Quaternary sequence compared. Paleochannels imprinted in the Late-
glacial section are examined and buried drainage system interpreted. The interdependence between sub-Quaternary
surface deformation, the Late- and Postglacial depositional and erosional processes and recent marine processes

are studied,
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INTRODUCTION

Detailed bathymetry shows that study area is located
on the gentle (gradients 0,2°-0.3°) north-castern slope
of the Gdansk Depression, named the Klaipéda sub-
marine slope with three steps at the depths of 71. 52
and 27 m respectively.

Recent plain of the submarine slope was formed by
the Holocene sea level fluctuations. The interpretation
of the biostratigraphical and lithological data indicates
that this arca represents nearshore zone surface of the
Litorina-Ancvlus-Yoldia stages (Blazhchishin et al
1985, Kabailicné 1997, Kessel and Raukas 1982). A
basical profile line has cut submarine slope beginning
at the depth of 12 m and ending at the depth of 83.5 m
(Fig. 1),

At present, the submarine plain is determined as an
accumulation zone. mostly influenced by the sediment
drift carried out from the Nemunas River into the open
sea via the Klaipeda Strait. Going westwards along
the line. a composition of the bottom sediments changes
from the near-shore zone to the base of depression ina
very uneven manner (Timofeev et al. 1978, Repecka
1999), Fine sand (0.25-0.1 mm) deposits spread only
on the submarine coastal zone to the depths of 15 m
Towards offshore, at the depths of 15-64 m, extended
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coarse aleurite (0.1-0.05 mm) is found mostly as
prodelta deposits. The terrigenous material is distrib-
uted variable and at the depths from 43 to 48 m some
small fine sand spots lic at the center of this zone.

Normally recent marine depositional conditions
were observed deeper than 64 m only. From 64 1o 70
m fine aleurite (0.05-0.01 mm). from 70 to 73 m
aleunte-pelite mud (<0.01 mm) and from 73 to 83 m
pelite mud deposits were found to occur.

MATERIALAND METHODS

Many studies covered both the Quaternary history of
the Baltic basin in general, and the southeastern part
of the Baltic Sea, in particular (Winterhalter 1988,
1992, Gudelis and Koenigsson 1979, Svinidov et al.
1976, Svindov 1983, 1991, Kabailicne and Raukas
1993). For the last vears Late Glacial and Holocene
history of the Baltic proper is studied in a rather com-
prehensive wav (Sohlenius 1996, Andren 1999), but
not much in the castern part.

There are differing opinions about depositional pro-
cesses. glacial 1sostasy/eustasy and tectonics move-
ments. as well as the origim of the sub-Quateman sur-
face. A discussion mostly gives the genesis of the

Late= and Postelacial palacogeomorphology on the Klaipéda submarine plain. southeastern Baltic Sea

""\._"-I""‘-
g
e M
- e
__”Fu.,. e
.'_‘.‘ 1.
— |
T g, |
. Gl - l '
g i ;
=1 -'I .2 el
- St S L
- v bt

—— Profile line @ Samplng site

F_ig. 1 Bottom topography of the Klaipéda submarine plam.

leoincisions not only in this area, but also in all cases
of the Baltic basin (Ehlers et al. 1984, Boulton and
Hindmarsh 1987, Gaigalas 1976, Atzler 1997, Jurgens
1000 Sayvvaitov et al, 1999). A glacial geology, par-
ticularly genesis of the paleoincisions, is characterized
also for other European scas (Sacttem et al. 1992, Brew
1997 ¢te.)

Material for this paper was collected during INCO-
COPERNICUS MASS projeet in 1997-1999_ A mam
goal of this study was to reconstruct
palacogeomorphology of the Holocene sedimentary
cover on the Klaipéda submarine slope, based on high-
resolution seismic records and data evaluation of ex-
isting cores. An important task was also to compare
data obtained with the whole Quaternary sequence
and to assess an implication of the Quaterary deposi-
tional and erosion history from rather different condi-
tions of the recent sedimentation.

Scismoacoustic profiling has been done by the
subbottom profiler 3010-8 (Maritime Institute,
Gdansk) and by single channel scismic reflection

@ 25 40 TA Mbkm
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cquipment, based on a PAR-600B airgun (Stockholm
University). The sound velocity in water was taken
1448 m/s and in the uppermost sediments assumed to
be 1850m/s.

Such a geophysical and geological survey has been
carricd out along the basical W-E 70 km line.
Subbottom profiler, side scan sonar. echosounder and
sediment sampling were used to determune scabed char-
acteristics. Penetration of the profiler record varied
from 10 to 25 m beneath the seabed. The sediment
sampling cores were taken in the different bottom sedi-
ment conditions ranging from sand to mud. at the
depths of 347, 65 and 82 m. Subbottom profiling
records were interpreted with respect to following seis-
mic units.

Scismic records as strong reflectors, penctrated in
the Late-glacial and Holocene sequence. register dif-
ferences in lithology and allow distinguishing seismic
units. Seismic units 1 1L 11 IV, V. VI were calibrated
by shallow cores and scabed sampling in the area stud-
ied (Majore et al. 1997, Timofeey et al. 1978). Suc-
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ceeding seismic units were interpreted from top to base:
I-11 as muddy-silty sediments (Postlitorina and Litorina
stages), I1I-IV - homogenous and/ or laminated clayey-
sandy sediments (Ancylus and Yoldia stages), V - lami-
nated and homogenous glacial lacustrine clays (Baltic
lce Lake and Local Iee Lakes), and V1 as loam till (Figs.
3, 6). These units were correlated with sub-Quaternary
topography and Quaternary thickness compiled by in-
terpretation of high resolution seismic data
(Gelumbauskaité 1997, 1999) (Figs. 2. 3).

The generalized geoscismic section was constructed
and interpreted (Fig. 4).

RESULTS

Seismic unit | reflects chaotic internal structure and is
more or less clearly scen on the whole recorded band
(Fig. 5). Upper part of the seismic unit | has acoustic
stratification on the bottom records. similar to tills, and
differs from the other units. According to internal seis-
mic refleetors this lithozone represents recessional
glactomoraimne sediments. The top of this unit is un-
even and for the whole seismic line 1s represented by

five levels, Tracing eastwards along the seismic line,
from deeper to shallow part of the basin, a lower level
1s distinguished at the depths of 83-71 m. the middle
levels are determined at the depths of 70-32 and 48.6-
44 m_ and the upper levels - at the depths of 42-30, 30-
26, and 25-12 m (Fig. 4). Along the traced unit 1, the
penetration of profile record of the lower and middle
levels is 70-80 ms. and of the higher levels 35-40 ms
(milisecond) approximately. where obstacle of the
moraine, as cupola, push up and reaches present bot-
tom surface. In the geoseismic section it makes the
surfaces separated by steps of the relative depths of
21 1-146m, 14.6-11.5m, 11.5-6.6 and 6.6-2.0 m (Fig

4). These levels have correlation with present and sul-
Quaternary peneplain relief feature, compiled using
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study of high resolution seismic record and data of
existing cores and sampling sites (see Figs. 1, 2, and
4).

Detailed bathymetry shows that submarine steps,
distinguished on the present morphological expression,
at the depths of 52 and 45 m, according to lithology
and biostratigraphy data can be identified as steps, that
represent shore lines of Yoldia and Ancylus lake re-
gression. The shoreline of the first Litorina transgres-
sion is recognized at the depth of 27.0 m and is ex-
posed on the slopes of the less steep hilly moraine re-
lief. Steps on the sub-Quaternary relief represent three
denudation surfaces at 100-90, 55-50, and 40-35 m
b.s.l., marking peneplenization of Triassic, Jurassic and
Cretaceous sedimentary rocks (Grigelis 1999),

Seismoacoustic profile demonstrates crosion char-
acter of the boundary between unit VI and overlving
unit V. The ¢rosion forms are found at the lower and
the first of the upper levels. Bowl tvpe erosion form
was observed in the castern part of the lower level
and channel segment was recognized at the first of the
upper level surfaces (Fig. 4). The internal reflectors of
the unit VI are rather short at the lower level and the
crosion form, approximately at 10 m depth, is not suf-
ficiently exposed. Comparison with the sub-Quater-
nary surface has showed a relationship between bowl
type erosion form exposed in the upper part of the unit
V1, lithozane of the till loam and paleochannel distin-
guished into sub-Quaternary relief. that cut through
the lower level from east to west. For example, along
segments a. b (scismic profiles 9403, 9402 at the sca
depth 67 and 754 m: Fig. 2), there are two V-form
channels recognized. approximately at 75 8 m relative
and 1091 m absolute depths and of 600-800 m width,
mserted in the Upper Triassic surface, that is just cast-
ward terminated by the limit of Triassic/Jurassic sedi-
mentary systems, exposed on the seismic lines as
cuestly relief (Bjerkeus et al. 1994, Gelumbauskaite
and Grigelis 1997),

Late- and Postglacial palacogeomorphology on the Klmpeda submarine plain, southeastern Baltic Sea
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A similar morphology 15 recognized on the basical
sersmic profile segments, where the lower level 1s sepa-
rated from the middle one by step, with the bowl type
crosion forms expressed at the base of the step (Figs.
5. 6). In the borehole 54M (sea depth 65 m, ca. 1.5 km
weshwards from pont a), there is a sub-Quaternary base
achieved at the absolute depth of 111 m. The Quater-
nary sequence (46 m thick) consists of 10 m mud, 10
m clay, and 26 m ull (Q,, Q.. Q,,) with silt interlayer
(0,/Q,,). Hence, a channel (segment a; Fig. 2) is pos-
sibly infilled by the Lower and Middle Pleistocene tills
and in the upper part is overlain by the interglacial Q,/
() deposits, The seismic record shows that Late
Weichselian till and vounger sequence is overlain en-
tirely. Third, the same channel segments are observed
at the sea depth of 73.9 m (segment c. relative depth
/4.5 m, absolute depth 109.1 m, width 800 m: Fig. 2).
related to borehole 58M.

A different view can be seen n the shallow
area, partly at the upper levels of the basical seismic
line. where lower seismic units truncate. The incision
s here distinet in the upper part of till loam, but. 1t 1s
irending towards the coast in the pronounced. eroded
depression. Here is a well-developed internal acoustic
straufication. The present seismic line, at the sea depth
ol 38 m, has a V-shaped incision recognized. approxi-
mately 10-m deep and 220-m wide, cutting into ero-
“ion valley of the second generation (Fig. 6, 4). The
meision is basically in the same location as the chan-
el recognized on the sub-Quaternary surface and in-

terpreted on the segment e (seismic line SP 111 46-6;
see Fig. 2). Here, the V-formed channel, approximately
500-m wide, is deeply inserted into Cretaceous sub-
stratum about 26 m (Gelumbauskaité 1999). The same
channel, as interpreted on the segment d (profile 9405),
is inherited in the Jurassic substratum ca. 35,1 m and
filled by till (Fig.2).

Unit V that overlies unmit V1 is recorded on the whole
seismic line as a strong reflector, representing more or
less one lithozone. The coherent, draping internal strati-
fication 1s not likely developed under subglacial con-
ditions, and confirms that this seismic unit consists of
glaciolacustrine (IL - lower subunit, and BIL - upper
subumt) clays. This seismic umt in the western part, at
the lower level, 1s distinguished between 45-60 ms,
that equals approximately to 9.5 m in thickness (in the
area of the 1* location a lower interval 1s 4.2 m, and
upper interval 15 up to 3.3 m, see Fig, 5).

Some boreholes are drilled close to the seismic line
{(Majore et al. 1997). For example, the borchole 58M
{at a sca depth of 73.5 m, NW from basical line, in the
traced channel on the sub-Quaternary surface) fixed
thickness of clay up to 18 m. The boundary between
subunits traces to the 2 location (Fig. 4). The lithozone
of the IL in the arca of the 2* location. at a sea depth
of 65.0'm. 15 7.2 m thick. and the lithozone of the BIL
15 3.1 m thick. According to the data of the borehole
34M (at sea depth 66 m). thickness of clay sequence is

10 m. Going eastwards to the coast, the boundary be-
tween subunits discontinues.
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The lower subunit, related to glaciolacustrine (IL)
clays has more irregular, in same places chaotic inter-
nal or transparent structure specific for glaciofluvial
deposition, that is claimed also by dnlled cores. Ac-
cording to the core data, Late Glacial deposits in this
area are mainly composed of sand, gravel and pebble
(Kabailiené 1997).

The upper subunit is exposed well. The surface with
coherent, draping imternal stratification is recognized
as lithozone of laminated clays formed during Late
Glacial, the Baltic Iee Lake stage. The thickness of
this surface reduces from the 2™ location followed to
the coast, This surface is completely missing at a depth
of 43 m, where obstacle of the moraine bodies is promi-
nent in the present topography. At the highest levels
Late Glacial deposits are recognized as infilling in two
bowl type depressions within the depth ranges of 42 .0-
30.0 m and 30.0-27.0 m with the first one containing
Late Glacial deposits approximately 8 0 m thick.

The boreholes and cores drilled offshore in the shal-
low area and in the Curonian Spit show very uneven
and different Late Glacial—Holocene section, that
constitutes different paleogeography conditions. Ac-
cording to the core data, in same places, for example
at the station 156T, the Holocene thickness reaches only
50 ¢cm. We have found a parallelism between Quater-

nary and Holocene thickness and sub-Quaternary mor-
phology n this area. The Quaternary 1s less than 10 m
thick, on the higher structural terrace reshaped by two
ridges and there is a thin cover of the Holocene sedi-
mentation spread (see Figs. 2. 3, 4).

The units IV and 111 overlving the unit V. are more
homogenous in the seismic records as the units Vland
V. Rather weak. but regular continuous reflectors are
recognized on the whole seismic line. The coherent,
laminated internal stratification is detected at the lower
level, and irregular discontinuous reflections - at the
middle level, Seismic unit IV correlates with the
lithozone of Yoldia Sea. On the Lithuanian coast the
Yoldia Sea transgression is characterized by a low water
level, semi-brackish or only fresh-water basin varving
in size. At the lower level, the 1¥ location shows this
seismic surface between 60-63 ms, that equals to 1 6
m thickness (Fig. 5). Eastwards. the thickness increascs
to 3.85 m, but at 70 m depth, the unit IV, as units L, 11,
111, push up to 5 m, making a step. Farther eastwards,
at the middle level, the thickness of the unit 1V re-
duces to 1.0 m and at the depth 52 m completely wedge
out (Fig. 4). According to the core data, deposits of the
Yoldia Sea in this arca are composed mainly of grey -
ish mud with aleurite interlaver and approximately
reaches only 1.0 m. For example, thickness of depos-

E i |
i - 1 1
ety ]
= L 3
3 4
3 3 i

L i i :

- ’ﬁl Az E_

10 ms

e P e - e 8 E =3 =
et s % fE T el
2 ﬁﬂ%&éﬂ.ﬂéﬂr s d

D
2

i H i i H T
i : A i i :
- i 1 : 3
i A, 1 BL; : L]
g 1 i ! 5

ad L ke 3 esedontes

g s £

e

siif
MrER]

:+ ﬁmh -3

Fig 5 Seismoacoustic profile. area of sampling site 198 depth 82.0 m

41

Late- and Postglacial palacogeomorphology on the Klaipéda submarine plain, southeasiern Baltic Sea

—

T g B = =3 g ‘.' = T z = =
lE } : ! : : i 3 3 Powi
. : 3 § T i 3 3 § ] 3 3

- : i i i 3 : : : :

B T = T T T
| 1 ! 3 ! : : i i i i i
i ] & 2 3 3 a2 1 a4 * = 4 El
AN SR SR SR SR SR SRR SRR SR SR SR SR
} i 1 1 i a i i i % _ 3 - i
S 5 * ¥ - - s | =+ + -1 3 =

: BIL: Q73 I L A z 3 ! 3

; i ! i " 3 i

: 3 j E :

10 ma

its at a sea depth of 70 mis 1.0 m (core 11/54T). at a
sea depth of 39 m (core 9/50T) itis 1.59 m, and at a
sea depth of 60 m (cores 163T, 1627T) it exceeds 1.0
m. Completely the Yoldia marine deposits are absent
in (he supramarine, coastal arca higher than 50 m deeps
(Blazhchishin et al, 1976, Kabailiene 1997, Kessel and
Raukas 1988). Hence. the segment at the middle level
can be interpreted as submarine shore formation of the
Yoldia Sea, mainly deposited by sand and traced at the
depths of 70-32 m. The step, distinguished at a depth
of 52 m, can be characterized a shore line of the Yoldia
Sta

The Unit 11 is distinet so well as the underlying
unit IV The boundary of units IV/I11 is commonly con-
nected with regular continuous reflections and well
recoomzed. The scismic unit 11 correlates with the
lithozone of the Ancylus Lake phases. At the lower
level in the 1 location, seismic unit 111 lavs between
62-66 ms (approximately 2.1 m thick: see Fig. 5).
Guing castwards. the thickness increases up to 3,83
m. as all sesimic units at the the basc of the step (sce
Fig 4). The scismic unit 111 is acoustically transparent
up 1o the middle levels. mainly showing irregular dis-
contimuous reflections. The thickness of Ancyvlus Lake
Phases varies from 1.7 to 2.0 m. According to the core
datar, the thickness of the Ancyvlus Lake deposits ranges
at the lower level from 0.35 em at the site 11/34T to
L0 m at the site 1627T. and reaches only 0.20 em in the
core 136T at the middle level, at the depth of 42.0 m

Fig. 6. Scismoacoustic profile. arca of sampling site 3/98, depth 34.7 m.

The boundary between sediments of transgression and
regression phase in the internal acoustic stratification
cannot be traced, but there is a recognized wedge-out
of the first subunit at the depth of 45.0 m | and a
downlap the sccond subunit of the Ancylus Lake
lithozone at the depth of 43.0 m near moraine cupola
(Fig. 4). The wedging-out of the first subzone at the
depth of 45 m can be interpreted as a limit of the
Ancylus Lake regression that is claimed by the bios-
tratigraphy.

Al the upper levels, unit 111 is distinguished in the
bow! type depressions (Fig. 6). This lithofacies, infilling
depressions to 5.0 m thick, has more faint, transparent
reflections. Comparison of scismic data with biostratig-
raphy and gcomorphology data indicates that lithozone
corresponds to the shore zone of Ancylus Lake trans-
gression. This interval can be interpreted as a result of
sea level fluctuations with fluvial crosion in Boreal
time into the shore zone faces.

Setsmic unit 11, overlving the unit 11 and seismic
unit 1. overlving the unit 11, are exposed on the upper
part of scismic records (Figs. 5.6). The internal reflee-
tors are similar in the units and have more or less ho-
mogenous. weak bedded structure on a whole-recorded
band. The boundary reflectors of the units [1/1 have
been identified well at the lower level and corrclate
with hithozones of the Litorma and Postlitorina scas.
composed mainly of mud and silt at the lower and
middle levels. In the arca of the 1" location these seis-
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mic units are between 63-60 ms and 60-37 ms, respec-
tively, and their thickness consist approximately L- | 4
m/PL - 2.0 m. A similar thickness was found in the
core 14/33T, where thickness of Postlitorina Sea de-
posits reaches 2 45 m and Litorina —only 1.0 m. These
seismic units are acoustically transparent or have ir-
regular reflections, and boundary between umits 1171 1s
not recognized at the depths from 56 m to 46 m at the
middle levels. In the core 9/50T (depth -39 m). PL 15
0,20 ¢m, L is 2.30 m;

The discontinuous irregular reflections of the units
Il and 1 are exposed at the highest levels. The units can
be interpreted as lithozones into the shore facies of the
Litorina-Postlitorina marine basins deposited mainly
of sand, The lithozone of the Litorina Sea finally makes
smooth relicf of the depressions, and Postlitorina sedi-
ments, in this geoseismic section, equally overlay
lithozone I1. In the area of the 3" location, where the
boundary between L/PL is commonly diffused, gen-
eral thickness reaches 3.2 (Fig. 4). According to the
core data. the thickness of deposits varies from 0.20
cm at the site 156 to >4.0 m at the site 152b, and the
surfaces are uneven here. Comparing with Quaternary
thickness and sub-Quaternary morphology, the paral-
lelism can be found between sub-Quaternary
peneplaine nidges, Quaternary thickness and thickness
of the post-glacial sedimentation pattern.

CONCLUSIONS

The Late-glacial history and Holocene sedimentation
conditions on the Klaipéda submarine slope, the south-
castern Baltic Sea, are studied using shallow seismic
data and geological sampling, where very uneven sedi-
mentation during Holocene sea level fluctuation, prob-
ably resulted from glacioisostasy/eustasy and tectonic
adjustments due to depositions.

According to our data and correlation with the Pleis-
tocene stratigraphic units in this area, the unit VI, rec-
ogmized as till loam, is formed during the Baltija re-
cessional phase of the Upper Nemunas glaciation (Late
Weichselian). The surface expressed in three steps is
related with sub-Quaternary and present morphology,

A bowl type crosion form is observed in the cast-
ern part of the lower level of the umit VI, close to the
step, 1t can be interpreted as an erosion form of the
periglacial dramage. formed during Local Iee Lakes
stage in the Bolling time. This erosion segment 15 lo-
cated in the same place as palacochannel segments a.
b. ¢, inserted nto the sub-Quaternary surface and ree-
ognized by many authors as Pra-Nemunas valley. The
mtercalibration with existing boreholes shows. that
Lower and Middle Pleistocene tills and Middle/Upper
Pleistocene interglacial sediments fill the paleochannel
The Late Weichselian sediments and vounger sedi-
ments overlay the channels entirely. The channels re-
shaped Upper Triassie denudation surface on the
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Klaipeda submarine plain approximately to ihe deps
of 60-80 m. They have the same face as the chy :
unprinted in the Upper Devonian sedimeniary g
surface on the castern slope of the Gotland dupreggy o
(Bjerkéus ct al. 1994, Gelumbauskaite 994 1997)
The incision at the first of the upper levels, regs il
ing its genesis, is more or less different from thogg
the lower level. This incision with roots in the Cres
ceous substratum 1s less deep (approximately 30
and can be interpreted partly as subglacial, partly gg
periglacial erosion form, which appeared during g,
Late Glacial. During Holocene, until the first Litorips
transgression, in the Pre-Boreal and Boreal time a fregy
fluvial valley seems to be formed at the lowermost ey
of the Yoldia Sea and Ancylus Lake stages.
According to our data, with regard to the f
depth, infilling and interrelationship of paleochannels;

we cannot recognize that subglacial processes haye

formed them only.

The basin deposition of the Baltic Ice Lake, Yoldia-
Sea, Ancylus Lake transgression/regression phascs was
recognized at the lower level at the depths of 83-7]
and partly at the middle level at the depths of 70-60
only. Going upwards, the deposits of the Yoldia Seq
and Ancylus Lake were mainly composed of sand and
can be interpreted as submarine shore formation The
unit IV and subunit 111 wedge out on the steps at the

depth of 52 m and at the depth of 45 m, respectively.

According to the biostratigraphy data, these lincs are

characterized as shore lines of the Yoldia Sca and

Ancylus Lake regression. The shoreline of the first

Litorina transgression is recognized at the depth of 27.0
m on the slopes of the less hilly moraine relief.
Reconstruction of the Postglacial and Holocene

conditions based on the geoseismic section seems o

be complicated mostly at the upper levels. Full section
of the Holocene deposition is recognized in the small
seabed depressions only. In the shoreface zone scdi-
mentation pattern of the Litorina/Postlitorina seas fluc-
tuates from 2.0 m to 0.0 m (at the depth of 26.5 m the
Holocene cover wedges out to 0.0 m) and has no di-
rect connection with the recent morphology and hy-
drodynamics. The deposition can be interpreted as hav-
ing been associated with the tectonics that oceurred
after the glaciations.
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Palaeobaltic Middle Pleistocene Ulmale Sea in Latvia

Alexander Savvaitov, |Ints Veinbergs

Abstract

The eastern part of palacobaltic Ulmale Sea occupied the space of recent maritime area in Western Latvia and
adjacent part of the Baltic Sea too in the Middle Pleistocene including Pulvermicki (Holsteinian) Interglacial as
well as Early Kurzeme (Saalian) Glaciation (periglacial). The sediments of this palacobasin (Ulmale Formation)
with thickness from 0 to 70 m and more are widespread practically uninterrupted in the Quaternary of the
northern part of the Western Latvia. The age of marine thickness 1s determined based on the composition and
sequence of the spore and pollen complexes. The foraminifers, ostracodes and diatoms, contained in the sediments
and their distribution features allow to consider, that a large part of this thickness had been formed in desalinated
and freshwater conditions of the basin. The open sea conditions characterize the sediments of lower part of total
maring thickness only, which are rich in forammifers and marine species of diatoms. The sediments of the
Ulmale Formation in the southern part of Western Latvia preserved only on separate sections along and entire
palacovalley incisions as well as on other small rare sections. The sediments of this Formation are preserved in
the deep incisions and a deep depression in the area of the Baltic Sea too, where they occur within the Quaternary
under two till layers, but in the area of elevations observed in the bedrock surface they are not preserved.

L7 Levverstll woorine sediments, Middle Pleistocene, Holsterman, Efrr.lf}' Saalian, Uhnale Sea, Ulmale Farmation, Western Latvea, Baltic

Sea
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INTRODUCTION

The sediments. which far later were determined as
marine formation of the Middle Pleistocene. are known
in Latvia for a long time ago. These sediments, under-
Iving grav till and often represented by strongly de-
formed lavers of sand and silt. had been observed by
A. Dreimanis in the bluff of the Baltic Sea in 1936
(Dreimamis 1936, 1999). However, at that time the
marine arigin. total thickness and arca of the distribu-
tion. age and sequence of its in Quaternary were not
studied.

For the first time the marine sediments represented
by gray silt. contaimng shells of Portfandia and Astarie
as well as the foraminifers. had been established in the
Kolka borchole (northern part of Kurzeme Peninsula)
by V. Ulsts and J. Majore in 1964 (Ulsts & Majore
[964),

The marine sediments with abundant shells of
Partlandia and forammifers were investigated in Cen-
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tral Latvia (Konshin. Savvaitov, Nedesheva & Dzilna
1969), The ESR determination (Dreimanis, Molodkoy,
Abolting & Raukas 1998) allows to consider their age
as Early Weichselian, however

The numerable finds of single shells of Portlandic
arctica Gray and basically their fragments in glacial
sediments (tills and bedgravels) of Latvia were re-
moved from the sediments of so-called Portlandia Sea
(Riss-Wiirm) by the Last lce Sheet (Zans & Dreimanis
1936, Dreimanis 1949),

The largest area of the i site distribution of the
Middle Pleistocene intertill obvious marine sediments,
the upper part of which had been observed by
Dreimams in 1936, 15 situated in the Western Latvia
maritime region (Konshin & Savvaitov 1969,
Savvaitov, Veinbergs, Kriikle 1971), This marine thick-
ness occurs in the adjacent pant of the Baltic Sea too.
The marine sediments have the name of the Ulmale
Formation (Danilins 1973). but the sca itself may be
called as the Ulmale Sea.

Palacobaltic Middle Pleistocene Ulmale Sea in Latvia

Authors investigate the sediments of the Palacobaltic
Middle Pleistocene Uimalc_ Sea n L._']I'L'IE_ since 1965,
Original materials of these investigations in tI_n:: nul_and
area (the structure of Quaternary and the marine thick-
ness, the data of studied spores-pollen spectra, diatoms
and foraminifers. ostracodes in separated sections and
their comparison between studied sections) are mainly
used in the present paper. Original data of the interpre-
ration scismic reflection profiling in some regions were
also used, and for the first time they allowed to draw
the distribution of the Ulmale Sea sediments in adja-
cent part of the Baltic Sca. Besides, all basic published
materials of Latvian and Lithuanian researchers, who
studied the intertill thickness of this Formation, are
used and discussed by authors. According to all men-
tioned data, the structure, distnbution, age, history and
conditions of the formation of the sediments of the
palacobaltic Middle Pleistocene Ulmale Sea in Latvia
are characterized below in detail.

ULMALE SEA SEDIMENTS

The regional features of the distribution of the Ulmale
Formation sediments are close connected with the to-
pography of the sub-Quaternary surface. Fig. | shows
the principle scheme of total distribution of the Ulmale
Formation sediments. The probably eastern boundary
of the Ulmale Sea is also drawn on this scheme.

It 15 referred in the first place to the area of a large
Ziemupe-0vidi Depression in the bedrock surface lo-
cated to north of Ziemupe. The onland part of this de-
pression is about 112-115 km long and up to 20-25 km
wide The depression is opened towards the Baltic Sea,
and stretching in a meridional direction. The altitudes
of the bedrock surface within the onland depression
limits decrease from plus 0-10 m  (in edge part) to
minus 60 m and even more (deep center part), but they
reach less than minus 140-150 m in the mcisions of
the ancient valleys. The change of the Ulmale Forma-
tion thickness in this area. as a rule. is hardly connected
with the altitudes of the bedrock surface. Maximal
thickness of the marine sediments {to 70-8( m) is re-
lated to the deeper part (the region between Akmenrags
and Uzava) of the Ziemupe-Ovisi Depression, as well
as deep incisions of ancient valleys in the bedrock sur-
face (to 90-120 m). The marine stratum is only about
I m thick between Ventspils and Ovisi. where the al-
titudes of bedrock surface are about minus 10-30 m
I'he thickness decreased more and even absence of the
marne sediments is observed in the castern edge part
of this Depression

Besides. the oceurrence of the Ulmale Sea sedi-
ments probably can be supposed in the southern mari-
time part of Western Latvia also. Here. in comparison
1 the northern region of Western Kurzeme. they oc-

cur in a small part of the Ulmale Sea only and are
basically located in deep palacoincisions and depres-
sions. The thickness of the Ulmale Formation in the
sections of the palacoincisions reaches 73-105 m. Sepa-
rate rare preserved remains of these sediments in the
arca of bedrock surface watersheds are about some
meters thick only. The sub-Quaternary surface for the
arcas of the distribution of the Ulmale Formation sedi-
ments in southern regions of Western Latvia lics at the
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Fig. 1. The Ulmale Sca and Ulmale Sea Formation sedi-
ments distribution in the Western Latvia and adjacent part
of the Baltic Sea (principal scheme). 1-probably eastern
boundary of the Ulmale Sea; 2-arcas with distributed sedi-
ments of the Ulmale Formation: 3-detail imvestigated bore-
hole locations, number and thickness (m) of the Ulmale
Formation: 1-Ovisi. 2-Liepene. 3-Staldzene, 4-Venispils, 3-
Varve, 6-Libciems. 7-Zuras, 8-Ernipi. 9-Sarnate. 10-
Dzintari, Vl-Jarkalne, 12-Ulmale, 13-Alsunga, 14-
Akmenrags, 15-Sudrabi, 16-Coli, 1 7-Ziemupe, 18-Cirava,
19-051: 4-some another borehole locations with suggested
sediments of the Ulmale Formation and s thickness (m);
S-thickness of the Ulmale Formation on the area of the Bal-
tic Sea according 1o data of seismic reflection profiling (af-
ler A. Samburg and F. Kovalenko 1982, 1984, Juskevids,
V., Kondratjeva, 5. Muarnicks, A & Mirniece, 5. 1997,
1998 G=isopachvies of the Ulmale Formation {m); T=inci-
sions of ancient valleys or palacochannels




Alexencer Savvaitov aiel Tiis Vennberss

tollowing altitudes: for bottom mcisions - minus 103
m and for watershed arcas - from minus 20 m to plus
0-10 m. The occurrence of the Ulmale Sea sediments
can be supposed n the adjacent part of the northwest-
ern Lithuama also. Here thickness of intertill forma-
tions observed 1s about 15-20m. and in palacoincisions
it reaches 80-85 m (Kondraticne 1971, Bitinas,
Damusyte & Stanéikaite 1996),

The distribution of the Ulmale Sea sediments in the

Latvian arca of the Baltic Sea can be discussed in a
schematic way only. Nearshore distribution of these
sediments in adjacent part of the Baltic Sea mn the area
of 11-12 km wide has been investigated by A. Samburg
and F. Kovalenko in 1982 and 1984, These data were
used for the compilation of geological maps for the
areas of Liepdja and Ventspils sheets on a scale of
1:200000 by V. Juskeviés and 5. Mirniece also
(Juskeviés, V.. Kondratjeva. S.. Marnicks. A &
Mitrniece. 8. 1997, 1998). According to the above-
mentioned investigators, the sediments of the Ulmale
Sea are widespread along the nearshore in the north-
ern part only, but they are usually absent in the south-
ern part. It seems. that the sediments of the Ulmale
Formation in the bottom area of the Baltic Sea, adja-
cent to the southern part of Western Kurzeme, had been
preserved from glacial exaration and basin abrasion in
the Liepaja Depression and in the decp palaecincisions
onlv,

The distribution of thickness of the Ulmale Forma-
tion sediments in the bottom area of the norther part
of adjacent Baltic Sea 1s complicated. The thickness
of the Ulmale Formation sediments onland clearly is
decreased and thinned out in the nearshore zone, The
boundary of the Ulmale Formation thinning out is cor-
related with the position of the eastern slope of the
Pavilosta-UzZzava Elevation, but the Ulmale Formation
sediments in the top area of this Elevation scem to be
practically absent. Besides, the Ulmale Formation sedi-
ments in the areas of the Ventspils, Western and East-
ern Ovidi Elevations are absent also. However, their
strata in the sections of deep incisions (Eastern, West-
ern, pra-Venta, pra-Uzava, Aizpute palacovallevs, ect)
and n the depression stretching along them.

The general stratgraphical position of the Ulmale
Formation in the Quaternary has been well nvestigated
in the onland part of the Ziemupe-Ovigi Depression.
The marine strata in this region lic above bedrock sur-
face or brown ull of Letiza (Elstenan) Glaciation (from
some meters to 15-20 m and over). The brown Late
Letiza (Elsterian) hmnoglacial clavs (to some meters)
are also often observed in local areas between marine
sediments and Letiza ull. The grav ull of Kurzeme
{Saalian) Glaciation (usually to some meters and sel-
dom to 10-40 m) overlies the marme sediments as a
rule. However. there are many sections known, where
Kurzeme till 15 absent and the marine strata are over-
lain by vounger sediments of the Late and Post Gla-
cial. The different sediments - ull of Latvia
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{Weichsehian) Glaciation, Late Glacial silt and clgy,
Post Glacial sediments of the Baltic Sea Stages. er
occur above Kurzeme moraine. The till of Latvia Gilg.
ciation in a large arca of the maritime regions 1s washeg
out by waves of developing Baltic Iee Lake and Ho-
locene Stages of the Baltic Sea too: therefore it hag
been preserved on separate sections only. The position
of marine sediments between tills of Letiza ang
Kurzeme Glaciations 1s observed i the Quaternary of
the ancient valley incisions too.

The Ulmale Formation sediments in a general peo-
logical section for the area of the southern part of West-
em Lawvia lie between Kurzeme and Letiza tills. It can
be scen in the regions of Rucava, Nica, south of
Gramazda, ete., where the sediments of the Ulmale For-
mation are preserved within the incisions of the an-
cient vallevs.

The sediments of the Ulmale Formation in the ares
of the Baltic Sea, preserved from glacial exaration in
palacovalley incisions on separate sections, lie under
two lavers of tills (Eastern and Western Vallevs). The
upper laver of the till belongs to Latvia Glaciation and
lower - to Kurzeme Glaciation. The analogous
stratigraphical position of intertill sediments had been
dissected by borehole 37 in the Baltic Sea (Majore,
Rinke, Savvaitov & Veinbergs 1997). According to V.
Judkeviés the thickness of the Ulmale Formation in
the arca of the Baltic Sea 15 km to northwestwards
from Jarkalne spreads under one till only (Kalmpa. L.
1999), The thickness of the intertill Ulmale Formation
sediments in the sections of palacovallevs known at the
bottom of the Baltic Sca can reach and exceed 30 m.

The intertill sediments of the Middle Pleistocene
(the OSL determinations = 127000+14000 -
145000+ 19000 BP) underlving Saahan till are shown
by Bitinas. Repecka & Kalnipa also (1999)

The great deserts in the study of the Quaternar
and the marine strata structure belong to S, Miimiece,
who had been mapping Pévilosta arca on large scales.
Two lithologically different parts - lower one basically
represented by silt, and upper one by sand are well
distinguished within the mtertill total basin thickness
in the Picmares lowland between Akmegrags and
Samate (Juskevigs, Kondratjeva, Marmcks, Mirniece
1998), The lower part 1s named Akmenrags (Seglins
1987 a, Mcirons 1992, Kalniga 1993, 1999, Dreimanis
& Zelés 1995) and the upper part - Jarkalne (Meirons
1992, Kalmiga 1993, 1999, Dreimanis & Zelés 1995)
or Staldzene (Seglips 1987 a).

BIOSTRATIGRAPHY

The marnne sediment strata spreading in the maritime
region between Ziemupe and Ovigi have been studied
by many borchole cores and outcrops. The samples
from drill cores have been analvzed by palynological
method. The microfauna and diatoms, contained in the
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-
e ents. have been mvestigated too. Systematical
#,Fncn alyses and mvestigations of plant macrofos-
i) e :m E,h;.,-s are of utmost importance for the bios-
sil "‘_55_'::"]“‘ of maring sediments. Pollen analyses for
1'ntlghd!?uﬁl sites were carnied out by M. Neimane, V.
gﬁuﬁ;q, | Kovalenko. I Jakubovska, L. Kalniga. The
.« marine species of ostracoda and diatoms,

minife Py
Lo ned in sediments, are certain indicators of ma-

“Fn'::aécn.;:.-:h of the sediments (Konshin, Sa_waitm
Tgﬁ'l-; Konshin, Savvaitov & Slobodin 1970, Vembergs.

Savvailoy, koritkle 1971).

Geven spore and pollen complexes h;wc been es-
qablished in the total section of the marine sediment
strata (from [ow to upk: l—.”.r{m.s'. fi’ﬂm.’ﬂ._ Artennsia, 11-
Panus, Betula, W-Alnus, Carpinus, € orylus, P,
Betula, (Juercettm muxtun, IV-Pinus, Alnus, Picea,
Abtes, V-Pinus, VI-Pinus, Bemla, V11-Pinus. Betula,
Artemisia. Chenopodiacea, Sellaginella selaginondes
Link. V1 and VII complexes are subdivided into sepa-
rate subcomplexes. Optimal complexes of the vegeta-
tion are 111 and TV (climatic optimum).

The correlative scheme of the sections investigated
for Western Latvia between Ziemupe and Ovisi 1s
shown in Table 1.

The Ulmale site (borchole 9 near Ulmale) is the
section, where the stratigraphy of the marine strata was
researched in first (Konshin, Savvaitov & Straume
1971) This section has principal significance for age
determination and identification of the sediment gen-
esis as well as it is the base for correlation of all inves-

tigated sections. According to the results of the Ulmale
stratotypical section study there are six sequences of
spore and pollen complexes (I-VI), characterizing the
sediments of total marine thickness. It is obviously
belonging to Pulvernicki (Holsteinian) Interglacial by
the development of vegetation (Konshin, Savvaitov &
Straume 1971). The optimal part of spore and pollen
diagram is reflected by 1T and IV complexes. They
are similar to the subzone P, and zone P, from
stratotypical Pulvernicki section of the Pulvernieki
{Holsteinian) Interglacial (Danilans 1973). The list of
the plant macrofossil assemblages from the sediments
of the upper part of total marine thickness in the Ulmale
section (VI spore and pollen complexes, Jirkalne part
of the Ulmale Formation) contains Salix polaris, Salix
herbacea, Salix reticulata, Betula nana, Dryas
octopetala, Selaginella helvetica, Selaginella
selaginoides, Sparganium hyperboreum as well as
Azolla interglacialica Nikit, Caulinia goretskyi, Carex
pancifloroides, Bransenia borysthenica, Ranunculus
sceleratoides, Larix sp., Salvinia narans, Zannichellia
palustris, Elatine hydropiper, Carpinus betulus (Cerina
1987, 1993), These data allow to consider, that the
upper part of the Ulmale Formation is related to the
end of the Pulvernicki (Holsteiman) Interglacial as well
as to following transitional and beginning stages of
the Early Kurzeme (Saalian) time.

Practicallv analogous spore and pollen diagrams
characterize the marine sediments dissected by bore-
holes in the region south of Ulmale. There are three

Table | Corrclation of the Ulmale Formation between the sections by palynological data
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rescarched sites known - Akmenrags. Sudrabi and
Ozoli (Segling 1987 a, b, Seglipd & Sakson 1987,
Kalnipa 1993, 1999). The spore and pollen complexes
of these sites are similar to those from earlier investi-
gated and relatively near located Ulmale section. The
optimum pollen complexes 111 and 1V are also estab-
lished here (Savvaitov. A.. Veinbergs, 1., Kalnipa L.,
Ceripa. A., Jakubovska, I. & Stelle, V. 1998).

Morcover a group of spore and pollen diagrams
characterize the uppermost part of the marine sedi-
ments, which can be observed in some rare sites only
(Staldzene. erc.). The spectra of these diagrams are
clearly distinguished by high amounts of herb pollen
(Arremisia) and reflects the cooler (subarctic) climatic
conditions. than those during V1 complex. Probably
this VII spore and pollen complex belongs to periglacial
of Early Kurzeme (Saalian) Glaciation.

Irregular occurrence of foraninifers, diatoms and
ostracodes is typical within the Ulmale Formation.
Ostracodes and diatoms are represented by marine and
freshwater species. Maximum and more often fixed
amounts of the foraminifers are observed in the sedi-
ments limited by 1. IT and 111 spore and pollen com-
plexes. Some higher quantities of foraminifers oceur
in the sediments charactenized by V pollen complex
also. The foraminifers in overlying sediments of the
Ulmale section are not observed, but in the uppermost
part of the site (borehole and outcropping) single fora-
minifers are found to occur. Here basically the fresh-
water diatoms are known, but rare marine diatoms are
also found.

According to A, Charanusinova (1971), who had
analvzed the samples from the Ulmale borehole, the
maximal quantitics of marine assemblage diatoms cor-
respond to the sediments of 111, 1V and V pollen com-
plexes. Underlying (I1. 1 pollen complexes) and over-
lving sediments (V1 complex) contain only sporadic
marine diatoms

Ostracodes in the marine thickness are very rarc or
single. They were found in Jarkalne, Ventspils and
Ziiras-Ermigi boreholes sections, but the ostracodes of
marine species - occurred only at the base of Jirkalne
section.

Besides the Ulmale site. the svstematical mvesti-
sations of the diatom complexes are known at Ozoli
seetion. According to diatom assemblages identified
by M. Sakson (Segling & Sakson 1987), there are se-
quenced parts distinguished in the common section,
which had been formed during three stages (from low
upwards): (1) marine transgression, (2) following de-
salination of the basin. and (3) conditions of the
freshwater basin. The diatoms m all other investgated
sections are poorly represented, but they are of mixed
composition ncluding freshwater, brackishwater and
marine species (analyses after V. Kalnroze and V.
Celma). They are observed in some separate sediment
intervals VI and VI pollen complexes m Jarkalne, Ziiras-
Ernini_ Ventspils, Staldzene. Licpene borehole seetions
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The intertill sediments of the Ulmale Sea in soygy,
em part of the Western Kurzeme had been imvestigagyg
i Rucava-Lauk eme region dissccted here by SCrigg
of borcholes (Seglins 1988). The spore and pollen diy.
grams from this thickness were known after A
Dreimams in 1944 and J. Straume in 1962, The ncl..,:

spore and pollen studies were carried out by

Kondratiene and L. Kalnipa. The observed vcg-.tlﬁlinﬁ
15 of mixed composition. The subarctic forms Berlg
mana, Alnasier. Rubus, Artemisia, ete. and the w am
forms Azolla masula, ete. are widespread here (Seglipg
1988). Earlier and new spore and pollen diagrams from
mtertill sediments of this region are similar to cach
other. They probably reflect the time of their formg.
tion in the upper part of Ulmale Formation. According
to the pollen and spore data characterized the sediments
in the northern region of Western Kurzeme can be V|
spores and pollen complex. There are also foramini-
fers found in some intervals. According to A. Ceripa,
the plant macrofossil assemblage is of mixed compo-
siion similar to that from the upper part of the Ulmale
Formation in the northern regions of Western Kurzeme,
and it contains Azolla interglacialica Nikit. too.
The mtertill sediments similar in thickness and
analogous spore and pollen spectra are wide spread in
Klaipeda-Kretinga region of Northwestern Lithuania
(Kondratiene 1971, 1999). The intertill sediments of
the Middle Pleistocene in this region are also fixed by
A. Bitinas (1996), A_ Bitinas, A. Damugvte (1998), A
Bitinas, A. Damusyvi¢ & M. Stanéikaité (1996).

PALAEOMARINE ULMALE BASIN

The total stratigraphical interval of the Middle Pleis-
tocene, when the Ulmale palacomarine basin had been
developed and existed and the Ulmale Formation had
been formed, includes complete Pulvernicki
(Holsteinian) Interglacial (L 11, 11L, IV, V. VI pollcn
complexes) as well as the Early Kurzeme (Saalian)
periglacial (VII pollen complex).

Due to transgression the Ulmale Sea flooded mari-
time regions of Western Latvia. The start of the trans-
gression took place at the beginning of Pulvernicki
(Holsteiman) Interglacial time. The sediments corre-
sponding to the ime of the transgressively developing
Ulmale Sca are characterized by I, 11, [T and IV pollen
complexes. This interval of geological section basi-
cally i1s represented by grew and green grew silts lo-
cated n a deeper part of Ziemupe-Ovisi Depression
area i the region of Ulmale-Akmenrags and lics at
the base of the Ulmale Formation strata. Besides. men-
tioned sediments of the marine thickness contain the
largest amounts of the foraminifers and are more rich
assemblage of the marine diatoms. The brown clay.
underlving this basal part of the marine thickness. be-
longs to the sediments of Late Letiza (Elsterian) local
lee Lakes (Sudrabi Bed, Seeling 1987 a)

Palacobaltic Middle Pleistocene Ulmale Sea in Latvia

The floor position of the marine sediments. char-
qcterized by V and VI pollen complexes, and Iucafff;i
within incisions of .th.” ancient dccp valley (Ovidi.
Ventspils. Ziiras-Ermini) has lower altitudes, than those
of the adjacent arca. This index shows, that between
formation of the sediments IV and V pollen complexes
1ook place the large-scale regression of the Ulmale Sea.
The more ancient sediments wﬂh_mr mc:smnsldurl_ng
[eRressIon WEre outwashed h\ activity of c:uttlng rv-
ors. but at the time of following new transgression of
the Ulmale Sea, these incisions and their watersheds
areas were full up by sediments of 'V and VI pollen
complexes. The new transgression of the Ulmale Slca
had been characterized by more wide area of the dis-
tribution of the basin. During that time the Ulmale Sca
occupied onshore part of the Western Latvia and was
represented by relatively wide and shallow nearshore
zone. According to dynamics of alongshore processes,
this zone had been separated from open sea and there-
fore distinguished by desalinate and even freshwater
conditions. There conditions favorable for formation
of mainly sandy sediments existed, but in the deep in-
cisions at that time the clayvey sediments were depos-
jied The foraminifers, marine species of diatoms and
ostracodes contained in sediments of this stage of the
Ulmale Sea are poorly represented.

I'he sediments of V11 spores and pollen complexes
reflect the final stage of the Ulmale Sea, when Early
Kurzeme (Saalian) Glaciation had been started. The
sediments of this stage preserved in separate sites only.
The Ulmale Sea, in comparison with previous stage.
had been distinguished by relatively strong desalting
of the waters.
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Farly post-glacial environmental changes in the western Gulf of Finland based on diatom and
' lithostratigraphy of sediment core B-51

Atko Heinsalu, Tuwla Kohonen, Boris Winterhalter

Abstract

A long sediment core (B-31) from the western Gulf of Finland: the Bafltic .S‘:a was mvestigated using dlgkm
analysis and sediment lithostratigraphy. The core covers the scdmwntat_mn history i'rqm the late Balh:;dcc; e
stage to (e beginning of the Litorina Sea stage. The occurrence gf a thin sequence with black bands enses
of Fe-monosulphides has been associated with a short-term brackish Yoldla_Sea phas_c when the offshore arca of
the Gulf of Finland was characterised by highly stratified water column with a turbid freshwater surface layer
above dense brackish bottom water. Increase in the diatom abundance in thcls::dlmmt record prohlah]y m@latcs
with the onset of the Ancylus Lake stage. The increase in grain sizul and in the a_bun_dan::-;: of littoral diatoms
resuspended and transported into the deeper areas is associated mtlh the _culmmaulon of the Ancylus Lake
transgression and the following drainage. A stratified water column with s.nlmc water in the d::lcpﬂst parts and a
very lov salinity in the surface water was charaeteristic of the Gulf of Finland during tln_: Ir!mal L1torn_m Sfca
phE;st. Increased surface water salinity and anoxic bottom conditions correspond to the beginning of the Litorina
Sea stape. |
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INTRODUCTION

The Baltic Sea basin has experienced several succes-
sions of freshwater and brackish-water stages since the
last deglaciation. The Baltic Ice Lake occupied the
basin following the retreat of the Fennoscandian lce
Sheet and ended up with its partial drainage at Mt
Billingen in south central Sweden 11,565 GRIP vears
BP (Andrén et al. 1999), Varved clays and silts accu-
mulated in front of the receding ice margin.

Ihe following Yoldia Sea stage (11.565-10.700
calendar yr BP) marks the period when the ocean had
a connection with the Baltic Sea basin across south
central Sweden (Bjérck 1995). According to recent
sediment studies in the Baluce Sea proper, the Yoldia
Sen stage can be divided into two freshwater phases
and a short brackish-water phase in between (Svensson
1959), The sediments deposited during this time show

significant differences depending on the distance of
the site to the retreating ice margin. Thinly laminated
clay varves were deposited close to the ice margin,
while further away, more or less homogencous grey
silty clays accumulated (Winterhalter 1992), A thin
sequence with black bands and small lenses of amor-
phous Fe-monosulphides has been associated with the
brackish Yoldia Sea phase (Huckriede et al. 1996,
Lepland et al. 1999). This brackish-water phase lasted
for about 60-120 years (Wastegard et al. 1993).
The rapid land uplift, which raised the passages in
south-central Sweden above the ocean level at 10,700
calendar vr BP. and caused the water level to rise in
the Baltic Sea basin, is defined as the onset of the
Ancvlus Lake (Andrén et al. 2000a). During the first
half of this stage. the Ancylus Lake was dammed-up,
and the transgression culminated at 10,200 calendar
vr BP (S Bjorck et al. 2001). A rapid lowering of the
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Fig 1. Location of the sampling site.

Ancylus Lake followed shortly after the culmination,
when the dammed waters found a new southern outlet
and the ‘non-dammed’ phase of the Ancylus Lake be-
gan (Bjorck 1995). However, the position of this fresh-
water outlet has not vet been located (Jensen et al
1999). The Ancylus Lake sediments consist typically
of two umits. The occurrence of black bands or stain-
ing of ferrous sulphides is charactenistic for the lower
Ancylus Lake clays, while the upper unit consists of
bluish homogeneous clays (Ignatius et al. 1981).

Eustatic rise of the occan level led to intermittent
inflows of saline water over the sills of the Danish
Straits into the Baltic Sea basin at c. 8500-8200 "C vr
BP (Eronen ct al. 1990). The period between 8500-
7500 "C yr BP is regarded as a transitional phase be-
tween the Aneylus Lake and the fully brackish Litorina
Sea. In the ittoral sediments this phase, often called
the Mastogloia Sea, is properly defined by diatom as-
semblages that prefer low salimity. In offshore cores
this transitional phase 1s charactenised by a low abun-
dance of diatoms and is referred to as the Initial Litorina
Sea (Andren 1999). The lithestraugraphic boundary
between the Ancylus Lake and the Litorina Sea sedi-
ments is generally marked by a clear and rapid increase
in the content of organic carbon and a change from
homogeneous clays to lammated gvitja clays
{(Winterhalter 1992),

The Gulf of Finland (GOF) 1s a west to cast clon-
gated large sub-basin in the north-castern Baltic Seca
(Fig. 1). The surface area of the GOF is 29,571 km-,
its mean depth 15 37 m and the maximum recorded
depthis 123 m. The surface yvater salinity varies from
5=7%o m the western GOF to about 1-3%e in the cast,
while the bottom water salinity in the western part of

£
Ied

the basin reaches valygg o

et al. 1998),
indicators of surface wa-

analyvsis has been fre-

ing the palacoenviron-

mental conditions of the
different stages of the Baltic Sea (¢.g. Alhonen 1971,
Abelmann 1985). Still, not enough attention has been
paid to diatom studies of the offshore sediments i1 the

GOF and those cores investigated have been often in-
complete (Kessel et al. 1973, Dzhinondze 1986, Aker
ct al. 1988, Sakson 1993), In this paper results of dia-
tom analysis and sediment lithostratigraphy of a long
core (core B-51) from the entrance of the GOF is pre-
sented. The aim of the present study was to recon-
struct carly post-glacial palacoenvironmental condi-
tions for the GOF with special emphasis to the pos-
sible detection of the brackish Yoldia Sca deposits

MATERIALAND METHODS

The sediment core B-31 was taken in 1997 in the
westernmost part of the GOF at the location 59°33. 738"
N, 22°47.125' E, with a water depth of 68 m (Fig. 1).
The location was selected on the basis of an interpreted
acoustic profile acquired with a GeoChirp subbottom
profiler together with a DESO 25 echosounder during
a cruise of /v Petr Kottsov n 1996,

A 726-cm long sediment core was taken with 2
vibro-hammer corer from r/v Geola. A 7-em long sec-
tion of the sediment core was lost during core extrac-
tion. The core (diameter |10 mm) was cut lengthwise
mto two halves onboard the ship. Additional 2 em had
to be rejected in the middle due to disturbance while
cutting. The visible hthology of the sediment profile
was described and photographed on board the vessel
Sub-samples were taken for microfossil studies and
for determination of sediment physical parameters. The
water content {as weight loss on dryving at 105°C),

salinity decreases (Alenius
Diatoms are sensitive
ter salinity and diatom

quently used for determin-
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(a5 weight loss on ignition at 550°C),
e cize (with Micromeritics Sedigraph 5000 D
i mm--qint'm'gm]'lc matter with H,0, and 2N HCI
Jﬁ% .;.f.| he sub-samples were analysed.
o preparation for diatom analysis followed Battarbee
6), The -clative abundance of dllatnms was esl-
f.élglid by counting the number of diatom valves per
iy lass transect. Diatoms were grouped in accor-
s r%ﬁ.th their living habitats intp planktonic and
3.5;!?“??11'11'1‘ (epiphytic and benthic dyatums] taxa, and
:E'nprég .1 1o salinity preferences into brackish-ma-
Enrhch brapgkn::h-n'au:r and frcslwfamr taxa. Freshwater
fﬁint:ams have been subdivided into large-lake. small-
lake and indifferent taxa rcsplcl:tt_vcl}-'. IDIEIE{!IT'I tax-
" pnomy and scological information is mainly based on
'gnmijtg etal (1993-1998), Krammer & Lange-Bertalot
1986~ 1991), Malder & Tynni ( 1967-1973) and Tvnni

[]g']'j, 195U}

N ilis content

RESULTS
Acoustic profile and lithostratigraphy

The three lithological units typical of the Baltic Sea
can be identified in acoustic profiles from the western
Gulfof Finland: 1. glacial clays and silts; 2. the Yoldia
Sea and the Ancylus Lake (“transitional’) clays; and 3

the Litorina Sea and recent sediments (see Kohonen &
Winterhalter 1999), In the echosounding profile (re-
drawn in Fig. 2) all three units can be clearly discerned

at the sampling site, although only a short section of
the Litorina Sea sediments has escaped subsequent
erosion. In surrounding areas ¢rosion has been more
intense exposing both “transitional” and glacial clays.
The erosion of sediments deposited originally in deep
water is due to crustal rebound following
deglaciation, which has brought the sea floor up to
the wave base.

A detailed lithostratigraphy of the core B=51 is pre-
sented mn Table 1. The colour coding refers to the
Munsell system.

The lowest part of the core consists of varved clay
tvpically mirroring seasonal variations in the amount
of melt water and suspended mineral matter entering
the basin. These varved clays are overlain by a 10 cm
thick layer of clay. which is stained black with lenses
and granules of amorphous Fe-monosulphide. A simi-
lar laver has also been recognised in cores taken some
10 nautical miles southeast of Helsinki from a water
depth of 40-50 m (Aker et al. 1988). Higher up in the
sequence thin black FeS layers are observed at 520 cm
increasing upwards in thickness. This black stained
sulphide clay is overlain by homogeneous qlay rich n
small pyrite concretions. The next major litholologic
boundary is at 57 cm. where the homogeneous grey
clay is overlain by a thinly laminated gyttja clay se-
quence. _

Except for some ice-rafied dropstones in the gla-
cial clay sequence. all analysed sub-samples of the core
B-31 consisted of clay and silt fractions. The grain
size distribution of the core B-51 is presented as per-
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Table 1. Lithological description of the core B-31 from the entrance of the Gulf of Finland

Depth, cm | Sediment | Notes Colour
0-25 evija clay | thin laminations grecmish grey (5 GY 4/1=-5 GY o/T)
2542 | gvtgaclay | mottled, sulphide spots: burrows. greemish grey 3 GY #1535 GY &/1)
at 34 cm a distinct thin brown layer
with a sharp lower boundary
42-57 | pyitja clay | dark grey and reddish brown thin laminations greenish grey (5 GY 4/1-5 GY 6/1)

37-132 | clay

sulphide spots except in the lowermost 2 cm:
at 537-65 cm mottled sediment with burrows
(bioturbation), branchlike <2 mm-long nodules
{pvrile concretions) at 75-131 cm

dark greenish grey (5 GY 4/1),
greenish grey (5 GY 6/1)

pyrite concretions,

132-14 no sample i
141-144 | clay homogeneous; pyrite concretions bluish grey (bluish 5 GY 41) E
[44-2] clay sulphide-rich especially at top; brownish grey (5 YR 4/1), =]

sulphide granules at 231, 265 cm;

a few light coloured bands at the top

olive grey (5'Y 4/1) with black mottling

215-383 | clay more sulphide bands than below browmish grey (3 YR 4/1), |
: : olive grey (5 Y 4/1) with black banding |
383-520 | clay sulphide lenses, which gradually thicken brownish grey (5 YR 4/1),

upwards, stones at 453-509 cm_

olive grev (3 Y 4/1)

520-592 | clay

thinner and more indisting

brown, greenish and black layers <1—4 mm;
towards the upper part the lavers become

dark greenish grey (3 GY 4/1)

592-606 | clay
at 601-604 cm

homogeneous, with sulphide granules

dark greenish grey (5 GY 4/1)

66616 | clay black sulphide lavers <1-2 mum dark greenish (5 GY 4
616631 | clay thin (<1 mm) indistinct varves brownish (3 Y 471),
dark greenish grev (3 GY 4/1)

631-726 | clay

and 719-726 cm

distinet varves (1-10 mm); dropstones
with diameter up to 3 mm; disturbed layers
at 632, 645, 650652, 659, 670672

brownish olive grey (3 Y 4/1),
greyish olive green (5 GY 3/2),
olive grev (5 Y 3/2)

centage of <0.002 mm fraction (Fig. 3). In the lower-
most part of the core more than 90% of the grains con-
sists of <0.002 mm fraction. The proportional abun-
dance of silt 1s highest at 386 em.

Mo traces of recent mud, indicative of present day
sediment accumulation could be detected in the acous-
tic profiles from the coring site. The topmost sediments
in the core represent the early Litorina Sea deposits.
Deposits from accumulation areas have high content
of water and organic matter. Sediment from arcas of
active deposition exhibit in Swedish studies (Hakanson
1986) typically a water content of more than 75% of
wet weight and a weight loss on ignition of over 10%
of drv weight. In a Finmish study (Variainen et al. 1997)
the same parameters are =70% and >9% respectively.
In the top of the core B-51 both water content and
loss on igmtion was below these values (Fig. 3), indi-
cating that the voungest sediments are absent,

DIATOM STRATIGRAPHY

The diatom analvsis was carried out within the 19-
650 em core-depth nterval, and the stratigraphy was
divided into six diatom assemblage zones (DAZ; Table
2. Fig. 4). The bottommost part of the sediment core
was devord of diatoms
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ENVIRONMENTAL HISTORY
The Baltic Ice Lake

Varved clays of the Baltic Ice Lake are usually barren
of diatoms in the GOF (Aker at al. 1988) and no dia-
toms were observed in the lowermost section of core
B-51. A poor diatom flora, indicating freshwater con-
ditions has been observed in a sediment core from Lake
Ladoga (Abramova et al. 1967), which was an
embayment of the Baltic Sea basin during the Baltic
Ice Lake. Diatom productivity was low during the ini-
tial stages of deglaciation probably because of exten-
sive ice cover and high turbidity from silt and cla

introduced by meltwater from the retreating ice sheet

Diatom scareity can also be attributed to the very high
sedimentation rates causing a pronounced dilution ef-
fect, Diatoms were more common in the distal areas
of the Baltic Ice Lake. in southern Baltic Sca basin

where alkaliphilous freshwater flora indicating higher
conductivity have been recorded (Jensen et al. 1997)

The Yoldia Sea

Immedhately after the drainage of the Baltic lee Lake
narrow straits west of Lake Viittern were the only pas-
sages between the ocean and the Baltic Sca basin

Early post-glacial envirommental changes in the western Gulf of Finland

(Fredcn 1988%). Freshwater
outflow from the rapidly
melting e sheet was prob-
ably strong enough to pre- -

w % ww
40 50 80

LOI % dw % <0.002 mm
2 4 6 F0O 80 S0 100

yenl [Major marine water - o
ression Furthermore. the
deep basin of Lake Viittern
acted as a trap for dense 100
galine water, which occa-
sionallv flowed over the
sills. but salt water never
etrated further east ().
Bjorck ot al. 2001). There-
fore. the imitial Yoldia Sea
phasc was characterised by
freshwater conditions
(Svensson 1989) and brack-
ish water inflow to the Bal-
tic Sea basin occurred for a
short spell after the retreat
of the ice edge across the
MNarke Strait at ¢. 11,300
calendar vr BP (Wastegard
et al 1998, Bjorck 1999).
Mast probably indistinctly

Depth below sediment surface, cm
.Y
& 8 8 =2 %

g

varved clays in the core B- 800
51 were deposited in the
GOF during the initial
freshwater phase of the
Yoldia Sea. Strong meltwa-
ter input from the retreat-
ing ice sheet produced vast
amounts of fine-grained suspension. High turbidity and
low transparency of the surface water was
unfavourable for the photosynthesis of diatoms, and
furthcrmore high accumulation rates made diatoms
very sparse in the sediments and possibly undetect-
able for diatom analysis, Large-lake diatom assem-
blages found in several pre-isolation sediment records
n northern Estonia suggests that freshwater environ-
mental conditions cccurred in the littoral areas along
the southern coast of the GOF at the beginning of the
Yoldia Sea (Heinsalu 2000).

e finds of arctic molluscs Portlandia arciica (De
Geer 1913, Brunnberg & Possnert 1992) and a transi-
tton [rom a grev diatactic to a reddish symmict varved
clav (Brunnberg 1993) east of the inflow area indicate
saline water ingression into the Baltic Sea basin dur-
g the middle phase of the Yoldia Sca. Benthic fora-
minifer and ostracod assemblages in the sediments at
the Narke Strait and further east in the northern Baltic
Sea proper suggests a bottom water salinity of ¢, 10%
for the brackish phase of the Yoldia Sea (Wastegard
1907, Wastegard & Schoning 1997). Diatom records
from the Landsort Deep (Lepland et al. 1999) and the
Gotland Deep (Abelmann 1985, Sohlenius et al, 1996,
Andrén etal, 2000a) display a peak of planktonic brack-
1Ish-water diatom Thalassiosira baliica and thus

Fig. 3. Down corc variations of water content {(w) as %o of wet weight, loss on ignition
(LOI} as % of dry weight and % of the grains <0.002 mum for the core B-51.

shightly brackish-water conditions occurred also in the
surface water layer,

The crucial question in the history of the Yoldia
Sea 15 how far east from the inflow area did the saline
water pulse penetrate. Indistinct varved clays are over-
lain by a laver of clay stained with iron sulphides in
the core B-51. The formation of FeS precipitation can
indicate the presence of saline and anoxic bottom wa-
ter (Huckriede et al. 1996). Occurrence of planktonic
large-lake diatoms Awulacoseira islandica and
Stephanodiscus neoastraea in DAZ B3 1 A indicate non-
saline surface waters at the entrance of the GOF. How-
ever, a distinct change in the diatom assemblages in
northern Estonia, where in several littoral pre-isola-
tion sequences large-lake diatoms are replaced by
brackish-water diatoms (Heinsalu 2000), confirms the
existence of brackish-water conditions in the GOF for
a short period during the Yoldia Sea. Mixing of the
water column and circulation of brackish-water up to
the surface along certain stretches of the coast is ter-
preted as a consequence of upwelling (Hemsalu 2000).
In addition, littoral sediment sequences of the Yoldia
Sea with brackish-water diatoms have been recorded
also from the castern part of the GOF (Saarmisto et al.
1999) and from southern Finland (Valovirta 1965,
Tyvnni 1966), Similar periphyvtic brackish-water taxa
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Table 2. Diatom assemblage zones of the core B-51 from the entrance of the Gulf of Finland

—
[}ulplh, DAY Desenption of the DAY Halli Scd
em stage/phisg
19-37 BSIF |Brackish-manine and brackish-water planktonic dintoms predominate, their relative abun- [Litorina Sea <1agg)
danee inereases within the zone. dcsinocvelins octonarins Ehrenbere, Thalassosiva baltica p
(Grunow) Ostenfleld, and T cccentrica (Ehrenberg) Cleve are dominant species.
Coscinodisens asteromphalus Ehrenberg, Cyefotella choctawhatchecana Prasad and
Chaeloceros spp. resting spores are present in lower valwes. The frequency of lage-lake
plankionic diatoms Anlecoseira islandica (O Maller) Simonsen and Srephanodisens
neoastraca Hikansson ¢t Hickel is decreasing within the zone
37-145 B31E | Al the lower boundary of the zone, the relative abundance of large-lake dintoins distinetly | Tnitial Litoriog |
decreases. Brackish-water penphytic dintoms, such as Diploneis smithn, Rhoicasphenia Sea phase
enrveata (K Otang ) Gronow, .Epmfn.'m:.r: trgieler var, westermeanni (Ehrenberg) Grunoew and
Mastoglata smithii Thwaites, increase towards the upper part of the zone. The importance of
lamge-lake and other freshwater littoral dintoms 15 higher than in the DAY 35103

145-385 | B5ID |Large-lake penphytic distoms declme distinetly at the lower boundary of the zone. The Ancylus Lake,
relative abundanee of large-lake plankionie diatoms is high, however decreases towards the | pon-dammi
upper boundary of the zone. Awlacoseira islandica deercases throughout the zone, and si- phase
multaneously Stephanaodisens neoastraca and 8 wedins Hikansson increase, reaching a
muaximum abundance al core-depth of 213 em and (hen decreasing towards the upper boundary
of the zone. 8 snntefies (Kutzing) Cleve et Maoller, Awfacoseira subarctica (0. Miller)

Haworth, Cvedodelfe iris Brun et Hénbaud and © eamte (Ehrenberg) Kitzing are present in
low values.

353520 | B5IC |The abundance of diatoms mereases dramabically ot the lower boundary of the zone, and | Ancylus Lake. |
remains high throughoul the rest of the core. Allogether 540 diatom valves were counted m | up-dammed
two cover slip traverses. Large-lake planktonic taxa are still the dominant group of diatoms, phase
but their importance continucusly decreases towards the upper part of the zone, Al the same
time the importance of larze-lake periphytic taxa increases. Anlacoseira tsfandicn is still o
dominant species of the assemblage. Stephanodiscns necasivace and 8. medins are conlinu-
ously present at low values. Diplowers dembliviensis (Granow) Cleve, Martyama marive
(Hénbaud ) Round, Gyrosigrg atteratin (Kitzng) Rabenhorst and Cyviatoplenra elfiptica

| (Brébisson) W. Smith are the most common penphviic diatoms

320606 | BSIB | The abundance of diatoms s very small. In the upper and lower part of the zone the number Yoldia Sea,

ol counted diatoms in one slide reaches to 100160 valves The dominant species are | linal fresh water
Amlacoscira istandica and Stephanodiscns neoasiraea A few large-lake periphyvtic distoms, phise
such as Encyonema prostvatim (Berkeley) Rotzing, Cocconers discufns { Schumann) Cleve,

Diplovsers domblittensis and Martvana srartvi vocur

OiG-610 [ BS1IA | Very poor in diatoms. Insix levels. altogether 3 1o 40 dislom valves were observed per slide Yoldia Sea,
The most common species are large-lake plankionic duatom dwfacoseira ivlandica, brackish
Stephartedivens pecastraea and 8 medins. Some brackish-waler peniphyiie s, such as phase
Dhiplaneis sivithii {Brébisson) Cleve and Campylodiscus echeneis Ehrenberg are present

such as Diploneis smithii,

D, rnterrupta and

of large-lake diatoms and disappearance of periphytic

Campyiodiscus echeneis m DAZ B31 A are likely trans-
ported to the offshore area from the littoral zone, Cor-
relation of diatom data from the core B-51 with those
from the coastal arcas indicate that the brackish-water
pulse did penctrate into the GOF. However, in more
offshore settings the water column remained highly
stratified with a freshwater surface laver overlving the
dense brackish decp-water.

It has been suggested that the final phase of the
Yoldia Sea, following the short brackish-water phase.
was characterised by freshwater palacoenvironmental
conditions, at least in the Baltic Sea proper (Wastegard
ctal. 1995, Andrén 1999). The absolute abundance of
diatoms 1s small and indicates low productivity in the
offshore arcas (Abclmann 1983 Andrén et al. 2000h).
In the GOF similar environmental conditions have been
registered on the Island of Suursaari (Heinsalu et al.
2000) and m northern Estonia (Heinsalu 2000). Ho-
mogencous grey clay at the core-depth of 320-606 ¢m
corresponds to 42 B51 B Both overall low abundance
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brackish-water diatoms imply ecorrelation of that zone
with the final freshwater phase of the Yoldia Sea. A
relatively high rate of sedimentation indicates that meli-
water flux from the ice sheet might still influence the
area at the entrance of the GOF and allows interpret-
ing the apparently low diatom productivity with low
illuminance in the photic zone and dilution through
rapd sediment accumulation.

The Ancylus Lake

Due to the fact that freshwater conditions prevailed in
the GOF alrcady in the late Yoldia Sea a
lithostratigraphic boundary between the Yoldia Sea and
the Ancylus Lake sediments in oftshore arcas is hardly
detectable. However, several studies reveal high pe-
lagic primary production of diatoms at the beginning
of the Ancvlus Lake (Abelmann 1985, Andrén et al

2000b). The diatom record at the entrance of the GOF
indicates an abrupt increase in the abundance of dia-

Early post-glacial environmental changes in the western Gulfl of Finland
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toms at the core-depth of 320 cm (DAZ B31C). The
large-lake planktonic diatom Awlacoseira islandica
dominates. The increase in diatom abundance coincides
with the appearance of black ferrous mono-sulphide
staming in the sediment. The initiation of the diatom
bloom in pelagic areas of the GOF during the begin-
ning of the Ancylus Lake is interpreted as a result of a
marked decrease in the supply of sediment from the
greatly diminmished ice cap and therefore reduced tur-
bidity and enhanced transparency of the water column.
A rising water level induced abrasion of soils in the
coastal regions and increased transport of nutrients and
dissolved silica into the pelagic area. This coincided
with the rise of the temperature towards the second
half of the Preboreal. Progressively, the increased per-
centage of peniphytic diatoms in 24 Z B5/C infers that
littoral sediments were reworked and transported into
the deeper parts of the basin, thus supporting the idea
of water-level instability during the up-dammed
Ancylus Lake phase and the following drainage. This
is in good agreement with the stratigraphic position of
slightly coarser sediment particles, which probably
derived from near-shore erosion (Fig. 3).

A rapid regression caused by the drainage of the
Ancylus Lake has been detected inthe shore displace-
ment data around the Baltic (c.g. Bjorck 1995). The
period after the drainage, when the Baltic Sea basin
was more or less at level with the World ocean, but the
narrow connection prevented saltwater inflow. has been
named the non-dammed Ancylus Lake phase (Bjorck
1995). High values of planktonic diatoms in DAZ B5 1D
refer to decreased resuspension from the littoral areas.
Aulacoserra 1slandica, is considered to be a cold steno-
thermal species (e.g. Stoermer et al. 1981), often flour-
ishes after breakup of winter 1ce in spring. However,
A. islandica predominates in previous zones, In DAZ
B3 1D planktonic diatom diversity increases which is
perhaps induced by higher temperatures in the surface
water layer. The moderate increase of Stephanodiscus
species, likewise, indicates a somewhat higher trophic
state of the basin.

The Litorina Sea

Soon after the establishment of ocean connection
through the Danish Straits the first indications of sa-
line water penctration into the Baltic Sea basin ap-
peared in the areas close to the entrance. Berglund
and Sandgren (1996) have reported shightly brackish
conditions along the coast of Blekinge. southern Swe-
den at 83800 "'C vr BP. This can be equivalent to a
weak brackish-water inflow into the Bornholm basin
at about 8900 "C vr BP (Andrén et al. 2000b). How-
ever, this environmental change in the sediment record
1s ime transgressive. In southern Finland the coastal
waters became brackish at about 3000 "'C vr BP
(Hyviarnen 1984). This slow spread of brackish wa-
ter across the Baltic Sea basin can be explained by

n
i

—

the limited water exchange between the Kattegat ang ||
the landlocked Baltic Sea basin. The inflow of salipe
water occurred probably in several pulses (Andreng
al. 2000a). Due to the density difference between the
maring water crossing the threshold and the freshwg.
ter Ancylus Lake, the saline water would obviously
flow as a bottom near current. Moreover, vertica)
mixing of water was prevented by a permanent halp.
cline, and checked horizontally by the bottom topog.
raphy. The sills separating the various sub-basins voere
obstacles for the spread of saline water into the cen-
tral and marginal basins.

In the core B=31 DAZ B3 11 differs from the provi-
ous zone by the low abundance of planktonic diatoms
and an increase of periphytic diatoms, the latter being
easily transported for long distances from their littoral
habitats. The gradually increasing littoral brackish-
water diatoms suggest that slightly saline conditions
prevailed along the coast of the GOF. Apparently low
abundance of diatoms during the Initial Litorina Sea
phase has been registered all over the Baltic Sea basin
(Andren 1999). Heiskanen (1998) suggests that increas-
ing eutrophication combined with a warming climate
may result in a decrease in the share of diatoms from
the pelagic system in the northern Baltic Sea. Di-
noflagellates, due to their mobility, can overcome dia-
toms during calm and warm spring weather, because
planktonic diatoms sink rapidly from the photic layer
In addition, the vernal dinoflagellates promote a greater
retention of nutrients in the pelagic svstem. which pro-
vides a firm start for the ¢cvanobactenial blooms in the
summer. Primary production of the Baltic Sea proper
became mitrogen-limited shortly after the Ancvlus
Lake/Litorina Sea transition at c. 8500 “C vr BP
(Westman 1998). The presence of fossil cyvanobacterial
pigments indicates intense cvanobacterial blooms in
the basin in the carly stages of the Litorina Sea at .
7500 '"C BP (Bianchi et al. 2000, Kowalewska et al.
1999). The data above suggest that the GOF probably
must have had a stratified water column with saline
water in the deepest parts and probably with low sa-
hinity in the surface water.

The appearance and high values of brackish-ma-
rine planktonic chatoms in DAZ B51F, the ncrease of
loss on igmtion values. and the simultancous change
from clay to laminated gyvtja clav suggest that the sui-
face water salimiv of the GOF increased considerabl.
and consequently, the difference in the sahimity through
the water column dimimished. The strong influx of sa-
line water from the Kattegat could have changed sig-
mificantly the hvdrological conditions in the Baltic Sea
basin. According to Aker at al. (1988) that event prob-
ably took place ¢. 75300 "C vr BP.

Due to the decrease i water depth as a result of
crustal uplift active deposition in the study area ceased
and even erosion of formerly deposited sediment mas
have taken place during the latter part of the Litorina
Sea stage (Kohonen & Winterhalter 1999).

Early posi-glacial envirommental changes in the western Gull of Finland

—
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Main associations of microelements in sediments from the Sventoji-Nida area,
southeastern Baltic Sea

Rolandas Radzevidius

Est ract

The investigations have been carried out in the Lithuanian part of the Baltic Sea offshore zone (the Sventoji-
Nida arca). A De-Arc ES analysis was performed to determine microelement concentrations in the sediments.
Rased on the median diameter (Md. mm) of the sediments, the analyzed samples have been subdivided into four
sets. Three main trends in the distribution of microclements were established in the sediments, according to the
median values of the microclements in the four sets. Two main microelement associations were revealed in the
sediments. i.¢. clastogenic and natural-technogenic. The summary index of concentration coefficient of Th, Zr
(Zd, ) and Ga, Pb (Zd,, ) was calculated. A comparison between Zd,,, and Zd,,,, values shows that the
accumulation of the microclements related to the clastogenic association is less dependent on grain size in the

study area.

[T Baliic Sea. sedimend, microelentent, association, paragenctic refationshup, concentration coefficient index (£d)

O Helundas Radzevidis frolandascgeologn itf, Deparment of Balve Marine Geofogy, Tnstitute of Geology, T Sevienkos 13, LT
2600 1 s, Eithwansa, O Received 20 September 2000, accepied 8 Novenber 2000

INTRODUCTION

The investigation area covers the Lithuanian part of
the Baltic Sea offshore zone (Fig. 1). This zone is
restricted by 200307 longitude in the west; its north-
ern boundary extends along 367057 latitude, and
southern boundary coincides with the Lithuanian-
Russian frontier. The investigation arca is located
in the castern part of the Central Baltic Sea (Grigelis
(Ed ) 1991). Here the sea depth does not exceed 70
m. Along the coast. the near-shore zone extends at
the depths of 0-10-25 m. while offshore the zone is
limited by the Palanga ridge (at 10-35 m depth) in
the north and the Kurdiy plateau (at 20-50m depth)
in the south of the investigation arca. The Pra-
Nemunas channel separates these bottom relief
forms

Sedimentary material is washed out from relict de-
posits and carried out from the Kurdiy Marios Lagoon.
under the impact of hydrodynamic factors it forms
viltious types of sediments (Gudelis & Emelvanos
{eids) 1976, Gulbinskas 1993, Repecka 1997), Boul-
durs. pebbles. gravel. coarse sand. medium sand. fine

sand, coarse aleurite and muddy sediments are distrib-
uted in the studied arca. Fine sand and coarse aleurite
sediments are widespread here (Fig. 2). Coarse-grained
sediments (median diameter more than 0.25 mm) are
closcly related to plateaus and fine-grained sediments
(median diameter less than 0.05 mm) are spread lo-
cally in the deepest part (sca depth more than 65 m) of
the studied arca

Element distribution m the sediments depends on
arain size, mineral composition, organic matter con-
tent ete. (Blazhchishin & Emelvanov 1977, Emelyvanov
1986). In general, clement concentrations arc higher
in the finc-grained sediments than in the coarse-grained
sediments because fine-sized particles (less than 0.01
mm )} and organic matter play the mam role in the trans-
port of many chemical clements. On the other hand.
some chemical elements concentrate in the sandy sedi-
ments.

The aim of this study was to determine main mi-
croelement associations in four sediment groups. to
determine microclements representing main associa-
tions in the sediments and to locate zones of their con-
centration
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Fig. 1. Geography of investigation arca, showing location
of sample sites. | — samples collected n 1993-1999, 2 -
samples collected in 1990-1991, 3 — A zone, 4 - B zane, 5 -
isobathes. m. 6 — Lithuanian-Russian boundary, Note:
Isobathes are taken from Gelumbauskaité (Ed )y 1998,

METHODS AND DATA

The data used in this paper were collected during
the marine geological mapping (in 1993-1999) at a
scale of 1:30.000 in the Lithuanian part of the Baltic
Sea offshore area. The bottom surface sediments were
sampled by Van Veen grab (sandy sediments) and
Niemistd gravity corer (muddy sediments).

Grain-size composition of the surface bottom sedi-
ments was measured by drv sieving (Analizette 3 Vi-
brator Sieve Shaker) and pipette (Petehin 1976) meth-
ods, Grain-size analyses were performed at the Insti-
tute of Geology, Department of Baltic Marine Geol-
ogy. Lithuania.

Chemical analyses were undertaken for smaller than
I mm fraction of 274 samples of the sediments (Fig
1). Determination of microclements (Li. B, Ga. P. Mn.
Ti. V. Cr. Co, Ni, Cu. Zn. Pb. Mo. Ag. Sn_ Zr. Nb. Y.
La. Yb, Sc, Ba) was performed by atomic emission

A2

spectrometry (DC-Arc Emission Spectromeiry) using
DFS-13 spectrograph and MD-1000 micro. fénﬁm
cter. The international standards OOKO 151, 152, |5y
301. 302 and 303 were used for quality control (g
centration of elements obtained by DC-Arc ES .,
recalculated to a dry matter. Chemical analsig yae
carried out at the Institute of Geology, Laboratory o
Spectroscopic Analysis, Lithuania. Also the resulgg of
chemical analvses (377 in total) obtained diring (.

geological mapping at a scale 1:50,000 carricd oyt
J. Savickas (1990-1991) were used in this study (une
published data). :

Based on the median diameter (Md, mm) of thy
sediments, the analyvsed samples have been subdivided
into four sets, 1.¢. 1% set with Md more than () 25 pyy
2% one with Md=0.25-0.1 mm. 3" one with Md=0 ]
0.05 mm, and 4" one with Md less than 0.03 mn_ Thege
sets were studied by means of statistical method, j ¢
descriptive and principal components factor analysis.
was performed using SPSS WIN software. The factor
analysis was used to reveal microelement associations
{¢.g. Kazhdan & Guskov 1990, Baltakis 1993, Jimenez-
Espinoza et al. 1993, Sanchez Bellon et al. 1997
Zinkute 1998, Kadiinas et al. 1999)

Before proceeding the statistical analysis, the loga-
rithmic values of microelement concentrations were
taken, because microelement distribution in the litho-
sphere is described by logarithmic low (Ahrens 1954,
Ahrens 1954, Ahrens 1957). For casy readabiliy, the
obtained statistical results presented in Table 1 and 2
are non-logarithmic. Figures were compiled using
SURFER and CorelDraw softwares.

“Background” median values for all microelements
were calculated separately in four sediment groups
(scts) in order to remove the influence of sediment
grain-size composition. Calculations were performed
using method of consecutive elimination of anomalies
outside the interval (x-2d, (x+2d, where x - arithmetic
mean, d - standard deviation) emploving SIGMA <ofi-
ware. More details about the calculation of median
("background”) values and SIGMA software can be
find elsewhere (e.g Zinkuté 1998, Zinkuté 1999)

Both the fine sand (2™ set) and coarse aleurite (3
set) sediments were subdivided into two sets in order
to remove the influence of sample scattering in the
study arca (Fig. 1). Weighted average values of each
element were caleulated according to the formula

.-"jI % ,"!'thfr + Pa™® My
100

Md* =

where;

P — arca of the zones. %,

Md - an element median (“background™) value in
a zone determined by method of consecutive elimina-
tion of anomalics.

A. B - the zones (Fig. 2).

e sand and <0

gration co<
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I

o weiehted average values serve as the “back-
Thc-.-“:.:j.u_u for microclement distribution m the
e arse aleurite sediments,

..Bnnkgrnuud" median valuc_s of microclements

, ysed to calculate summary indexes of a concen-
e icient (Zd). The summary index shows how
niration coefficients of the microclement
exceed background level. This cocfhicient is
for technogenous geochemistry explo-
miﬁn as an index of the m_ntaminatian _[Sacl_ 19001,
Radzevicius cl al 1997, Kadiinas 1998, Zinkute 1998,
Kadiinas ¢! al I':i")jhl'). . _
The summary index of concentration coefficients

ups

(2d) was calculated according to formula:

LU (‘J
= b= (=1). here Kiti=—
Zd = 2. Kki—(n=1)  here C

where _
Kk - coefficient of concentration,
C - chemical element concentration in the analysed
1
sample, .
C, - background value of a chemical element,
n — number of chemical elements

Fable 1 Values of microelements in the sedunents, ppm

DISCUSSION

The distribution of the sediment median diameter (Md)
shows (Fig. 2) that coarse sand. medium sand, fine sand
and coarse aleurite sediments prevail in the studied
area. The fine-gramned sediments (Md less than 0.05
mm) are distributed locally at a depth of 65 m (and
deeper). )
According to the previous investigations
(Blazhchishin & Emelyanov 1977, Gudehlis &
Emelvanov (eds.) 1976, Emelvanov 1986). such sedi-
ment grain-size composition predetermines a signifi-
cant decrease in lithogenic element (Li, Ga. Cu, Co. V,
Ni etc.) association and a significant increase in
clastogenic element (Ti, Zr, Nb, Y. La. Yb) association
(Baltakis 1993, Radzevidius 1993, Kadinas 1999).
From the data given in Table 1. it was possible to
establish main trends in the distribution of microele-
ments in the sediments of the investigated arca. The
values of microclement concentrations are rather di-
verse in the studied arca. Ti, Zr, Mn, P. Ba show ex-
tremely high variation in four sediment groups. Maxi-
mum median values of most microelements are found
in the fine-grained sediments (Md less than (.05 mm),
while these of Ti. Zr, Nb, Y, La, Yb. Mn arc mostly

Sediments
El ~ Coarse-grained Fine sand Coarse aleurite Fine-grained
' (Md = (.25 mm) (Md = 0.25-0.1 mm) (Md = 0.1-0.05 mm) {Md <0.05 mm)
N = 36 N =261 N =330 N =24

Min IMax | Mz | Md | Min | Max | Mz | Md | Min | Max | Mz | Md | Min | Max | Mz | Md
Til2o 1139 88 | 89 |12 (19275 |73 | 28 | 216 86 [ 86 |28 |30.0] 188|190
B | 119|473 | 1971166 | 1348 |137.6|384 [34.5 [ 109] 759 [47.7 [47.2 [ 314 | 96.1 | 59.0 | 60.3
Galis 11191 38135 |10 |1w00]30 |28 [ 13]90[33 [30 [14 |120] 70 |71
P | 2% 1097 | 653 | 696 | 297 | 1782 683 | 690 | 270 [ 1180 | 498 | 443 | 246 | 1080 | 644 | 639
Mn | 99 | 435 | 221 | 204 | 62 | 2772|314 | 238 | 65 | 895 [ 330 | 303 | 89 | 838 | 263 | 182
Ti | 149 13663 | 983 | 746 | 476 |22770| 3644 | 2182 | 679 [11800{4168 [3760 | 969 | 3478 | 2217 | 2231
V | 69 |315] 1611144 |91 | 793|256 |23.7] 68 [ 72.5[29.8 [ 280 | 93 [132.7| 563 | 55.2
Cr | 96 4931 1901169 | 109 [1782[424 | 34.5 | 108][123.3]47.8 479 | 196 [1153] 681|700
Co | 18 |44 | 24121 |12 | 60 |28 [26 | 18] 66 [35 [ 34 | L1 [100] 53 [ 52
N [ 46 11291 73 167 |36 |276] 75 |69 | 36 |260( 93 [ 89 |37 [476]264]27.1
Cu (05 1771 18110 105 | 59350 | 40 | 1.8 [494[52 [ 49 |20 [300] 184217
[ Zn | 96 386 | 139] 99 | 42 (3171210 | 99 | 89 [ 799299 [33.5 ] 97 [1153] 51.5 | 44.6
Pb 60 |257] 91183 | 45 495|100 | 88 | 05 [390]107] 96 | 5.1 [ 67.7] 326|374
(Mo 039 093 1 0501050 |031 | 167|047 |0.40 | 0.35] 2.36 | 0.49 [0.39 [0.35 | 4.28] 1.55 | 1.56
[As 0,029 [0.693 | 0.096]0.068 [0.013 |0.992[0.092 [0.069 [ 0.028]0.307|0.074 [0.069 [0.057 | 0.553]0.222]0.200
Sn | 06 | 38 | 18120 |05 | 31923 |20 Jo5]65 15 |15 |06 [ 52]30]33
Zr | 9 |1iR8 | 1431 44 | 18 [24750[1244 | 554 | 40 [9830]1420 [1178 | 73 | 1283 273 | 233
Nb ) 60 12371 1351137136 1554|193 |169 | 30 [43.7]195 196 [ 3.6 | 186|104 ] 9.7
NV T30 13371 115199 | 38 9901223 | 158 | 44 | 885|234 | 226 | 56 | 354 [ 143 [ 140
Lo | 50 13631 16111491 35 |1294]23.1 |168 | 49 (983|240 [21.5] 50 [31.0] 167|162
[Yb 03 | 24 Do |08 o3 (12928 |20 |03 |103]26 [ 24 |04 | 25 16 | 1.6
(Sc 07 79 | 13107 |06 |19 24 [24 |04 [1w02]33 [34 [07 [134] 69 |82
B [ 169 [ 573 | 314|296 | 38 | 1431] 263 | 277 | 87 | 713 | 330 | 333 | &8 | 507 | 366 [ 386
Note N - number of samples Min — munimum, Max -~ maximum, Mz - anthmetie mean. Md - median
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concentrated in coarse aleurite (Md=0_1-0.05 mm)
sediments, Minimum median values were found in
the coarse-grained sediments (Md more than 0,25
mm) with the exception of Li, Ga, Ba, P. These mi-
croclements are in smaller concentrations in fine
sand sediments 1f compared to coarse-gramed sedi-
ments. The uneven distribution of microclements in
the sediments depends on many factors. particularly
on the origin of sedimentary matter (Gudelis &
Emelvanov (cds.) 1976, Blazhchishin & Emelvanov
1977, Emelyvanov 1986). Fine-sized fractions are the
main factor controlling concentrations of most mi-
croclements (c.g. L1, B, Ga, V. Cr, Co, Ni, Cu, Pb.
Mo, Ag. Sn) in the sediments. Higher concentrations
of Ti. Zr, Nb. Y. La. Yb. Mn depend on the amount
of weathenng-resistant accessory minerals in the
sandy and coarse aleurite sediments. Higher con-
centrations of P, Ba are probably related to fragments
of calcareous rocks and mollusc shells. Higher con-
centrations of Li, Ga are found in clay minerals of
the coarse-gramned sediments when they occur next
to till outcrops.

The “background” median values of microelements
are presented in Table 2. Similar trends of microele-

ments are established after consecutive elimination of
anomaly concentration. “Background™ median values
of B, V, Cr, Co. Ni, Cu, Pb, Mo, Ag and 5n gradually
increase from coarse-gramed sediments to fine-grained
sediments. Higher concentrations of Ti, Zr. Nb. Y, La,
Yb and Mn are in the coarse aleurite sediments. Me-
than values of Li. Ga, Ba and P are higher in the coarse-
grained sediments comparing to the fine sand sedimenis
but they are the highest (except P) in the fine-grained
sediments.

A comparison between the primary median {Table
1) and “background™ median values (Table 2) shows
that they are almost equal for most of microelements
in the coarse-grained sediments. The microelements
cxhibit a lognormal distribution. “Background™ mie-
dian values of the microelements (B, Mn, Ti, V, Cr, /r
and Y) are obviously lower. They show a distribution
skewed towards lower values. As in the coarse-grained
sediments. two microelement groups were distin-
guished according to median values in the fine sand
sediments. “Background™ median values of Li, B, .
Mn, Th, Cr, Co, Ni, Zr. Y. Sc and Ba obviously lower
in the fine sand sediments. All other median values of
microclement are quite similar.

Table 2. Median values of microclements in the sedimenis. ppm

Sediments
El | Conrse-grained Fine sonmd Course nleurite Fine-grained
(Md =023 mm) (Md =~ 0.25-0,1 mm) (Md = 010,05 mm) E A <005 fn)
B zone A zone B zone A pone |
Ml Md Md Md Md M
N=36 n_ | N-163 i MN=08 i Md® | N=36 n N=20. 1 Md* | N=24 n_|
ILi | 8.9 33 6.8 144 | 7.9 97 7.0 79 6 8.8 255 8.1 22.5 20
B | 149 28 | 294G 158 | 40.5 05 31.3 | 41.8 g4 49.0 264 429 | 59.9 24
|Ga | 3.5 34 28 145 | 2.6 bt 28 4.3 6 2.9 276 4.1 8.4 19 |
P 606 36 722 152 | 4949 95 HR7 H99 36 420 115 656 620 24
Mn| 199 30 1694 157 | 256 hil] 2010 184 30 307 267 3 168 17
Ti | 713 32 | 1870 153 | 2970 93 2040 | 2398 32 4126 163 2666 | 2246 23
YV o139 27 238 163 | 21.8 04 235 | 350 35 27 194 338 | 56.2 P
Cr | 189 29 308 154 | 36.6 01 317 | 33.0 34 49.1 246 524 | 766 20
Co| 2.0 27 2.3 144 | 11 i) 2.4 3.5 ] 34 248 3.5 5.2 149
Ni | 6.6 15 0.4 158 [ 7.9 g4 0.6 B.6 34 Gl 234 9.5 3.3 12
Cul| L0 27 .7 151 | 4.9 02 3.9 L1 34 4.8 21 5.8 228 Ly
Zn | 9.9 1] 0.3 19 | 22.7 07 11.8 0.9 RN 341 1094 13.6 | 45.0 4
Fbh | 8.2 29 8.3 133 | 86 93 8.3 14.4 3 9.2 156 13.6 | 357 24
Mo| (LS50 34 | 040 127 ] 0.40 b | 040 | 040 3 (.39 253 .40 1.53 4
Ag | LDGE | 31 0.07 123 |0.069 GR 0070 | 0108 A 0069 | 246 | 0.102 [ 0190 | 24
Sn | 2.4 25 2.2 132 | 1.3 04 2.0 24 32 1.4 294 2.2 33 21
Zr | 41 34 397 163 | 781 05 456 538 RI4] 1433 246 070 216 2% |
Nb | 13.5 3 16.9 131 | 16.8 9] 16.9 13.5 R 20.3 235 16.3 9.4 15 |
Y 0.4 28 14.7 149 | 13.6 B2 14.5 14,6 32 23.6 4 1640 14.6 19 |
La | 14.9 28 168 128 | 16.8 9% 1.8 | 215 i3 224 a7 216 16.2 23
b | 0.8 33 2.0 149 | 2.0 94 0 2.1 i3 24 275 21 L6 22 |
Sc | T 25 2.0 163 | 2.9 A 21 3.2 i 34 222 3.2 0.3 13 |
Ba | 296 i 248 162 | 297 B 255 ER11] 15 333 285 330 m 22

Mote: N - number of samples. Element values evalumed afler conseeutive elinmmalion of anomalies ol mummium average square devia

tion value: Md -~ median valie, Md® - weghied average value, n
values seecepled as the backeground values

i

number of samples alfer climmation, bolding indicate the median
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Three microclement groups were distinguished
the coarse aleurite sediments. The first group comprises
“background” median values of microelements (B. Mn,
Ti. Zn. Zr, Nb. Y and Yb). which are lower than pri-
mary median values. The “background”™ values of the
second group of microelements (Ga. P, V. Cr, Ni, Cu,
Pb. Ag and Sn) are higher. A microclement distribu-

tion is skewed towards higher values. All other nucro-
elements make up the third group. Microclements dis-
tributed lognormally. In the fine-grained sediments
three microelement groups were distinguished. B, P,
Mn, Pb, Mo, Ag, Zr and Nb have shown lower, while
Li. Ga. T, V. Cr, Ni. Cu. Zn. Y. 5¢ and Ba have shown
higher “background”™ median values than primary me-
dian values. Median values of Co, Sn, La and Yb are
similar.

Factor analysis was applied to determine main as-
sociations of microclements in the sediments. The fac-
tor analvsis was performed separately for the four sedi-
ment groups. The first main associations are presented
in Table 3. Other microelement associations are not
presented because they are, as a rule, statistically in-
significant and reflect specific geochemical processes.
A relationship between elements is formed artificially
due to low (close to analysis detection limit) element
concentrations, systematic error of the analyses or be-
cause of some limitations of the applied method
{Kadiinas 1999

The factor analysis of the coarse-grained sediments
(Md more than 0.25 mm) shows how Cu, B, Co. Zn,
Zr, T, Ni, Cr, Mn and V are linked up in the first asso-
ciation. Nb, Y. ¥'b. and partiallv Ti, Cr, V. La, Mn form
the second. while Pb. Ga. V. Sn, and partially Ba form
the third associations. The first and second associa-
tions are clastogenic. The elements forming these as-
sociations are related to weathering-resistant miner-
als. Ti, Zr, Nb, Y. ¥'b and La are typical clastogenic
microclements (Baltakis 1993, Kadiinas 1998) belong-
ing to the two associations. This fact probably indi-
cates that coarse-grained sediments are highly effected
by weathering processes. Microclements (Ga, Pb, V,
Sn and Ba) forming the third association are related to
sediment-forming minerals and may partly have been
originated from technogenic load.

The obtained associations are similar in the fine sand
(Md=0.25-0.1 mm) and coarse aleurite (Md=0_[-0.05
mm) sediments (Table 3). Clastogenic association is
the first main association in these sediments. This fact
indicates that sediments are strongly differentiated by

Table 3. Associations of microclements in the sediments of Baltic Sea [E\'cnmji-Nida arca)

Sediments

Associations ([actors)

Fl

F2 3

Conrse-grained
L (Md=0.25 mum)

Cu-B-Co-Zn-Zr-Ti-Ni-Cr-Mn-{V)-[-5n]

Nb-¥-Yb-(Ti-Cr-V-La-Mn) |Pb-Ga-V-Sn-(Ba)

| —

' Fine sand
[Md=0.25-0.1 mm)

Ti-Mn-Zr-Cr-Y-Yb-La-B-Nb-V-Zn-{Co-5¢)

Ph-Ga-Ni-Cu-Co P-[-Ba|-]-Li]-|-Ni]-|-Zn]|

Coarse aleurile
(Md=0.1-0.05 mm)

Ti-¥-Yb-Mn-Zr-Cr-Nb-B-La-{ V-S¢-Cow

Ga-Pb-Cu-Sn-P-Co Li-Zn-Ni-Ba-{Ga)-[-P]

o

Fine-grained
L IMd=0.05 mm)

Pb-Cr-Sn-Ni-Li-V-Mo-Zn-Ag-Cu-Ga-B-
Co-Sc-P-Yh-{Ba)

Nb-Ti-Zr-(Yb-Y) La-Mn-Ba-Y-{Co)-|-P]

Note [-Zn]

element negative loadmg, (Co)

element with the mam parl of guantity making up the loading of another factor
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Fig. 3. Association of Zr-Ti in the scdimenis.

mechanical processes. Ti, Mn., Zr, Cr, Y, Yb, La, B,
Nb, V, Zn and partially Co, Sc form a clastogenic as-
sociation in the fine sand sediments. A part of these
microelements (e.g. Zn and V) transit into other asso-
ciations in the coarse aleurite sediments The second
assoctation 1s formed by Ga, Pb, Ni_ Cu and Co in the
fine sand sediments, or by Ga, Pb, Cu, Co, P and Sn in
the coarse aleurite sediments, This association is a natu-
ral-technogenic association, ¢lements being related to
various minerals, organic matter and technogenic load
(Baltakis 1993, Radzevidtus & Zinkuté, 1998 Kadinas
1998). Both associations are tvpical for the fine sand
and coarse aleurite sediments, which are not mechani-
cally mixed and heavily polluted in the study arca.

The factor analvsis reveals three associations in the
finc-grained sediments (Md less than 0.05 mm). The
first association is lithogenic. The elements (Pb, Cr,
Sn, Ni, Li. V. Mo, Zn, Ag, Cu, Ga, B, Co, Sc. P. Yb and
Ba) forming the lithogeme association are related 1o
fine-sized particles. Nb, T, Zr and partially Yb. Y form
the second clastogenic association.

In respeet with the results of the factor analysis, Ti
and Zr are strongly linked between themselves in the

RT3

-- ‘”.II'I‘.:rih||llllull:liu. : ‘ B

= Dabargs

ZajCin-1"h

N LT LT BT T nf

Fig. 4. Association of Ga-Pb in the sediments.

clastogenic association, whereas Ga and Pb are closcly
bounded in the natural-technogenic association. Such
regularities were observed in the all sediments,

Ti and Zr are main microelements of the clastogenic
association. Significant correlation between Ti and Zr
was established in the all sediment groups, The lincar
relationship (r={(.70) was observed in the coarse-
grained, fine sand and coarse aleurite sediments. Higher
correlation coefficient (r=0.70) indicates paragenetic
relationship between microelements (Burkov 1968,
Kadiinas 1999). A paragenctic relationship between Ti
and Zr (r=01.62) disintegrates in the fine-grained sedi-
ments. The disintegration of the paragenetic relation-
ship between Ti and Zr depends on Ti amount that 15
related to fine-sized particles.

The summary index (Zd, , ) of concentration cocf-
ficient of Ti and Zr was calculated. Zd, , values van
from 1to 15 (Fig. 3.). The Zd._, values more than 2 1)
indicate the zones of Ti and Zr association concentra-

tion. These zones are distinguishable in eastern part of

the study arca. It occurs along the coastline. The west -
e boundary nearly coincides with the 235 m isobath
in the south, towards the north. at the Klaipeda lat-

Main associations of microelemenis i sediments from the Sventoji-Nida area, southeastern Baltic Sea
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qude (he western I:n:ru_r_:da_r_'c.' oceurs at the 3540 m
isobath At the Svf:nmﬁ this zone is so narrows that it
cannol be distinguished according to the available data.
Zoncs where Zd, , values are higher than 5 occur at
the depth not exceeding 25 m. A formation of these
zoncs Was probably related to the accumulation of
heavy accessory minerals.

Ga and Pb are the main microelements of the natu-
ral-technogenic association, The correlation between
these microelements is significant. The paragenetic
relationship (correlation cocfficient more than 0.70)
was found in the all sediments. The summary index
(Zd.. ) of concentration coefficients of Ga and Pb
varics from | to 6 in the sediments (Fig. 4.). The .

distribution is very complicated comparing to the
;:,’d1 _ distribution, The Zd__,, values arc obviously
lower and rarely exceeding 2.0, Besides, the areas with
Zd,,,, more than 2.0 are small and form locally sepa-
rate zones in the western part of the study area. These
facts clearly indicate that significance of this associa-
tion 15 quite low. The concentration of the microele-
ments belonging to the natural-technogenic associa-
tion is inauspicious condition in the study area.

CONCLUSIONS

The data obtained by DC-Arc emission spectrom-
etry of sediments from Lithuanian part of the Baltic
Sca ( The Sventoji-Nida area) were subdivided into
four scts. These sets were studied by means of sta-
tistics.

The “background™ median values of microclements
were calculated in each sediment group (set) separately
in order to remove the influence of sediment grain-
size composition on microelement distribution.

Factor analysis based on the geochemical data es-
tablishes two main associations of microelements in
the sediments. The first one association is clastogenic,
the sceond one — natural-technogenic. These associa-
tions are characterised by most stable links in the sedi-
ments

I and Zr were chosen as tvpical microclements
reprosenting clastogenic association, while Ga and Pb
were considered to be the main microclements of the
natural-technogenic association. Summary indexes of
concentration coefficient for Ti-Zr (Zd, , ) and Ga-Pb
(£d ) were calculated. A comparison between val-
ues of Ti-Zr (£d, ) and Ga-Pb (Zd ) revealed that
micioclements nfclas[ngcnic association are less de-
pendent on grain-size composition and more inten-
sively concentrated in the study area

I'he joint use of factor analvsis and summary index
of concentration coefficient allowed us to determine
main associations of microelements and to characterise
geochemical anomalics of the associations of micro-
clements, which is more interesting from a geochemi-
cal point of view,
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Nearshore facies of the southern shore of the Baltic Ice Lake -
example from Tromper Wiek (Riigen Island)

Klaus Schwarzer, Markus Diesing, Babette Trieschmann
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Sedimentological investigations (sidescan-sonar and shallow seismic surveys, vibrocoring, grab sampling) have
been carried out in Tromper Wiek (southwestern Baltic Sca), Based on scismostratigraphic and lithological
results five depositional sequences could be distinguished: Ele-glacial till, E2-glaciofluvial sediments, E3a-
deposits of the Baltic Ice Lake, E4-Ancylus-lake deposits, ES-Litorina stage deposits. A beach ridge system
with an associated lagoon attributed to the Baltic Ice Lake final transgression (10.3 ka BP) was mapped out.
Due to high rates of sca level rise this system was not completely reworked during the Litorina transgression.
The bedding conditions of the beach ridge-lagoon system point to a discontinuous development by overstepping
of an older outer beach ridge and the construction of an inner vounger one. The maximum water level of the

final Baltic Ice Lake transgression is estimated to about 13— 14 m bsl.
0 Balrie fee Lake, beach-ricdge, fogoos, water-level ighstand, sequence stratigraphy
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INTRODUCTION

A rapid risc of the global sca level has been observed
from drillings in coral reefs (Fairbanks 1989, Bard et
al. 1990 1996) and siliciclastic systems (Hanebuth et
al. 2000) since the world-wide lowstand during the last
glam.tf maxtmum, The sea level was monotonously
mcreasing. exhibiting two intervals of rapid rise, which
are attributed to melt water pulses (Fairbanks 1989,
Hanchuth et al. 2000). Unlike these low-latitude loca-
ions. being remote from ice sheets. the water-level
history of the Baltic Sea and its precursors are some-
what different and more complex due to the interac-
tion of custatic, 1sostatic and tectonic processes. Espe-
aally during the period 13-9 ka BP (all dates men-
toncd in the text are non-calibrated radiocarbon ages)
Major changes in its occanography and related water-
level nstory oceurred: The Baltic Sea evolved from
an ice-dammed melt-water lake (Baltic Iee Lake, 12.6-
10 ka BP) to a fresh-water lake (Aneylus Lake, 9 3-
8.0 ka BP), interrupted by a period of marine ingres-
ston (Yoldia Sea. 10.3—9.5 ka BP). Bjorek (1995) pre-
Senis a detarled summary of the Baltic Sca develop-
Men between |3-% ka BP

Considerable progress was achicved during the last
decade concerning the knowledge about the paleogeog-
raphy and the lake level maximum of the Baltic lce
Lake in the southwestern Baltic Sea arca, Its exten-
sion to the west seems to be considerably wider than
previously sugeested. Jensen & Stecher (1992) de-
scribed coastal deposits of freshwater origin in Fakse
Bay (Zealand, Denmark) which were interpreted as
marginal deposits of the Baltic Ice Lake during a trans-
gression maximum of about 13 m bsl, dated to approxi-
matcly 10.5 ka BP. Furthermore, Bennike & Jensen
(1995} showed evidence of ncarshore Baltic Iee Lake
deposits from the same area associated with two wa-
ter-level highstands, one of 13-15 m bsl dated to ap-
proximately 12.5-12.2 ka BP and a second onc of 13
m bsl dated 10.6-10.3 ka BP, respectively. According
to Jensen et al. (1997), the Baltic lee Lake extended
mto Mecklenburg Bay and Kiel Bay during the trans-
gression maximum at 10.3 ka BP. In Mecklenburg Bay
the lake level maximum was estimated to about 20 m
bsl

Lemke et al. (1998) described deposits of the Bal-
tic lee Lake in Tromper Wick (Ragen Island. Germany)
in the range of 20 m bsl. AMS "C-data of the upper
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part of the section ascribed them to the transgression
maximum at 10.3 ka BP. The depth difference of the
lake level maximum to Fakse Bay was explained by
different 1sostatic rebound rates.

Therefore two phases of water-level highstand, an
“initial” and a “final” phase of the Baltic lce Lake,
separated by a water level lowstand seem to have oc-
curred in the south-western part of the Baltic lce Lake.
Thas first stage in the evolution of the Baltic Sea was
finished by its final drainage approximately 10.3 ka
BP. The water level decreased about 25 m (Bjérck
1995),

Besides areas with raised shorelines in the north-
ern part of the Baltic Sea, only little information is
available concerning the sedimentary facies of mar-
ginal deposits of the Baltic Ice Lake. This is because
deposits of former shorelines are often eroded along
the southern coastline of the Baltic Sea during the
Litorina transgression. Nevertheless, evidence of
drowned, former coastlines is reported from other ar-
cas, ¢.g. from the northern North Sea (Hovland &
Dukkefoss 1981, Rokoengen et al. 1982) and the US
East Coast (Rampino & Sanders 1981, Stubblefield et
al. 1984, Oldale 1985). The preservation of beach
ridges is often attributed to “overstepping”, favoured
by a rapid sea-level rise (Rampino & Sanders 1981,
Oldale 1985, Forbes et al. 1991). According to Carter
(1988) high sediment influx, interplay between land-
ward and seaward transport processes and barrier
stranding on pre-existing submarine topographic fea-

tures can be the reason for overstepping as well.

Drowned barrier beach rnidge- and associareg
back-barrier lagoon/pond deposits of the Baltic Ige
Lake were described by Jensen & Stecher (1992) from
the southern part of Fakse Bay. Here beach ridge de-
posits consist of medium to coarse sand with variable
pebble content in a coarsening upward sequence. The
lagoonal part is built up by a laminated alteration of
clay-silt deposits, interrupted by sand layvers. Within
the clay-silt deposits freshwater bivalves were found.
In the northern part of the bay. barner spit deposits
were found consisting of medium sand with pebbles
in a laminated structure (Jensen 1995), The sediments
of an associated inshore basin are built up by massive
and laminated medium sand, interlayered with lami-
nated to heterolithic clay-silt.

SETTING

The study arca Tromper Wiek is a semi-enclosed head-
land bay in the north-castern part of Riigen island (NE-
Germany) (Fig. 1), The two headlands (Wittow and
Jasmund) are built up by Upper Cretaceous and Late
Quarternary (Weichselian) deposits. These headlands
are connected by a dune overtopped beach barricr
named Schaabe which separates the  Grofle Jasmunder
Bodden™ from Tromper Wick. The water depth in the
study site ranges between 5 and 25 m bsl,
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Fig. 1. Location of the study arca Tromper Wiek.
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METHODS

pata from hyvdroacoustic surveys
(boamer, sidescan sonar) and sedi-
ment samples (vibrocorer, grab
sampler) were collected between
1997 and 1999 onboard the research
vessel  LITORINA®. All position-
ing was done by DGPS which al-
lowed an accuracy in the range of
0-10 m. The equipment for the
hvdroacoustic measurements con-
sisted of an EG&G Uniboom shal-
Jow seismic boomer system (0.3-15
kHz) and a Klein 5395 sidescan so-
pnar (100 and 500 kHz). The
hydroacoustic data were collected
concurrently. The shallow seismic
reflection pulses were amplified,
filtered and printed on paper using
an EPC 9802 graphic recorder and
were as well recorded on tape. The
maximum penetration depth of the
boomer system was 20-30 m with
0.3 m vertical resolution. Before
interpreting shallow seismic pro-
files. thickness of sediment facies
umits and level of reflectors below
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sea bottom were calculated using an
average sound velocity of 1500 m/
s for water and sediment according
to Lemke (1998),

Scismic interpretation is based
on the principles of seismic stratigraphy (Vail 1987)
investgating the development of depositional se-
gquences and systems tracts by identifyving
discontinuities of reflector terminations and analysing
seismic facies within each seismic sequence (Van Wag-
oncr ¢t al. 1987). Seismic facies is characterised by
seismic reflection patterns including reflector configu-
ration. continuity, amplitude, frequency and external
form, from which geological interpretation of environ-
mental setting or depositional processes and estima-
tion of lithology 1s allowed.

Sidescan sonar data were collected employing the
500 kHz channels (beam width 0.2°) and a range of 75
m (o each side. This allows for high-resolution images
of the seafloor with a transverse resolution of (1.26 m.

Sediment samples were taken using a HELCOM-
standard grab sampler. Detailed visual description as
well as grain-size analvsis was performed. For further
groundtruthing of the sidescan sonar data underwater
Video observations and sediment descriptions by scuba
divers were carried out. Based on first preliminary in-
lerpretations of the boomer data 3 m long vibro cores
Wwere taken to get lithological and sedimentological in-
formation of the subsurface and to identify sediment
Facies units in the collected shallow scismic data.

Fig 2.

13.45° 13.50"

Longitude E (dac.)

T
13.407

Sediment distribution patterns and location of the drowned beach
ridges within the study area.

RESULTS

Based on sidescan sonographies sediment distribution
patterns of the seafloor were claborated (Fig. 2). In
front of Wittow and Jasmund cliff coasts the scafloor
is covered with heterogencous sediment comprising
grain sizes from sand to boulders. Small-scale patches
of rippled sand are observed within these areas. This
sediment type 1s interpreted as residuals of glacial till
(lag deposits).

Adjacent to these lag deposits the seafloor is cov-
ered with gravel deposits; the water-depth ranges here
between 8 and 14 m below sea-level. Prominent mor-
phological ridges occur within these gravel fields. Ob-
servations by scuba divers revealed that these ridges
are composed of well-rounded pebbles and cobbles up
to 25 cm in diameter. In front of Schaabe spit fine sands
are located mn water depths down to 10 m bsl and in
excess of 14 m bsl in the mner part of the bay. Within
these fine sand arcas and close to the gravel ficlds,
small-scale strips of coarse sand can be recognised.
Additionally, a peat outcrop was found surrounded by
a gravel field (Fig. 2).

Based on boomer surveys five scismostratigraphic
units can be recognised (Fig, 3), According to Jensen
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Fig. 3.
text. Core ABO1/94 was taken by Lemke et al. (1998).

et al, (1997), Lemke (1998) and Lemke ct al. (1998)
they are named Ele, E2. E3a. E4 and E5. In the fol-
lowing text we focus mainly on sequence E3a, the other
sequences are described concisely,

Sequence Elc shows an internal chaotie reflector
configuration. lts distinct upper sequence boundary
reflector can be observed in most of the seismic pro-
files. This sequence consists of till and is covered by
lag deposits in the NW and 8 of the research area. In
the central part of Tromper Wick the till surface dips
to a depth of more than 40 m bsl. According to Lemke
{1998) tll of sequence Elc was deposited during the
third glacial advance of the Weichselian.

In the central part of Tromper Wick the till surface
is structured by incised channels. In the seismic records
a parallel to wavy reflector configuration and a well-
developed discordant upper boundary charactenses the
channel filling sediment which iz sequence E2. The
thickness of this sequence can reach more than 15 m
depending on the depth of the channels, According to
Lemke et al. (1998) these sediments are of glaciofluvial
origin and were deposited after the final retreat of the
Weichselian glaciers during the initial phase of the
Baltic lee Lake.

Sequence E3a, superimposing sequence Ele and
the channel filling sequence E2. shows a continuous,
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Secismic profile TWOTOEI9-3 1 (for location sce Fig,

TWO70899-31

13, The explanation of the seismic sequences is given in i

parallel internal reflector configuration in the distal part
of Tromper Wick while in the south-western proximal
part of the rescarch area the reflectors become more
indistinct but still show characteristic continuous m-
ternal parallel reflections. The upper boundary of se-
quence E3a is discordant while the lower boundary 1s
concordant i the central part of Tromper Wick. At the
lateral margins of sequence E3a reflectors arc
onlapping on sequence E le. Sequence E3a follows the
glacial morphology and its maximum thickness reaches
approximately 15 m. In the seismic record deposits of
sequence E3a occur up to a depth of 9 m bsl.

According to Lemke { 1998) and Lemke et al. (19938)
the silty respectively fine sand sediments of sequence
E3a reveal AMS-"'C ages of 10570 = 50 a BP and
10100 £ 120 a BP in the upper section of the sequence
{core ABO1/94, Fig 3). They were deposited during the
final water level highstand of the Baltic lee Lake.

In the western part of Tromper Wiek prominent
morphological ridges can be recogmised (Fig. 4). Withm
these ridges subparallel to chaotic internal reflections
with erosional truncation at their surfaces can be ob-
served. Reflectors of sequence E3a are onlapping on
these structures as progading clinoforms. West of these
ridges the internal reflections show a parallel to wavy
configuration. In cores a clavey to silty fine laminated
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matenal interrupted by several thin sandy lavers was
obscrved. The material belongs to a lagoonal facies.
In scdiment core K 9-3/99 sandy lagoonal deposits are
interlavered with thin layers of silt, 1 -2 ¢m in thick-
ness. Vertical roots of Phragmites pass through these
y;qul_:l'lcﬂs.

Bathymetrnic, sonographic and seismic records and
sediment cores (Fig. 4), all collected in the inner part

SW
A - Balhymalry

of Tromper Wick, point to a partly eroded beach ndge-
lagoon-svstem. In the seismic record TW 3-3/97 this
system can be recogmsed showing a characteristic outer
beach ndge damming a lagoon (see western part of the
profile. Fig. 4). An inner beach ridge on top of the
former lagoonal sediments can be observed as well. In
relation to the outer ridge this second beach ridge i1s
situated closer to the ancient shoreline.

NE

inner rdge

puter ridge

12
m bl
B - Sidescan Sonar
b & - ) W
water column 150 m
& - Saismic Profile (raw data)
125= F—04
s PR g A = |
TR 5 i {TFIET = =3
3 3 L
8~ s f | —18.8
bwl (mis) | m bl

Fiz 4 Scismic profile TW3-3/97 (for location see Figs | and 23 A: In the morphological profile two ndges are visible. B:

The sidescan sonar image shows that the morphological ridges are built up by gravel deposits. C: Boomer profile without

lerpretation. D Interpreted seismic profile: The outer beach ridge and an associated lagoon are clearly visible, The inner
ach ridge is located on top of lagoonal deposits. Sediments of sequence E3a terminate onlap on the beach nidge.
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Sequence E4 s restricted to the central part of
Tromper Wick reaching up to 16 m bsl. The maximum
thickness of this layer is 3 m. Only few parallel reflec-
tors. concordant to the lower boundary, can be ob-
served. This sequence is following the morphology of
the underlying sequence E3a. From sediment cores it
15 known that thin layers of organic material appear
n-between grev silty fine sand which is the main com-
ponent. A peat sample taken from sediments of se-
quence E4 was dated by conventional radiocarbon-
method to 9390 £ 140 a BP (Lemke 1998, Lemke et
al. 1998). According to Lemke (1998) these sediments
were deposited during the Anevlus Lake transgression.

Sequence E 3 can be observed in two arcas within
Tromper Wick. The maximum thickness of this layer
1S up to two meters. In the seismic records it appears
transparent with an indistinct lower boundary. Accord-
ing to Lemke (1998) and Lemke et al. (1998) sedi-
ments of sequence ES were accumulated during
Littorina and post-Littorina stages. In seismic records
of the south-western part of Tromper Wiek a marked
sediment complex with distinct prograding internal

L P
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o \f

D Land
[ ]Lake

i Sea
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Fig. 5. Palacogeographical map of the south-western Baltic Sea during (he
highstand of the final Baltic loe Lake transgression phase 103 ka BP (Jensen

atal. 1997, slighthyv modified)
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reflector configuration extending towards GroBes
Jasmunder Bodden 1s observed. According to the re-
sults of Schumacher & Baverl (1997) this sedimen:
complex was deposited during the Littorina transgres-
sion.

DISCUSSION

Evidence of a drowned. former beach ndge-lagoon
system assigned to the Baltic Iee Lake stage was pre-
sented (Fig. 5). There is still uncertainty on the mecha-
nisms of drowning and preservation of beach ridges
although it is often attnbuted to a rapid rise in wate
level (Rampino & Sanders 1981, Oldale 1985), The
beach ridges observed in Tromper Wiek were finally
drowned during Litorina transgression. According 1o
the shoreline displacement curve of Rigen Island
(Schumacher & Bayverl 1997, 1999) a rapid sea-level
rise from 15 to 6 m bsl. which is 13 mm/a, occurred

between 8000 and 7300 a BP. The final drowning of

the beach ridges possibly took place during this time
This rapid rise during the initial phasc
of the Litorina transgression might have
favoured, at least partly, the preserva-
tion of the beach ridges.

An additional factor for the preser-

T vation potential of the ridges that has 1o
be taken into consideration is the grain

4 size. The clasts building up the ridges

14 consist of granules (2-4 mm), pebbles

(4 -- 64 mm) and cobbles (64 -- 256
mm). Schrottke (1999) presented an ex-
ample from the Heiligenhafen area
{(western Baltic Sea) where such coarse
sediments resist crosion in a nearshore.

years.

According to "'C data of the upper
section of sequence E3a. Tromper Wick
was affected by the final transgression
of the Baluc lee Lake during the
Younger Drvas chronozone. In the
course of this transgression. the oute
beach ridge and an associated lagoon
developed n the south-western part of
the bay, The beach ridge was attached
to Jasmund peninsula ¢liff coast in the
south (Fig. 2). The coastline of the pen-
msula was located some hundred meters
northwards due to the lower water level.
Erosion of glacial till from the chiff coast
as well as from the adjacent seafloor
provided material to build up the beach
ridge system which separated a lagoon
from the apen Baltic Tee Lake Within
this sheltered environment finc-grained
and laminated lagoonal sediments were

wave dominated area for hundreds of

Mearshore facies of the southern shore of the Baltic Iee Lake - example from Tromper Wick (Riigen Island)

deposited. The depth within the lagoon was up to 10
ni.

In a sccond phase an inner beach ridge, a little bit
higher in elevation was built upon the lagoonal depos-
its approximately 350-300 m further onshore (Figs. 2
and 4). This probably happened under a slightly higher
lake level. The imer ridge, situated upon lagoonal sedi-
ments, which were deposited in the shelter of the outer
ridge. indicates a discontinuous development of the
geomorphological coastal features.

This discontinuous evolution may be explained by
overstepping of the outer beach ndge during the Bal-
tic lee Lake final transgression. Overstepping mught
be caused by high rates of water-level rise (Rampino
& Sanders 1981, Oldale 1985, Forbes et al. 1991) or,
more precisely, an accelerated rise of water level leav-
ing those barriers with slow response times behind
(Carter 1988). Barriers consisting of gravel and boul-
der are the most likely to be overstepped (Carter 1988).
There is a lack of knowledge on rates of water-level
rise and phases of acceleration or retardation of the
Baltic Ice Lake final transgression, Nevertheless Jensen
& Stecher (1992) calculated a relative rate of water-
level rise of 3 mm/a during the period 11500— 10000
a BP. This corresponds to the rate of sea-level rise re-
ported by Forbes et al. (1991) who observed overstep-
ping of a gravel barrier. Sufficiently high rates of wa-
ter-level rise combined with the coarseness of the beach
ridge sediments might have favoured overstepping of
the outer beach ndge.

There 15 less information on the development of
the beach ridges in the northwest of Tromper Wick
due to the fact that the massive and widespread surficial
gravel layer hampered penetration of scismic waves
into the subsurface. No adjacent lagoon was found un-
til now but a peat outcrop (Fig. 2) was detected by
sidescan sonar investigations. This peat probably de-
viloped in a sheltered environment between two beach
ridges.

Beach ridges themselves are somewhat unreliable
for an exact indication of water level as the height of
their crests have no simple relationship to the water
level (Orford et al. 1991). Moreover, the beach ridges
have been partly eroded during Litorina transgression
as indicated by erosional truncation at their surfaces

Lagoonal deposits of sequence E3a assigned to the
Baltic Ice Lake final transgression were found up to a
maximum height of 9 m bsl in Tromper Wick. This is
considerably higher than the value proposed by Lemke
¢t al. (1998) being in the range of 20 m bsl. As we
have indeed detected the paleo-coastling of the Baltic
lce Lake in Tromper Wiek, our value seems to be more
reliable as an upper limit of sediments deposited dur-
ing the final Baltic lee Lake transgression. Assuming
a thickness of the water column of at lcast 1-2 m above
the lagoonal deposits, the corresponding water-level
can be estimated to around 7-8 m bsl. Taking into ac-
count an uplift of 6 m between 7000 and 5000 a BP for

Rigen Island. as reported by Schumacher & Bayerl
(1999), the maximum water-level of the Baltic Iee Lake
during the final transgression around 10.3 ka BP was
around 13 — 14 m bsl. This value fits well to the re-
sults presented by Jensen & Stecher (1992) from Fakse
Bay, where they determined a transgression maximum
of 13 m bsl. Fakse Bay and Tromper Wiek might there-
fore have experienced no differential isostatic rebound
as often assumed and shown in isobase maps of the
southern Baltic (e.g. Kolp 1979, Striggow & Till 1987).
Further verification of this conclusion would have con-
siderable consequences with regard to the interpreta-
tion of similar sequences in the western Baltic Sea.

CONCLUSIONS

The applied hydroacoustic (sidescan-sonar, boomer)
and sedimentological (grabsampler, vibrocorer) meth-
ods have proved to be powerful tools in investigating
subaqueous Pleistocene and Holocene sediments.
Based on these investigations the following conclu-
sions can be drawn:

A coarse clastic barnier beach ridge-lagoon system
of the final Baltic Ice Lake transgression has been de-
tected in Tromper Wick. This finding proves and ex-
tends the results of Lemke et al. (1998). Preservation
of the beach ridges despite Litorina transgression is
probably due to a high rate of sca-level rise and coarse-
ness of the ridge material. The configuration of the
beach ridge-lagoon system in the south-western part
of Tromper Wiek points to a discontinuous develop-
ment possibly implying overstepping of the outer ridge.
A water-level of approximately 13— 14 m bsl during
the final Baltic Ice Lake transgression maximum can
be deduced from the maximum elevation of lagoonal
deposits, taking into account an uplift of 6 m between
7000 and 5000 a BP (Schumacher & Baverl 1999),
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Sedimentation in the Northern Baltic Sea Basin

Egidijus Trimonis, Nijolé¢ Savukyniené

Abstract

Scdimentation in the Northern Baltic Sea Basin is analysed on the ground of new palynological and
scdimentological data. This region is a very sophisticated province of interaction of two large morphostructures
of the Baltic Sea. According to spores-pollen spectrum the Northern Baltic Sea Basin had already been occupied
by the Baltic Iee Lake in the Older Drvas. During later stages of the Baltic Sea development the marine (or
lacustrine) sedimentation did not discontinue. The sediment stratum of the Northern Baltic Sea Basin is

heterogenous due to the environmental changes. which took place here.
£ Northern Baltic Sea Basin, spores-pollen diagram, bottom sediments, grain-size, climatic periods, sea stages, enviromment

L7 Egedipns Trtmenns fegidipes. trimenisiageo t], Nijolé Savikyniené fnijole savekyniene@geo t], Institute of Geography,
Akaddenripos, 2. Vilwins 2600, Lichuania. £ Received 13 Seprember; acceprod 30 Ogtober 2000,

INTRODUCTION

The northern part of the Baltic Sea is distinguished for
1tz complicated bottom relief and composition of sedi-
ments. It was conditioned by the geological history of
this region, when the Baltic Crystalline Shield and the
Baltic Syneclise — these two largest morphostructures
of the region - had undergone different tectonic pro-
cesses as far back as Paleozoic. In Quaternary
glaciotectonics played an important role showing up
distinetly old tectonic faults and newly generated mo-
ramnic ridges. Now the bottom in the Northern Baltic
Sca is characterized by considerable unevenness of
relicf — steep cliffs, deep exarational and crosional
valleys. They were only partly softencd by an inten-
sive sediment accumulation, which followed the ice
sheet regression at the end of the Pleistocene.

I'he main traits of geological processes in the North-
¢ Baltic Sea afier the glaciation were the same as in
the other parts of the sea (Gudelis 1976), however the
Previous course of development is responsible for pe-
culianities of relief and sediment cover formation of
this region. It was proved by geolagical-geophysical
iy cstigations (Flodén 1980, Soderberg 1988, Trimonis
& Sviridov 1994, Noormets & Flodén 1999) includ-

'I“J_: underwater observations (Emelvanov et al, 1995,
D06)

Besides many sediment cores have been analysed,
but a complete evele of sedimentation beginning with
the late glaciation has been recorded in none of them
(Kleimenova 1988). Therefore. the palynological and
sedimentological studies of cores presented in this ar-
ticle partly fills the existing gap.

MATERIALAND METHODS

The sedimentological and palvnological analysis of
bottom sediments was made on two cores obtained
during the r/v Shelf expedition (Trimonis & Sviridov
1994). The core Sh-2135 (39°10.9'N. 21"01.0" E, sea
depth 120 m) and the core Sh-2144 (59°21.8° N,
20°40.8" E. sea depth 66 m) are in the middle of the
SE-NW lithological cross section of the Northern Bal-
tic Sea Basin (Fig.1), The sedimentological examina-
tion was made by E. Trimonis. the palyvnological analy-
sis = by N.Savukyniené

The hthological composition of bottom sediments
was determined according to visual core description
and smear slides studving. The grain-size analysis was
made using standard pipette (settling in water) method.
Results are presented in percents. Granulometric tvpes
of sediments are distinguished on the basis of predomi-
nant fraction and median diameter using decimal clas-
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Fig 1. Location of sampling sites (A) and bottom sediments along a transect (B) from the northern part of the Baltic Sea.
| - sand. gravel and pebble: 2 - coarse silt: 3 — microlaminated pelitic mud: 4 — greenish grey mud: 5 - bluish grey and
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sification of marine sediments (Bezrukov & Lisitzin

i),

? Samples for microscopic spores and pollen analy-
sis were taken every 5 em in both cores. Separation
and acctolysis methods were used for treatment of
spores and pollen: the content of pollen per [ g of dry
matcrial was calculated using formula suggested by
M kabatheng (1979). Results arc presented in percent-
age diagrams using computer programs TILIA and
TILIA GRAPH, where the percentage composition of
pollen was calculated from the total sum of tree, shrub
and zrass pollen (Figs. 2 and 3).

The content of pollen in the sediments of the both
corcs differs considerably. The pollen concentration
rances from 20000 to 60000 per | g of dry matter in
the upper parts of the cores composed of pelitic mud.
Deeper, in clayey sediments, the pollen coneentration
is anly 2000-7000 (interval 210-250 ¢m in core Sh-
2144 and 90-230 em in core Sh-2135) and in some
intervals — as low as 150-200 p/g (345—380 cm n
corc Sh-2144 and 250-300 cm in core Sh-2135). The
tree pollen dominate almost in all samples. The con-
ten! of spores is rather high, whereas the poorest one
is the spectrum of grass pollen.

RESULTS AND DISCUSSION

The thickness of clay and terrigenous mud in the cores
is 373-435 cm (Figs. 2 and 3). It represents the upper
part of the Late Quaternary. The lower part is com-
posed of a reddish grev loam (morainic deposits) with
paiches of fine-grained sand and debns of carbon-
accous rocks and granites. Due to rough the pre-Qua-
ternary surface the Quaternary sediments were depos-
ited very unevenly - the thickness of their stratum
ranges from 0 to a few tens metres and the average
mostly is 5-10 m (Trimonis & Sviridov 1994).

Ihe Quaternary sediments are deposited directly
on the rough surface of the Archean-Proterozoic crys-
talline rocks along most of the profile (Fig.1). In its
southern part (between st. Sh-2148 and st. Sh-2134)
the pre-Quaternary surface has an escarpment rehief
with steep slopes. The Quaternary sediments are de-
posited on the Cambrian-Ordovician terrigenous and
carbonaceus rocks, which are exposed on the surface
of steep slopes (Emelvanov et al. 1995).

I'he unconsolidated sediments of the Late Pleis-
toceng-Holocene cover almost the whole bottom sur-
face. However. n the areas of strong erosion {mostly
botiom elevations) this laver 1s very thin or absent. In
such cases the moraines or the pre-Quaternary depos-
its are covered with coarse-grained clastic matter -
boulders. gravel with sand (st. Sh-2133, st. Sh-2134)
(Fig.1).

In the Younger Drvas the receding Scandinavian
1ce sheet still covered a considerable part of the North-
erii Baltic Sea area. The standstills of the 1ce sheet and

its edge fluctuations gencrated thick morainic ridges,
which have been traced in the northern part of the Bal-
tic Sea by seismic investigations (Soderberg 1988).
They represent an underwater continuation of the
Salpausselka morainic ridges examined in detail in
Finland.

The investigated northern part of the Baltic Sca was
already a water filled basin with intensive accumula-
tion of sedimentary matter during the Older Dryas. The
pollen analysis in the sediment sequence of cores Sh-
2144 and Sh-2135 revealed that the lower intervals
(340-426 cm in core Sh-2144 and 360-370 ¢cm in core
Sh-2135) may be ascribed to early deglaciation (Bal-
tic lee Lake stage). Bemla and Pinus pollen dominate
in the spores-pollen spectrum (44-56% and 30-70%
respectively), whereas Picea, Alnus, Corylus (redepos-
ited ?) pollen are solitary. Among grasses we can men-
tion Artemisia, Chenopodiaceae, Poaceae,
Helianthemum, Asteraceae, Hippophae, Dryas
ocipetala, among spores plants — Polypodiaceae.
Sphagnales spores dominate and Lycopodium
annotinum, L. clavatum, Ophioglossum vulgatum, Se-
laginella selaginoides - are found in solitary cases.
Pinus and Polvpodiaceae pollen dominate only in the
interval of 390-400 cm (core Sh-2144) pollen spec-
trum and it can be ascribed to the Allerod.

The Late Pleistocene glacial sediments of core Sh-
2144 are composed of bluish grey clay with dark grey
patches and lenses enriched with iron monosulphides
(hvdrotroillite) and one thicker interlayer (interval 372-
390 em), which consists of brownish grey clay with
mottled texture. The sediments of the same age (Baltic
Ice Lake stage) in core Sh-2135 are represented by
grey clay with a fairly large portion of hydrotroillite.

The composition of sediments shows that sedimen-
tation in the penglacial water basin for a greater part
of the time took place under reducing conditions and
sufficient amount of active organic material. The me-
chanical differentiation of sedimentary matter was
intensive and calm environment dominated in the ba-
sin. The main part of sediments is composed of pelitic
fractions (74.2 — 84 9%), whereas sand and coarse
aleurite make up only 0.2 — 0.7%. Still more thinly
dispersed clay accumulated in deeper water (st. Sh-
2135). The sum of pelitic fractions in its composition
exceeds 90% including the bulk (=60%) of subcolloidal
fraction (<0.001 mm).

However the accumulation of sedimentary matter
was not even — during different time spans the hydro-
dvnamic emvironment in the basin would become very
active. The interlaver of brownish grev clay (core Sh-
2144, interval 372-390 cm) formed in a basin with good
acration and stormy hvdrodvnamic environment. This
interval bears evidences of pollen redeposition,

According to palynological data the thickest sedi-
ment laver was deposited in the Early Holocene. The
Northern Baltic Sea Basin became the area of inten-
sive accumulation of bluish grey (core Sh-2144) and
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grey (core Sh-2144) clay enriched with hvdrotroillite
when the ice sheet retreated finally. Sediment inter-
vals 315-340 em (st. Sh-2144) and 210-360 em (st

Sh-2133) arc dated to the Preboreal. The content of
trec pollen decreased to 40-60%, grasses — to 6-10%.
whereas the amount of spores increased considerably
(to 60%) in the spores-pollen spectrum of these inter-
vals. Among the group of tree pollen the portion of
Pinus decreased, whereas Berula (up to 30%) and Alnus
increased, The grass spectrum changed but a little

However the content of Polvpodiaceae, Sphagnales,
ete. increased considerably (st. Sh-2133).

According to grain-size composition the most fine-
grained sedimentary matter was deposited during the
Preboreal. Accumulation presumably took place in a
slowly deepening basin during the Yoldia transgres-
sion. Clays are composed almost only of pelitic frac-
tions (=98%) including even up to 81-87% of
subcolloidal fraction. At the end of the Preboreal (in-
terval 220-225 em of core Sh-2135) the greater changes
of grain-size composition of sediments occurred.
Though the total amount of pelitic fractions decreased
negligibly (to 94 .4%) a distinct redistribution took
place within them. The content of subcolloidal frac-
tion decreased up to 34 6%, whereas the content of
medium pelite fraction increased (up to 47.2%). At the
same time the content of coarser fractions increased,
particularly the fine aleurite fraction. Presumably these
changes were related to the gradual transition of the
Yoldia Sea to a new stage (Ancylus Lake) and lower-
ing of water level in the Baltic Sca (Eronen, 1988). All
this brought somewhat nearer the sources of sedimen-
tary matter and entailing in this way changes of sedi-
mentation,

The beginning of the Ancylus stage n the sediment
sequence of core Sh-2144 has a distinct lithological
boundary - the bluish grey clay (Yoldia Sea) i1s cov-
ered with a light brown clay. But deeper in the sea (st
Sh-2135) no considerable changes could be traced. In
spores-pollen spectrum some changes is reflected by
an increascd concentration of spores and pollen {(up to
5000-6000 p/e) in the Boreal. Tree pollen are domi-
nating, At the early part of the Boreal the prevalence
of Pinus pollen is absolute (up to 95%). the concentra-
tion of grass pollen and spores are somewhat lower,
This period is represented by sediment intervals 185-
315 em (st, Sh-2144) and 100-210 em (st. Sh-2135).

Later in the Boreal when climate became more tem-
perate and humid the concentration of Alnus, Betula
and Corylus pollen increased. Small amounts of Picea,
[iimus and Tifia pollen were found. The concentra-
tions of grass pollen — Poaceac, Artemisia, Ericaceac
as well as Polypodiaceae, Sphagnales, L. clavatm,
Preridivm spores also increased. This penod s repre-
sented by interval 150-1835 em in core Sh-2144 and
nterval 35-100 c¢m in core Sh-2135, A light grey ho-
mogenous (microlammated in some places) clay was
deposited in the deeper part of the basin. At a some-
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what smaller depth (st. Sh-2144) bluish grey clay with
charactenistic small patches of ron sulphides was
formed.

Judging from grain-size composition of sediments
the course of sedimentation during the Boreal was
uneven. At the first half of this period the sedimentary
environment was very similar as at the end of the Yoldia
stage because the accumulating thinly dispersed sedi-
mentary matter was principally of the same compos:-
tion. The same can be said about site Sh-2144, where
the sum of pelitic fractions in some intervals of the
Ancyvlus Lake sediments was as high as 98%. Core
Sh-2144 includes a 130 em thick clay layer. Its brown
colour implics that sedimentation took place under the
conditions of activated acration in near-bottom water
laver.

By far thinner lavers developed during the second
half of the Boreal. Besides, the grain-size composition
of clavs deposited during this period it is character-
ized by smaller amounts of pelitic fractions (85 2-
87.8%), lower concentration of subecolloidal and evi-
dent increase of the portion of fine aleurite matter. The
relative slowing down of the sedimentation rates and
weaker differentiation processes of sedimentary mat-
ter were presumably related with the beginning of the
Litorina transgression,

The beginning of the Litorma stage in the sediment
sequence of the Baltic Sea can be easily traced by their

lithological compesition. The mterval 63-150 em of

core Sh-2144 i1s composed of a very characteristic
greenish grey microlaminated pelitic mud with an in-
creased content of organic matter. The grey (up to dark
grey) pelitic mud of the same time was distinguished
in core Sh-2135 (interval 32-35 cm). The spores and
pollen confirm that these sediments were deposited
during the Atlantic climatic period. The spectrum is
distinguished by a great qualitative and quantitative
diversity of pollen including maximal concentration
of broad-leaved trees (Qwercus and Tilia n particu-
lar), Afmus and Coryvins. The concentration of grass
pollen and spores decreased. The Pimis curve reaches
up to only 60%, Alnus — 30%, Betula — 20%.

The pelitic mud has the same grain-size composi-
tion as at the end of the Ancylus stage. The pelitic frac-
tions compose the main part of sediments - from 80.5
to 90.4% with the dominating medium pelite fraction.
The amount of aleurite particles somewhat increased.
Thus, the differentiation of sedimentary matter even
shightly decreased. Presumably the sedimentation took
place under the conditions of still lasting transgres-
sion - very slow and without considerable changes

In the Subboreal the pollen concentration of broad-
leaved trees. Alnns and Corvins decreased, but at the
same time the content of Picea, Pinus and grass pollen
increased. There also appeared pollen of Carpines and
Fagns, This period is represented by an terval (25-
65 cm) of greemsh grey pelitic microlaminated mud
in core Sh-2144. Due to the thinness of the sediment

Sedimentation in the Northern Baltic Sea Basin
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jayer (0-32 cm) it is rather difficult to identify the
poundary between the Subboreal and the Subatlantic
climatic periods in core Sh-2135. Besides neither the
lithological nor the grain-size composition of pelitic
mud in this interval shows any changes.

The Subatlantic period is represented by the inter-
val 3-25 em composed of fine aleurite mud deposited
above greenish grey clay in core Sh-2144. Coarse silt
with a small concentration of pelitic fractions (17%) is
at the top (interval 0-3 em) of this core. The spores-
pollen spectrum of these sediments corresponds to the
composition of recent vegetation on the land. Thus,
the recent sedimentation on the Northern Baltic Sea
Basin slope (site Sh-2144) takes place under condi-
tions of very active hydrodynamics.

In deeper water (site Sh-2135) the accumulation
processes have not undergone any changes since the
end of the Boreal. The surficial sediments are com-
posed of greenish grey or dark grey (st. Sh-2148) pehtic
mud with an increased amount of organic matter.

CONCLUSIONS

The accumulation processes on the slope of the North-
ern Baltic Sca Basin began no later than the Older
Drvas. The spores-pollen spectrum of two cores made
it possible to distinguish all climatic periods after the
Drvas till now. The spores-pollen spectrum of the
Northern Baltic Sea Basin virtually coincides with
corresponding spectra from other parts of the Baltic
Sca (Kleimenova 1988, Kabailiené 1998). Therefore,
the sediment lavers representing the different stages
of the Baltic Sea were revealed in the sediment se-
quence of this region.

The lithological and grain-size composition of bot-
tom sediments were changing gradually. The most fine-
grained sediments accumulated in the Yoldia Sca. Dur-
ing later stages the sediments gradually coarsened and
the changes in grain-size was more distinct in its pelitic
part. For most of the time sedimentation took place in
calm reducing environment, which still prevails in this
basin today. Active hvdrodvnamic conditions and a
better acration of near bottom water occurred on the
slope of the Northern Baltic Sea Basin only at certain
peniods (Baltic Iee Lake and Ancvlus stages).
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Many authors in marine geology and geophysics are familiar with the prob-
lems of publishing large-size figures especially such as sidescan images and
seismic records, with satisfactory quality and size in journal articles. Because of
space and format limitations in accordance with the publisher’s instructions and
the envisaged volume of the article. authors frequently have to restrict the num-
ber and size of figures, often more than they think to be bearable. The story ends
in most cases with a compromise, the author adapting himself to the circum-
stances, which generally means to show many figures, but in too small sizes and
therefore coupled with loss of information. But what about his very best records
having outstanding quality, which show more of the interesting details than can
be seen in the article’s examples? Even if the author may already have presented
them in a conference poster, he may estimate the incorporation of these records
in an article of suitable size as a too high barrier, and so they will be banned
perpetually into the archives and be lost to the scientific community.

Especially in the case of high-resolution side-scan sonar, the presentation as
large-size figures seems a need, which can be elucidated by a simple calculation.
The actual resolution of targets with these systems is about 20 cm, correspond-
ing in the normal paper scale of the records to | mm. To transfer this on a printed
presentation, a resolution of 0.5 m would normally be tolerated. Since these
systems have a record width between 20 and 40 em, the tolerable size reduction
for printing should be between 1.0 (= no reduction) and 0.5, Actually, such small
reductions will be rarely found in the literature, and thus the power of these
systems is little exploited for scientific communication.

As an imnovation to alleviate this problem, and to encourage the authors to
publish such records, BALTTCA now offers a regular column called . Baltica
Poster Page” (see here: Werner, F., p. 85-87). Eventually, X-ray radiographs (in
digitised format) could also be considered. The volume of this column should be
comparable to the text volume of a normal poster. corresponding to three pages
in the journal format at maximum. One page (or a double page) should be re-
served to the selected record with the size 18 x 24 ¢m, the rest for a short de-
scription of the related subject, a thorough explanation of the main figure, even-
tually one or two small auxiliary figures (map. diagram). conclusions. and a few
references.

The Baltica with its large-size page format and its endeavours for excellent
print quality appears as an adequate place for such a column. Considering the
reader community with its common regional interest. the topic of The Poster
Page should normally be related to the region of the Baltic Sea. although records
of other regions may also be considered. if they address a problem related to the
Baltic region.

The Editor
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New aspects of sand waves (Fehmarn Belt, western Baltic) by using
high-resolving sonography

Friedrich Werner

m ract

The complex surface morphology of sand waves as only being revealed by high-resolution side-scan sonar (ca
20 ¢m) is demonstrated in a sonography section of a fluviatile-type sand-wave field in the Fehmarn Belt. The
migration is only active during strong inflow phases, and its process is taking place by increments of shide
events on the lee-side slopes. This may modify the conventional model of internal structures with uniform

cross-bedding of sand waves.
£ Western Baltic, high-resolving stde-scan sornar, sand waves,

{7 Friedrich Werner [friedrich werneridt-online.de], Institute for Geosciences, University of Kiel, Olshausenstr. 40, D-24028 Kiel,
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INTRODUCTION

The dynamies of sand waves have been intensely stud-
ied in the past including mapping of their by side-scan
sonar. However, high-resolving systems (resolution ca.
20 cm) have rarely been applied, and the published
sonographies were mostly too small in scale to detect
much of the important details. The high-resolution
sonography from the Fehmarn Belt (Fig. 1) gives an
example of the details of their complex bedforms and
how they may be used to better understand their dy-
Namics.

The Fehmarn Belt is one of the main straits of the
estuarine-type water exchange in the western Baltie
where generally the outflow of low salinity water
(~+15%) in the upper section is dominating, whilst
high-salinity inflow is concentrated in the lower part
(Wyrtki 1953). The dynamics of the water exchange
n all these straits is strongly dependent on the me-
tcorological conditions which due to water level dif-
ferences in the adjacent sea basins generate high cur-
rent speeds affecting the sea bed (Dietrich & Schott
[974). Therefore. most of the straits show current-
induced bedforms such as sand waves or others (Fig
2 Kuijpers 1985). In the Darss Sill area (Fig, 2-1).
sand waves reach maximum values with 3 meters
{Lemke et al. 1994), Where both in- and outflow ob-

tain high velocities, the typical tidal-type profiles with
symmetric and concave slopes occur (Allen 1982),
like occurring in the Darss Sill and Great Belt arcas
(Fig. 2-4, Werner & Newton 1975), In contrast, due
to Coriolis forces. on the southern side of the Fehmam
Belt (Fig. 2-3, Werner et al. 1974) the inflow is
steadily superior to the outflow, and the sand waves
show the fluviatile form type (Allen 1982). ic.
strongly asymmetric profiles, rounded crests at their
highest elevation. and steep lee-side slopes.

METHODS

The side-scan sonography of Fig. | has been produced

1986 with a KLEIN Hydroscan recorder Model 521
(paper width 40 cm, wet paper printing. manually set-
ting of tuming and TVG) and a towfish 4225 (500 kHz
frequency, horizontal beam angle 0.2%). The towing
velocity of 2.9 knots viclded a practically undistorted
scale relation. In the first side-scan sonar survey of the
Fehmarn Belt sand-wave field of 1972 (Wemner et al
1974), a 100 kHz/1.0° EG&G system has been used
Diver observations for checking sonographic struc-
tures. vibrocore investigations, sampling for
granulometry, and boomer profiles have been made in
both surveys,
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Fig. 1. Side-scan sonograph showing typical section of Fechmarn Belt sand-wave field at a water depth of 17 m. Bathymeteric upslope direction (s. Fig.
striking oblique to main current, 5. current ripples in sand-wave troughs, ca 35-45 cm spacing, striking * parallel to sand-wave crests, 5a; ditto, lying

2): downward. 1: water surface reflection, 2: acoustic shadow of lee-side slope (note increasing length toward distal margin), 2a: strong
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Fig. 2. A Main water-gxchange straits with sand-wave ficlds
it the western Baltic as numbered in text B. Fehmarn Belt,
bathymetry with study area of sand-wave field.

RESULTS

The sand-waves with spacing between 20 and 70 m
and heights between 0.8 m and 2.2 m extend between
12 and 23 m of water depth in a field of 9 x 1.5 km.
Their true lee-slope angle is about 30° (Fig. 1). In 1972,
the sand-wave field was found to be densely settled by
various pelecypods all over the stoss slope including
the crest, even by the large and slow-growing Arctica
islandica (Wemer et al. 1974), and the stoss slopes of
the sand waves did only show sparsely and blurred
dune fields. It was believed therefore, that the sand
waves would not migrate for longer periods. In the
1986 survey, however, where Fig. 1 is a part of, the
imagery was much more differentiated. All stoss slopes

were completely covered with dunes (Fig. 1-4) whose
orientations differ as commeon for sand waves (Allen
1982). Additionally, the small-scale current ripples
parallel-oriented to the main crests (Fig, 1-5) occur in
other profiles also on the middle stoss slopes and are
therefore not effects of the lee vortice backflows. Yet
they indicate the recent mobility of the sand-wave field.
Sliding structures by sediment avalanches off the lee
slopes (Fig. 1-8), formerly not observed, but now wide-
spread, also are such indications. They may explain
the discontinuous cross-bedding of the internal struc-
ture found in the vibrocores,

CONCLUSIONS

Monitoring of sand-wave fields like in the Fehmarn
Belt with its discontinuous mobility and sensitively
reacting morphology may be used as a tool in study-
ing the development of storm intensity and frequency
in the context with the global change problem.
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The palacoenvironment of the Baltic Sea - a sub-project of BASYS

Boris Winterhalter
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The Baltic Sea is said to be one of the best-studied
marine arcas of the World. However. the attempts to
evaluate its future development, in view of T.‘hc heavy
loads imposed on it by increasing urbanisation of the
surrounding land areas, have shown serious gaps in
our knowledge. The Institute of Baltic Sea Rescarch
in Warnemiinde invited scientists from circum-Baltic
Sea countries to attend a series of workshops in the
early and mid-1990s to define these gaps and to pro-
pﬂsé steps to ameliorate the situation. The final out-
come of these workshops was a proposal, the Baltic
Sea Svstems Study (BASYS), addressed to the Euro-
pean Union for funding from the Marine Science and
Technology Programme Mast-111. In the final outcome,
75 principal investigators, from 50 partner institutes,
from 13 countrics were involved in signing the multi-
million 3-vear BASYS program approved by the EU
and scheduled to start on August Ist 1996,

The main objective of BASY'S was to (a) improve
the understanding of the susceptibility of the Baltic
Sea to external forcing both by natural and manmade
processes, (b) to quantify past and present fluxes of
key clements, and (c) to differentiate between the ef-
fects of climate variability and human interventions.
To achicve these objectives a systems approach was
chosen. based on a multitude of scientific activities
and close international co-operation with special em-
phasis on modern analyses of variables sampled in the
ficld, data processing and modelling tools. Although.
the bulk of the work addressed present day processes,
¢.g. fluxes of biogenic and non-biogenic matter nto
and within the svstem on seasonal and annual scales
in the pelagial and the benthal from the coast-line to
the deep basins, the evaluation of the natural variabil-

ity in the ecosvstem could only be based on the analy-
sis of historical data on climate, hydrography. chemis-
try and biology. For this purpose the study of the
palacoenvironment was made an integral part of

BASYS.

HH

After lengthy discussions it was decided that the
palacoenvironmental part of the project would be based
on a very detailed study of carefully chosen coring
sites in three different basins, the Bomholm Basin (BB),
the Gotland Basin (GB). and the North Central Basin
(NCB). The rationale of this approach was based on:

Firstly, it was understood that the widespread aqd
generally aceepted assumption, that sedimentation in
deep basins is a continuous process and laterally uni-
form, was grossly erroncous. Furthermore, mtema-
tional monitoring programs were known to rely heavily
on the use of sediments from deep basins. The old sam-
pling sites had, however, often been chosen
more-or-less by chance and were still assumed to show
a continuous sedimentation record over the last +:_{a.:~cadcs
or so. The representability of these sampling sites has
been seriously questioned. Thus, it was concluded that
the uniformity of sedimentation in deep basins should
be carefully studied and the best possible locations
identified for at least a few internationally acceptable
reference stations. -

Secondly. the environmental monitoring programs.
using short sediment cores, often fail to cover a suf-
ficiently long time span. This may lead to hasty and
erroneous conclusions as to the state of the Sea and
especially as to measures to be taken for further ame-
lioration, During the past 10-12 thousand vears the
Baltic Sea has gone through several lacustrine and
marine phases. The sediments deposited during the
past stages, being exposed to differential erosion, may
still have a considerable impact on the chemical and

physical characteristics of the matenal in the short
cores used for monitoring. It is imperative that, par-
allel with the study of recent and sub-recent sedi-
ments. also older sediments should be studied to bet-
ter understand the inter-relationship between natural
and man-made influence on the marine environment
and how these changes are manifested in the sedi-
mentary record.

The palacoenviromment of the Baltic Sca - a sub-project of BASYS

Thirdly, scientists concerned with environmental
monitoring have given very little consideration to the
study of element mobilisation and fixation in the sedi-
ments. Considering the great vanability in the bedrock
geology surrounding the Baltic Sea it is most obvious
that the concentration of e.g. heavy metals and other
elements will differ enormously from region to region
due to purely natural reasons. Thus the effect of an-
thropogenic input of biologically detrimental elements
nto the marine environment can be evaluated only if
based on a sound understanding of diagenetic processes
and on the proper use of weak solvents to differentiate
between bio-available (soluble) and non-available el-
ements,

With the above rationale in mind and in accordance
with the research plan adopted for BASYS, the state
of the Baltic Sea environment during the last 8000 vears
was reconstructed from long cores taken from the three
chosen deep basins in the Baltic Sea (Bornholm Ba-
sin. Gotland Basin and the North Central Basin). The
accurately dated cores showed compositional peculiari-

tics that could be correlated with well-known climatic
events, ¢.g. the warm medieval period when Vikings
were known to have inhabited Greenland. The sedi-
ments, especially from the Gotland Basin, showed the
effects of major inflows of salticr North Sea water
through the Danish Straits. These inflow ¢vents were
found to correlate with the North Atlantic Oscillation
(NAO), the shifting of the relative positions of low
and high pressures in the North Atlantic. Thus. the
development of anoxic conditions in the deep basins
could be associated to climatic phenomena and not
necessarily blamed on industrial activities. The detailed
study of the cores also showed that algal blooms
(cvanobacteria or blue green algae) have been a com-

mon phenomenon in the Baltic Sea for at least the last
7000 to 8000 vears, so here again man 1s not to be
blamed. It was also observed that the input of heavy
metals by industry is visible in the upper parts of the
sediments as a clear increase in such metals as cad-
mium, lead. zinc, etc. Due to the environmental re-
strictions imposed by most circum-Baltic countries and
the collapse of the Soviet/Russian industry the most
recent sediments showed a clear decline in the con-
centrations of these heavy metals.

Many of the new results emanating from BASYS
have been published in the annual reports and in sci-
entific papers published in various journals (many of
the references can be seen on the BASYS web-site:
http.//www.io-warnemuende.de/Projects/Basys/
en_home.html), but there is still much data that needs
to be processed and turned into proper publications.
For this reason the publisher of BALTICA and the co-
ordinator of BASYS sub-project on the
palacoenvironment have decicded that the next volume
(Vol. 14) will be dedicated to the geological aspects of
the BASY'S project. Authors are encouraged to submit
their manuscripts to the Editor by the end of May 2001
BALTICA instructions to authors is announced on the
web-site: http://www geologin_ It/baltica.
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