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BASYS subprojec

FOREWORD

The idea to publish geological results from the BASYS Project in BALTICA was raised by L'm_: Editor of this
ation in 1999 at the 3" BASYS Scientific Conference in Rostock-Warnemiinde. The participants of the
lica -7, “Palecoenvironment”, backed the idea, and finally, we have a representative collection of

geologically oriented papers emerging from the BASY'S project.

The BALTICA Vol. 14 contains 16 papers, The first one - The Introduction - presents the gualsd of the
ot 1H-: ways these goals were being addressed, and some of the results obtained. This paper is written by
p‘BT:ris Winterhalter, the Head of the Subproject and Co-editor of the present BALTICA Volume. Other papers

are grouped in accordance with tradition: Geology, Stratigraphy, Mineralogy, Geochemistry, and Environment.

on Geology B.Winterhalter presents results from acoustic mapping and dEl:_ﬂiIEd Holocene core
investigations in the North Central Baltic Sea Basin and in the Gotland Deep. M.chf:dka discusses the physical
propertics of bottom sediments in core samples taken from different basins of the Baltic Sea (Bornholm, Gotland,
and North Central Baltic) and the stratigraphic correlation between the basins. For more cumerhenSLVE de-
scriptions aof the sediment cores from the Bornholm, Gotland and North Central Baluc Sea basins collected
during cruises undertaken in 1996 and 1997 on board R/V Petr Kottsov, the reader is referred to the reports of
the BASYS subproject-7 cruises (Harff and Winterhalter (eds.) 1996, 1997).

Stratigraphy issues are discussed in 5 papers. Two artiu;le?. by W.Brenner and one by W.Hofmann deal with
biostratigraphy. They showed the distribution of microfossils in the cores taken from the Gotland Deep, aslwct]
as the relationship of microfossil variations to changes in the paleoenvironment. W.Brenner was able to single
out microfossil-based ecozones. This is a very interesting and valuable experiment, and conclusions drawn ﬁ:um
it should be checked on a wider scale in other Baltic Sea basins. The paper presented by J.Harff, G.C Bohling,
R Endler. J.C.Davis, H. Kunzendorf, R.A.Olea, W.Schwarzacher and M. Voss deals with physico-chemical stratig-
raphy of Holocene cores in the Gotland Deep. Sediment cores from within the same basin were compared on
the basis of physico-chemical properties and chemical analyses. The computer generated correlation enabled to
distinguish six clearly identifiable units in the post-glacial sequence. This study illustrates the advantages in
applying this methodology in the differentiation of lithologically identical sections. In a classical appmaclh sensi
stricto a problem appears that such Holocene zones can also be detected in other Baltic Sea basins. A.Kotilainen,
T Kankainen, A.Ojala and B Winterhalter acquaint with a highly detailed radiometric and paleomagnetic dating
done for the cores taken from Northern Central Baltic Sea; this paper argues the geochronological data and
determination of the calendar age of sediments.

Mineralogy issues are tackled by K.Alvi and B.Winterhalter in their paper on mineralization of the Ho-
locene sediments in the Gotland Deep and influence of anoxic conditions on formation of authigenic minerals.
M.Miilkki studied recent northern Baltic Sea minerals in suspension (sediment traps) and bottom sediments,
their scasonal variations and origin. A detailed investigation using SEM and x-ray methods illustrates recent
processes of sediment formation,

In the part

The Geochemistry part contains highly detailed results from newest studies. H.P.Nytoft and B.Larsen
studied triterpenoids as markers of depositional conditions and determined their distribution in the cores from the
Baltic Sea deep basins under oxic and anoxic conditions, H,Vallius and M.Leivuori discuss the chemistry and
heavy metal content of surface sediments under conditions of rather undisturbed sedimentation in the North
Central Baltic Basin.

Paleoenvironment issues and environmental changes in the Baltic Sea are analyzed in three papers. T.Andrén
and [ Andrén raise a question for discussion on how the Second Storegga slide on the western coast of Norway,
that occurred ca. 8000 years ago, may have affected the Baltic Sea. H. Kunzendorf, M. Voss, W.Brenner, T.Andrén
and H.Vallius determined that variations of molybdenum in the sediments of the Central Baltic Sea could be
related to intense algal blooms. M. Voss, G Kowalewska and W.Brenner used data on tetrapyroles, microfossils

and blochemical properties as indicators of environmental changes in the Gotland Deep during the last 10,000
yeurs.

The Index at the end of this issue of BALTICA, Vol. 14 contains a bibliography of publications related to the
BASYS subproject-7 “Paleonvironment”.



HREHE

Let the Reader decide about the results of the present publication. The Editor hopes that the reader inter-
ested in the Baltic Sea and its history would accept the present publication in a positive manner. This naturally

also pertains to those who wish to better understand the present state of the Baltic Sea and its future, in
particular.

In conclusion, [ would like to express my sincere gratitude to all authors, who presented their papers after a
tiring procedure of critical reviewing, to the reviewers and to BALTICA Scientific Committee Members, who
applied a highly critical approach to the manuscripts, as well as to Dr. Boris Winterhalter for his numerous
consultations as Co-editor and financial support as BASYS subproject-7 leader enabling to issue this Yearbook
with color illustrations. [ am thankful to my colleagues and personnel of the Baltic Marine Geology Department
of the Institute of Geology of Lithuania for all their kind assistance in preparing this issue for publication.

The Lithuanian Science Council supports BALTICA.

BALTICA, in its new form since 1993, has already paved its way to its readers. The Yearbook is already well
known and widely quoted; prominent researchers of the Baltic Sea are eagerly presenting their research results.
It is especially gratifying that among the contributors the number of young authors is increasing. The BALTICA
Scientific Committee would like to co-operate further, improve the scientific contents, quality and appearance,
and find better ways for its distribution in order that the Yearbook could reach more and more readers.

Algimantas Grigelis

Vilnius, | December 2001,
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The BASYS Project and the paleocenvironment of the Baltic Sea

Boris Winterhalter

The present issue of BALTICA, volume 14, is a special issue commemorating the BASYS Project, conceived to
promote a better understanding of the Baltic Sea, its past and present environment, as interpreted from the study

of sediments.

{7 Paleoenvironment, Baltic Sea Svstem Stwely, BASYS, Baltic Sea,

L7 Boris Winterhalter [boris.winterhalter@gsf fi], Geological Survey of Finland, P.O. BOX 96, FIN-02151 Espoo, Finland.

INTRODUCTION

Under the auspices of HELCOM (Baltic Marine En-
vironment Protection Commission) and ICES (Inter-
national Council for the Exploration of the Sea) con-
siderable work has been done on the development of
monitoring techniques for the Baltic Sea. Various in-
ternational calibration cruises with multiple ships par-
ticipating have been conducted. Such projects were
targeted towards a better understanding of the present
state of the Baltic Sea. Qur understanding of the physi-
cal, chemical and biological factors influencing the Baltic
Sea environment has improved and international co-
operation in the implementation of protective measures
is already visible in the improved quality of Baltic Sea
waters. However, with increasing knowledge, three im-
portant aspects crucial to a better understanding of the
Baltic Sea environment, have emerged.

Firstly, the widespread and generally accepted as-
sumption that sedimentation in deep basins is a con-
tinuous process and laterally uniform (no hiatuses and
no re-deposition) is obviously grossly erroneous. Fur-
thermore, the intemationally frequented sampling sta-
tions have been chosen more-or-less by chance and
thus their representability is questionable.

Secondly, the stratigraphic time span covered by
the sediment samples used in environmental moni-
toring programs, seldom provides real background data,
i.e. the samples do not stretch sufficiently back in time.
This leads easily to hasty and erroneous conclusions
as to the state of the sea area and especially as to
measures to be taken for further amelioration. It is

imperative that parallel with the study of recent and
sub-recent sediments included in most monitoring pro-
grams, also older sediments should be studied. This is
to better understand the effects of climate change and
the interrelationship between natural and anthropogenic
influence on the marine environment and how these
changes are manifested in the sedimentary record.
Thirdly, the study of diagenetic processes in the sedi-
ments has often been neglected by scientists concerned
with environmental monitoring in the Baltic Sea. A fur-
ther source for dubious conclusions on the state of the
environment can be referred to the recommendations
of ICES to conduct bulk chemical analyses on sea bot-
tom sediments, The argument being that comparative
studies from different parts of the Baltic Sea can be
conducted only on bulk (total) chemical analyses, be-
cause the use of weak solvents, typically expressing
bio-availability, has been difficult to standardise.
Despite the short comings of present day moni-
toring practices, as mentioned above, our knowledge
of various details of the environmental state of the Baltic
Sea is pood. However, to better understand how the
Baltic Sea functions as a system, it was felt that there
is a definite need to collect and analyse new data. These
issues were discussed during several workshops in the
early 1990'ies. On the basis of a preliminary study, the
Gotland Basin Experiment (GOBEX), a multi-disciplin-
ary 3-year project, the Baltic Sea Systems Study
(BASYS). was conceived. The multimillion BASYS
project was approved by the EU and the project got
officially underway on 1 of August1996. It spaned 3
years with over 50 participating institutions and involv-
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ing hundreds of scientists from various disciplines rang-
ing from atmospheric sciences through oceanography,
biology to geology and the palecenvironment. The open
issues mentioned above, constituted the guidelines in
outlining the tasks for the BASYS subproject-7, the
study of the paleoenvironment of the Baltic Sea.

PROJECT PLANNING

Once the main objectives of BASYS were set, the
participants in subproject-7 agreed that the most fruit-
ful input to BASYS would be an improvement in the
understanding of the differences between human and
natural influence on the Baltic Sea environment. This
was considered to be of utmost importance when as-
sessing the anthropogenic influence on the present state
of the Baltic Sea and in the evaluation of remedial
measures on the future development and state of the
marine area. The set goals were addressed by com-
paring historically recorded recent and sub-recent
events with environmentally induced measurable varia-
tions in texture and composition registered in the sedi-
ments.

Considering the scope of the task, the time con-
straints, and the limited institutional resources (quali-
fied personnel) available it was decided to tackle three
separate sedimentary basins with high accuracy and
redundancy in contrast to taking a large number of
samples from various parts of the Baltic Sea. The ba-
sins, Bornholm Basin (BB), Gotland Basin (GB), and
the North Central Baltic Sea Basin (NCB), are known
to be temporarily anoxic, thus providing minimum
bioturbation of the sediments and good stratigraphic
resclution (Fig. 1). Furthermore, these basins were as-
sumed to exhibit a more-or-less continuous deposition
throughout the Holocene. To achieve the overall project
objective and to acquire information required by other
BASY'S sub-projects on the background levels through
time and burial rates of environmentally detrimental
substances, the project was divided into three sepa-
rate phases;

The first phase was to establish, in each of the
three basins, representative sampling sites, with the
best possible continuity and lateral homogeneity
of sediment deposition. The decisions on the best
sampling sites were based on previously gathered
information stored in the archives of the partici-
pating institutions and on detailed acoustic maping
and coring during the profect itself.

The second phase consisted of establishing a
detailed and accurate time scale for the acquired
sediment cores with emphasis on the anthro-
pogenically influenced last few thousand years and
in greater detail for the last historically documented
300 years. The cores were sub-sampled at very close
intervals, both for dating and for microfossil, chemi-
cal and physical analysis, to establish the strati-

—

graphic timescale. The dating was based on radi,,
nuclides (Cesium-137, radiocarbon, etc.), oy pa-
leomagnetic measurements and stratigraphic mark.
ers.

The third and final phase involved the Jegep.
mination of physical, chemical and biologicy)
parameters that reflect environmental or ecologi.
cal conditions prevailing at the time of deposition,
from 8000 years back in time to the present day,
This also included the study of diagenetic processes
in the sedimentary column.

OUTCOME

Detailed site surveys using standard echo-sounding,
multibeam sounding, side scan sonar imaging, and ul-
tra-high-resolution deeptow acoustic soundings were
made in the three chosen basins during several research
cruises both on R/F Petr Kottsov (Harff and
Winterhalter, 1996 and 1997), time-chartered by the
Baltic Sea Research Institute in Wamemiinde (I0W),

and R/V Aranda, operated by the Finnish Institute of

Marine Research. Based on the survey data, several
long cores (piston, gravity and vibro-hammer) and also
a number of short sediment cores were taken for labo-
ratory studies.

Of the three basins chosen for the BASYS pulco-
environment study, the Bornholm and Gotland basins
have been, through the years, surveyed by a large num-
ber of various expeditions, Despite abundant informa-
tion additional detailed acoustic surveys (including sub-
bottom profiling, side scan sonar imaging and deeplow
high-resolution echo-sounding) were conducted to a¢-
tually establish the representability of the chosen
coring sites. Because no previous information was
available for the northernmost basin (NCB), the first
major task was to survey a sufficiently large area to
get a firm idea of the morphology and bathymetry and
the pattern of sediment distribution. This was then fol-
lowed by a more detailed study using the same
methods as for the other two basins. The results of
these surveys are presented elsewhere in this volume.

The main sediment coring during the several re-
search cruises on board R/V Petr Kottsov and R/
Aranda were all oriented towards the acquisition of
representative cores and sufficient material to be dis-
seminated to all participating researchers. Therefore,
the Kastenlot (giant box corer: 12 m * 30 cm * 30 cm)
was chosen as the main sampler providing adequai:
material for all planned activities. Additional gravity,
piston and vibro-hammer cores, taken from the same
sites, were used to complement the material sub-
sampled from the Kastenlot cores. Since all of the
heavy corers had a tendency to disturb the uppermos!
decimeters of the sediment, a number of short cores
were taken with either the original Niemistd corer
(Finnish Institute of Marine Research, Helsinki) or its

The BASYS Project and the palecenvironment of the Baltic Sea

(AMS), were used to verify the
interpretation of the paleomag-
netic data.

Microfossil analyses were
used by W.Brenner, E. Andrén
and others to correlate the time-
scale to known and inferred
variations in the Baltic Sea en-
vironment. Various microfossils
are known to be quite abundant
in some layers and even “sur-
vive™ harsh laboratory process-
ing techniques. Especially the
laminated sediments were stud-
ied for diatoms, cysts, exoske-
letons of zooplankton and or-
ganic walled microfossils. The
aim was to define in the cores
from the three basins proxies
that could be used to identify and
correlate specific sediment
characteristics with changes in
the environment, Detailed
analysis of the distribution of
diatoms and cysts were also
used to establish the biostratig-
raphy of the cores. Structural
and chemical analysis of bivalve
shells, especially from the
Bomholm Basin were used for
additional information on the
variations in salinity and tem-
perature through time.

The study of the sediment

Fig. 1. The location of the three sampling sites used in the BASY'S subproject-7, the
paleoeny ironment of the Baltic Sea. The map is based on bathymetric data from Seifert
and Kavser, 1995,

improvements, the Gemini or Gemax (Geological Sur-
vey ol Finland, Espoo) twin-barrelled corers, or the
Multicorer (Baltic Sea Research Institute,
Warmcmiinde),

The dating of the sediments was based on radio-
metric measurements of '¥'Cs, *'“Pb, “C, and on de-
tailed paleomagnetic analyses. The uppermost 100
years of sediment accumulation were dated from the
short cores by direct gamma-ray spectrometry of *'"Pb.
“Cs was also determined and especially the
Chermobyl accident of 1986 was used for modelling
verifications (Kunzendorf, 1999). The dating of the long
cores was based on the measurement of oriented sub-
samples and the comparison of the variations observed
In magnetic orientation (declination and inclination) and
mugnetic intensity and susceptibility with accurately
dated “Master Curves” (Kotilainen et al. 2000). The
“C dates of bulk samples and especially of the many
maciofossils picked from various levels of the cores
and analysed by accelerometer mass-spectrometry

cores included visual deserip-
tions, photography, digital image
scanning and x-ray imagery of
the entire lengths of the cores
followed by extensive physical, chemical and minera-
logical measurements of sub-samples. The physical
measurements included grain-size analysis and mea-
surements of water content, bulk density, porosity. The
mineralogical studies were based on x-ray diffraction
measurements, mineral microscopy, micro-probe and
EDX-coupled SEM analyses of carefully chosen sub-
samples. ‘
Next, a wide range of various analytical chemical
methods were employed in the detailed study of the
sediment samples. Analysis of main and trace elements
using ICP, AAS and EDX analytical methods on bulk
samples provided information on the variations in the
chemical composition of the cores with depth. The most
striking feature was the excellent correlation of man-
ganese and calcium and their relation to the laminated
sediments. The method of subsequent leaching with
different solvent mixtures was used to establish the
mobility and availability of elements in various diage-
netic processes especially for the top few decimeters
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of sediment. Studies of isotopic composition of nitro-
gen, oxygen and carbon by M.Voss brought new in-
sight into the provenance of various chemical com-
pounds and on environmental specifics.

Rock-Eval screening of organic compounds was
used by H.P.Nytoft to study the provenance and de-
gree of reworking of organic matter. Determination of
the origin of organic matter and the evaluation of former
redox conditions were based on gas-chromatography
(GC) and GC-mass-spectrometry analyses of extract-
able lipids. The concentrations of the pentacyelic com-
pounds, indicative of bacteria, cyanobacteria and some
primitive plants were abundant in all samples, whereas
the content of steroid hydrocarbons was low.

The analysis of tetrapyrroles (chlorins i.e.
chlorophylls a, b and their derivatives, chlorophylls ¢
and metalloporphyrins) provided supplementary infor-
mation on the origin and fate of organic matter in the
sediments (e.g. Kowalewska et al. 1998). The con-
centrations of tetrapyrroles varied with depth but not
uniformly, there were sharp and irregular maxima and
minima in the profile. Poorest in chlorins were samples
from the Bornholm Basin being indicative of more in-
tense mixing in this region and more oxic conditions
than in the northern regions. Higher concentrations of
chlorins and also slight amounts of chlorophylls ¢ were
observed in the North Central Basin sediments. The
sediments from the Gotland Deep core had, e.g. a thou-
sand years ago, concentrations of chlorins comparable
or even higher than those in the recent (0-10 cm) sedi-
ments of the Gdansk Deep, being at present one of the
areas of the Baltic Sea richest in these compounds.
High concentrations are attributed to intensive primary
production, high accumulation rates and anoxia. Varia-
tions in relative concentrations of various chlorophyll
derivatives are related to variations in phytoplankton
species reflecting environmental changes, especially
changes in salinity.

The only changes in the chemistry of the sediments,
attributable to human impact, occurred at the onset of
industrialisation. Increasing amounts of organic and
inorganic compounds were discharged into the sea area,
E.g. the increase in heavy metals started slowly during
the first half of the 20™ century, but accelerated very
fast after World War IL This led to heavy metal con-
centrations in the sediments two or several times higher

than the natural values. The pollution limiting actions
of the 1980°s and 1990’s and the notable decrease in
industrial production in the former Soviet Union can
fortunately also be traced in the topmost sediments.

CONCLUSIONS

The papers presented in this volume of BALTICA,
together with studies already published in previous
volumes of BALTICA, and those published in other
journals (see BASYS bibliography in this volume, p.
141-143) all lead 1o a better understanding of the past,
present and future development of the Baltic Sea.
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The BASYS coring site in the North Central Baltic Sea Basin -
a geological description

Boris Winterhalter

Abstract

The North Central Baltic Sea Basin (NCB) area was surveyed in 1996 and 1997 with R/V Petr Kottsov, and in
1908 with R/V Aranda. The BASYS coring site, chosen on the basis of the conducted surveys, is located on a
minor elevation (175 m) in a basin with depths in excess of 200 metres. The area is sheltered by an irregular
topography of Precambrian crystalline bedrock in the north and bordered along the three other sides by an
escarpment in Paleozoic sedimentary rocks rising in places to almost 100 metres below sea surface. The central
clevated area was chosen as the main coring site to minimize the influence of lateral sediment transport from
adjacent shallower areas. According to acoustic profiles the entire Holocene sediment sequence seems to be
fully represented at and around the main site. Anoxic conditions have prevailed for extended periods during the
Litorina Sea stage in the deeper parts of the basin, but only for much shorter durations on the elevated part of the

basin,

7 Ceniral Baltic Seq, NCB coving site, BASYS, Holocene sedimenis, strasigraphy, anoxta, acoustic profiling.

3 Boris Winterhalter [boris.winterhalter@gsf.fi ], Geological Survey of Finland, P.O.Box 86, 02151 Espoo, Finland,

{3 Received | June 2000 accepred 15 Noventber 2001,

INTRODUCTION

In the initial stages of the BASYS project planning
it was deemed necessary to find, in addition to the
rather intensely studied Bornholm and Gotland Ba-
sins, a suitable coring site in the northern part of the
Baltic Sea. Very little was known beforehand on the
sediment distribution north of the submarine Paleo-
zoic Clint (escarpment) running from just north of
Hiiumaa, Estonia, southwest towards the shoals
north of the island of Gotland, Sweden. Therefore,
an extensive acoustic survey was conducted during
the first BASYS cruise on board the R/V Petr
Kottsov (Harff and Winterhalter, 1996). On the ba-
sis of this survey and complemented by later acous-
tic surveys, the final coring site (North Central Bal-
tic - NCB) was located on a minor elevation (depth
175 m), surrounded on three sides by a large and
significantly deeper (in excess of 200 m)
“embayment” in the clint. The top of the clint lies at

a depth of about 100 m. The bottom topography north
of the chosen site i1s characterised by an undulating
cover of thick Holocene sediments with somewhat
decreasing water depths further north.

The chosen site did not exhibit the thickest late
Holocene sediments, but was felt to represent an area
where the sedimenting material is primarily derived from
authigenic and very fine-grained suspended matter and
primary production of organic matter. Mass flow, pos-
sibly occurring along the surrounding slopes, would
hardly influence the sediments being deposited at the
sampling site.

The over ten long sediment cores and an equal num-
ber of short cores from the main coring site and along
a transect across the deep and partly up the western
slope provided the material used by many BASYS
partners for analysis on both microfossils, mineralogy,
chemistry and physical parameters. Some results have
been previously published (see BASY'S bibliography
in this volume, p. 141-143).



Borix Winterhalier

BATHYMETRY AND GEOLOGICAL
SETTING

The initial survey by R/V Petr Kottsov in 1996 co-
vered an area of approximately 20 by 17 nautical miles.
The digitised depth readings, corrected to the average
speed of sound derived from CTD casts, were saved
to file together with GPS positioning data (WGS-84).
The next year multibeam echosoundings were conducted
in the central area and the new data were added to the
previous data. Further depth data were acquired during
the cruise of RV Aranda in 1998, The entire data set
was then used with Golden Software, inc. SURFER
software to produce the bathymetric map in Fig. 1.
The area around the NCB coring site is controlled
by varied bedrock geology (Fig. 2). The crystalline
Precambrian basement forming the bedrock of the
northern Baltic Sea slopes gently towards the SSE to
vanish below the thick Paleozoic and Mesozoic sedi-
mentary rocks of the East-European Platform also
forming the bedrock of the south-eastern Baltic Sea
{(Winterhalter et al. 1981). The crystalline basement is

generally characterized by an irregular topography
formed by glacial scouring especially along fracture
zones (op. cit.). The sedimentary rocks on the other
hand generally exhibit a rather gentle topography ex-
cept for the erosional escarpments occurring in places
where either fluvial, wave or glacial erosion has been
especially active.

The NCB area is located at the northern limit of
the sedimentary rocks covering the southem and south-
castern Baltic Sea (Fig. 2). Parts of a well defined
escarpment (clint), forming the shallower areas and
clearly separated from the deeper parts by steep slopes,
can be seen in the south and southwest of the NCB
site in the map in Fig. 1. A beautiful example of the
submarine clint system is the north-south trending shal-
low area with steep slopes around, in the lower right
part of the map. The development of the clint was pos-
sible due to the fact that the rather poorly consolidated
Cambrian sediments are overlain by more resistant
Ordovician limestone (Fig. 2).

The final moulding of the topography of the area
into its present form was the result of several separate
processes. The multiple gla-
ciations were responsible for
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| the initial sculpturing of the
r bedrock, which happened
mainly along fracture zones in
the crystalline bedrock. The
overlying Cambrian sand-
stones and siltstones were
readily eroded while the Or-
dovician limestones were
more resistant and formed a
partial protection against fur-
ther erosion. The deep chan-
- nel between the NCB site and
the clint west of it is a typical
example of glacial erosion as
can be seen in Fig. 3. At least
the last major glacial advance
came from the north as can
be seen in the elongated north
to south trending bottom
forms.

The irregular topography,
left as a result of glacial
scouring and deposition of gla-
cial drift, was thereafter co-
vered by fine-grained sedi-
ments, ranging from silt and
clay to gyttja clay, obliterat-
meosrat | ing some of the glacial forms.
The large amounts of sedi-
ment being deposited in front

205 20.6

Fig. 1. Bathymetry of the NCB coring site (red star) and the surroundings. The map is
based on data collected by RV Petr Kottsov in 1996 and 1997 and by BV Aranda in
1998, The depths have all been corrected using average speed of sound acquired from
CTD data. Note that geographic co-ordinates (latitude and longitude) in all figures are
given as decimal degree values,

10

of the retreating ice margin
after the last major glaciation
{Weichselian) initially settled
in waters 100-150 metres
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['ig. 2. General bedrock distribution in the central Baliic Sea,
[he map has been modified from Winterhalter et al. 1981.
Ihe fault lines are based on Grigelis 1998, The black “X™
ienotes the location of the NCB coring site.

deeper than today. The bedrock and glacial drift was
conformably draped under a rather uniform blanket of
siltand clay. With isostatic uplift following deglaciation,
the shallower areas were eventually exposed to both
wave and current induced erosion. The suspended fine-
srained sediment was redeposited in the deeper areas,

58,840

2.2

while the coarser material was left as a lag deposit
consisting of silt, sand, gravel or even boulders.

The onset of the Litorina Sea stage, about 8000
years ago, brought about an increase in the salinity and
primary production. This changed the character of the
sediment from cohesive, smeary, clay into muddy sedi-
ment. High water content and lack of strong cohesion
between sediment particles allowed these gyttja clays
{muds) to be easily shifted around by even rather weak
bottom currents. Thus, the change from a conform-
able sediment deposition to a type frequently termed
“basin fill”" prevails in present day depressions in the
Baltic Sea (Winterhalter 1992), Due to the activity of
bottom currents, differential sedimentation occurs on
slopes. Depending on the direction of the prevailing
current the Coriolis effect will enhance erosion or depo-
sition. A slope to the right of the current will be eroded
while accumulation of sediment will take place to the
left of the current and on leeward slopes. The present
bathymetry of the study area and surroundings is thus
a combined result of differences in bedrock character,
differential erosion and sediment deposition.

ACOUSTIC METHODS

To get a better idea of the distribution of the Holocene
sediment sequence in and around the NCB coring site
an additional survey was conducted in 1998 by the R/I
Aranda. In addition to the standard DESO 25 echo

2022 2023 2024 2025 2026 2027

Fig. 3. Detailed map shows the depth below sea surface to acoustic basement represented either by bedrock or drift.
{Holocene sediment cover is removed). The elevated area forming the westemn flank is part of the Ordovician Clint, while the
N-5 nmning deep is the result of erosion of the Cambrian sediments. The map covers an area 5.64 * 3.89 km,
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Fig. 4. A comparison between a Meridata UASP deeptow 28 kHz acoustic
profile (upper) and a Krupp Atlas DESO 25 12 kHz echogram (lower). The
white line in Fig. 6 gives the location of the profiles. Because the ship
mounted transducer and the deeptow did not cover exactly the same
ground the profiles are similar, but not fully identical. Note also that the
hyperbolic reflections from abrupt structure seen in the lower DESO pro-
file are lacking in the upper, deeptow, profile. In addition to the better
general resolution of the deeptow data, especially vertical slumps, de-
watering and de-gassing structures (P = pockmark) are so much clearer,
Note that the vertical scale is in milliseconds (TWT) for the deeptow and
in metres for the DESO echogram assuming a sound velocity of 1435 m/s.

sounder working with 12 kHz, a deeptow high-resolu-
tion profiler was used in the study. The deeptow unit
consisted of a 28 kHz transducer mounted on a tow
body, tow depth adjusted via a remotely operated cable
winch, and a shipboard data acquisition system (UASP)
produced by Meridata Oy, Lohja, Finland. Most of the
survey was conducted with the deeptow unit “flown™
between 20 and 30 m above seabed off the port side
and 200-300 m aft of the ship.

The 12 kHz DESO 25 echo-sounder on BV Aranda
has been used extensively for acoustic surveying of
Holocene sediment basins because of its very good
resolution and penetration in clays and silts (Fig 4
lower), especially when used with a very short pulse
length (0.167 ms). However, in deeper water even the
rather narrow beam angle of the special 12 kHz trans-
ducer is not capable of resolving internal structures in
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the sediment. To get a better idea of these
internal features the deeptow UASP sys-
tem was used. The digital images (Fig 4
upper) do give distinctly better resolution
than the DESO. In addition to the better
resolution provide by the deeptow, espe-
cially the lack of hyperbolic reflections from
abrupt structures makes the deeptow dara
much more informative than those recorde
with the hull mounted transducer. Especially
vertical slumps, de-watering and de-gas-
sing structures (P = pockmark) are so much
clearer.

The DESO 25 echograms were inter-
preted and digitised together with differ-
ential GPS data. The depths were based
on a sound velocity of 1435 m/s. However,
considering that a mean sound velocity of
1445 m/s in water was measured during
the R/V Kottsov cruise in September 1996,
it is possible that the actual depths are
slightly greater than those used in the map
production. The error is anyhow no more
than 1-2%. A significantly greater correc-
tion is probably necessary in determining
the actual thickness of the various sediment
units. Endler (1998) had registered in Bal-
tic Sea Holocene sediment cores veloci-
ties that were lower than in water (1440-
1390 m/s and decreasing downwards). On
the other hand sonobuoy data (e.g.
Bergman et al. 1982) has generally given
a steady increase in velocities from the
seabed and down the stratigraphic column.
Because of this ambiguity the isopachyte
maps and the vertical scale in the profile
figures are given either in milliseconds’ or
converted to metres using the sound ve-
locity for water (1435 m/s), because no
other validated values have been available.

THE HOLOCENE SEDIMENT COVER

The bedrock in the area is covered, with a few excep-
tions (bedrock exposures), by unconsolidated sediments
up to several tens of metres in thickness. The end of
the Late-Weichselian glaciation saw the beginning of
a chain of events in the development towards the Bal-
tic Sea we see today. These events are well recorded
in the sediments of sheltered deep basins, The condi-
tions prevailing during the various stages have left their
mark in the character of the sediment, i.. in the physi-
cal and chemical properties and also in the microflora
(see e.g. core descriptions in some of the papers in

' The millisecond values are two-way-travel times (TWT) which
means that the actual value in metres comes from multiplying the
mes vatlue with the sound velocity for the medium and divided by 2.
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composition, including both
boulder clay (till), sand and
silt. Melt waters from the
ice deposited sediment in
front of the ice margin.
With the retreating ice mar-
gin consecutively finer
grained sediments were
deposited, initially as annu-
ally varved glacial silts and
clays of the Baltic Ice Lake
stage (lgnatius 1938).
These were later followed
by rather homogeneous
clays ofboth Yoldia Sea and
Ancylus Lake stages. The
lasi major stage in the de-
velopment of the Baltic
Sea, the brackish Litorina

the profile.
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Fig. Sa. A UASP deeptow acoustic profile showing different sedimentary units identi-
fied on the basis of their acoustic characteristics. The visible reflectors represent a
change in the acoustic impedance (product of sound velocity and density) of the
sediment. Especially in the deep basins of the northem Baltic Sea these can often be
correlated with stratigraphic data from sediment cores. In the legend: 1. Recent and
sub-recent mud; 2. Litorina Sea gyttja clay; 3, Ancylus Lake clay; 4. Yoldia Seaclay; 5.
Baltic Ice Lake annually varved glacial clay; 6. Baltic Ice Lake layered or varved glacial
silty clay. Vertical scale is in milliseconds. The white line in Fig. | shows the location of

Sea, produced organic rich
sediments that quite often
exhibit a basin fill type ofa
deposition (Winterhalter
1992}, The variations in the
physical properties of the
sediments deposited during
the different stages are of-
ten sufficient to show up on
acoustic profiles. Thus it is
often possible to identify

various sedimentary units
on the basis of their acous-
tic characteristics (see Fig.
52 and 5b). Especially in
the deep basins of the
northern Baltic Sea these
can often be correlated
with stratigraphic data from sediment cores. Because
the character of the recorded acoustic echo is related
10 the physical characteristics of the sediment, the iden-
tified boundaries do not necessarily coincide exactly
with biostratigraphic boundaries.
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Uilacial deposits

Ihe lowermost, clearly discemible, sediment unit in the
acoustic profiles varies considerably in thickness (grey-
15h bed under unit 6 in Fig. 5a). Based on its acoustic
character it probably consists of conformably depos-
ited silt beds displaying a layered or even coarsely
varved character. Especially in the deepest parts of
the area these semi-conformable bed are often under-

&
EH
Fig. 5b. A DESO 25 echogram recorded at the same time with the deeptow profile in Fig.
5a. The colour coding is the same as in Fig. 5a. The vertical scale is the depth in metres

using the sound velocity of 1435 m/s. The horizontal scale line pertains also to the
UASF profile. The co-ordinates (longitude and latitude) are in decimal degrees.

lain by irregular deposits, up to 15 m thick. These were
obviously formed by massive discharges of sediment-
laden melt water (mud flow or turbidity current). The
gravity flows obviously deposited their sediment load
in the deeps while only traces of such material can be
seen in elevated areas.

The map in Fig. 6 shows the irregular distribution
of the glacial sediments deposited in the immediate vi-
cinity of the retreating ice margin. This becomes quite
obvious when comparing the thickness of these early
glacial sediments to e.g. the overlying Baltic Ice Lake
sediments (units 6 and 5 in Fig. 5a) that exhibit a rather
striking uniformity in thickness across the entire area,
only excluding those places that have been exposed to
erosion during later times.
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explained by a differen-
tiation in grain size,
Slightly coarser material
tends to accumulate in
the minor depressions
while finer grains setile
uniformly. Despite the
slight irregularities in
sediment accumulation
the total thickness of
unit 5 is strikingly uni-
form throughout the
study area, averaging 5
to 6 metres (based on

u;id;ﬁ:ﬂﬁiﬂunflnsuu-n

assumed  average
sound velocity of 1500
m/s).

Yoldia Sea

Fig. 6. The thickness in milliseconds (two-way travel time - TWT) of the glacial silt sediments
including unit 6 in Fig. 5a, is based on the echo-soundings made by R/V Aranda in April 1998 According to Andrén el
using the shipboard Krupp Atlas DESO 25 echo-sounder utilising a 12 kHz transducer. The 41 (2000) The Baltic Ice

default (SURFER) kriging algorithm was used in the gndding of the data based on a grid 50 * 26
nodes. The main NCB coring site is marked with a star. The white line shows the location of the
acoustic profiles in Fig. 4. The map covers an area 5.64 * 3.89 km.

Baltic Ice Lake

With the growing distance to the retreating ice margin
only clay-sized particles were being deposited. Although
1sostatic uplift of the crust was in “full swing” the wa-
ters were still much deeper than today. The occasional
coarse-grained material found in the sediment had prob-
ably been ice-rafted. During the early Baltic Ice Lake
(BIL) phase variations in sediment deposition are evi-
denced by the somewhat indistinet reflectors in unit 6
(Fig. 5a). The strong reflector between units 5 and 6
may indicate a re-advance or a surge of the ice mar-
gin. Based on the characteristic layering of unit 5 (Fig.
5a), the conditions during deposition were rather calm,
i.e. no traces of e.g. scouring by near-bottom currents
can be detected in the profiles, except for pockmark
type disturbances (see Fig. 4 and paragraph on pock-
marks). Whether the lake surface was frozen during a
greater part of the year or the climatic conditions were
stable enough not to induce strong wind-driven cur-
rents, is a question which has not yet been properly
addressed.

Taking a closer look at individual reflectors in unit
3, it is obvious that input of sediment has varied both
temporally and laterally during the later BIL phase. This
can be interpreted to indicate shifting in the time and
place of meltwater input, and also in the amount of
fine grained sediment suspended in the water. Consid-
ering sub-bottom irregularities, minor depressions
{(negative bottom forms) seem to exhibit slightly higher
acoustic reflectivity than positive forms. This can be
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Lake stage ended c.
11,570 cal. yr. BP, when
the colour of varved
clays changed from
brown to grey. This event is associated with a lower-
ing of the water level due to outflow of ice-dammed
waters across central Sweden and when a connection
with the global ocean was established. The change in
sediment character, seen in unit 4 in Fig. 5, is a resull
of a rapid change in water depth and the later inflow
of saline waters (weakly brackish environment).

According to diatom analysis (Andrén et al, op.cit.,
Heinsalu et al. 2000) the Yoldia Sea stage can be di-
vided into three sub-stages, an initial fresh water stage,
followed by a short-lived brackish phase, which ended
with the connection across Sweden being cut off due
to crust uplifi. The beginning of the brackish phase is
possibly visible as the weak reflector at one third of
the total thickness of unit 4. The end of the brackish
phase has not left any clearly discernible reflector. This
is easily explained by the fact that the salinity in the
deeper water layers decreased slowly, thus no abrupt
changes in the sediment character occurred. Because
none of the cores so far studied penetrated into unit 4,
the actual age of the sediment has not been determined.
Thus, it is possible that the upper part of the unit may
represent lower Ancylus Lake deposits.

Ancylus Lake

The rapid land uplift, which raised the passages in south-
central Sweden above the ocean level at 10,700 yr,
BP, and caused the water level to rise in the Baltic
basin, is defined as the onset of the Ancylus Lake
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(Hemsaluet al. 2000). During the first half of this phasg,
the Ancylus Lake was dammed-up followed by a rapid
jowering of the lake when the waters found a new
couthern outlet. Unit 3 in Fig. 5a is here interpreted to
represent Ancylus Lake sediments. Because of the
vague transition between Yoldia and Ancylus sediments
it is possible, as stated above, that part of lower Ancylus
is in the uppﬁrﬂm&t part l_'!lf'lll]llt4. . o 1

Aneylus sediments are typically divided into two
units (Winterhalter et al. 1981). The occurrence nfh!aqk
bands or staining by ferrous sulphide is characteristic
for (he lower Ancylus Lake clays, while the upper unit
consists of homogenous clay with occasional grains of
framboidal pyrite (Ignatius et al. 1968). According to
Andrén et al. (2000) the uppermost part of the Ancylus
Luke sediments in the Gotland Deep are gradational
with the lowermost Litorina Sea deposits. Obviously
the same is true for the NCB area. Like the Baltic Ice
Lake sediments, also the Ancylus clays were depo-
sitedd conformably and exhibit a rather uniform thick-
ness aver largc arcas.

Litorina Sea and the Present Baltic Sea

Due to the eustatic rise of the ocean level a new con-
nection with the World Ocean was established via the
[1anish Straits. In the beginning, the inflow of saline
water was intermittent, Input of nutrients, ameliora-
tion of the climate, lesser input of suspended mineral
matter and thus also a decrease in turbidity led to an
increase in both terrestrial and lacustrine/marine or-
pganic matter in the sediments. The period between

Fig. 7. The thickness in metres (assumed sound velocity 1435 m/s) of the most recent
sediments (unit | in Fig. 5a) covering the last ca. 1000 years and having a high content of
organie matter obviously associated with the Medieval Warm Period. The entire unit is
characterised by a very loose structure and high water content. The map covers an area

3,64 *1.89 km.

85007500 "C yr. BP is regarded as a transitional phase
between the Ancylus Lake and the fully brackish
Litorina Sea (Heinsalu et al. 2000).

The lithostratigraphic boundary between the Ancylus
Lake and the Litorina Sea sediments is generally marked
by an abrupt increase in the content of organic carbon
and a sharp change from homogenous clays to, often
laminated, gyttja clays (Winterhalter 1992), Contrary
to the cohesive nature of the clays, the weak bonds
between the individual grains and aggregates of the
gyttja clay makes them conducive to easy erosion and
transportation even by weak bottom currents. This is
the reason why the Litorina sediments (unit 2 in Fig. 5)
have a tendency to be deposited either as “basin fill”
or asymmetrically in topographically uneven areas.

The lower boundary of the topmost sedimentary
unit (unit | in Fig. 5a) was during the R/V Perr Koitsov
cruises, following the suggestion by Th. Andrén
(Stockholm University), termed the “Viking Layer”, be-
cause it coincides with the Medieval Warm Period when
Vikings were sailing widely. In addition to a change in
lithology also the chemistry of the recent to sub-recent
deep basin sediments display a dramatic change due
to a substantial increase in primary production. This
can also be seen as a rapid rise in chlorophyll deriva-
tives, denoting widespread blooms of cyanobacteria
(Kowalewska et al. 1998).

The distribution of unit 1 sediments can be seen in
the map in Fig. 7. These very loose sediments, high in
organic content, are first deposited as a “fluffy” layer
some millimetres or centimetres in thickness. Even after
deposition and compaction they are still easily eroded
and therefore continuous accumulation can occur only
in areas where bottom-
near currents are very
weak.

Disiribution of
sediments

The distribution of sedi-
ments in the NCB area,
as also elsewhere in the
deep arcas of the Bal-
tic Sea, is mainly gov-
ermed by water depth
and the intensity of
near-bottom currents
(Kohonen and Winter-
halter 1999: Trimonis
and Savukyniené 2000).
Shallow areas with
depths less than 80-100
m (wave base depth) in
open sea conditions of
the central Baltic Sea
are generally void of fine
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grained recent to subrecent sediments. This is due to
storm wave induced water motion that can be very
cffective as an erosion agent. Also internal waves at
the halocline can have an influence on sediment depo-
sition. Water motion in depths below wave base is gen-
erally the result of sea level fluctuations induced by
variations in air pressure, although gravitational flow
either due to salt water inflows or sediment suspended
by waves during extreme storms can also be quite ef-
fective in eroding formerly deposited fine-grained sedi-
ments.

The NCB area is a good example of active erosion
of formerly deposited sediments and the differential
depaosition of Litorina gyttja clay and recent mud. Fig-
ures 5a and 5b exhibit a typical distribution of sedi-
ments between the main NCB site and the clint form-
ing the western slope of the basin. Although the water
depth along the clint slope exceeds the reach of wave
induced water motion, it is obvious that sediment has
been eroded away. Likewise it is obvious that, due to
the eyclonic nature of water currents (anticlockwise)
in the Baltic Sea, the prevailing current flows south
along the clint slope.

It can further be observed in Fig. 5, that, although
partly eroded along the slope, the late glacial (Baltic
lee Lake, Yoldia Sea and Ancylus Lake) sediments
exhibit a rather uniform thickness independent of wa-
ter depth. The postglacial sediments (Litorina and re-
cent) show a completely different picture. The deposi-
tion has been rather uniform in the eastern (right) part
of the profile, but does dramatically wedge-out towards
the west. This is a clear indication that the main cur-
rent activity is along the western side of the north-
south trending deep. A further conclusion that can be
drawn from the acoustic profiles is that the main NCB
site is suitable for sediment sampling for environmen-
tal monitoring and, furthermore, that such samples
should not be taken from the deep area to the west of
the BASYS site.

Pockmarks

Flodén and Siderberg have noted the existence of
gas seeps in the Baltic Sea in several papers (e.g.
1988, 1994). The gas has been identified as a mixture
of biogenic and thermogenic origin. In many places
the seeps have formed pockmarks or small craters in
the bottom. In other instances the gas has accumus-
lated in sub-recent sediments blocking the penetra-
tion of high-frequency acoustic pulses used in echo
sounding. In the case of the NCB area, fossil pock-
marks are quite common (Fig. 4). Flodén (1997) ob-
served recent traces of gas in the sediment by side
scan sonar imaging during the R/V Petr Kottsov
Cruises.

According to the side scan images small seabed
features with a weak change in acoustic reflectivity
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were interpreted by Flodén (ep.cit.) to be indica-
tions of very minor gas seeps. On the side scan
records they were just visible as round areas, gen-
erally about 20 m in diameter. Mo visible craters or
other forms of surface disturbances could be de-
tected neither on the DESO echograms nor in the
deeptow records. On the other hand very distinct
disturbances (Fig. 4) could be seen in the glacial
sediments (units 5 and 6 in Fig. 5), but not in the
overlying strata.

The very large disturbances in the early glacial
and Baltic Ice Lake sediments (Fig. 4) are difficult
to explain unless it is accepted that something has
triggered off a “massive” expulsion of gas during a
limited time interval. If one assumes that gas hy-
drates had accumulated under the Weichselian ice
sheet, cold and deep water (or high ambient pres-
sure) would maintain the hydrate in solid form until
the depth would decrease and/or temperature would
increase sufficiently to dissolve the hydrate and lib-
erate the gas, with an “eruption™ as the result. The
fact that the overlying sediments have not been “vis-
ibly" disturbed precludes that if continuing gas es-
cape is oceurring, it can happen only at a very slow
rate.

The commonly occurring blanking of acoustic sig-
nals in the upper part of thick Holocene sediments,
often termed “basin effect”, were formerly assumed
to be signs of biogenic gas formed from the degrada-
tion of organic matter in the sediment. However, as a
result of the pioneering work conducted by Tom
Flodén (Flodén and Siderberg 1988) and the more
recent observations by the present author, gas in sedi-
ments are at least in part derived from a more deep-
seated source. Gas charged sediments are most of-
ten associated with fractures in the underlying bed-
rock. Thus, the gas that could have accumulated as
gas hydrate or being visible today as minor seeps could
have its source from the bedrock. In the current study
area, a plausible source for gas is the Cambrian al-
though fractures in the crystalline basement may be
a contributing factor.

CONCLUSIONS

The original task of defining a good sediment sampling
area in the northern Baltic Sea as a complement to the
BASY'S sites in the Bomholm Basin and in the Gotland
Deep was successful. The acoustic data and the study
of the sediment cores by authors previously mentioned
and those found in the present volume (Baltica 14)
clearly indicate that the NCB site is suitable for envi-
ronmental monitoring purposes. Late-glacial and post-
glacial sediment accumulation seems to have been
continuous at the main NCB site for all practical needs.

Higher rates of sedimentation than those observed
at the main BASYS site are to be found along the slope
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west of the site (Fig. 7). However, the closer to the
centre of the deep, between the clint slope and the
main site, the more the accumulated sediment has been
infuenced by lateral transportation of material. It is
also probable that the concentrations of environmen-
tally sensitive elements and compounds will decrease
with increasing accumulation rate because of dilution
by “inactive” fine-grained mineral matter eroded from
adjacent areas (Kohonen and Winterhalter 1999).
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On sediment patchiness at the BASYS coring site, Gotland Deep,
the Baltic Sea

Boris Winterhalter

Abstract

The recent and subrecent sediments of the Gotland Deep have been the target of extensive studies for
decades under various disciplines. Geological, geochemical and biological studies have made use of long
and short sediment cores to elucidate the post-glacial development and even the present day state of the
Baltic Sea. It has been assumed that sediment deposition has been continuous and uniform. Detailed
acoustic profiling and coring in connection with the BASYS project has shown that sediment accumulation,
even in the deepest parts of the basin, has, on the contrary, been sporadic and patchy at least during the
last millennia. Thus, especially in environmental monitoring the representability of the chosen sediment
sampling site should be carefully studied before drawing conclusions on the trends inferred from the
acquired data.

& Gorland Basin, Gotland Deep, sediment coring, sediment monitoring, accumulation rate, acowstic profiling,
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Fie 1. A 12 kHz echo-sounder profile across the Gotland Deep is showing very strong asymmetrical sediment accumulation.
I'he total thickness of Holocene (Litorina) muds is only slightly over 2 m in the western (left) part of the profile, increasing
10 almost 10 m near the eastern (right) slope. Inset “A” shows no subrecent mud accumulation in the middle, barely visible
i on the left (up-slope side), but increases up to a metre on the right. Inset “B” shows a similar difference in the thickness
of the uppermost unit (“Viking layer”). Inset “C" shows that, although much of the sediment is derived from up-slope,
makimum accumulation occurs not at the slope base (deepest) but from several hundred metres to a few kilometres away
from the slope, due to slope “hugging” currents. Location of profile is given in Fig. 3.

spectively the western slope by southbound currents.
111 addition to this main counter-clockwise current den-
<ity flows within the deep parts of the basin tend to
redistribute especially fluffy low-density material.

The patchy nature of sediment deposition in the
Ciotland Deep was finally and most clearly observed
when trying to accurately correlate a number of long
sediment cores taken by R/V Petr Kottsov, chartered
by 10W, in July 1997 as part of the BASYS sub-
project-7 (Paleoenvironment), from allegedly the iden-
tical site.

were actually collected from within an area less than a
hundred metres in diameter (Fig, 3). Although the ma-
jor sediment units could be precisely compared between
the separate cores, many of the details (layers and lami-
nae) visible in one core did not, however, match with
features in a nearby core. Because of the detectable
differences in the BASY'S cores taken from the same
site, a specially designed high-resolution deeptow
acoustic transducer system was deployed in a survey
conducted the following year, to try to detect the rea-
son for the discrepancy.

INTRODUCTION

One of the major depositional areas in the Baltic Sea,
the Gotland Basin, and more precisely the Gotland Deep
(GD) has been studied extensively for decades. Long
sediment cores have been used to study the Holocene
development of the Baltic Sea, and short cores to de-
scribe the trends in environmental conditions both in
the main water body and especially in the near-bottom
waters and the bottom itself, The uneven sediment dis-
tribution and variations in rate of accumulation in the
basin has been mentioned by several authors, e.g.
Emelyanov (2001), Gelumbauskaité (1995),
Winterhalter (1992), and also in several of the papers
in this volume of Baltica. However, doubts regarding
the representability of the sediments from the Gotland
Deep for detailed environmental studies have only re-
cently been voiced.

The first concrete indications of irregularities in the
accumulation of recent and subrecent sediment in the
Gotland Deep were observed during a cruise by the
Finnish R/V Aranda in the early 1990s when an al-
most 10 cm thick fluffy surface sediment was observed

I8

at monitoring station BY 15 (57°19°00"N, 20°02"14"E,
237 m). However, this layer was not observed at the
same location the following year. The idea of sediment
mobility in the form of lateral displacement as “large
drifts” (cf. snow drifts in winter) was conceived.
The deposition of sediment in the Gotland Deep is
regulated by the availability of suitable material and
the processes involved in its lateral distribution. During
the melting and retreat of the continental ice sheet, the
source was most obviously the mineral fines transported
by meltwater. Later, however, crustal rebound exposed
material, formerly deposited in deeper water, to cur-
rents powered by barometric pressure differences and
wind driven wave action, This suspended material to-
gether with authigenic and terrestrial components was
transported and deposited into deeper and more tran-
quil parts of basins, The high-frequency acoustic pro-
file in Figure | shows clearly the variations in sediment
accumulation along an east/west transect across the
Gotland Deep. No recent sedimentation is observed
on either flank. This is due to the Coriolis effect direct-
ing currents towards a right-hand slope. For northbound
currents the eastern flank would be affected and re-

The lacation of the
BASYS coring site
(Fig. 2) had been carefully
chosen on the basis of an
neoustic survey made by
R{V Aranda in April 1997
in an area where sedi-
mentation was thought to
have been consistent and
uniform both temporally
ind spatially. The final site
was located in an area of
“continuous” sedimenta-
tion but far enough from
the eastern slope to
minimise the possible in-
lluence of slope processes
(slumping and creep) that
might distort the useful-
ness of the sediment for
mMonitoring purposes.

The accurate plotting  Fig. 2. The distribution and thickness (in metres) of subrecent and recent sediments (of the
of the co-ordinates (Table  last millennia) superimposed on a 3D-map of the bathymetry of the Gotland Basin. The

1 for the different cores black arrow (57.28 N 20.11 E) shows the location of the BASY'S coring site. The map is based

on interpreted and digitised acoustic profiles (12 kHz) collected during the April 1997 R/V
showed that the cores  randa cruise. : g

Thickness of recent/subrecent mud ()
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MAPPING SURVEY

A large number of chirp and echo-sounding profiles
from the Gotland Deep have been presented and dis-
cussed in literature (e.g. Endler 1998) indicating varia-
tions in spatial and temporal sediment deposition. How-
ever, no detailed maps on the actual sediment distri-
bution in the deep area have been available. There-
fore in April 1997 R/V Aranda conducted an acous-
tic survey of the Gotland Deep to establish the distri-
bution of Holocene sediments with special emphasis
on the most recent deposits (Fig. 2), i.e. from the last
millennium attributable to the Medieval Warm Period
and termed the “Viking Layer” as suggested by Th.
Andrén (personal communication). Further surveys
were conducted in 1998 on board the R/V Aranda.
The bathymetric map in Fig. 3 was based on these
surveys. The map also shows the position of the main
BASYS coring site (211660) and the location of the
deeptow profile through the coring site (white line).
The exact locations of the actual cores are shown in
the inset of Fig 3.

21 1660-6
GB‘H.I 1/98

11162“-2 %! 1660-3

[ ] ]
211660-4  211660-5

211660-1
®

Fig. 3. The location of the cores taken at the BASYS coring
site. Height of inset figure is 110 m. The white line (20 km in
length) denotes the location of echogram in Fig. 1. Depth
contours are in S-metre intervals.

Table 1. The DGPS co-ordinates {decimal degrees) of the sediment cores taken at the

BASYS site in the Gotland Deep. See Fig. 3.

Sediment sampling

In accordance with the task set up under the BASYS
sub-project 7 sufficient sediment material was to be
acquired from a single station for use in a whole suite
of various analytical procedures. For this reason four
long sediment cores and two short ones were taken
from the same site during the cruise in 1997 by RV
Petr Kottsov (Harff and Winterhalter 1997) and in
1998 an additional long vibro-hammer core by R/V
Aranda. The site had been chosen as the main sam-
pling station for the BASY'S sediment cores represent-
ing the Gotland Basin. Although the cores were origi-
nally meant to be from the same position, due to posi-
tion keeping difficulties of R/V Petr Kottsov the se-
veral planned corings did not take place in exactly the
same spot (see Fig. 3). Core GBVH-1 was taken in
1998 by R/V Aranda. A verbal and graphic description
of cores 211660-2 (short core) and 211660-6
(Kastenlot) are given by B.Larsen (in Harff and
Winterhalter 1997).

The cores

The four long cores (211660-1, 211660-4, 211660-5,
and 211660-6, Table 1) to be discussed here were all
photographed. Core 211660-1 was a piston core pho-
tographed with a standard digital camera and the indi-
vidual picture frames were combined to produce a full-
length image of the core at the Stockholm University.
Cores 211660-4 and 211660-5, taken with a heavy grav-
ity corer, were hermetically sealed on board and opened
and optically scanned at the Institute of Baltic Sea
Research (I0W) in Warmnemiinde. The large box core
211660-6, with a cross section of 30 * 30 cm, was
opened on board the R/V Petr Kottsov and photo-
graphed with a hand held digital camera and consecu-
tively rectified and mounted by the present author to
produce the full core image. In the present study, try-
ing to address the patchiness issue, only the uppermost
four metres of core, covering the time interval from
the onset of the Litorina Sea brackish water phase to
the present, are shown in Fig. 4.

When comparing the photographs of the cores, and
also the various physical and chemical parameters that
had been measured, the
striking observation was
made that many of the finer

details, individual thin layers

and laminae, in the cores

could not be correlated al-
though the cores were

taken practically from the

same site. Major units, that

is, variations between lami-

nated and homogeneous

sections and etc., can be

Longitude Latitude Station No, Corer type

20118536 5T.282053 211660-1 Piston corer

2001 18448 57.283508 211660-2 Gemini short gravity corer
20.118745 57283455 211660-3 Gemini short gravity corer
20118523 5T283388 211660-4 Gravity corer

20,1 18912 57.283383 2116605 Gravity corer

20,1 18976 57.283805 2116606 Kastenlm

2001 18800 57 283680 GEVHILOE Vibro-haminer corer
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Fig. 4. Comparison of the upper parts of four long cores, covering the time span from the

nset of the Litorina Sea brackish water phase to the present. Starting from the left, the cores

re 211660-4, 211660-5, 211660-1, and 21 1 660-6, each shown in two sections. The vertical

cale is given for each core separately. The greater length of core 211660-6 is due to the fact
Ihat it penetrated the bottom at an angle of 20 to 25 degrees. The differences in length

tween the other cores can be ascribed both to core compaction and differences in sedi-

fent accumulation. Although the main features of the cores are similar, clear differences,

specially in the fine structures can be observed. These differences in detailed sediment

haracteristics can be attributed to patchiness in sediment accumulation. For additional

hscussion, see text

readily correlated, al-
though unit thicknesses do
vary. [t can be clearly seen
in Figure 4, that this is true
of all the cores. Part of
the observed variability
can possibly be explained
by changes in sediment
compaction as a result of
the coring procedure itself,
because the cores were
taken with different equip-
ment', This does not,
however, explain many of
the differences observed
in the detailed comparison
of the different cores.

A similar comparison
of various parameters
measured from the cores
also met with problems
when going into greater
detail. E.g. Kotilainen et
al. (2000) noted difficulties
in accurate correlation of
the paleomagnetic para-
meters measured from
cores 211660-6 and
211660-1. According to
the positioning data cores
211660-4 and 211660-3
were taken just a few tens
of metres from each
other. The detailed mag-
netic susceptibility curves
in Fig. 5, measured from
these two cores at 5-mm
intervals with a surface-
scanning Bartington-
MS2E! sensor clearly
show an agreement in
their overall trends. How-
ever, a closer study of the
measured data, clearly
shows variations spanning
more than just one mea-
surement, Some of the
discrepancy can be ex-
plained by the sensitivity

"y The core 21 1660-1 was taken
with a piston corer provided by
the University of Steckholm,
211660-4 and 211660-5 were
taken with the 1OW gravity
corer (Schwerelat) and the
211660-6 was taken with the
Kastenlot originally designed
by Dr. Friedrich Kogler, Kiel.

21
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lation of cores taken even
within very close proximity (o
each other would be very difti-
cult, at least on an annual or
semi-annual basis, Fig, 6 shows
a comparison between the
DESO and the deeptow
records taken from the BASYS
coring site,

It is obvious that the ship-
mounted 12 kHz transducer of
the DESO echo sounder gives
an erroneous impression of the
consistency and uniformity of
main reflectors. This is due 1o

i |
£ m—-i 2116604
z 30
R

.D _—
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Z 30
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, S the fact that the reflected
100 800 acoustic signal contains energy
from a much wider sea floor

Depth along core in cm

Fig. 5. Magnetic susceptibility measured along two of the cores (211660-4 and 21 1 660-
5) with a sampling interval of 5 mm. The cores are clearly not identical although the
distance between the cores is only a few tens of metres.

of the method to a sporadic occurrence of e.g. pyrite
grains, but there is still room for actual variability due
to differences in sediment accumulation®.

The deeptow record

During the April 1998 cruise
of RV Aranda both the stan-
dard DESO 25 shipboard echo
sounder, with a 12 kHz trans-
ducer, and a specially config-
ured deeptow system were
utilised. The deeptow utilised
a 28 kHz transducer mounted
on a tow body with a large
Klein K-wing as depressor.
The Meridata’s MD DSS
multi-mode sonar system was
used to produce and process
the acoustic signals. The sys-
tem was run both in pinger ( for
higher resolution) and chirp
mode (for better penetration),
The deeptow body was kept
at some tens of metres above
seabed while steaming at slow
speed. The acquired profiles
show an unprecedented
amount of detail, which clearly
indicated that detailed corre-

“) The magnetic susceptibility of the
cores 21 1660-4 and § were measured
by Mr Jyrki Himildinen at 10OW,
with a Bartington-MS2E1 and a sam-
pling interval of 5 mim.
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area than that given by a trans-
ducer towed close to the bot-
tom. The deeptow profile
shows greater variability in the
received signal, thus giving a much more realistic in-
terpretation of the consistency of acoustic reflectors.

A closer study of the acoustic profiles from the
coring site (Fig. 6) showed that, indeed, only the more
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Fig. 6. Sample of deeptow 28 kHz high-resolution echo-profile (top) across the BASYS
sampling site and a section of a 12 kHz echogram taken with the hull-mounted DESO 25
echo-sounder on board R/V Aranda covering exactly the same stretch of sea floor. The
star (*} denotes the approximate location of the BASYS cores. The undulating surface
of the deeptow record is due to variations in the altitude of the towed transducer body.
In reality the bottom is very fat. Vertical scale in metres. The two sets of reflectors, e,
at approximately 1-1.5 m and 3.5-4 m correspond to the events of high organic produe-
tivity (see Fig. 1 in Alvi and Winterhalter, 2001},

On sediment patchiness at the BASYS coring site, Gotland Deep, the Baltic Sea
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intensc reflectors showed lateral uniformity in the ac-
cumulation of sediment. It is obvious from the acoustic
records that the reason for the difficulty in correlating
the cores lies in the uneven sediment deposition at the
site. Detectable disturbances or variations in layer char-
acteristics could be observed in the fine features espe-
cially in the high-resolution deeptow profiles.

pISCUSSION

The patchy nature of recent and sub-recent sediment
distribution was known from the acoustic surveys con-
ducted prior to coring. The sampling site was there-
fore carefully chosen in order to provide uninterrupted
sediment accumulation with optimum temporal resolu-
tion of the Holocene strata. If coring had been tar-
geted only on the acquisition of the most recent sedi-
ment the best temporal resolution (high accumulation
rate) would have been provided by coring closer to the
eastern slope (Fig. 1). However, this would have intro-
duced an element of error, because at least part of the
sediment consists of resuspended material transported
down the slope and would thus not mirror the actual
conditions in the open sea.

1 is obvious that the sediments in the Gotland Ba-
sin are much more heterogeneous than previously as-
sumed. It seems that the older, glacial and late-glacial
sediments were deposited in a much more stable envi-
ronment. With the opening of the Danish Straits and
the onset of the brackish water phase of the Baltic
Sea (Litorina Sea) the situation changed drastically.
The inflow of heavy saline waters into the Baltic Sea
basm and their propagation as a gravity-propelled cur-
rent into the deep basins drastically changed the sedi-
ment dynamics of the Gotland Basin. The density strati-
fication in the water column together with the forma-
tion of internal waves induced water motion reaching
the bottom of the deepest basins.

Increased current activity in the deeps together with
the change in sediment character from a “sticky™ clay
10 1 gyttja clay (mud), rich in organic matter due to the
increased productivity (Litorina Sea), was conducive
i0 casier redistribution of accumulating sediments. The
conformable deposition typical of the Baltic Ice Lake
ard Ancylus Lake sediments had thus changed into a
“hasin fill" (Winterhalter 1992) type of deposition,
where even weak bottom currents are capable of re-
distributing sediment. This resulted in the patchy distri-
bution of recent sediments shown in Figure 2. Thus,
scdiment cores taken for environmental monitoring
purposes should be carefully compared with cores taken
during earlier years to ensure that sediment deposition
has been a continuous and uniform process.
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Physical properties of bottom sediments from three Baltic Sea basins

Marijonas Repecka

Abstract

The Holocene sediments of Bornholm, Gotland and North Central basins in the Baltic Sea consist
mainly of pelitic mud. Grain size and physical properties of bottom sediments in core sections
show various contents of pelitic particles and may be divided into layers and sub-layers, which
can be used for stratigraphic correlation between different basins, Three layers have been
distinguished in sediment section from the Bornholm Basin and 4-5 layers in Gotland and Norih

Ceniral basins.

O Bornholm Basin, Gotland Basin, North Central Basin, Baltic Sea, bottom sediments, grain size, phvsical properties, lavers, sub-

lavers, correlation.

O Marijonas Repeka, Institute of Geology, Department of Baltic Marine Geology. T. Sevienkos 13, LT 2600 Vilnius, Lithuania,
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INTRODUCTION

Sedimentary processes were active during the entire
Holocene in the main basins of the Baltic Sea. Pleis-
tocene tills can be seen only on the slopes of basins
and separate elevations where Holocene soft sediments
are absent or of a small thickness and represented by
a coarse type of sediments. The grain-size composi-
tion of bottom sediments in the cores is indicative of
suitable conditions for sediment accumulation in the
basins. Evidently there are neither large hiatus in the cores
nor changes in lithology of the sediments. Botiom sedi-
ments are pelitic mud (Bezrukov, Lisitzin 1960) contain-
ing more than70% of particles less than 0.01 mm.

Changes in grain size and physical properties of
bottom sediments in the cores indicate variations in
conditions and rates of sedimentation. The main aim
of this article is to divide sediments into different units
and correlate them between different basins. Changes
in thickness of the layers for different basins reflect
the rate of sedimentation in these regions. The strati-
graphic position of these lavers may be determined with
the aid of other methods (paleomagnetic measurements,
radiocarbon dating, pollen analyses and diatom assem-
blage zones).

24

DATA AND METHODS

During BASYS SP-7 marine expeditions on the
R/V Petr Kotisov cruises in 1996 and 1997 (Harff
and Winterhalter 1996, 1997) the samples of bot-
tom sediments from six cores were taken for labo-
ratory investigations (Fig. 1). The grain size of bot-
tom sediments was determined by the pipette
method (Petelin 1967). The fractions <0,001 mm,
0.001-0.005, 0.005-0.01, 0.01-0.05, 0.05-0.1, and
=0.1 mm have been measured. The sediment of
natural moisture is analysed without dispersing and
removal of salt or organic matter. Percentages of
fractions <0.001, 0.001-0.005, 0.005-0.01 mm were
determined. If there is more than 10% fof particles
=0.05 mm in the analysed sample, it is additionally
sieved.

To determine percentages of moisture in bulk
sediment a sample of 3-10 g weight is dried at
105°C. The density of dried terrigenous particles
of Baltic Sea bottom sediments is known to be 2.64-
2.68 glem’. Knowing the moisture percentage and
the density of dry particles of sediment it is pos-
sible to find out weight volume dn and volume po-
rosity:

—
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Fig |. BASYS coring sites. 211630-9 and 211630-10 cores
are tken from site location in the Bornholm Basin, 211660-6
and 21 1650-4 cores - from Gotland Basin, 21 1670-7, 00/96/
021 GC-2 and 00/96/02/2GC4 cores — from North Central
Basin. After B.Winterhalter, BASYS-7 final report, CD-ROM
Joss

dn = (100.dd/(Vm.(dd-1)+100), where:

dn - weight volume (bulk density of sediment of
natural moisture), g/cm’;

dil - density of dried particles of sediment, g/cm’;

Vi - moisture volume, %.

Them: Vp = (dn) Vm, where Vp - volume porosity;
dn - weight volume, g/em’;
Vin - moisture volume, %.

Grain size and physical properties of bottom
sediments were determined in cores from the
Bornholm, Gotland and North Central basins of the
Haltic Sea. Bottom sediment cores from stations
211630-9 (upper part of section) and 211630-10
{lower part of section) represent the Bornholm
Hasin. Summary length of two cores is 735 em (0-
600 and 440-735 cm). Water depths at the coring
site are 93.57 and 93.55 m, respectively. Sediment
cores 211660-6 and 211650-4 are from the Gotland
Basin. Bottom sediment cores from these stations
are 735 and 560 cm long. Water depths at the cor-
ing stations are 241.3 and 239.6 m, respectively.
The Worth Central Basin is represented by cores
from stations 211670-7 (upper part 0-350 cm inter-
val) and 211670-4 (lower part 100-520 cm inter-

val), 00/96/02/1GC-2 and 00/96/02/2GC-4. Water
depths at the coring stations are 175.2, 176.1, 175.8
and 185.4 m, respectively.

RESULTS
Bornholm Basin

Bottom sediments of the Bornholm Basin (BB) at the
stations 211630-9 and 10 are represented by pelitic mud
(=70% of particles <0.01 mm). The particles =0.05
mm make up only <1% of all bottom sediment par-
ticles. The amount of 0.05-0.01 mm particles ranges
from 4.8% in the lower part of core to 25% in the 460-
465 cminterval (Appendix 1). The cores from Bornholm
Basin, may be divided according to grain size and physi-
cal properties in the following intervals: 0-80, 80-312,
312-480, 480-580 and =380 cm (Fig. 2). Average amount
of pelitic (< 0.01 mm) particles, moisture, density and
porosity in different sediment intervals of cores are
given in Table 1. In the bottom sediment interval 312-
480 cm (station 211630-9) the amount of pelitic par-
ticles decreases from upper part downward (91.3-
73.9%). In the interval 480-580 cm the amount of pelitic
particles increases from 84.6 to 93.6%. The changes
in the amount of pelitic particles are most obvious in
the lower part of the core. Changes of grain size of
bottom sediments in the Bornholm Basin probably de-
pend on different hydrodynamic activity in the sedi-
mentary environment and various sea levels at the dif-
ferent stages of geological development of the Baltic
Sea.

The moisture content in the sediment cores de-
creases downward being 78.3% at the top of the core
to 57.4% at the 730-735 em interval below sea bot-
tom. Moisture decreases more intensively in the upper
part of core (0.11% per em) and less in the lower part
(0.006% per cm). Density of bottom sediments in-
creases from 1.15 g/em® at the surface to 1.36 glem’
in the 730-735 c¢m interval. Porosity of bottom sedi-
ments decreases from 90.6% at the top to 78.2% in
the lower part of core. The changes in grain size re-
flect the physical properties of the sediments.

Gotland Basin

Cores from the stations 211660-6 and 211650-4 repre-
sent bottom sediments of the Gotland Basin (GB). The
recovered core sections consist of pelitic mud. Accord-
ing to grain size and physical properties the bottom
sediments may be divided into 6 and 5 separate inter-
vals (layers and sublayers) respectively (Fig. 2, Table
1). Grain size of bottom sediments in the interval 0-60
cm of 211660-6 station does not change and average
amount of pelitic particles reaches 84.4%. Upper part
of 60-165 ¢cm interval of bottom sediments is enriched
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North Central Basin

Bottom sediments of the North
Central Basin (NCB) are rep-
resented by cores from stations
211670-7, 4, 00/96/02/2GC-4
and 00/96/02/1GC-2 These
cores recovered section of bot-
tom sediments 520, 575 and 550
em thick. All cores are made up
of pelitic mud and only in the 65-
69 em interval in core 00/96/02
IGC-2 the amount of pelitic par-
ticles is less than 68 %, thus
characterising the sediments as
aleuritic-pelitic mud. Sections of
bottom sediments in the cores
have been divided into 5-7 dif-

<0.001 mm

Fig. 2. Grain size composition of sediments from Bornholm and Gotland Basins.

in pelitic particles (91.5%), and the lower part is coarser
(72.2% pelitic particles). The amount of 0,05-0,.01 mm
and 0.01-0.005 mm particles in the interval 1635-340
cm reaches 25-15% and 44.5-35% of respectively. The
amounts of 0.005-0.001 mm particles in the interval
340-465 and 465-548 cm increase to 50%, whereas
those of coarse particles decrease. The amount of
<0001 mm particles sharply increases in the 548-735
cm interval and reaches 85.1%. Changes in amount of
different particles downward in the core show more calm
hydrodynamic conditions at the moment of sedimenta-
tion. These conditions probably differed with different
stages of geological development of the Baltic Sea.
Similar changes in grain size of bottom sediments
can be observed in the core from station 2116350-4,
The sediments become finer from the top surface down-
ward, The boundary at the 328-cm depth may be cor-
related with one at the 548-cm depth in the core 21 1660-
6. The station 211660-6 is located in a deeper, central
part of the Gotland Basin, and the rate of sedimenta-
tion varies here more sharply. Physical properties of
bottom sediments in the Gotland Basin vary downward
from the sea floor. Amount of moisture and porosity
decrease from 79.8 and 92% to 53.1 and 75.1% in the
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ferent layers and sublayers re-
spectively (Fig. 3, Table 1). The
grain size and physical properties of bottom sediments
in the cores 211670-7.4 and 00/96/2/2GC-4 are very
similar and intervals are well correlated. The grain size
of bottom sediments in the core 00/96/02/1GC-2 may
be divided into 7 different layers and sublayers. The
interval 0-19 and 19-65 cm correspond to the intervals
0-41 and 0-42 c¢m in other cores. The interval 315-413
cm corresponds to 495-550 and 445-520 cm intervals.
The interval 413-575 cm in core 00/96/02/1GC-2 is
deeper than lower intervals in other cores. The grain
size of bottom sediments from the bottom surface down-
ward becomes more dispersed. The amount of >0,05
mm particles decreases and that for <0.01 mm in-
creases. The amount of <0,001 mm particles is sub-
stantial in the lower part of cores, especially in the core
00/96/02/1GC-2 downward from interval 413 em.

Physical properties of the bottom sediments in the
North Central Basin vary downward from the bottom
surface. Amount of moisture and porosity decreases
from 76.9-67.4 and 89.9-84.6% at the top to 56.3-49.8
and 77.6-70.7% in the lower part of the cores respec-
tively. Density of bottom sediments increases from
1.17-1.26 g/em® at the top to 1.38-1.45 g/cm® in the
lower part of core section.

Physical properties of bottom sediments from three Baltic Sea basins

-_.r;;_]— \verage amount of pelitic (<0.01 mm) particles, moisture, density and porosity
in the diffcrent bottom sediments cores intervals
e <{.01 mm, % Moisture, % Density g}cm} Porosity, %
Interval, | 0 Range Mean Range Mean Range Mean Range Mean
= Bornholm Basin
e
jﬁgﬁ.‘ :.”z l 1533 = 7905900 | 83.4 |69.3-783] 735 | 1.15-1.24 | 1.20 | 857-90.6 | 88.0
02| 11 840891 | 854 | 61.8705| 668 |122-131| 126 [81.0-864| 842
512450 6 | 739913 | 844 |612-631 61.8 [130-132] 131 |808-820[ 8L
380580 | 8 | 84.6-93.6| 889 |557-61.9| 580 |134-138| 136 |77.0-81.2 78.6
580-735| S5 | 84.2-952| 892 [556-57.9| 57. [1.36-138| 137 |769-782] 78.0
— Gotland Basin
“E'm_l:f:nz I lﬁ: 5t 82.8-88.8 | 844 |75.1-798] 770 [115-1.18] 1.7 [889-920| 90.1
G0-165 | 3 | 722915 826 |686-789| 747 |1.15-1.24] 1.19 |853-908| 886
165340 | 5 | 73.9-83.8 | 802 |66.6-67.7| 673 |125-1.26| 125 |84.1-848] 845
340465 | ® | 81.2-862| 838 |61.0-688| 644 |124-132] 129 |80.6-854] 827
265548 | 3 1915919 916 |592-60.5| 599 |133-134] 133 |794-803| 79.9
545-735| 6 1916992 972 [53.1-561] 552 [138141] 139 |751-773] 76.6
! 0-4
sml:f: 51 535 69.5-820 | 752 |662-665| 663 |1.26-1.27| 127 |839-84.1| 840
s2022| 2 |87.0-888| 879 |632-656] 644 |127-1.30] 1.28 |82.0-835| 828
127328 | 9 | 900962 | 936 |580-614| 593 [133-140[ 135 |785-808| 794
3254821 5 1993994 | 993 [527-541| 535 |140-142[ 141 |746757| 752
205701 2 1990995 992 | 45.448.5 | 47.0 | 147-151| 149 | 68.7-71.3 | 70.0
' North Central Basin
ion 211670-7,4
Emi}ﬂi 5 | 84.4896] 876 |665-674] 668 |1.26-126] 126 |84.1-846| 842
11-125| 6 |82.1-845| 832 |597-656] 643 |127-1.34| 129 |79.8-835| 827
12:388 | 17 | 90.0-97.2 | 935 |53.7615| 566 |1.32-141| 137 |755-809 | 77.6
184445 | 2 | 902964 | 933 |[53.0-566| 548 |1.37-142| 140 | 75.0-776 | 76.3
445520 3 |96.0980| 969 |526-562| S46 |138-142| 140 |747-77.3| 762
ati 2/2GC-4
Sm{ﬂzmgm 70.0943 | 860 |629-769| 688 [1.17-1.30] 124 |[81.8-89.9| 853
1-134| 3 | 754866 | 824 |626-692| 658 |124-130] 127 |81.7-857| 836
134407 | 7 | 904969 | 937 |550616| 582 [1.32-139| 136 |765-810| 787
(307495 | 4 | 81.8-809| 848 [549-582| 562 |135-139| 138 |764-787| 774
195550 | 3 |91.3981] 958 |543-563| 555 |138-140| 139 |755-77.6| 767
St 2/11GC-2
atéf ;agnmgm 76.9-86.2 | 816 |647-705| 67.6 |1.23-128 | 1.26 | 83.0-86.8 | 849
19-65 | 4 | 163-73.9| 779 |64.2-739] 673 [1.19-1.29] 126 |827-883| 845
 55-106| 2 |685-73.2| 708 |64.7-723| 685 [121-128| 124 [83.0-874| 852
106272 | 3 |892-89.7| 894 |s86-612] 600 |132-135| 133 |79.0-80.8 | R0.0
272315 2 | 78.1-808 | 794 |60063.7] 61.8 |129-133| 131 |80.0-824| 812
315413 | 3 |932955| 945 [55.6-57.0| 562 |137-138| 138 |762-77.8| 774
413575 | 3 | 955981 | 969 [498-552| 528 |139-145] 142 [707-766| 742
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the station 211650-4. It means,
that rate of sedimentation at he
station 211660-6 is 67 % higher
The hydrodynamic condition oy
sediment deposition is calmer g
station 21660-6. The rate of sedi-
mentation in the deeper part of
NCB (185.4 m, station 00/96/02/
1GC-2) is about 60% less, than
at the station 00/96/02/2GC -4
(175.8 m). It shows more active
hydrodynamic activity in the
deeper part of the basin.

A layer of bottom sedimenrs
in the cores divided by grain size
and physical properties approxi-
mately corresponds to that de-
termined by other methods
(Andrén, Andrén, Lindeberg
1998, Andrén 1999). There are
large intervals between samples
for grain size analyses, and
changes in lithology approxi-
mately show boundaries be-
tween divided layers. Samples
for grain size analyses were taken
from gravity core sections of bot-
tom sediments. Layers of bottom
sediments determined from grav-
ity cores didn't correspond to
those from piston cores (Andrén
1999). The layers, distinguished
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by different methods may be
correlated in a correct way only
if the samples used in the com-
parative study are taken from the
S4me core.

Sediment layers, characte-
rised by different grain size and

=0.001 mm

Fig. 3. Grain size composition of sediments from North Central Basin.

DISCUSSION

Sedimentological data for core correlation. Sub-
division and tentative correlation of cores from
Bormholm, Gotland and North Central basins, accord-
ing to grain size and physical properties of battom sedi-
ment, is shown in Fig. 4. The layers and sublayers are
recognised and may be correlated in different cores. It
should be noted that the grain size changes of layer 3
in core 211650-4 (GB) are comparative (?) and this
layer hereby could not be divided into sublayers.

Rate of sedimentation in the GB and NCB are simi-
lar, but in the BB are 2-3 times higher. The rate of
sedimentation in GB is higher in the deeper part of the
basin. Lower boundary of the third layer is at 548 cm
below sea floor at the station 211660-6 and 328 ¢m at
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physical properties may be cor-
related to diatom assemblage
zones (Andrén 1999), The first
layer (Fig. 4) corresponds to the Recent Baltic Sea
and the second one to post-Litorina Sea stage. The
third layer (a, b sublayers) corresponds to Litorina Sea,
the ¢ sublayer - initial Litorina Sea and the upper part
of Ancylus Lake stage of the Bornholm Basin. The 3
a, b sublayers in the core from Gotland Basin corre-
sponds to Litorina Sea and upper part of Ancylus Lake
stage. Sublayer 3¢ corresponds to the lower part
Ancylus Lake and Yoldia Sea stages. Layers 4 and 5
correspond to different parts of Yoldia Sea stages. It is
necessary to note that there is no sharp lithological
boundary between Litorina Sea, Ancylus Lake and
Yoldia Sea stages. Conditions of sedimentation in the
Bomholm Basin in Litorina Sea and in the Ancylus
Lake stage in the Gotland Basin were similar, The same
sublayers (3c) in Bornholm Basin are related to initial

Physical properties of bottom sediments from three Baltic Sea basins
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Fig 4. Correlation of cores from Bombolm, Gotland and North
Central Basins, according to grain size composition and
physical properties of sediments. Numbers in cores section
show layers and letters — sublayers. Graine size composi-
tion of sediments is given in figures 2-3.

Litorina Sea and upper part of Ancylus Lake stages,
when in the Gotland Basin this sublayer is related to
the lower part of Ancylus Lake and the upper part of
the Yoldia Sea stage.

Ihe grain size and physical properties of bottom
scdiments show different conditions and rate of sedi-
mentation in the present geological history of the Bal-
lic Sea. The reliable correlation of separate intervals
needs proper data for age determination.

CONCLUSIONS

Lirain size and physical properties of bottom sediments
reflect conditions of sedimentation in the sea.
Lithological data make it possible to divide sediment
cores into layers and sublayers (units) and correlate

them between different basins. It should be noted that
the same lithological composition of bottom sediments
prevailed during the Litorina stage in the Bornholm
Basin and during the Ancylus Lake stage in the Gotland
Basin. It means, that the conditions of sedimentation
remained unchanged during different stages of geo-
logical development of the Baltic Sea.
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Appendix |, Grain size and physical properties of bottom sediments

Fractions, %

Interval,| =0.1 | 0.1- | 0.05- | 0.01- [0.005-{<0.001|<0.01 | Md, | So |Moisture Deu:-;i!iy Porosity
cm mm | 0.05 | 0.01 | 0.005 | 0.001 mm | mm Yo g/cm Yo
Station 211630-9 (Bornholm Basin) ¢ 55"22.65' N % 15°23.58' E Depth 93.6 m

0-5 04| 150 3770 289 18.0] 84.6/ 0.0050] 2.1 78.3 1.15]  90.6
10-15 0.7 93| 37.8] 328 194 90.0]0.0047] 2.2 75.2 1.18) 889
20-25 0.4l 155 22.5] 34.1] 279 84.5]0.0036] 2.8 74.1 1.19] 884
30-35 071 142] 206 458 187] 85.1] 0.0037] 2.2 73.9 1.19] 882
40-45 18.2] 21.8] 34.6] 254 81.8/0.0038 2.9 72.7 1.200 87.6
50-55 0.6] 179] 27.8] 420/ 11.7] 81.5 00400 2.0 72.4 1.21 87.5
60-65 0.7 19.8] 205 404 186 795/ 00040, 24 71.9 1.21 87.0
70-75 07 195] 216 36.1] 22.1] 79.8] 0.0040] 2.6 69.3 1.24] 857
85-90)| 0.6 154] 199 370 27.1] 84.0/ 0.0035] 2.8 70.5 1.22] 864

100-105 0.5] 15.5] 200 371 269 84.0 0.0030] 2.9 70.5 1.22] 864
110-115 0.6 147 200] 376 27.1] 847/ 00030 2.7 69.8 1.23 86.0)|
125-130 1.o] 124 167 45.2] 24.7] 86.6] 0.0030] 2.5 68.2 1.24] 85.1
140-145 0.7] 149] 21.0] 351 283] 84.4|00030] 2.8 68.0] 1.24] 85.0
150-155 0.6 14.1] 22.3] 358/ 272 853|0.0040] 2.8 66.3 1.26] 84.0
180-185 0.7 14.5] 203| 41.7] 22.8] 84.8| 0.0040] 2.5 67.0 1.25] 844
200-205 0.6 149 194] 41.3] 23.8 84.5 00040, 2.6 66.3 1.27] 840
230-235 0.6 143 21.9] 430 202| 85.1]0.0040] 2.3 63.3 1.29]  82.1
260-265 0.6] 126] 225 429 21.4] 86.8 0.0040] 24 63.5 1.29] 822
300-305 0.6 103 22.8] 429] 234 89.1]0.0030 2.4 61.8 1.31 81.0
320-325 0.6] 81] 133] s543] 237 91.3] 00030, 2.1 63.1 1.30] 820
350-355 12.4] 24.6] 384] 246| 87.6 00040 2.7 61.6 1.32] 810
380-385 0.5] 144] 233] 400 246 87.9|0.0040] 2.8 61.6 1.32] 810
400-405 0.5] 13.4] 184] 436 24.1] 86.1 0.0030] 2.6 61.7 1.31 1.1
430-435 0.5 194] 11.7] 459 224 80.0]0.0030] 2.6 61.5 1.31 80.9
460-465| 0.5 06| 250 6.5 489 185 73.9/0.0040] 2.8 61.2 1.32] 0.8
495-500 0.6 148 19.1] 41.7] 23.8] 84.6/ 0.0030] 2.6 59.3 1.34]  79.5
530-535 05| 109 11.5] s4.6| 22.5] 88.6 0.0030] 2.0 57.7 1.36] 784
550-555 05| 74 80| su1| 33.0 92.1]0.0023] 2.1 56.6 137 776
570-575 0.5] 68 104 s52.1] 302 927 00025 2. 55.7 1.38 77.0
595-600 05] 96 64 574 26.1] 899 0.0030] 2.1 55.6 1.38 76.9
Station 211630-10 (Bornholm Basin) ¢ 55"22.65° N 4 15°23.85" E Depth 93.6 m
440-445 14.5] 16.5] 4900 20.0] 85.5]0.0030] 2.2 61.9 1.31 81.2
500-505 123 19.7] 42.0] 260/ 87.7/0.0030] 2.6 59.2 1.34] 794
530-535 10.1] 14.2] s50.5] 252] 899/ 0.0030] 22 56.6 1.37] 776
560-565 10.8] 162] 430 30.0] 89200030 24 56.9 1.37] 778
610-615 0.4 154] 212] 31.6] 314 84200030 28 570, 1371 779
660-6635 0.5 1071 14.0] 3009 439 888 0.0020] 2.3 57.8 1.36] 785
680-685 1231 124 263] 49.0| 877/ 0.0010] 2.2 57.9 1.36] 785
730-735 48] 1200 332 s00[ 95200100 22 57.4 1.36] 782
Station 211660-6 (Gotland Basin) ¢ 57°17.03' N % 20°07.14° E Depth 241.3 m

0-5 03] 109 254 469| 16.5] 88.8/0.0040] 2.1 79.8 1.15] 920
s.1ol 03] 03] 16| 339 369 12.5] 83.3]0.0050, 2.0 78.0 1.16] 904
2530 03] 03] 166 298] 395 13.5] 828 0.0050] 2.0 75.3 1.18]  89.0
45-50] 14] 1.7] 14a] 283] 374 17.1] 82.8/0.0050] 2.1 75.1 1.18] 889
64-68 85| 285 3700 260 91.5] 00040 2.7 78.9 1.15]  90.8

——
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= Fractions, %
interval,| =0.1 | 0.1- | 0.05- | 0.01- |0.005-{<0.001|<0.01 | Md, | So [Moisture D:nsit}y Porosity
em | mm | 0.05 | 0.01 |0.005]0.001 mm | mm % g/em %
105-110 04| 155] 39.1] 256 194] 84.1]0.0050] 2.1 76.6 1.17]  89.7
145-150 0.3 27.5] 427 168 127 72.2[0.0070] 1.9 68.6 1.24] 8.3
Te5-189] 03] 06| 252 3500 17.5] 214 73.9]0.0065] 2.5 67.6 1.25] 84.7
10-245] 03] 03] 194] 347 261] 192] 80.0] 0.0060] 22 66.6 1.26]  84.1
Ses5-270]  06] 06] 17.0] 430 185 203] 81.8] 0.0060] 2.1 67.2 1.25] 845
00205 0.6]  06] 150 44.5] 195 198 83.8 0.0060] 2.1 67.7 1.25| 848
5223271 03] 03] 17.8] 399 224| 193] 81.6] 0.0060] 2.1 67.2 1.26] 845
50354 03] 03] 150 23.5] 425 184 84.4[ 00040 22 68.8 1.24] 854
354-360 04| 134] 156] as52] 254] s6.2[ 00030 25 68.6] 1.24] 853
~g0384] 03] 03] 155 23.0] 302] 307] 839[0.0030 28 68.2 1.25]  85.1
413-418 02| 153] 21.1] 479] 155 84.5 00040 2.1 64.6 1.28 82.9
125-430 02| 180 23.7] 498 83| 81.8 00043 19 61.2 1.32] 807
[ 440-445 03] 185 28.1| 324 207] 81.2|00046] 24 61.6 1.32 £1.0
| 145-450 16.7] 21.0] 385 238 833[0.0037] 27 61.0 1.32] 806
[ 155-460 0.3 150] 205 405 237 84.7/0.0036] 2.6 61.2 1.32] 808
| 470-475 03] 82| 266 407 242 91.5/0.0035] 25 60.1 1.33]  79.9
| 198-503 03] 82| 2470 43.1] 2370 91.5/0.0034] 24 60.5 1.33] 803
525-530 02| 79| 248 47.1] 200 919/00035] 22 59,2 1.34] 794
565-570) 23] 42| 84| 85.1] 97.7]<0.001] >1.1 55.7 1.38]| 76.8
| 600-605 33| 52| 174] 741] 96.7] <0.001] >1.1 55.5 1.38]  76.8
645650 84| 84| 156 676 91.6<0.001] >1.7 53.1 1.41 75.1
(50-685 09 154] 204] 633] 99.1]<0.001] >1.8 55.2 1.39]  76.6
715720 0.8 88| 240 664 992|<0001] >1.6 56.1 1.38] 773
730-735 0.8 62| 142] 788 99.2]<0.001] =1.1 55.7 1.38] 770
Station 211650-4 (Gotland Basin) ¢ 57°18.3339° N A 20°02.9907° E Depth 239.6 m
0-5 1.2] 293] 31.7] 256] 122] 69.5]0.0070] 24 66.3 127] 839
30-35 Lol 250 287 27.0] 183] 74.0[ 0.0060] 24 66.5 1.26]  84.1
45-50 1.3 167] 256 3000 26.4] 82.0/ 00040 29 662 1271 839
60-65 1.0 120] 234 33.1] 305 87.0|0.0030] 2.7 65.6) 1271 835
[ 110-115 1.0 102] 222] 365 30.1] 88.8 0.0030] 2.6 632 1300 820
| 130-135 05 95 19.00 343] 367 90.0[00026] 24 605 133 803
|64-169 97 18.5] 3200 39.8 90.3]0.0020] >3.0 604 133 803
211-216 82| 159 329 43.0] 91.8 0.0020]>2.21 61.4] 132 808
| 220-225 6.7] 14.7] 332 4s5.4] 93.3] 0.0020]>2.14 sgol 134 789
| 246-252 6.7 13.3] 338 462 93.3] 0.0014]>2.10 s86] 135 789
| 260-265 500 13.8] 3s5.1] 46.1] 95.0] 0.0014] >2.1 s8.0] 135 785
| 086-290 2.0 125 345] 49.0] 96.0 0.0010] >2.0 58.4 1.4 787
105-310 3.8 125 337 s50.0] 96.2] 0.0010] >2.0 sg.6]  1.35] 789
310-315 38 9.8 324] s4.0] 96.2]<0.001] =19 500, 1.34] 792
140-345 07 11.3] 213] 667 99.3]<0.001] >1.6 53.5 141  75.2
180-385 0.7 10.6] 204] 683] 99.3]<0.001] >1.6 536] 141 752
100-405 0.7 10.0] 201] 69.2] 99.3]<0.001] =15 5271 142] 746
150-455 0.6/ 10.1] 19.0] 703] 99.4]<0.001] >14 s34l 141 152
160-465 0.6] 93] 186 715 99.4]<0.001]>1.32 54.1 1.40] 757
500-505 05 90 180 725 99.5]<0.001|>1.24 485 14701 713
65-570 1ol 93| 181] 71.6] 99.0[<0.001]>1.32 454 151 687
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Physical properties of bottom sediments from three Baltic Sea basins

Interval,| =0.1 | 0.1- | 0.05- | 0.01- | 0.005-]<0.001 | <0.01 | Md, | So |Moisture | Density |Porosity
em | mm | 0.05 | 0.01 |0.005 | 0.001 mm_| mm % | gem’ | %
Station 211670-7(North Central Basin) ¢ 58"49.1622° N ). 20"15.1363° E Depth 175.2 m

0-5 104] 21.7] 537 142] 89.6[0.0036] 19]  674] 1.26] 846
5-10| 15.6] 193] 51.3] 13.8] 84.4] 0004 20/ 669 126] 843
10-15 156] 221 53.5] 138 84.4]00037] 2.1 669 126 843
20-25 11.2] 22.0] 525 143] #8.8/0.0037] 19| 665 126] 841
30-35 0.6 129 292 382 19.1] 86.5[00033] 22| 665 126] 841
47-53 0.6 14.8] 286 37.5| 184 845/00040] 22| 653 128 833
60-65 16.0] 27.3] 3200 17.7] 77000040 22| 656 127] 833
86-91 0.6] 164] 188 426 21.6] 83.0[0.0040] 24| 644 129 8238
92-97 04] 168 207 41.5] 20.6] 82.8(0.0038] 24| 597 134 798

100-105 16.9] 204 40.8] 219 83.1]0.0040] 2.5 655 127 835
111-116 17.8] 17.8] 41.1] 232 82.1]0.0040] 26]  652] 128 833
135-140 9.9 138 46.7] 20.6] 90.1]0.0030] 22| 608 132] 805
190-195 9.7] 123 429] 351] 90.3]0.0020] 2.2 61.5] 132 809
240-245 64| 12.1] 446/ 369 93.6]0.0020] 2.1 574 136 782
275-280 7.7] 124] 41.9] 38.0] 92.3]0.0020] 23 57.8]  1.36] 785
315-320 40| 102] 429] 429] 96.0/0.0020] 2.0 568 136] 778
345-350 28] 68 427 477 972/ 0.0010] 19 561 138 773
Station 211670-4 (North Central Basin) ¢ 58°49.1843 N 2 20°15.2026’ E Depth 176.1 m
100-105 55 194] 369 382] 94.5[0.0020] 22 s83]  1.35] 788
160-165 6.5 189 352] 392] 933[0.0020] 22 561 138 773
190-195 6.8 180 37.2] 38.0[ 932]0.0020] 22 553] 1390 767
210-215 6.00 17.1] 37.8] 39.1] 94.0]0.0020] 22 547] 139 762
240-245 6.5 159 37.7] 399 9s5.s]0.0030] 2.2 566 1371 776
250-255 6.1 17.5] 32.7] 43.7] 939/ 0.0020] 2.1 558  1.38] 770
275-280 59 160 31.9] 46.2] 94.1]0.0015] 2.1 557  1.38]  77.0
280-285 6.0 15.5] 344] 44| 940/ 00017] 2.1 55.1] 139 765
295-300 10.0] _18.0] 37.6] 34.4] 90.0[0.0030] 24 566 137 776
323-328 80| 1200 40.1] 399] 92.0[0.0020] 2.1 56.5| 137 776
330-335 04 34 140 46.1] 361] 96.2[0.0020] 2.1 5370 141 755
370-375 3.6 94| 472 397 96.3]0.0020 2.0 56.0 138 772
400-405 98 242 458 202 902|0.0036] 22 s6.6] 137 776
420-425 3.6/ 262| 382| 32.0] 96.4]0.0030] 24 53.0] 142 750
465-470 40 96| 30.6] 564 96.6]<0.001] >1.9 550 139 765
485-490 34 139] 302] 525 96.6]<0.001] >2.0 562 138 773
515-520 200 _10.7] 35.0] 523] 98.0]<0.001] >1.6 526 142] 747
Station 00/96/2/2GC-4 (North Central Basin) ¢58°49,10° N % 20"15.17° E Depth 175.8 m

0-5] 04| 1.7 269 420 21] 269] 71.0[0.0075] 4.0 769  1.17]  89.9

0-5] 1.7 35| 345 21.2] 053] 386 603]0.0075] =52 7570 L18]  89.2
5-10 03] 54 214] 716] 1.3] 943]00037] 16 665 126/ 84.1
25-30 03] 59 322] s60| 56| 938/ 00042] 1.7 629  1.30[ 818
54-59 06| 14.3] 323] 443] 8.5 85100047 1.8 65.5] 127 835
90-95 1.7 11.7] 31.2] 455 9.9] 86.6/ 0.0040] 1.9 62.6] 1300 817

112-117 1.7 229 334 18.1] 239 754|0.0062] 28 692 124 857
150-155 05] 91| 209] 479 12.6] 904]0.0041] 1.9 60.6]  1.33] 804
190-195 03] 7.8 239] 509 17.1] 919[0.0030] 2.0 593 134 795
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'_ Fractions, %

[nterval,| =0.1 | 0.1- | 0.05- | 0.01- |0.005-[<0.001|<0.01 | Md, | So |Moisture Dcnsit}y Porosity
cm | mm | 0.05 | 0.01 |0.005]|0.001 mm | mm % glem %
[220-225 03] 28/ 142] 734 93] 969/ 0.0030] 16 61.6 1.32]  RI1.0
260-265 02| 4.6 196] 6831 73] 952{0.0035 1.6 56.9 1.37] 778
[300-305 49| 125 606 2200 95.1|0.0028 1.9 58.0 136 78.6
(300-305 1.0 74| 220/ 598 9.8 91.6/0.0037] 1.8 57.8 1.36| 785
[350-355 07| 32| 102] 816 43| 96100032 1.5 56.9 1371 T8
350-355] 09 09 6.1] 11.3] 56.8 240 92.1] 0.0028] 2.1 56.1 1.38 77.3
400-405 48 19.0] 356] 406 952]0.0021] =23 53.7 1.41 75.5
400-405 58| 16.8] 542 232] 942/ 00030 2.1 55.0, 139  76.5
409-415 0.3 168 160 548 12.1] 82900038 20 56.8 1.37] 778
425-430 03 98] 54| 564 28.1] 89.9] 0.0026] 2.1 58.2 1.35 787
460-465 1.7] 13.8] 35.3] 37.6] 11.6] 84.5/0.0051] 19 55.1 1.39]  76.5
450-485] 09 1.8] 155] 11.8] 41.2| 288 81.8 0.0031] >2.7 54.9 1.39] 764
sos-s10] 19 19 49 73] 438] 402| 91.3]0.0019] >2.0 543 1.40] 755
530-535 2.0 3.5 40.2] 54.3| 98.0/ <0.001] >1.8 56.00 1.38 77.2
530-535 1.9 1.9 364 359.8 98.1]<0.001] =1.6 55.9 1.38 711
545-550 1.9 63| 47.5] 44.3| 98.1] 0.0015] =1.8 56.3 1.38 77.6
Station 00/96/02/1GC-2 (North Central Basin) ¢ 58"48.84" N 4 20°19.71" E Depth 185.4 m

0-5] 05 2.8 199] 426 278 6.5 76.9] 0.0070] 1.6 70.5 1.23 86.8
15-19] 04| 04] 13.0] 246 494 122 86.2| 0.0040[ 19 64.7 1.28 83.0
20-25| 04| 12| 205 23.6 443] 10.0] 77.9/0.0050] 2.2 63.6 1.29] 823
20-25] 04| 20| 21.5] 234 433] 96| 763]0.0050 2.0 64.2 1.29] 827
20-25 1.6| 24.9] 26.4| 384| 87| 73.5/0.0060] 2.1 64.8 1.28 83.0
30-35] 04| 1.3] 200] 246] 429 108] 783|0.0050] 2.1 65.1 1.28 83.2

- 50-55| 04 08| 199] 259] 40.8] 12.2| 78.9/0.0050] 2.1 66.0 1.27 3.8
61-65] 1.1] 08| 20.1] 250 394 136 78.0| 0.0040] 22 73.9 1.19 88.3
65-69] 0.5 0.5 305 285 21.0] 19.0] 68.5 0.0060] 2.9 72.3 1.21 §7.4
77-82] 04| 07] 257] 359 27.1] 10.2] 732/ 00070 2.1 64.7 1.28 83.0
130-135 0.3 100/ 224| 58.1 9.2| §9.7/ 0.0040] 1.8 61.2 1.32 80.8
190-195 0.3 104 105 657 13.1] 893]o0.0030] 1.7 60.2 1.33 80.1
260-265 0.5 103 11.6] 54.8 22.8] 89.2] 0.0030] 2.1 58.6 1.35 79.0
280-285 0.3 21.6] 358 30.0] 12.3] 78.1] 00060 1.9 63.7 1.29 82.4
291-296 06 186/ 180 427 20.1| 808|0.0040[ 24 60.0 1.33 80.0
| 333-338 09 59 104 374] 454| 932/ 0.0010] 20 56.1 1.38 71.3
165-370 45 4.7 448] 46.0] 955|0.0010[ >1.9 57.0 1.37] 77.9
180-385 02| 49 56| 402] 49.1| 94.9] 0.0010] >1.9 55.6 1.38 76.9
440-445 02 1.7 46| 92| 843] 98.1]<0.001] >1.1 53.3 1.41 75.2
500-505 02] 28 47 11.5] 808 97.0] <0.001] =1.1 55.2 1.39 76.6
| 570-575 02| 43| 89 225 e4.1] 955 <0.001] =17 40 8 1.60 79.8
33
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Distribution of organic walled microfossils within single lamina from the Gotland Basin,
and their environmental evidence

Wolfram W. Brenner

Abstract

Initial investigations on laminated sediments from the Gotland Basin show that it is possible to sample sediments
in millimetre dimension for quantitative analysis of organic walled microfossils. This first result leads to the
assumption, that in the investigated sequence extreme environmental variations within a few years take place
They are reflected in the microfossil content within single laminae. Especially the dinoflagellate cysts Pyxidiniopsis
psilata and Ataxiodinium choane are only abundant in small layers within single lamina. From these resulis it
can be assumed that the assemblage change of organic microfossils in the Litorina Sea phase reflects rather the
frequency of specific environmental and/or climatic conditions than general assemblage changes of the
microfossils. Additionally, the use of absolute abundance of specific organic-walled microfossils as sedimentation

rate indicators is discussed,

3 Balvic Sea, Gotland Basin, lamingred sedfmens, arganic-walled microfossils, dinoflageflate cvsts, environmental change.

£ Walfram Brenner [whrenner@ geomarnde], GEOMAR, Wischhofur |-3, 24148 Kiel, Germany,
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INTRODUCTION

In the Baltic proper today an area of almost 100 000
km? become periodically anoxic, and from this area 70
000 km?* are covered with laminated sediments
(Emelyanov 1988, Jonsson et al. 1990). During the
marine-brackish Litorina and Post-Litorina phase of
the Baltic Sea the sediments of this area are not
continuos laminated, reflecting significant changes in
the redox condition at the sediment — water interface
even in the deepest parts (e.g. Sohlenius et al. 1996,
Jonsson et al. 1990, Andrén et al. 2000, Winterhalter
1992, Sohlenius and Westman 1996, Lepland and
Stevens 1998, Huckriede et al. 1996).

Laminated sediments provide the highest available
resolution for studies of environmental changes in the
fossil record. Due to the difficult preparation of single
laminae for micropalacontological analyses only few
investigations have been done hitherto. The most com-
mon technique to prepare laminae from unconsolidated
sediments is to impregnate the core with resins and to
prepare thin sections. It is also possible to put a lami-
nated sediment part without further preparation under
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a scanning electron microscope or to cut single lami-
nae for micropalacontological investigations (e.g.
Hagadorn et al. 1993, Brodie and Kemp 1994, Grimm
et al. 1997, Brenner 1998, Mingram 1998).

In contrast to annually or subannually laminated lake
sediments, the lamination of marine sediments is much
more complex and controlled by various factors. Even
the causes for laminae succession of basins located
close to each other can be different as for example the
Californian Borderland Basins, Santa Barbara Basin,
and Santa Monica Basin. Whereas the lamination in
the Santa Barbara Basin is annually in response to the
seasonal migration of the North Pacific High Pressure
system, in the sheltered geographic position of Santa
Maonica Basin only strong El Nino Southern Oscillation
events allow a deep water overturn, pointing to a lami-
nae succession on 3-6 years time scale (Berelson 1991,
Hickey 1991, Hagadom et al. 1995). Beside the time
variation for laminae there are also variations of lami-
nae types within one laminated sequence. Brodie and
Kemp (1994) describe three different types of lami-
nae within a laminated sequence from the Peruvian
coastal upwelling zone. One type is laminated in the

Distribution of erganic walled microfossils within single lamina from the Gotland Basin, and their environmental evidence

qub-millimetre area and is thought to be annua_lly
varved. Another type is a solitary diatom ooze lamina
with o thickness of 2-10 mm, which may represent a
single diatom bloom as well as a period of several
vears. The third type is an irregular spaced lamina
composed from couplets of diatom layers with a thick-
ness of 1 mm and a terrigeneous influenced part with
a thickness of 2-6 mm. The diatom layer represents
a sinzle diatom bloom, whereas the terrigeneous in-
fluenced part may represent several years. Further
inconsistencies of the laminae successions, thought
to he annual, are reported by Crusius and Anderson
(1992), from the Black Sea. .

In the Baltic Sea the composition of single laminae
varics. Most common is a combination of light or white
lavers of thodochrosite and organic rich grey to black
lavers composed by clay sediments and organic mate-
rial. However, Sohlenius and Westman (1998), found
layers in the north-western Baltic proper with a thick-
ness up to 2 mm consisting almost entirely of diatoms,
and layers up to 0,2 mm of chrysophyte cysts. They
interpret these layers as single algae blooms which
were deposited in restricted areas of the sea floor within
a {ew days or weeks.

[he origin of the rhodochrosite layers is caused
by the inflow of oxygen rich Atlantic water into
the Baltic Sea. The mechanism for concentration
of manganese enriched layers is still controversial
{e.z. Huckriede et al. 1996, Huckriede and
Meischner 1996, Hartmann 1964, Suess 1979,
Emelyanov 1986, Sternbeck and Sohlenius 1997,
Lepland and Stevens 1998, Sohlenius and Westman
1998). Borngen et al. (1990) and Stigebrandt (1987)
found a periodicity of approximate 15 years for
stronger salt influxes into the Baltic Sea. Frequency
and intensity of the major inflow of highly saline
and oxygenated water into the Baltic Sea show a
significant correlation with the North Atlantic at-
mospheric circulation leading to the assumption that
the North Atlantic Oscillation (NAQO) is the main
influencing factor on the dynamic of the recent
Baltic Sea System (Alheit et al. submitted,
Koslowsky and Glaser 1999, Matthius and Schinke
994, Matthius 1995, Hianninen et al. 2000).

This clearly shows, that laminated marine sedi-
mients can not be simply regarded as the *“tree rings
of the ocean™ but rather as the product of interactive
processes which are controlled by sedimentation
mechanisms and environmental change. In principle,
liminae are a seasonal to annual signal, which can be
overwritten by other cyclic processes as NAO, and
«olar or lunar eycles, which influence the meteoro-
logical situation within few years to several decades
or centuries.

The subject of this investigation are first improve-
ments of the possibilities for detailed analysis on the
origin of single laminae and their variation within a se-
quence, based on quantitative distribution of organic

walled microfossils. These investigations can give a
new insight in the dimension of environmental dyna-
mics on annual to decadal scales as well as the veloc-
ity of environmental changes,

MATERIAL AND METHODS

The material for the present investigation has been
taken from core 211 660-6 (57°17.0283N /
20°07.1386E) of R/V Petr Kottsov cruise in July and
August at 314-316.5 cm depth below sediment sur-
face. The sampled interval contains three lamina trip-
lets which are composed of dark organic rich, a pale,
and a white rhodochrosite layer. This interval is
stratigraphically located at the top of the
ecostratigraphic interval ESI V after Brenner (2001)
of the Litorina Sea phase.

For subsampling the single laminae a quadratic
subcore with a side-length of 2 em were cut from the
original core sample and transferred to a glass slide.
The sides and the top of the subcore were cleaned
with a spatula, so that the lamination could be observed
from all sides.

The sample top was cut down to the surface of a
lamina, which can be clearly identified by colour
change. For the sampling itself, colour changes and
sediment structures, which could be identified over the
whole surface of the subcore, are used to differentiate
the samples. The sediments were cut with a micro
spatula.

Prior to the preparation of the organic walled mi-
crofossils the samples were freeze-dried. Defined
quantities of Lyeopodium spores have been added to
the sample, to get a reference number for the absolute
abundance of microfossils in the sediment. In the next
step the samples were treated with 10% hydrochloric
and 40% hydrofluoric acid to remove the carbonates
and silicates. They were extensively washed through
a six-micrometer sieve to remove the amorphous or-
ganic material. The residue was mounted on micro-
scopic slides with glycerine jelly.

H. Kunzendorf generated the geochemical data with
energy-disperse X-ray fluorescence (EDX) at the
Gamma Dating Centre at Riso National Laboratory,
Roskilde.

Age calculation for the sampled sequence

Voss et al. (2001) calculate a sedimentation rate of
(.16 mm/a for this time interval and Kotilainen et al.
(2000) found in the same core deposition rates from
0.17 to 4.28 mm/a varying over very short time inter-
vals with a linear average sedimentation rate of 0.88
mm/a, Huckriede et al. (1996) calculated the sedimen-
tation rate of laminated sequences in the Gotland Ba-
sin to be 0.25 to 0.35 mm per year.
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The investigated interval is composed of three trip-
lets starting with a dark organic rich layer followed by
a pale layer and end with a white rhodochrosite layer.
The thickness of the upper two triplets, which are
additionally identified by chemical analysis (Fig. 1), 15

e —
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Fig.1. Distribution of Ca, Mn, and Fe in the laminated se-
quence, absolute abundance of selected organic-walled mi-
crofossils. Cyanobacteria of the Anabena-group occur in
cluster up to several hundred cells make an absolute count-
ing impossible; the abundance is therefore given in: r (rare)
—¢ (common) - a (abundant). The shadowing of the graphic
reflect the sediment colour and composition, the white part
is the rhodochrosite laver and the grey and dark grey areas
reflect the pale and dark sediments.

10 mm and the lower triplet 3 mm. This corresponds to
a maximal age of approximately 60, respective 18 years
for a triplet after the calculation of Voss et al. (2001)
and a minimal age of 11 respective 3.5 years after the
average calculation of Kotilainen et al. (2000).

Cycles of 35 years (Briickner Cycle) and 22 years
(Hale Double Sunspot Cycle) which are correlated to
the solar activity and the NAO, are well known from
Scandinavian tree-rings as well as from varved lake
sediments (Hoyt and Schatten 1997, Negendank et al,
1990, Schove 1983, Landscheidt 1990). Taking into
account the age calculation of Voss et al. (2001) and
Kotilainen et al. (2000) as well as the possibility that
the cycles mentioned above are reflected in the lami-
nated sediments as interval between the rhodochrosite
layers, it can be assumed, that a 1 cm laminae triplet
has a sedimentation rate of 0.28 to 0.5 mm/a. Based
on this calculation an age between | and 10 years for
a single sample used for this investigations can be es-
timated. However, in this stage of the investigation,
these correlations are rather speculative and a detailed
analysis of a longer laminated sequence is essential to
confirm the reflection of solar cycles in the lamina suc-
cession of the Gotland Basin.
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Distribution of organic walled microfossil within
the laminae

The sampled interval is stratigraphically located ai
the top of the ecostratigraphic interval ESI V in the
Litorina Sea phase after Brenner (2001). The abun-
dance of single species and the composition of the
assemblage vary unexpectedly compared to the mean
of all samples and to the bulk samples from the Litorin:
Sea phase of the same core as described by Brenner
(2001). Especially P. psilata and A. choane show
extreme changes in abundance within and between
the different parts of the laminae (Fig. 2). Even the
mean values of the microfossil abundance for the three
investigated lamina triplets vary significantly (Fig. 3).
Whereas in the upper two triplets the absolute abun-
dance of O. centrocarpum, L. machaero-phorum
and Spiniferites spp. is nearly constant, the abun-
dance in the lower triplet is approximately half (Fig.
3). A similar distribution can be found for pine pollen
and for organic walled microfossils in general. As-
suming that O. cenfrocarpum is an opportunistic spe-
cies which is not significantly influenced by environ-
mental changes in the investigated interval, and the
distribution of pine pollen do not vary much within a
few decades, this finding points to a nearly double
sedimentation rate for the lower triplet. Taking this
assumption into account, no significant change in the
accumulation rate of O. centrocarpum, L.
machaerophorum, Spiniferites spp. and pine pollen
can be found in the three laminae triplets. The abso-
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Fig. 2. Relative distribution of O. centrocarpum with differ-
ent processes length, which can be interpreted as salinity
signal. Absolute abundance of selected dinoflagellate cysts.
The shadowing of the graphic reflect the sediment colour
and composition, the white part is the rhodochrosite layer

and the grey and dark grey areas reflect the pale and dark
sediments.
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and that there is no corre-
lation between sedimento-
logical processes and the
environmental influgnce on
the composition of the or-
panic-walled microfossils

P
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assemblage (Fig. 3). Much
more differentiation of the
organic-walled microfossil
assemblage can be secen
between the single laminae
(Figs. 1, 2). In the dark
laminae of the upper two
triplets, the dinoflagellate
cyst abundance is higher
than in the pale part and in
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the rhodochrosite layer,
leading to the assumption
that there was a significant

higher primary production

Fic. 3. Mean distribution for selected organic-walled microfossil in the different laminae
trinlets. Cyanobacteria of the Anabena-group occur in cluster up to several hundred cells
muke an absolute counting impossible; the abundance is therefore given in: r (rare) — ¢

{common) — a (abundant).

lute abundance of these microfossils may therefore
be u good proxy for sedimentation rate.

B psilata and A. choane, however, are drastically
recluced in the middle triplet, coccal green algae are
dominant in the uppermost triplet and nearly no
cvanobacteria can be found in the lower triplet (Fig.
3). This suggest, that these organisms need specific
¢nvironmental conditions which occur only in intervals
of several years or decades and that those are differ-
ent to the mechanisms that trigger the laminary sedi-
mentation.

In general, the abundance of organic walled micro-
fossils is higher in the dark parts of the lamina pointing
to 1 higher accumulation of organic material. This can
be caused by higher primary productivity as well as by
a reduced sedimentation of inorganic material as sug-
gested by Lepland and Stevens (1998) for the Landsort
Dicep, roughly 180-km north west of the Gotland Ba-
sin. No significant abundance change can be found
between the pale intervals and the rthodochrosite layer
in the upper two triplets, suggesting that there is no
difference in sedimentation rate between the pale and
the manganese enriched rhodochrosite layer (Figs. 1,
2). In the lower rhodochrosite layer a decrease of or-
ganic-walled microfossil abundance suggest a higher
sedimentation rate for this layer,

DISCUSSION

Already the distribution of organic-walled microfos-
sils in the investigated lamina triplets shows that there
are environmental variations within the single triplets

or the sediment accumula-
tion rate was lower as pro-
posed by Lepland and
Stevens (1998), Within the
lower triplet, however, the accumulation rate of organic
walled microfossils is higher in the pale layer than in
the dark layer suggesting that the correlation between
sediment colour and productivity should be used care-
fully,

Assuming that there is no significant change in the
forest composition within a few decades up to a cen-
tury, pine pollen seems to be useful for calculation of
the sedimentation rate. The nearly identical abundance
variation of the complete organic-walled microfossils
assemblage with the pine pollen record seems to con-
firm the assumption that this value can be used as proxy
for sedimentation rates. Identical absolute abundance
variation can be found by the dinoflagellate cyst
O. centrocarpum. Since this cyst is the dominant form
in the whole Litorina Sea phase in the central Baltic
Sea (Brenner 2001) and it is assumed that the mean
productivity within few years do not change signifi-
cant, this species may be also a useful proxy for sedi-
mentation rates. Based on this assumption, a nearly
identical sedimentation rate for the upper two laminae
triplets can be proposed, where the sedimentation rate
in the pale interval is slightly higher than in the dark
one. In the lower triplet however, the distribution of
the abundance in the pale and dark interval is vice versa,
suggesting that different processes lead to the forma-
tion of this lamina.

Furthermore, if the assumption of Huckriede and
Meischner (1996) that the sedimentation of the rhodo-
chrosite laver is a rapid process is true, a significant
decrease in microfossil abundance should be take place
in those layers. Within the investigated sequence the
abundance of microfossils in the rhodochrosite layer
of the upper two rhodochrosite layers do not change
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or 15 continuos compared to the sample above and be-
low, whereas in the lower rhodochrosite layer most
organic-walled microfossil show a decrease in abun-
dance (Figs. 1,2). This shows that there is not neces-
sarily an increase in the sediment accumulation rate
during sedimentation of rhodochrosite layers and pos-
sibly different processes leads to the formation and
sedimentation of rhodochrosite.

Relative salinity changes can be identified by the
variation of spine length of O. centrocarpum (Brenner
2001, Dale 1996), which suggest a slightly higher sa-
linity only in the dark interval at 315.7 to 315.9 em core
depth and in the upper part of the pale interval and the
rhodochrosite layer at 315.0 to 315.2 em (Fig. 2). This
finding suggest that there is no correlation between
the surface salinity and the sediment succession or
lamina formation, The missing of correlation between
salinity and dinoflagellate cyst abundance and assem-
blage is obvious in the investigated sequence, suggest-
ing that this signal might be overwritten by other envi-
ronmental influences and should be carefully used to
interpret the palaeosalinity.

Another very interesting finding is the abundance
variability of several dinoflagellate species as F. psilata
and A. choane which are only abundant in the upper
and lower triplet and only few specimen are present in
the triplet between 315 and 316 cm (Fig. 2). Coccal
green algae are only common in the upper triplet with
the highest abundance in the lower part of the dark
interval, and cyanobacteria of the Anabena-group are
only present in larger numbers in the upper triplet and
in the basal part of the pale interval of the middle trip-
let (Fig. 1). The fact that some specics occur only in
specific layers in larger numbers lead to the assump-
tion that they are blooming only under very specific
environmental conditions which oceur in a frequency
of several decades in the case of the investigated se-
quence. In contrast, no extreme or rapid abundance
change of those species can be found, if a sample size
of 1 cm is used, as it is the case for the investigation of
the whole core 211 660-6 by Brenner (2001 ). This find-
ing has a significant consequence for the interpreta-
tion of relative and absolute abundance change of mi-
crofossil assemblages and the environmental interpre-
tation. The increase or decrease of species abundance
in a sediment succession must therefore not necessar-
ily be the effect of higher or lower abundance of the
species in the primary environment, it could be as well
an accumulation or frequency variation of specific en-
vironmental conditions which favour the blooming of
specific species. Following this hypothesis, natural eco-
systems seem to be highly dynamic and extreme
changes of the fossil assemblage can take place within
several years whereas the system is still stable. As-
semblage changes, as for example during the Litorina
Sea phase in the Gotland Basin (Brenner 2001), may
reflect therefore rather the frequency of specific
weather and consequently environmental condition as
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an environmental change suggested by different as-
semblage compositions during the different intervals,
However, to confirm this hypothesis, which has the
potential for a new understanding of the climate driven
environmental dynamics and stability, longer laminated
sections from different localities must be studied.
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Organic-walled microfossils from the central Baltic Sea, indicators of environmental change
and base for ecostratigraphic correlation

Wolfram W. Brenner

Abstract

Sediment cores from Bornholm Basin, Gotland Basin and North Central Basin were studied for their organic-
walled microfossil assemblages. Absolute abundance and morphometric measurements of these microfossils
are used for an ecostratigraphic correlation and interpretation of the environmental changes in the central Baltic
Sea basins. Increasing abundance of freshwater phyto- and zooplankton during the final stage of the Ancylus
Lake point to a slow eutrophication. Assemblage composition of organic-walled microfossils and changes in
processes length of dinoflagellate cyst are used for interpretation of the salinity variation of the Litorina Sea
stage. A rapid decrease of absolute dinoflagellate cyst abundance in all three basins occurs at the late Litorina
Sea stage. The Post-Litorina Sea stage is marked by a low abundance of dinoflagellate cysts and organic walled
microfossils in general, In the uppermost metre of the cores from all three basins a significant increase in the
abundance of cladoceran, coccal green algae, and copepod eggs is present, whereas the abundance of dinoflagellate

cysts is still low.
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INTRODUCTION

In contrast to the inorganic skeletal elements of cal-
careous or siliceous microfossils organic-walled micro-
fossils consist of extremely stable biopolymeres such
as sporopollenin, cutin or chitin. These substances are
common in algae, plants and invertebrates remains,
Therefore, organic walled microfossils comprise for
example spores and pollen (palynomorphs sensu stricto)
as well as cyanobacteria, dinoflagellate cysts, leaf cu-
ticle, tintinnid cysts, and even eggs and other remains
of annelids, crustacean, and insects. Due to the differ-
ent environmental preferences of the various organ-
isms, ranging from terrestrial and freshwater to ma-
rine torms, organic-walled microfossils are an excel-
lent tool for palececological studies.

Up to now, most micropalaeontological investiga-
tions in the Baltic Sea deal with siliceous microfossils
(e.g.: Abelmann 1985; Andrén and Andrén 1999; Miller
and Risberg 1990; Witkowski 1994), or pollen (e.g.
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Averdieck 1972; Eriksson 1994; Eronen et al. 1990;
Stelle et al. 1994), Only few investigations have been
carried out on dinoflagellate cysts in the Baltic Sea
and other low salinity environments (Dale 1996;
Ellegaard 2000; Matthiessen and Brenner 1995;
Matthiessen and Brenner 1996; Matthiessen and
Brenner in press; Nehring 1994a; Nehring 1994b; Wall
et al. 1973). The present investigation gives a first
ecostratigraphic zonation and correlation based on or-
ganic walled microfossils in the Central Baltic Sea.

MATERIAL AND METHODS

The sediment cores were sampled during a cruise with
RV Petr Kottsov in July and August 1997 by using a
box core devise (Table 1). Due to the high water con-
tent, the uppermost sediments were mixed and there-
fore not useful for investigation. Fore this reason two
cores from the North Central Basin from the same

(Ornnic-walled microfossils from the central Baltic Sea, indicators of environmental change and base for ecostratigraphic correlation

Table |. Care sampling localities

[Locality Core no. Latitude Longitude Depth Used interval
"Boriholm Basin 211630:9 55°22,6500N 15°23.8463E 93.57m 39-540cm

Gotland Basin 2116606 57°17,0283N AP07,1386E | 2413m | M68lcm

Norih Central Basin 2116704 58°49,1843N 2P 152026 176,1m 200-670cm

Nl Central Basin 211670-7 58°49,1622N 2715,1363E 1752m | 54-200cm

locality are used (Table 1): one with a longer record by the presence of Pyxidinopsis psilata

(211670-4) and another with undisturbed sediments at
the top of the core (211670-7).

I'he sediment cores were sampled continuously with
| m long U-tubes with a diameter of 2 cm, and cut
afierward in 1 cm slices. All samples were freeze-
dried. Samples for microfossil investigations were
ireated with 10% hydrochloric and 40% hydrofluoric
acid 1o remove the carbonates and silicates and exten-
sively washed through a six-micrometer sieve to re-
move the amorphous organic matenial. The residues
were mounted on microscopical slides with glycerine
jelly. Prior to the preparation, a defined quantity of
Lycopodium spores (10° spores per gram dry sedi-
ment) was added to the sample, to make the analysis
of the absolute abundance of microfossils in the sedi-
ment possible.

ENVIRONMENTAL SIGNIFICANCE OF
ORGANIC WALLED MICROFOSSILS

Dinoflagellate cysts

Dinoflagellates comprise groups of predominantly uni-
cellular, lagellated organisms that possess both photo-
synthetic (autotroph) and non-photosynthetic (het-
erotroph) members, Some species are restricted to the
maring realm, others tolerate a wide range of salinity,
and others are restricted to freshwater. An important
factor for interpreting the fossil record of dinoflagel-
lwie cysts is, that only a small part of the living dinoflagel-
late produce cysts, and the cyst building takes place
within a few hours or days and reflect therefore the
environmental conditions during a small time interval.

{Dale 1996) summarised the basic elements of the
dinoflagellate cyst salinity signal, which is based among
others on unpublished core top samples from the Bal-
tic and Black Sea as followed:

- Most of the coastal/neritic cyst species toler-
ale a broad salinity range from normal marine salin-
ity of about 35 psu to reduced marine salinity of about
20 psu. Below 20 psu the species diversity decrease
rnpidly.

- Environments with salinity below 3 psu are
characterised by cyst assemblages restricted to
Uperculodinium centrocarpum (Protoceratium
reticulatum) and small Spiniferites. The salinity in-
lerval from 3-10 psu in the Black Sea is characterised

(Tectatodinium psilatum), and above 7 psu there is a
general increasing abundance of Lingulodinium
machaerophorum (Lingulodinium polyvedrum =
Gonvaulax polyvedra).

- The processes length of O. centrocarpum, L.
machaeraphorum, and Spiniferites spp. is reduced
in water with low salinity.

Recent investigations of dinoflagellate cyst assem-
blages from surface sediments from the western Bal-
tic, Skagerrak, and North Sea suggest a further signal
at about 15 psu where the 0. centrocarpum domi-
nated low salinity assemblage change to a L.
machaerophorum  dominated  assemblage
{Matthiessen and Brenner, in press). This signal, how-
ever, must be carefully used, because L.
machaerophorum 1s in addition an indicator for
eutrophication, and assemblage changes can be trig-
gered by nutrients (Dale and Fiellsa 1994; Dale 1996).
Furthermore, Reid {1974) and Turon (1984) reported,
that L. machaerophorum is often found in sediments
representing cold winters and warm summers, and
Bakken and Dale {1986) reported, that it is not found
in areas where summer sea-surface temperature is
less than 10°C.

The environmental preference of Ataxiodinium
choane (Gonyaulax spinifera) is not well understood,
Dale (1983; 1996) regards it as a cold-temperate spe-
cies and Wall et al. (1977) as an estuarine form. After
Edwards and Andrle ( 1992) the main distribution of 4.
choane is in areas with a winter surface temperature
between 5 and 10°C and a summer surface tempera-
ture between 11 and 14°C.

P. psilata is an abundant species in the Black Sea
with a main distribution at salinity’s between 3 and 7
psu (Dale 1996: Wall and Dale 1973; Wall et al. 1973).
therefore it 1s an indicator of low salinity. Dale (1996)
and Mudie et al. (2001) have discussed the problem
whether P psilata is the end member in an environ-
mental induced morphological graduation from nor-
mally long processes through no processes of 0.
operculatum or a separate species. In the Baltic Sea
this species is only present in a small interval with
high abundance, whereas in other intervals with simi-
lar salinity only few or no P psilata could be found,
suggesting that P psilata is a separate species. Fur-
thermore, investigations of single laminac (Brenner
2001 show that . psilata occur only in specific lami-
nae in large numbers, whereas in the laminae between
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only few specimens are present and that there is no
correlation with the abundance of O. centrocarpum
with short processes. This shows clearly that the oc-
currence and abundance of P psilata is controlled
by additional factors to SH.hI'IIt}" which are still un-
known.

Green algae

Pediastrum boryanum and Pediastrum kawraiskyi
dominate the coccale green algae assemblage in the
investigated sediments, only few specimens of other
Pediastrum species, Botryococeus, Scenedesmus and
Staurastrum are present. Pediastrum spp. is a com-
mon algae in nutrient rich, shallow freshwater, often
used as indicator for eutrophication and acidification
of lakes (e.g. Cronberg 1982a; Cronberg 1982b; Rosén
1981; Willén 1992). Principally, many coceal green al-
gae are able to survive much higher salinity than 10
psu, but higher NaCl concentrations inhibit the cell di-
vision and no further breeding is possible (Brenner and
Foster 1994; Latala 1991; Setter and Greenway 1979;
Soeder and Stengel 1974).

Two species, P. boryanum and P kawraiskyi,
are known to be more common in coastal brackish
water of the Baltic Sea than in the adjacent rivers
{e.g. Bandel 1940; Brandes 1939, Brandt 1896; Kell
1985; Kell 1986; Matthiessen and Brenner 1996:
Pankow 1990; Schrader 1897). Pediastrum duplex
and Pediastrum simplex are only known from sa-
linity below 5 psu (Kell 1981; Kell 1985, Pankow
1990). Therefore, autochthonous high abundance of
Pediastrum in the fossil record of brackish water
areas is only possible in shallow coastal areas with
a salinity below 10 psu, and the assemblage will be
dominated by P. borvanum and P. kawraiskyi. This
leads to the assumption, that he high abundance of
the latter specimens in the Gotland Basin may be an
indicator for transport by currents from the coastal
area into the deeper basins rather than high river
runoff.

Cladoceran

Cladoceran are dominant freshwater species. Only
few species are present in brackish water or coastal
sea area (e.g. Bainbridge 1958; Hofmann 1987;
Poggensee and Lenz 1981 ; Struck et al. 1998). Sur-
vival experiments with Bosmina longispina, the
dominant species in the brackish water of the cen-
tral Baltic Sea, show best adaptation to a salinity
range between 2.5 and 7.5 psu. The animals do
not tolerate a salinity of 0.5 psu, and survival rates
decrease at higher temperatures with a salinity of
10 psu (Ackefors 1971; Hofmann 1987, Hofmann
2001).

)

Copepod eggs

Copepod eggs are described from various recent mu-
rine sediments, but a large number, particularly the fossi|
forms, are still not investigated in detail, neither in eco-
logical preferences nor in taxonomy (e.g. Lindley 1986;
Lohmann 1904; Marcus 1990: Van Waveren 1993
Van Waveren 1994).

Notable is the significant low abundance of cope-
pod eggs during the salinity maximum in the Baltic Sex
and the increased abundance during the Post-Litorina
Sea stage, This phenomenon occurs in all three basins
and can not be caused by decreasing salinity, because
the same species are abundant in the North Seu
{Brenner, unpublished data), and similar forms are found
in the Banda Sea (Van Waveren 1994) suggesting thal
they are indicating higher marine conditions. A selec
tive preservation can be excluded since the few egg:
in the Litorina Sea stage are well preserved. Possibly
food availability or other environmental factors rathe:
than salinity control the abundance of copepod eggs in
brackish water sediments. However, to explain the dis-
tribution of copepod eggs further investigations are
necded.

Blue-green algae (cyvanobacteria)

Fossil cyanobacteria are well known in Precambrian
and Palaeozoic sediments (e.g. Knoll and Golubic 1992;
Nyberg and Schopf 1984; Strother et al. 1983;
Wicander et al. 1996), From Mesozoic to Holocene
sediments, however, only few palacontological reports
on cyvanobacteria are published (e.g. Batten and van
Geel 1985; Livingstone and Jaworski 1980; Van Geel
et al. 1994).

In the Central Baltic Sea (North Central and
Gotland Basin) most of the fossil cvanobacteria and
their resting stage (akinets) found in the sediments can
be assigned to the genus Anabena. In the Bornholm
Basin few additional forms are present in the sediment,
which can be assigned to the Rivilaria-group. The
lack of “biological characteristics™ in fossil
cyanobacteria hampers the taxonomic identification of
the different species at this stage of the investigation,
and the cyanobacterial remains are tentatively assigned
to the Anabena-group and the Rivularia-group. Nev-
ertheless, cyanobacteria are useful indicators of
cutrophication (Van Geel et al. 1994; Voss et al. 2001).

Acritarchs

Hensen (1887) described a row of plankton organisms
with unknown affinity as Sternhaarstatoblast (now
Radiosperma). Barbierbeckenstatoblast (now
Halodinium) and Réhrenstatoblast (now Hexasterias)
from the Baltic and North Sea. The reported highest
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Laptev Sea (Kunz-Pirrung
1997) and even from upwelling
areas off Peru (Biebow 1996)
and the Guanabara Bay at Rio

de Janeiro (Brenner, unpub-
lished data). Therefore, addi-
tional factors to salinity may
control the oceurrence of this
vl | enigmatic organism group,
which still is of unknown bio-
logical affinity.

Vil

v Distribution of organic-
y walled microfossils in the
Central Baltic Sea

In general the sediments from
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Relatve abundance in %

the Bornholm Basin (BB, Figs.
1, 2) contain less organic
walled microfossils than those

Fig. 2. Distribution of selected dinoflagellate cysts from Bormholm Basin, core 211630-9,
Left columns show the absolute abundance of the cysts in the sediment. please note
the different scales. The right three columns give the processes length frequency of O,
centrocarpum, which can be directly used as salinity indicator (see text for details),

from the Gotland Basin (GB;
Figs. 3, 4) and North Central
Basin (NCB, Figs. 5, 6). The
highest absolute abundance of
dinoflagellate cyst in the inves-
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tigated sediments is 283 (BB),
480 (GB) and 474 (NCB) X
10° cysts per gram dry sedi-
ment, and in all three cores
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located at the lower part of the
ecostratigraphic interval ESI
VI (Figs. 2, 4, 6). This differ-
ence between BB and the
other basins may be caused by
higher sedimentation rates
rather than by environmental

(
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va differences (compare Figs. |,
3, 5), whereas the distribution
of species shows clear envi-
v ronmental differences be-
tween all three basins. The

v highest absolute abundance of
- 0. centrocarpum shows a

0 4 8080120 '°* "©% 5 20 g 4 80 300 30 0 5100 100200 clear preference for the
nclividiiate par g dry sadiment X 1000 Gotland Basin, whereas P,

: , . : psilara have its distribution
Fig. 1. Absolute abundance of selected organic walled microfossils from Bomholm o000 ot the North Cen-

Basin, core 211630-9, please note the different scales. Cladoceran remains are repre-
sonted by fragments, and cyanobacteria by colonies of various size. Therefore no
absolute values can be given for these two microfossil groups and the abundance is

given by r = rare, ¢ = common, and a = abundance.

abundance of Radiosperma is in the plankton of cen-
tral Baltic Sea, leading to the assumption that
Radiosperma is adapted to lower salinity (e.g. Apstein
1906; Driver 1908; Leegaard 1920; Merkle 1910).
However, this organism group is also reported from
the seas of Barents and Kara (Meunier 1910), the

tral Basin, The portion of 0.
centrocarpum with short pro-
cesses generally increases
from south to north. Other di-
noflagellate cysts which are present in lower numbers
such as Spiniferites spp., L. machaerophorum, and

A. choane do not show a significant preference and

can therefore be regarded as opportunistic species.
A significant difference in the distribution of coccal
green algae (mainly Pediastrum spp.) can be found in
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all three basins. In all investigated samples of the
Bornholm Basin only few specimens could be found
(Fig. 1). whereas in the Gotland Basin two significant
abundance maximum occur (Fig. 3; ESI IX and ESI
VI1). In the MNorth Central Basin only one abundance
maximum in ESI IX can be found (Fig. 5).

ECOSTRATIGRAPHY AND CORRELATION

During the Holocene no significant evolutionary
changes occur, which are useful for biostratigraphic
zonation and correlation. For subdivision of stratigraphic
useful units, assemblage changes and single abundance
maxima of the whole suit of organic walled microfos-
sils as well as changes in spine lengths of O.
cenfrocarpum, have been taken into account. In sense
of the International Stratigraphic Guide (Salvador 1994)
for the subdivision a mixture of assemblage zones,
Oppel zones, and acme zones is used and additional
clements as morphometric variations of specific di-
noflagellate cyst species have been taken into account.
Furthermore, the first and last occurrence of the single
species do not reflect evolutionary patters, they are
only controlled by environmental changes. The main
factors influencing the environmental variations of the
Baltic Sea are the North Atlantic weather system, the
postglacial uplift of Scandinavia and the relative sea
level rise (Alheit ct al. submitted; Winn et al. 1986;
Ekman 1988; Svensson 1991). Such events influence
all regions of the Baltic Sea simultaneously, but the
effects on the local environment can change signifi-

cantly. Therefore no zonal definitions in sense of the
International Stratigraphic Guide (Salvador 1994) can
be given for the Holocene of the Baltic Sea, and the
term ecostratigraphic intervals (ESI) is used for strati-
graphic subdivision,

As a base for the ecostratigraphic framework core
211 660-6 from Gotland Basin was used. Further cor-
relation of the organic walled microfossils with stable
isotope and biochemical indicators are given by Voss
et al. (2001). For comparison with diatoms the data of
Andrén et al. (2000) are used, which are taken from a
piston core at the same position taken some hours be-
fore the box core during the same cruise.

ESI 1

This zone is only present in the lowermost sample from
Gotland Basin at 681 cm and is marked by an extremely
low abundance of organic walled microfossils in the
sediment. Nevertheless, the preservation of the few
fossils is good, suggesting anoxic or nearly anoxic con-
ditions at the seafloor during sedimentation. Therefore
it can be assumed, that no selective solution/destruc-
tion of the organic-walled microfossils has occurred
Causes for the low abundance of fossils may be nutri-
ent poor or cloudy surface water, which reduces the
photic zone, leading to a low primary productivity, and
or a very high sedimentation rate. The presence of O
centrocarpum with short spines, few copepod egg
and Radiosperma in this sample point to marine influ-
ence (Figs. 3 and 4).

. i
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ESI I

irerval

This interval is marked by
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the increase in cysts of the
freshwater dinoflagellate
Gonyvaulax apiculata with
Vi1 an abundance maximum al
the top of this interval, a
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—| slow increase of cladoceran
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¥

Pediastrum spp. (Figs. 3-
v 6). This suggests a slow but
m continuos increase in nutri-
ent or an expansion of the
i photic zone.

In the North central Ba-
| sin this interval is repre-
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Fig. 3. Absolute abundance of selected organic walled microfossils from Gotland Basin,
core 211660-6, please note the different scales. Cladoceran remains are represented by
fragments, and cyanobacteria by colonies of various size. Therefore no absolute values
can be given for these two microfossil groups and the abundance is given by r = rare, ¢

= commaon, and a = abundance,
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its top and base at Gotland
Basin are located at 495 cm
and 618 cm, correspond-
ingly,

¢ rganic-walled microfossils from the central Baltic Sea, indicators

of environmental change and base for ecostratigraphic correlation

Es!H I

The first occurrence of Pediastrum and
Boirvecoccus as well as the high abundance of cla-
doceran and the increase of organic carbon in the
sediments points to an eutrophication (Voss et al.
2001). The abundance of . apicufara decrease, and
marine dinoflagellate cysts are absent. These patterns
can be found in Gotland Basin as well as in North
Central Basin, However, in North Central Basin the
number of microfossils is smaller than in the Gotland
Basin suggesting a lower primary production and/or
hizher sedimentation rates for the North Central Ba-
sin (Figs. 3-6).

Top and base of this interval are located at samples
614 cm and 644 cm from North Central Basin, and at
a sumple 472 em from Gotland Basin.

ESI IV

This zone covers the first Litorina transgression.
Decreasing abundance of cladoceran remains. com-
parcd with increasing abundance of marine di-
noflagellate cysts with a first maximum at the top
of this interval, as well as increasing processes
length of O. centrocarpum, suggest a continuos
increase of salinity. The patterns of these events
arc present in Gotland Basin and North Central
Basin (Figs. 3-6).

lop and base of this interval are located at samples
574 cm and 604 ¢m from North Central Basin, and at
394 cm and 450 ¢m from Gotland Basin.

ESI V

The base of this interval is marked by a slow decrease
in abundance of marine dinoflagellate cysts and an
absence of Botryococcus. Within this interval a gen-
eral increase of dinoflagellate abundance takes place,
especially of L. machaerophorum reaching its abun-
dance maximum at the top of this interval at Gotland
Basin as well as at North Central Basin. In addition, at
this top an abundance minimum of O. centrocarpum
with short processes, suggesting increasing salinity. At
the Bomhelm basin the abundance maximum contin-
ues to the interval above (ESI VI), This may be caused
by slightly higher salinity for this basin as it is suggested
by the higher abundance of Q. centrocarpum with
longer processes in this basin compared to Gotland
Basin and North Central basin (Figs, 1-6).

Top and base of this interval are located at samples
509 cm and 549 cm from North Central Basin, at 316
cm and 369 cm from Gotland Basin, and the top at
Bomholm Basin is located at sample 519 em

ESI VI

The highest abundance and diversity of dinoflagellate
cysts in all three basins mark this interval. Significant
for this interval is a high absolute abundance of £ psilata
(acme zone sensu Salvador 1994). This species is known
from the Black Sea where the surface water is warmer
than in the Baltic Sea and only from a salinity interval
between 3 and 7 psu (Dale 1996; Wall and Dale 1974).
Similar conditions regarding salinity are also present in
the interval below but with very

low abundance of P psilata,
suggesting that other factors

m;“’ ?g' ff jf! N4 j”g . f uzg;éf U?ﬁ,ﬁ&a?/:f %E than salinity control the bloom-

ing of P psilata. Investigations

dhopth jomg

=

o0 |

N

of laminae from the Gotland Ba-
sin within this interval suggest,
that this species blooms only in

Wil s
few years, whereas in other
W vears the abundance is as low
e as in the interval below (Brenner

2001). This result suggests that
the high abundance of £ psifara
v is rather the accumulation effect
i of specific environmental con-
ditions favouring blooming of
this species than a general high
abundance.

Top and base of this inter-

N :
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Central Basin, 274 ¢m and

Fiz 4. Distribution of selected dinofla gellate cysts from Gotland Basin, core 211660-6.  307.5 ¢m from Gotland Basin,
Lelt columns show the absolute abundance of the cysts n the sediment, please note  and 4+ 439 e and 499 em from

the different scales. The ri ght three columns give the processes length frequency of
*vhtracarpum, which can be directly used as salinity indicator (see text for details).

Bormhelm Basin,
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ESI VII

The base of this interval is marked by a rapid de-
crease in absolute abundance of dinoflagellate cysts

and other organic walled microfossils. The O,
centrocarpum assemblage however, shows a clear
shift to forms with longer processes, suggesting a
higher salinity in this interval. The rapid decrease in

abundance point to a signifi-
cant environmental change,
which is not caused by salin-
ity variation.

organic-walled microfossi|
FzZ EE
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CF S =N el N S N

Top and base of this inter-
L val is located at samples 269
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200 4
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Fig. 5. Absolute abundance of selected organic walled microfossils from North Central
Basin, core 211670-4 (depth: 200-670 cmj and core 21 1670-7 (depth: 54-200 cm), please
note the different scales, Cladoceran remains are represented by fragments, and
cyanobacteria by colonies of various size. Therefor no absolute values can be given for

these two microfossil groups and the abundance is given by r
a = abundant.

centrocarpum assemblage.
suggesting a low salinity with-
out significant changes. This
interval seems to be withou!
environmental changes so far
reflected by organic-walled
microfossils.
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Fiz. 6. Distnbution of selected dinoflagellate cysts from North Central Basin, core 21 1670-
4 (depth: 200-670 ¢cm) and core 211670-7 (depth: 54-200 cm). Left columns show the
absolute abundance of the cysts in the sediment, please note the different scales. The
right three columns give the processes length frequency of O centrocarpum, which
can be directly used as salinity indicator (sec text for details).
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abundances in the North Cen-
tral Basin and Gotland Basin,
whereas the dinoflagellate
cysts show no change. More-
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e

over, a similar increase of copepod eggs can be found
in equivalent sediments from Kiel Bay (Brenner and
Meemken, unpublished data). This abundance change
correlates directly for copepod eggs, coccal green al-
gae. cladoceran remains, pine pollen, and a slight shift
to longer processes by @. centrocarpum (weak sali-
pitv increase), peinting to a complex interaction be-
ween terrestrial climate, salinity, nutrient and possibly
other factors within the ecosystem. This event corre-
jates directly with an abundance maximum of organic
carbon and chlorines (Voss et al. 2001; Kowalewska
et al. 1999),

The abundance maxima for copepod eggs, coccal
green algae and pine pollen (base of ESI IX) are lo-
cated in “sample 109 cm” in North Central Basin (core
211 670-7) and “sample 57 em” in Gotland Basin (core
211 660-6). The topmost sample of core 211 630-9 from
Bornholm Basin shows an increase of copepod eggs,
cladoceran remains and a slight increase of Pediastrum
and pine pollen. A similar slight increase can be found
in the top of ESI VIII at Gotland and North Central
Basin. It is therefore assumed that the abundance
maximum is above the topmost sample at 39 ¢m, and
ESI IX is not present in this core.

DISCUSSION
Yoldia Sea stage

The marine phase of this stage is possibly represented
in the lowermost sample in core 211660-6 (Gotland Ba-
sin) and a slightly brackish surface water is suggested
by the presence of few specimens of O. centrocarpum
with short spines (ESI [, Figs. 3, 4). The content of
organic-walled microfossils in this sample is low and
the interpretation of marine influence should be used
carefully. The diatoms of two cores, located close to
2116660-6, record a clear brackish Yoldia phase
{ Andrén et al. 2000; Sohlenius et al. 1996). The transi-
tion between the brackish and freshwater phases of
the Yoldia stage is visible in the diatom assemblage ina
form of a shift to a freshwater flora dominated assem-
blage (Andrén et al. 2000; Sohlenius et al. 1996). The
low content of diatoms as well as organic-walled mi-
crovfossils makes it difficult to distinguish the final fresh-
water phase of the Yoldia Sea from the Ancylus Lake,
as there is no salinity or nutrient change influencing
the microfossil assemblages (Andrén et al. 2000;
Sohlenius et al. 1996).

Ancylus Lake stage

Sediments of the Ancylus stage (ESI II) are present
incore 211660-6 (Gotland Basin) and in core 211670-
4 (North Central Basin). The lower part of the Ancylus
l.ake stage is only present in core 211660-6 and is

marked by an extremely low abundance of organic-
walled microfossils, nearly 1/2000 compared to the
Litorina Sea stage. Although the content of organic
carbon in the sediments is low according to Voss et
al. (2001), the preservation of microfossils is good,
even the chitinous cladoceran remains, which are very
sensitive to oxidation, are well preserved. This points
to a rapid burial and/or anoxic conditions at the sea
floor during deposition. The extremely low content of
organic-walled microfossils seems to be a primary
feature. Very high sedimentation rates could be an
explanation, however, this could also have been
caused by a very narrow photic zone as a result of
turbid water, low temperatures, and/or low nutrient
contents in the surface water. Successive increase
of diversity and abundance of organic walled micro-
fossils and especially of the cysts of the freshwater
dinoflagellate G. apiculata to the top of this stage
suggest a continuos increase in nutrient and/or an
expansion of the photic zone. In contrast to the or-
ganic-walled microfossils, the diatom record of the
lower Ancylus Sea stage have there an abundance
peak, with a similar assemblage as the final freshwa-
ter stage of the Yoldia Sea (Andrén et al. 2000;
Sohlenius et al, 1996). Due to the high number of frag-
mented valves within this peak, Andrén et al. (2000)
do not exclude that part of this peak is a product of
redeposition from the freshwater Yoldia Sea stage,
The increase of diatom diversity leads to the same
assumption as for the organic walled microfossils.

Ancylus-Litorina transitional stage

During this stage (ESI III) a rapid decrease in abun-
dance of the cysts of the freshwater dinoflagellate
7. apiculata occurs, whereas cladoceran remains
and coccal green algae reach their maximum abun-
dance, possibly indicating a rapid increase in nutri-
ents. This event is more intense in the Gotland Basin
than in the North Central Basin, indicated by the
higher absolute abundance of organic walled micro-
fossils and the first occurrence of dark, organic car-
bon rich, laminated sediments. Qualitative screening
of laminas from core 211660-6 at 454 cm depth shows
that a few single lamina contain O. centrocarpum
with short processes in low abundance (Brenner, un-
published data). These marine dinoflagellate cysts can
be found only by careful sampling of single laminae,
because in a 1-cm thick slice of sediment the few
marine dinoflagellate cysts are masked by a high abun-
dance of all the other non-marine organic-walled mi-
crofossils, Mevertheless, the occurrence of marine
dinoflagellate cysts in this interval points to sporadi-
cally brackish surface water conditions. Simulta-
neously to this event there is a drop in the absolute
abundance of diatoms, which seems to be character-
istic in the whole Baltic Proper (e.g. Abelmann 1985:
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Andrén et al, 2000; Sohlenius et al. 1996; Thulin et
al. 1992),

Litorina Sea stage

The basal Litorina Sea stage (ESI IV) in the Gotland
Basin as well as in the North Central Basin is marked
by a continuos increasing abundance of dinoflagellate
cysts and increasing processes length of 0.
centrocarpwm, indicating a continuous increase in sa-
linity, found as well in the diatom record (Andrén et al.
2000; Sohlenius et al. 1996). After reaching a first sa-
line maximum a slight decrease in salinity is indicated
by dinoflagellate cysts followed by an interval with
changing, but still high salinity and a further salinity
maximum at the top of interval ESI V. The following
interval (ESI VI) is marked by a high abundance of P
psilata, which is not known from the present Baltic
Sea (Dale 1996). A significant environmental change
indicated by a rapid and permanent decrease in abun-
dance of dinoflagellate cysts can be found in all three
Basins (ESI VII). The processes length of 0.
centrocarpum suggests that the salinity is slightly higher
as in the interval below and the rapid decrease of di-
noflagellate cyst abundance must be caused by other
factors than salinity change, which are till now un-
known.

Variation of sedimentation rates at short distances
and different sample distribution hamper a detailed
correlation of siliceous and organic walled microfos-
sils between cores 211660-1 (Andrén et al. 2000) and
211660-6. However, the assemblage succession of dia-
tom valves at the base of the Litorina Sea stage fol-
lowed by Chaetoceros resting spores and silicoflagel-
lates at the top suggests a general increase of salinity
during the Litorina Sea stage as it can be interpreted
by the change in processes length of O. centrocarpum.

Post-Litorina Sea stage

The whole post-Litorina Sea stage (ESI I and 1) is
marked by a permanent low abundance of dinoflagel-
late cysts, and the processes length of Q. centro-
carpum suggests a lower salinity compared to the
Litorina Sea stage. Within the lower part (ESI 1) only
a slight but continuos increase of copepod egg and cla-
doceran remains can be found in all three Basins. In
the Gotland Basin and the North Central Basin an ad-
divional slight increase of coccal green algae occurs.
The lower interval (ESI IT) corresponds to a poor record
of siliceous microfossils in the core 211660-1 { Andrén
et al. 2000).

In the uppermost part of this stage a rapid increase
in copepod eggs, cladoceran remains, coccal green al-
gae and pine pollen indicates a significant change within
the environmental conditions in the two northern ba-
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sins (ESI I). This event is further marked by a rapid
increase in diatom abundance (Andrén et al. 2000) and
a peak in organic carbon and chlorine (Kowalew:kg
et al. 1999; Voss et al, 2001). The abundance of dj-
noflagellate cysts does not change significantly within
this interval, and the processes length of 0.
centrocarpum suggests a rather constant salinity,

The causes for the observed environmental change
may therefore be related to changes in nutrient con-
tent and/or temperature of the surface water, which
do not influence the dinoflagellate assemblage. The
significant increase of copepod egg abundance has no
analogue in older sediments of the Baltic Sea. The
sparse knowledge on copepod eggs, their taxonomy
and ecology does not allow an interpretation of this
phenomenon and needs further investigation.

Finally it can be stated that the organic walled mi-
crofossils provide an excellent tool for palacoecological
investigations, but much more studies with a higher
sample resolution are needed to understand the pro-
cesses and causes for the environmental variations in
the Holocene sediments of the Baltic Sea.
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Distribution of cladoceran remains in two sediment cores from the Central Baltic Sea

Wolfgang Hofmann

Abstract

Cladoceran remains were analysed in two sediment cores from the Gotland Deep and the North Central Basin
which cover the period of the last 10,000 years. Cladoceran stratigraphy divided the profiles into three fauna
zones: (1) The Ancylus stage was characterised by the co-occurrence of three taxa of freshwater planktonic
cladocera, i.e. Bosmina longispina, Bosmina longivostris, and Daphnia sp. (2) During the Litorina stage
foraminifers were present together with very low numbers of Bosmina longispina. (3) In the uppermost section
of the cores a decrease in the foraminifers and a significant increase in Bosmina longispina occurred, possibly
due to a drop in salinity (Limnaea stage?). During the Ancylus stage the species Bosmina longispina is represented
by a freshwater population while the specimens from the uppermost section belong to the brackish water race
Bosmina longispina maritima, The conspicuous peaks in the frequencies of Bosmina longispina and B
longirostris observed at the end of the Ancylus stage seem to be a typical phenomenon in the Central Baltic of

that time and have been previously reported from the Bomholm Basin and the Gdansk Bay.
O Baltic Sea, Gotland Deep, North Central Basin, sediment, Cladocera, biostratigraphy, Baltic stages,
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INTRODUCTION

In the species of the cladoceran families Bosminidae
and Chydoridae carapaces and head shields are well
preserved in lake sediments. Therefore these subfos-
sil remains have been widely used in paleoecological
research. In this connection, Cladocera have been used
to demonstrate long-term environmental changes es-
pecially with respect to climate, trophic conditions and
acidification (Frey 1986, 1988; Hofmann 1987a, 2000;
FloBner 1990; Korhola 1992; Brodersen et al. 1998).
Core studies in the Bornholm Basin and the Gdansk
Bay have shown that before the Litorina stage a plank-
tonic cladoceran fauna typical of oligotrophic fresh-
water lakes (Hofmann 1987b) inhabited the Baltic Sea.
Similar studies in the Western Baltic allowed a detailed
analysis of the shift from a freshwater fauna to a brack-
ish/marine assemblage as a result of the Litorina trans-
gression (Hofmann and Winn 2000). The aim of this
study is to verify the results from the former core studies
in the Central Baltic Sea and to compare the cladoce-
ran data with the results obtained by other methods,
such as sedimentology, dating, and analysis of other
microfossils.
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MATERIAL AND METHODS

The sediment core 211660-6 was taken by a Kastenlot
in the Gotland Deep (57° 17.0283 N - 20° 07.1386 E)
at 241.3 m water depth. The sediment of the 0-440 em
section consisted of mostly laminated pelitic mud. Be-
low 444 cm, there was homogeneous or weakly lami-
nated pelitic mud (clay). The profile 211670-4/7 com-
bines two cores (211670-4; 58° 0491843 N - 20°
015.2026 E, water depth 176.1 m and 211670-7: 58°
49,1622 N - 20° 15.1363 E, water depth 175.2 m) from
the North Central Basin taken by a Kastenlot (Brenner,
2001b).

Processing of the sediment samples followed a stan-
dard procedure for cladoceran analysis of lake sedi-
ments (Frey 1986), The fresh sediment was heated in
10% KOH on a stirrer hot plate. After cooling, the
sample was screened through a 40-pm sieve, The resi-
due was separated into size fractions > 100 um and
40-100 pm which were analysed separately. The cla-
doceran remains and foraminifers were counted in
subsamples equivalent to 0.04-2.4 g sediment under a
microscope at 100x magnification. The most frequent
remains of the cladoceran families' bosminids and

Distribution of cladoceran remains in two sediment cores from the Central Baltic Sea

chydorids were head shiclds and carapaces, while in
the case of Daphnia only the postabdominal claws
were present, Fragments were counted according to
Frev (1986, Table 32.1). From the counts the concen-
grations as densities of remains per g dry weight were
calculated. The length of the spine at the ventral-cau-
dal angle of the shell (mucro) of Bosmina longispina
was measured in specimens drawn by using a camera
Lucida attachment at 320x. Length and number of seg-
ments of the antennules were determined in micro-
scopic slides at 250x. The Median-test and the
Nemenyi-test using the software Stateasy (Lozan
1992} tested the significance of the differences be-
tween the samples. Chydorid and Bosmina taxonomy
followed Flofiner 1972 and Lieder 1996, respectively.
Foraminifers were represented by the inner linings of
their shells and corresponded to the Ammonia /
Elphidium type (Lutze 1965). The species involved
were not identified.

RESULTS
The core 211670-4/7 (North Central Basin)

In the core 211670-4/7 48 samples from the 51-673
cm section were analysed. Depth intervals of the
sarmples were 5 cm in the 51-101 cm section, 25 ¢cm in
the 101-578 cm section, and 5 cm in the 578-673 cm
section. With reference to the cladoceran stratigraphy
three faunal zones (CLAI, CLA2, CLA3) were dis-
cernible (Fig. 1). In the 598-673 em section the plank-
tonic Cladocera Bosmina longispina, Bosmina
longirostris, and Daphnia sp. and a few specimens
of the benthic chydorid species Alona quadrangularis
and Chydorus sphaericus were present (CLAL). B.
lonzisping was by far the most frequent taxon with
up to 2800 specimens/g dry weight at 638 cm and a
mean concentration of 1750 specimens/g dry weight

in the 617-643 cm section. Below and above this sec-
tion, values ranged from 20 to 300 specimens/g dry
weight with an average of 1 10-specimens/g dry weight.
Maximum concentration of B. longirostris was 120
specimens/g DW at 629 cm and the mean concentra-
tion for the 598-653 cm section was 20 specimens/g
DW. In the four samples from below 653 ¢cm no re-
mains of this species were found. Postabdominal claws
of Daphnia sp. were present in the 629-658 cm sec-
tion with maximum values at 643 cm (330-specimens/
g dry weight) and 638 cm (100-specimens/g dry
weight). Alona quadrangularis was found in four
samples of this section with 1-5 specimens/g DW and
one specimen of Chydorus sphaericus was found at
6:58-cm sediment depth. In this zone foraminifers were
not present at all.

The faunal zone CLA2, which covered the 126-
592 em section, was characterised by the presence of
foraminifers and very low frequencies of Bosmina
longispina. Concentrations of foraminifers varied ir-
regularly in the range of 20 to 300 specimens/g dry
weight with an average of 140-specimens/g dry weight.
With the exception of the 592-cm sample Bosmina
longispina was continuously present. The concentra-
tions were extremely low and ranged from 1 to 7 speci-
mens/g dry weight (average: 3-specimens/g dry
weight}). There were only three single findings of other
cladocerans: one Bosmina longirosiris at 592 cm, one
Bosmina coregoni at 428 cm, and one Disparalona
rosirata at 126 cm sediment depth,

The faunal zone CLA3 (51-101 cm) was distinctly
marked by high concentrations of Bosmina longispina.
Between 126 cm and 101-cm sediment depth the fre-
quency suddenly increased from 7 to 230 specimens/g
dry weight. Within this zone there was a further in-
crease towards the top of the core. In the lower sec-
tion from 76 to 101 cm sediment depth mean concen-
tration of Bosminag was 570 specimens/g dry weight,
while in the section above 76 cm mean concentration

was 3900 specimens/g dry

== = | weight (range: 3600-9800
P specimens/g dry weight). No
I other cladocerans were found
& in this zone. Frequencies of the
foraminifers decreased to-

[ 16" e 260 30 <00 w0e e

wards the top from an aver-
! age of 110 specimens/g dry
weight (range: 60-150 speci-
| mens/g dry weight) in the 76-
CLAZ 101 em section to an average
| of 40 specimens (range: 20-60

specimens/g dry weight) in the
51-71 em section.

LAl | The morphometric data
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Fiz. 1. Core 211670-4/7 - North Central Basin: density of remains (specimens / g dry peaks in zones CLA1 and

Weight) (Bosmina longispina: exaggeration factor 50) and boundaries of faunal zones

CLALCLA2,CLA3.

CLA3 were morphologically
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different (Fig. 2). The specimens from 51 cm and 101-
cm sediment depth had shorter mucrones and shorter
antennules with a lower number of segments than the
specimens in the samples from 629 cm, 638 ¢m, and
673-cm sediment depth. The medians of mucro length
decreased from 70-95 pm in the 629-673 cm section to
50-55 pmoat 101 emand 51 em. Likewise, medians of
antennules diminished from 183-210 pmto 160-168 um.
These differences were statistically significant (Me-
dian-test, Nemenyi-test, number per sample: 25, p =
0.05) (Lozan 1992),
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Fig. 2. Bosmina longispina; box plots of mucro length, an-
tennule length, and number of antennule segments in five
samples from core 211670-4/7 and in one sample from core
21 1660-6.
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The core 211660-6 (Gotland Deep)

In the core 211660-6 45 samples from the 64-691 cm
section were analysed. Depth intervals of the samples
were 5-10 cm in the 64-117 em section, 20-30 ¢cm in
the 117-434 cm section, and 10 cm in the 434-691 cm
section, The distribution pattern of cladocerans and
foraminifers divided the profile into three faunal zones
(Fig. 3). The zone CLA1 (445-691 cm sediment depth)
is characterised by the occurrence of the planktonic
cladocerans Bosmina longispina, Bosmina
longirostris, and Daphnia sp. and the absence of fora-
minifers. The subzones CLAla and CLA1b differ in
the concentration of 8. fongispina. In the zone CLAla
(561-691 cm) concentrations of B. lengispina ranged
from 3 to 140 specimens/g dry weight with an average
of 40-specimens/g dry weight. Maximum concentra-
tion of Bosmina longirostris was 110 specimens/g DW
at 628 cm and on an average there were 20-speci-
mens/g dry weight, Daphnia claws were only found
in two adjacent samples from 581 ¢m and 593 cm, the
concentrations were 30 and 20-specimens/g dry weight,
respectively.

In the 454-487 cm section of subzone CLA1b the
three planktonic cladocerans exhibited extremely high
maximum concentrations. In Bosmina longispina
11300 and 18400-specimens/g dry weight were found
at 454 cm and 466 cm, respectively. In the remaining
samples from this subzone mean concentration (900-
specimens/g dry weight) was distinctly higher than in
the subzone below. Bosmina longirostris showed peak
abundance of 1790 and 1000 specimens/g dry weight
at 466 em and 476 em. The maximum concentration
of Daphnia, 190-specimens/g dry weight, was found
at 487 em, The horizons of maximum frequencies of the
three species were thus arranged in a chronological or-
der, 1. e. from Daphnia o B. longirostris and finally to
B. longispina. Two chydorid specimens were present
in this subzone, one Alona quadvangularis at 476 cm
and one Alanella exciso at 487-cm sediment depth.

The faunal zone CLLA2 was separated from the zone
CLAI due to the presence of foraminifers and low
frequencies of Bosmina longispina. Within this zone,
there was an increase in the concentrations of fora-
minifers. In the 295-435 cm section frequencies ranged
from 40 to 90 specimens/g dry weight and mean fre-
quency was 40 specimens/g dry weight, with the ex-
ception of a minimum at 349 cm and 379 cm. In the
section above 295 cm concentrations were =140 speci-
mens/g dry weight, with the exception of the samples
from 80 cm, 90 cm, and 170 cm (range: 60-90 speci-
mens/g dry weight). In total, the concentration of fora-
minifers in the 80-272 cm section averaged 220-speci-
mens/g dry weight. Bosmina longisping was continu-
ously present and was missing only in the 106-cm
sample. The concentrations ranged from 4 to 50 speci-
mens/g DW (average: 20-specimens/g dry weight).
Only single specimens of the other Bosmina species
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i?ig. 3. Core 21 1660-6 Ciotland Deep: density of remains (specimens | g dry weight) (Bosmina longispina: exaggeration factor
50, boundaries of faunal zones CLA L, CLA2, CLAJ, and ages (years BF) (after Voss etal. 2001,

were found: 1-2 specimens of B. coregoni at 80 cm,
106 em, 224 cm, and 295 cm and 1-2 specimens of 5.
lanvirestris at 295 cm and 349 cm,

Chydorid species were very rare in the 144-435
cm section and were present in threé of thirteen
samples only, i. e. at 170 em (1 Alona guadrangu-
faris), at 295 cm (1 Alona affinis, 1| Monospilus
dispar), and at 327 em (1 Camptocercus rectirostris,
| Alonella exigua, | Chydorus sphaericus). In the
80-117 cm section chydorids occurred in five of six
samples with a mean concentration of 40 specimens/g
dry weight. Eight species were present of which Alona
quadrangularis was most frequent (9 of 27 specimens).

lhe two uppermost samples from 64 and 69 cm
differ from the section below by the absence of fora-
minifers and by increased concentrations of Bosmina
fonzisping (CLA3), Concentrations of the latter were
160 and 600-specimens/g dry weight at 69 cm and 64
cm, respectively. B. coregoni and B. longirostris were
cach represented by two specimens from 64 cm. 24
chydorid specimens of eight species were found in these
two samples resulting in concentrations of 60 speci-
mens/g dry weight at 69 em and 90 specimens/g dry
weizht at 64 cm sediment depth.

I'he morphology of the specimens of Bosmina
longispina from 487-cm sediment depth (zone
CLATb) corresponded to the specimens from the zone
CLAT in the core 211670-4/7. The medians of mucro
lengih, antennule length, and number of antennule seg-

ments were 98 um, 198 pm, and 13 segments, respec-
tively,

DISCUSSION

The taunal composition of the CLAI zones from both
Corcs was almost identical. The presence and rela-
tvely high concentrations of the planktonic elements

Bosmina longispina, Bosmina longirostris, and
Daphnia sp. clearly reflect freshwater conditions, al-
though B. longispina tolerates salinities > 15%o0 and was
able to establish a brackish water population in the
Baltic Sea, and B. longirostris as well as Daphnia
species have been found in the Baltic Sea at salinities
of 6-7%o (Flabner 1972), However, the co-occurrence
of the taxa and their high frequencies which refer to
their role as major elements of the zooplankton at that
time undoubtedly indicate the existence of a freshwa-
ter habitat. Remains of benthic chydorids made up less
than 1% of the total cladocerans, i. e. the planktonic/
littoral ratio was extremely high (Alhonen 1970;
Hotmann 1998). This was due to the position of the
site far from shore.

Likewise, the faunal zones CLA2 of both cores
corresponded with respect to their characteristic fea-
tures, 1. ¢. the presence of foraminifers combined with
very low frequencies of Bosmina longispina. Bosmina
longivostris and Daphnia sp. were almost totally ab-
sent. The diagrams (see Figs. | and 3) show that
Bosmina coregoni and chydorid species were slightly
more frequent in core 211660-6 than in core 211670-4/
7 which was particularly true for the upper section of
this zone, The appearance of foraminifers is an evi-
dent signal of increased salinity, which is also indicated
by the elimination of freshwater elements such as
Bosmina longirostris and Daphnia sp, However, es-
pecially in the subfossil assemblage of core 211660-6
a slight influence by remains from freshwater cladocer-
EI;S. 1. e. Bosmina coregoni and chydonds, is discem-
ible.

Finally, the zones CLA3 of both profiles were sepa-
rated by the same major changes, i. e. a decrease in
the concentration of foraminifers and an increase in
Bosmina longispina. In the core 211670 the frequency
of the latter species was much higher than in the zone
CLA1 while in the core 211660 the proportions were
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exactly the opposite. Besides, chydorids were more
frequent in core 211660-6 than in core 211670-4/7.

The CLA1/CLA2 boundary determined by a suc-
cession from freshwater cladocerans to marine/brack-
ish foraminifers seems to indicate the shift from the
Ancylus stage to the Litorina stage of the Baltic Sea.
In core 21 1660-6 this boundary is situated at about 440-
cm sediment depth. According to Voss et al. (2001),
this horizon has an age of about 7200 years BP. Actu-
ally, this horizon represents a transitional period be-
tween the upper boundary of the cladoceran peak at
454 ¢m and the appearance of foraminifers at 435 cm.
Most probably the drastic decline of freshwater cla-
docerans above 454 cm indicates the begin of increas-
ing salinity. This would be in accordance with Harff et
al. {2001) who showed that the 456-cm horizon repre-
sents the end of the Ancylus stage. Brenner (2001a)
found that freshwater dinoflagellates disappeared at
472 em and marine dinoflagellates appeared at 450 cm
and concluded that the boundary between Ancylus
(zone ESI 1) and early Litorina stage (zone ESI [II)
lay within the 450-472 em section.

Likewise, in the core 211670-4/7 from the North
Central Basin the rapid decrease of the planktonic
Cladocera, which occurred above 617-cm sediment,
depth seems to be the first response to an increase of
salinity. According to Brenner (200 1a) the end of the
Ancylus stage occurred within the 604-619 em section
as indicated by the boundary between the zones ESI
Il and ESI IV. Also in this case, the CLA1/CLA2
boundary between 592 em and 398-cm sediment depth,
determined by the appearance of foraminifers, is lo-
cated somewhat above the beginning of the Litorina
stage. Thus, in both cores, there was a time lag be-
tween the end of freshwater conditions and the first
appearance of foraminifers in the sediment. The exist-
ence of a transitional zone rather than a sharp bound-
ary is in accordance with the suggestion of a gradual
increase of salinity for about 1000 years at the end of
the Ancylus period (Huckriede et al. 1996).

The enormous increase in the frequencies of the
freshwater cladocerans Bosmina longispina and B.
fongirostris at the end of the Ancylus stage observed
in the cores from the Gotland Deep and the North Cen-
tral Basin seems to be a typical phenomenon in the
Baltic proper of that time. High frequencies in the same
order of magnitude of both Bosmina species were also
found in sediment cores from the Bomholm Basin and
the Gdansk Bay (Hofmann 1987b). Also in these cases,
the peak of Bosmina longirostris preceded the peak
of B. longispina. As has been shown by diatom analy-
sis (Abelmann 1985), these peaks were, however, lo-
cated in the sediment layers of the Mastogloia period
rather than in the true Ancylus stage.

The zone CLA2 of both cores represents the Litorina
stage of the Baltic proper and corresponds to the zones
ESI IV - ESI VI of Brenner (2001a) while with re-
spect to zone CLAJ the results are ambiguous. The
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increase of Bosmina longispina in both cores and the
increase of remains of littoral chydorids in the cope
from the Gotland Deep coincide with Brenner's gh.
servations, who found increased numbers of copepogd
cges, cladoceran remains, Pinus pollen and coccg)
green algae (Pediastrum) in the uppermost section of
the cores (zone ESI IX). As known from the literaiure
(Lieder 1996) the specimens of 8. longispina from
this zone should represent the endemic brackish water
taxon B. longispina maritima which at present inha.
bits the Baltic Sea. The subfossil specimens indeed
differed in their morphology from the freshwater anj-
mals found during the Ancylus stage (zone CLA1) (see
Fig. 2), it is, however, not possible to separatc B
longispina maritima from freshwater populations by
its morphology because this subspecies is in the mor-
phological range of populations from large European
oligotrophic lakes, i. e. the so-called lacustris races
(Lieder 1996). At present 8. | maritima occurs in
the eastern and central part of the Baltic Sea. The
species avoids the western Baltic Sea because of the
higher salinity's (Purasjoki, 1958 (sub B. coregoni
maritima); Hofmann 1987b; Lieder 1996; Krey 1974
{sub B. coregoni maritima). It has been demon-
strated by core studies that this species became ex-
tinct in the southwestern Baltic (Mecklenburg Bay,
Neustadt Bay, Kiel Fjord, Vejsnaes) after the Litorina
transgression (Hofmann and Winn 2000). A drop in
salinity (Limnaea stage) (Hyvirinen 1988) is a pos-
sible explanation for the distinet increase of this spe-
cies towards the top of the cores. The high frequen-
cies of littoral elements among the microfossils found
in the sediment of this zone are attributed by Brenner
(2001a) to an increased coastal-basin transport.

References

Abelmann, A. 1985: Paldkologische und kostratigraphische
Untersuchungen von Diatomeenassoziationenan
holozinen Sedimenten der zentralen Ostsee. Report
Geologisch-Paldontologivches Institut der Universiii
Kief 9 1-134.

Alhonen, P. 1970; On the significance of the planktonic/hit-
toral ratio in the cladoceran stratigraphy of lake sed:-
ments, Commemtationes Biologicae 35, 1-9,

Brenner, W, 2001a; Organic walled microfossils from the cen-
tral Baltic Sea, indicators of environmental change and
base for ecostratigraphic correlation. Baftica /4, 40-51.

Brenner, W. 2001h: Distribution of organic walled microfos-
sils within single lamina from the Gotland Basin, and
their environmental evidence. Balvica 14, 34-39,

Brodersen, K. P., Whiteside, M. C. & Lindegaard, C. 1995
Reconstruction of trophic state in Danish lakes using
subfossil chydond (Cladocera) assemblages. Camadian
Jovrnal of Fisheries and  Aguaric Sciences 33, 10893
1103.

Flofner, D. 1972: Kiemen- und BlattfiiBer, Branchiopoda,
Fischliuse, Branchiura. Tierwelt Dentselilands 60, 1-499

Distribution of cladoceran remains in two sediment cores from the Central Baltic Sea

-

Flabner, D- 1990: Die Geschichte der Cladocerenfauna des
Kleinen Barsch-Sees, eines sauren, kalkarmen
mMoorweihers im mitteleuropdischen Flachland.
Limnologica 21, 125-135.

Frey, D.G. 1986: Cladocera analysis. fn Berglund, B_E. (Ed.):
Handbook of Holocene Palaeoecology and
palaeohydrology, 667-692. John Wiley & Sons,
Chichester.

Frey, . G. 1988: Littoral and offshore communities of dia-
toms, cladocerans and dipterous larvae, and their inter-
pretation in paleolimnology. J. Palealimnol. 1, 179-191,

Harft, 1., Bohling G. C., Davis, J. C., Endler R., Kunzendorf,
H.. Olea, R. A., Schwarzacher, W. & Voss, M. 2001:
Phy sico-chemical zonation of Gotland Basin (Baltic Sea)
Holocene sediments. Baltica 14, 58-66.

Hofmann, W. 1987a: Cladocera in space and time: analysis
of luke sediments. Hyvdrobiologia 145, 315-321.

Hofmann, W. 1987b: Stratigraphy of Cladocera (Crustacea)
and Chironomidae (Insecta: Diptera) in three sediment
cores from the Central Baltic Sea as related to paleo-
salinity. [nternationale Revue der gesamten
Hydrobiologie 72, 97-106.

Hofmonn, W, 1998: Cladocerans and chironomids as indica-
tors of lake level changes in north temperate lakes. Jour-
nitl of Paleslimnology 19, 55-61.

Hofimamn, W. 2000: Response of the chydorid fauns to rapid
climatic changes in four alpine lakes at different altitudes.
Falaeogeography, Palacoclimatology, Palaeoecology
159,281-292,

Hofimann, W. & Winn, K. 2000: The Littorina transgression inthe
Western Baltic Sea as indicated by subfossil Chironomidae
{Diptera) and Cladocera (Crustacea). Internationale Revue
der gesamten Hydrobiologie 85, 267-291.

Huckriede, H., Clasen, S. & Meischner, D. 1996: Hydrographic
and climatic changes recorded in Holocene sediments of
the Central Baltic Sea. Baltica 9, 76-91.

Hyvirinen, H. 1988: Definition of Baltic stages. Ammales
Academiae Sciemtiarum Fennicae A [I] 148, 7-11.

Korhola, AL 1992: The Early Holocene hydrosere in a small
acid hill-top basin studied using crustacean sedimen-
tary remains. Jouwrnal of Paleolimnology 7, 1-22.

Krey, J. 1974: Das Plankton. fn Magaard, L. & Rheinheimer,
G. (Eds.): Meereskunde der Ostsee, 103-130. Springer,
Berlin-Heidelberg-New York.

Lieder, U, 1996: Crustacea Cladocera / Bosminidae.
Siifwasserfauna von Mittelenropa 8 (2-3), 1-80.

Lozan, J. 8. 1992: Angewandie Statistik fiir Naturwis-
senschaftler. Paul Parey, Berlin.

Lutze, G. F. 1965; Zur Foraminiferen-Fauna der Ostsee.
Meyniana 15, 75-142.

Purasjoki, K. 1. 1958: Zur Biclogie der Brackwasserkladozere
Bosming coregoni maritima (P. E. Miller). Annales
Zoologici Societatis Zoologicae Botanicae Fennicae

Vanamo 19, 1-117.

Voss, M., Kowalewska, G. & Brenner, W. 2001: Microfos-
sil and biochemical indicators of environmental
changes in the Gotland Deep during the last 10,000
years, Balvica 14, 131-140,



Baltica

www.geologinbaltics

Baltica 14 (2001) 58-66
Physico-chemical stratigraphy of Gotland Basin Holocene sediments, the Baltic Sea

Jan Harff, Geoffrey Bohling, John C. Davis, Rudolf Endler, Helmar Kunzendorf, Ricardo A. Olea,
Walther Schwarzacher, Maren Voss

Abstract

Late Pleistocene to Holocene sediment cores from the Eastern Gotland Basin, Central Baltic Sea, were investigated
by a numerical analysis of MSCL data describing the physical facies and geochemical data. A master core
showing an almost complete sediment sequence was subdivided into lithostratigraphic units (zones) using
depth-constrained multivariate classification procedure including the variables p-wave velocity, wet bulk density.
and magnetic susceptibility. This zonation coincides with the general stratigraphic frame for Holocene sediments
in the Baltic Sea Basins. Using a numerical correlation procedure based on p-wave velocity and wet bulk
density, the zonation of Litorina and posi-Litorina sediments (units B-1 to B-6) was extended laterally to nearby
cores. An acoustic index indicates varying oxvgen supply to bottom water during deposition. Principal component
scores derived from geochemical data are used as indicators of terrigenous flux into the basin and of bioproduction.
Comparisons of grey-scale time series curves within the laminated units with d180 time series curves from
Greenland ice cores, tree-ring curves from western Europe, and solar activity suggest a correlation between the

Baltic Sea depositional environment and climate change indicators.
{7 Sedimens, physical properties, inorganic geochemisiey, mitrogendcarbon isotope signature, grey seale values, phyvsico-ehemical
comation, stratigraphic corvelation. Helocene, Gaotland Basin, Baltic Sea.
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INTRODUCTION

Sediment cores from anoxic basins of the Baltic Sea
serve as high-resolution indicators of their depositional
environment because of the high sedimentation rate
and low degree of bioturbation. Reading these records
is particularly important for the reconstruction of cli-
matic changes in the Northern hemisphere and the in-
fluence of climate change on the marine environment.
Research during the past two decades on Baltic Sea
depositional environments began with a general review
by Winterhalter et al. (1981), who described the pat-
tern of environmental change during the late Pleistocene
and Holocene and the reflection of these changes in
the sedimentary facies of Baltic basin sediments. In
general, these sediments show a progression from late
glacial varved clays (Baltic lce Lake, fresh water),
through transition clays (Yoldia Sea, brackish-marine,
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and Ancylus Lake, fresh water) to postglacial gyttja
clay (Litorina Sea, brackish-marine) and recent muds
(recent Baltic Sea, brackish-marine). A summary of
the stratigraphic subdivisions of Baltic Late Quater-
nary sediments developed by Eastern European scien-
tists is given by Emelyanov (1995), who interpreted
the vertical changes in facies from a geochemical point
of view. A comparable subdivision of Gotland Basin
sediments was made by Huckriede et al. (1995), based
on geochemical facies that reflected the oxygen sup-
ply in the depositional environment. A model by
Sohlenius and Westmann (1998) explained not only the
sedimentary environment but also the diagenetic for-
mation of sedimentary minerals. Andrén (1999) re-
constructed environmental changes during the Ho-
locene based on a complicated lithological and
geochemical interpretation of diatom stratigraphy and
palececology,
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New results in investigating of the Baltic Sea Ho-
locene sediments have been achieved by an interna-
tional research project BASYS (Baltic Sea System
Study) Subproject 7, "The paleoenvironment based on
the study of deep basin sediments” {Anonymous, 1996)
finunced by the European Union. The general objec-
tives of this project are described in Winterhalter (2001).
Thes paper reports on statistical data exploration within
the frame of BASYS-7 intended to subdivide the late
Pleistocene/Holocene sedimentary sequences of the
Gotland Basin into facies zones that reflect changes in
depositional environments during the late Quaternary.
Physical data on sediments are incorporated together
with inorganic geochemistry measurements and stable
nitrogen and carbon isotope signatures. All data were
acquired as part of the BASYS subproject-7. Physical
properties, including p-wave velocity, wet bulk density
and magnetic susceptibility (Endler 1998), and nitro-
gen and carbon isotope signatures (Voss et al. 1998)
were measured by the Baltic Sea Research Institute
(IOW). The Risg National Laboratory (Kunzendorf
1999) made inorganic geochemical analyses,

The age model used in this report is based on pa-
leomagnetic studies by the Geological Survey of Fin-
land (Kotilainen et al. 2000) and radio carbon dating
and glacial varve analysis carried out at the University
of Stockholm (Andrén et al. 1999, 2000). Multivariate
statistical and time series analyses are the result of
collaboration between the IOW, the Kansas Geologi-
cal Survey, and the University of Belfast.

AREA OF INVESTIGATION / SAMPLING

This study concentrates on the Eastern Gotland Basin
(Fiz. 1), a 249 m deep depression within the central
Bultic Sea. The water body is stratified, causing al-
most permanent anoxic conditions in the bottom water,
resulting in a non-bioturbated sediment surface. Based
Of seismoacoustic surveys, a series of cores were taken

0 2 24
Fie 1. Area of investigation showing core stations.

in the basin; core 211660-1 was collected using a 9 m
piston corer, cores 211660-5, 211640-7, and 211650-5
were collected using a 12 m gravity corer, and core
211660-6 was taken using a 9 m Kastenlot during a
cruise of R/V Petr Kottsov in July and August of 1997
(HarfT and Winterhalter 1997). Core 211660-6 was litho-
logically described and sampled for geochemical analy-
sis by the Risg laboratories in Roskilde, Denmark, stable
isotope measurement at the Baltic Sea Research In-
stitute Warnemiinde, and for paleomagnetic and min-
eral magnetic studies at the Geological Survey of Fin-
land. Sediment cores 211660-5, 211640-7, and 21 1650-
5 were cut into | m long sections of the plastic liner
and were taken unopened to the Baltic Sea Research
Institute for measurement of the physical properties of
the sediment using a multi-sensor core logger, Core
211660-5 was described lithologically by B. Larsen of
the Geological Survey of Denmark and Greenland
(Harff and Winterhalter 1997) before measuring its
physical properties. This core was also sampled at
Warnemiinde for paleomagnetic and mineral magnetic
studies conducted at the Geological Survey of Finland.
Core 211660-1 collected by T. Andrén was cut into
sections for transport to Stockholm University where
it was lithologically described and sampled for
geochemical analysis at the Risg laboratories and for
paleomagnetic and mineral magnetic studies by the
Geological Survey of Finland. In addition, multi-sensor
core log data from core 20050-1 (collected during the
GOBEX project) was incorporated into this study
{(Endler 1998).

DATA
Sediment physics

Non-destructive logging of sediment cores was per-
formed at the Baltic Sea Research Institute Warne-
miinde. using a Multi-Sensor Core Logger (MSCL)
manufactured by GEOTEK Ltd. The scanner pro-
cesses sections sequentially, producing an unbroken
stream of data. Measurements include compression
wave velocities and core diameters for calculation of
p-wave velocities, gamma ray attenuation for the de-
termination of wet bulk density, magnetic susceptibil-
ity, and a colour line scan yielding a digital record of
the image of the core.

For this study, cores were cut in longitudinal direc-
tion with a special cutting device. The exposed sedi-
ment surface was carefully smoothed and prepared
for optical scanning during the first pass through the
MSCL. Next, a 4-mm thick plastic plate to make a
flat, rigid surface required by the p-wave sensor cov-
ered the sediment surface. (Without this plate, the
spring-loaded transducer would penetrate the sediment
and the sensor would measure an incorrect core diam-
eter.) During a second pass, all the other properties (p-
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wave velocity, wet bulk density, and magnetic suscep-
tibility) were measured.

Calibrations (including corrections for electronic drift
and core barrel liner material) were made by logging a
special calibration piece before and after each core.
Collecting sediment samples and estimating their wet
bulk density did additional quality control by a conven-
tional volume/weight method. Sound velocities were
corrected to an in situ temperature of 4°C using a ve-
locity gradient of 3.4 m/s per degree.

Grey values produced by the image scanner were
made from freshly cut surfaces of cores 211640-7,
211660-5 and 211660-4, which were cut into | m sec-
tions onboard for scanning. Grey values were classi-
fied into 200 categories from black to white, recorded
at steps of 81.9 * 10 m. The data are stored in sepa-
rate digital files, each of which contains over 12,000
grey values for a | m section of core. (For more de-
tailed information about multi-sensor core logging, see
Boyce 1973; Gunn and Best 1998; Schultheiss and
Weaver 1992,

Inorganic geochemistry

An energy-dispersive X-ray fluorescence (EDX) tech-
nique using radioisotopes for characteristic X-ray ex-
citation was used for sediment analysis. The analytical
system has been described elsewhere (Kunzendorf
1979). Briefly, the detector system consists of a Si (Li)
detector coupled 1o an auto-sampler having a capacity
of 48 samples. Sediment is placed into sample contain-
ers which have a very thin polyethylene film bottom to
reduce self-absorption of the X-rays produced by the
sample. Because the procedure is non-destructive, the
same samples were also used for other purposes, such
as 210Pb dating. Characteristic X-ray spectra from
each sample were recorded by a multi-channel analyser
and AXIL, a least-squares fitting program, was used
to evaluate the complex spectra. The system was cali-
brated using recommended values for 28 international
geological reference materials. Measurements were
made for 1 hour using two different radioisotope sources
to determine the major elements K, Ca, Ti, Mn and Fe,
and the minor and trace elements V, Cr, Ni, Cu. Zn,
Ga, As Br, Rb, Sr, Y, Zr, Nb and Mo. Precision of mea-
surement is estimated to be less than 10% of the amount
present. Detection limits for most trace elements are
no greater than approximately 10 w0 20 mg/kg.

Nitrogen- and carbon isotopes

Samples were taken for determination of total carbon
and nitrogen and stable isotope composition at 5 cm
intervals from surface to 550 cm depth. Cores were
kept dark and cool while onboard the ship and were
further processed in an onshore laboratory. Samples
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were dried at 60°C for 24 hours, then homogenizeg
with a mortar and pestle. Roughly 10 mg of sedimeng
were weighed into tin cups for 8°N analyses. There
is a persistent bias of 0.5-1%¢ between 8"N values
measured on acidified sediment samples compared g
non-acidified samples, so a split of the samples were
used for carbon isotope measurements. The splits were
weighed into silver cups, acidified with 2n HCI 1o
remove carbonate, and again dried. These were
placed into a Thermofinnigan CE 1108 CHN analyser
connected to a Finnigan Delta S mass spectromeler
yvia a Conflow 11 open split interface. Total carbon
and nitrogen determinations were calibrated daily
using acetanilide. A laboratory internal standard with
a known &"N value (Pepton, Merck) was analysed
after every six determinations. The isotope cali-
bration of a N2 gas bottle was performed with
IAEA-N1, N2, and N3 and a gas bottle of CO2
was calibrated for carbon against NBS 21 and
22. Delta values are given in the usual notation:
al.‘-N ={ {I!N; “NJSuugle ! {ISN} HN}sunm _”*1{]“{}'
The same procedure is used to calculate 8" °C). The
standard deviations, as calculated as the Peptone stun-
dard, are better than 0.15%. for 6N and §"C mea-
surements,

The age model

The age model for core 211660-1 is shown graphically
in Fig. 2, which combines results from paleomagne!ic
studies, "C dating, and glacial varve analysis. Kotilainen
et al. (2000) used magnetic inclination and declination
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Fig. 2. Combined age model for Gotland Basin core 21 1660- 1.
Circles: palcomagnetic dating {after Kotilainen 2000); tri-
angles: calibrated “C datings (Andrén et al. 2000); squares:
varve datings { Andrén et al. 1999, 2000).

and magnetic susceptibility measurements of sediment
core for comparison to the secular variation recorded
in varved lake sediments in Finland to date the sedi-
mentary sequence over the past 3000 years. Older se-
quences are dated by Andrén et al. (2000) by acceler-
ated mass spectrometry carbon analysis. Dating of gla-
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cial varves comes from measuring and correlating to
the Swedish Time Scale in connection with the
Greenland GRIP 80 record {(Andrén et al. 1999,
2000). Fig-2 shows the age model for core 211660-1
as a combination of data described before. This age
mode! is extended to the cores 211660-5 and 211660-6
by a lithostratigraphic method explained below.

RESULTS OF DATA ANALYSIS
Physico-stratigraphic zonation

The initial step in analysis was zonation of master core
211660-5 using a depth-constrained multivariate clas-
sification procedure based on the p-wave velocity, wet
bulk density, and magnetic susceptibility logs (HarfT et
al. 1949a, 1999h). Fig. 3 shows the results of zonation.
This zonation has been converted to cores 211660-1,
and 21 1660-6 by comparison of paleomagnetic datings
{for zones B-4 to B-6 only) and by lithostratigraphic
correlation using core desriptions by B. Larsen (Harff
and Winterhalter 1997), and MSCL data. The results
of the correlation of zone boundaries are shown in Table
| for the zones B-1 to B-6. Based on this correlation
the age model determined for core 211660-1 (Fig. 2)
was converted linearly to cores 211660-5, and 21 1660-
6. The age data for the zone boundaries shown in Fig-
ure 3 for core 211660-5 were received by using this
age runsformation. Sedimentary units comprising the
Baltic Ice Lake to Ancylus interval are designated A-
10 A-6. Zones B-1 to B-6 are sequences represent-
ing deposition in the Litorina Sea to the Recent Baltic
Sea. Zones B-1, B-3 and B-5 consist of laminated sedi-
ments, and units B-2 and B-4 represent non-laminated

sequences. Units A3, A5, and A6 also are non-lami-
nated. This physico-stratigraphic zonation coincides in
detail with the lithological core description given by B.
Larsen (Harff and Winterhalter 1997). Basin stages
{Andrén 1999) are given in Figure 3.

Table 1. Lithostratigraphic correlation of Gotland Basin Late
Holocene sediment cores based on MSCL data, core de-
scriptions by B. Larsen (Harff and Winterhalter 1997), and
paleomagnetic data by A. Kotilainen et al. (2000}

Zone Core 211660-5 | Core 211660-1 | Core 211660-6
Depth (em) Depth (em) Depth (em)

B-6 -39 0-20 0 - 65

B-3 40 - 89 21-78 o6 - 116

B-4 90 - 228 79 - 203 117 - 267

B-3 229 - 302 204 - 282 268 - 355

B-Z 303 -320 283 - 300 356 - 372

B-1 321 -378 301 - 368 373 -442

Physico-stratigraphic correlation

To confirm and extend the zonation of B-inter-
vals defined in core 211660-5, numerical strati-
graphic correlation was performed along a loop
starting and ending with the master core. The se-
quence of correlations was from core 211660-5 to
core 20050-1 to core 211640-7 and then back to
core 211650-5.

The correlations are based on a method devel-
oped by Olea (1994) which maximizes a weighted
sliding correlation coefficient, constrained by pro-
duction rules on stratigraphic principles, imple-
mented in the artificial intelligence program
CORRELATOR. The program utilizes variation in
p-wave velocity and wet bulk density in the two
cores being correlated. In
order to eliminate any ef-

o s mﬂmﬁmw fects of compaction on the

TR Wi W@ 1 13 18 L. S 0 acoustic variable, a first-or-

3 RecemBame Seal g der polynomial trend was
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. = ;:" sured data. An "acoustic in-

= I | 10 dex" was created as the re-
. 2 SR e o siduals from a linear ap-
§ :j-'.- ", R &  proximation of the p-wave
£ | '_H 88 = velocity scaled over the in-
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i My ViR | ™ zonation of core 211660-5
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Fig 3 Physico-stratigraphic zonation of Master Core 211660-5 correlated with Baltic
Sen hasin stages (Andrén 1999). MSCL data used for the zonation are shown by fine
Curves, Within the zones data are blocked by averaging and drawn by heavy discrete
Curves, Ages of zone boundaries given in the Figure are calculated using the age model
inFig 2 correlated with core 21 1660-5 by the method described in the text.

Gotland Basin. The result of
numerical correlation 1s
shown in Fig. 4.

It can be shown that lami-
nated sediments within the
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Fig. 4. Facies comelation and environmental interpretation of Gotland Basin cores. The cross section marks a correlation
loop of coring sites 211660-5 22250-1 211640-7 211650-5 211660-3, "CACU" stands for the "acoustic index", "DENS"
denotes the "wet bulk density”. The interpretation of the variable "acoustic index" in terms of ventilation of the depositional
environment is given qualitatively by a double arrow in the table below the cross plot. From green to blue the anoxic
character of the depositional environment increases, Red stands for oxic depositional conditions.

cores reflecting anoxic environment of deposition
show values of the acoustic index close o 1.0,
whereas homogenous sediments deposited under
oxic conditions of bottom water are represented
by an acoustic index near 0. This leads to the as-
sumption that the acoustic index can be used as a
qualitative proxy-variable indicating the ventilation
of near-bottom water during sediment deposition.
Values of the acoustic index are represented by
colors in Figure 4. So, the pattern of colors on the
cross-section expresses changes in the oxygen sup-
ply to the bottom water. Red and orange colors
stand predominantly for homogeneous layers of
sediment while laminated sediments are expressed
by blue and green. The homogeneous, bioturbated
sediments of unit A6 are overlain by unit BI, mark-
ing the inflow of marine water into the Gotland
Basin during the Litorina transgression. The influx
of dense, saline water established a stratified wa-
ter body that prevented oxygen in the surface lay-
ers from reaching lower levels, leading to an an-
oxic environment in the near-bottom water. Anoxic
phases of units B1, B3, and BS are interrupted by
periods of stronger ventilation of bottom water, that
were probably the result of a less stratified water
column, and the consequent movement of oxygen
from the surface by vertical mixing, This permit-
ted the re-establishment of benthic life, which
caused bioturbated sediments.
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Geochemical facies and environment

Sediments from core 211660-1 were sampled and
analysed for elements K, Ca, Ti, Mn, Fe, V, Cr, Co,
Mi, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, and Nb. Princi-
pal component analysis with varimax rotation (Davis
1987) was used to summarize the variation in these
elements. The first principal component contains 43
% of the total variance of all variables and primarily
reflects contributions from =K, =Ti, =Rb, =Zr, +Cu,
and +Mo (- stands for negative and + stands for posi-
tive loadings). This component is interpreted as re-
flecting the detrital constituents of the sediment.
Scores on this component can be regarded as a new,
composite variable indicating changes in terrigenous
influx to the basin, and is shown by the curve on the
left side of Fig. 5.

The signature of N_, C,_. Cm;" and stable isotopes
§'N,,. 8""C__ in sediment core 211660-6 were
analysed at the IOW laboratories. A principal compo-
nent analysis of these data revealed a principle com-
ponent | (PC 1) comprising N, C_. C__ with posi-
tive loadings (>0.6), and §"N_ with negative loading
(<-(0.6) that account for 70% of the total variation within
the set of variables. This component is interpreted as
indicator for bioproduction and conservation of organic
matter. The relation between production in the surface
laver and organic content in the underlying sediment
has been shown by Degens and Mopper (1976). The
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Fig. 5. Indicators of depositional environment during the
marine-brackish stages of the Baltic Sea, derived from physi-
cal und geochemical data for sediment cores 21 1660-1, 21 160-
Sand 21 1660-6.

anoxic conditions in the bottom water might even
strengthen this effect because microbiological degra-
dation slowed down (Miiller 1975).

Figure 5 is a plot of the two sets of principal com-
ponent scores and the acoustic index versus age and
physico-stratigraphic zonation for cores 211660-1,
211660-5 and 211660-6. The indirect dating of cores
211660-5 and 211660-6 is carried out by the method
described above using the correlation of zone bound-
arics shown in Table 1. The high correlation between
the variables is obvious. The graph shows that high
organie production and reduced terrigenous influx co-
incide with laminated sediments deposited under an-
oxic conditions. This agrees with the interpretation of
Sohlenius and Westmann (1998) and Andrén (1999)
who asserted that stratification of the Baltic water body
resulted from increased water inflow from the North
Sex, leading to more marine conditions, Periods of ho-
mogeneous sediments, reflecting oxygen-rich bottom
conditions, are associated with increases in terrigenous
influx and reduced organic conservation, These indi-
calors substantiate the assumption of less saline water
conditions. Comparison with the paleotemperature
curve for the northern hemisphere given by Schinwiese
(1995) confirms that an oxic depositional environment
i (he Gotland Basin coincided with a colder climate
and anoxic environment of sedimentation was corre-
fated with warmer climate.

Grey Scale values and other time series

The sequence of grey values represents a time series
'IJIi:mL'ripli{:n of the core. The large number of observa-
Lions make some analyses difficult. so the series was
reduced by averaging scan values over 1 mm inter-
vitls, The averaged series for core 211660-5 is given in
Fiz. 6 and clearly shows the local stratigraphy defined
by the physico-stratigraphic zonation. To study shorter

fluctuations in the sequence, it is useful to remove large
variations in grey level; for this purpose, a simple har-
monic trend using the first eight coefficients of a Fou-
rier series was fitted to the data. The grey level curve
roughly coincides with curves of organic carbon, with
high carbon values corresponding to high grey levels,
There is no apparent evidence of regular annual strati-
fication (varves), suggesting that a single year may be
represented by several laminae.

Although there are uncertainties in interpreting the
grey level succession, it does provide a very detailed
record of environmental changes during Litorina time.
Because parts of the grey-level series appear differ-
ent, spectra were calculated for different intervals of
core. Analyses were made using both the maximum
entropy method (MEM) and singular spectral analysis
(SSA). The well-laminated series in zone B-3 was se-
lected for analysis of periodicity. Using the age model
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Fig. 6. Grey values and fitted harmonic trend against physico-
stratigraphic units and age of core 21 1660-5,
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results suggest that the change
of the depositional envirop.
ment on a time scale from de.
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I 11 B cated by the d 80 record

from the Greenland ice cores)
and the environmentally con-
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activity. Further studies huve
| to explain the cause and eficct
] relation of climate and deposi-
tional environment in the Bal-
tic Sea basins.
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Fig. 7. Periodicity of grey values within unit B-3 of Master Core 21 1660-5 and tree ring
0, and solar activity data. Correlation based on the age model in

thickness, 1ce core &'
Fig. 2.

given by Figure 2 the data sequence in Figure 6 was
converted into time. This conversion allows the com-
parison of the grey-level time series from Gotland Ba-
sin core 211660-5 (zone B-3) to dendrochronological
records, to Greenland ice core (GRIP) data, and to
solar activity time series (Grootes & Stuiver 1997).
The composite record of growth from a large number
of trees, in the form of measurements of thicknesses
of tree rings, is a complicated record of environmental
changes that is very similar to the sedimentary record,
which is also mostly determined by changes in the en-
vironment. The Belfast 7000 year long chronology
based on oak trees from Ireland, North and Central
Germany (Pilcher et al. 1984) was used in this com-
parison, The tree ring series extends from 1983 AD to
5289 BC. Except during the last 200 years which is
marked by a sudden increase in growth rate, the mean
growth rate of oak trees has been 1.02 mm per an-
num, with a standard deviation of 8.8 mm.

A 80 curve was prepared from data from the
NOAA Paleoclimatic Program at World Data Centre
A (Anonymus 1997). A spline function was used to
obtain five-year intervals, which were further smoothed
with a ten-point moving average, giving 50-year aver-
age values of 8O at intervals of five years. Results
of periodicity analysis for the four time series are shown
in Fig. 7.

The results of time series analysis show a similarity
of the periodic nature of all analysed variables. The
periods 66, 163, 220, 520 of the sediment data corre-
spond to periods within the ice core, tree rings and
solar activity data. The 1250 frequency of grey values
can be compared with ice core and tree ring data. The

)

Sediment cores of Late Pleis-
tocene to Holocene age from
the Eastern Gotland Basin of
the central Baltic Sea were investigated by numerical
analyses of physical and geochemical measuremenis
of the sediments. A complete sedimentary sequence
of the Late Pleistocene and Holocene of master core
211660-5 was subdivided into lithostratigraphic uniis
by a depth-constrained multivariate classification pro-
cedure based on the physical properties p-wave ve-
locity, wet bulk density, and magnetic susceptibility.
Units A-1 to A-6 consist of Andrén's (1999) Baltic Ice
Lake, Initial Phase of Yoldia Sea, Yoldia Sea, Ending
Phase of Yoldia Sea, and Ancylus Lake stages. Units
B-1 to B-5 consist of laminated and nonlaminated se

quences within the stages Litorina Sea and Post Litorin
Sea. Laminated sediments of units B-1, B-3, and B-5
reflect anoxic conditions caused by a stratified water
body composed of relative salty bottom water overlain
by less saline water. These units are interrupted by
nonlaminated sediments of units B-2 and B4, which
were deposited under oxygenated conditions. Unit B-
6 coincides with Andrén's (1999) phase, Recent Baltic
Sea. A combined age model (Andrén et al. 1999, 2000,
Kotilainen 2000) was applied to date the sedimentary
sequence. Numerical correlation was used to extend
the zonation of Litorina and post-Litorina sediments
{units B-1 to B-6) from the master core 211660-5 lat-
erally to cores 20050-1, 211640-7 and 211650-5 using
the records of p-wave velocity and wet bulk density.
An acoustic index indicates changes in oxygen supply
to bottom water during deposition. Principal compo-
nent scores derived from inorganic geochemical data
reflect terrigenous flux into the Gotland Basin. Princi-
pal component scores for nitrogen. carbon and their
stable isotopes indicate the degree of bioproduction
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4nd © nservation of organic material. Cnmsp?nq:ncc
petween principal component scores, acoustic index
qnd paleotemperature curves for the late Quatm:nary
suggests that brackish marine phases were ammcu?md
with warm periods. Comparison of results from time
series analyses of grey scale curves within laminated
ynits to 80 data from Greenland ice cores, tree ring
curves from western Europe, and solar activity sug-
gests a correlation between the variation of the depo-
sitional environment of the Baltic Sea basins and the
climate change indicators.
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Paleomagnetic dating of a Late Holocene sediment core from the North Central Basin,
the Baltic Sea

Aarne Kotilainen, Tuovi Kankainen, Antti Qjala, Boris Winterhalter

Absiract

The scarcity or absence of organic material (organic carbon) in Baltic Sea sediment cores often makes accurate
dating of the material difficult. In the present study, changes in the secular variations in the Earth's magnetic field
have been used to date sediment core (OW96/02/GC-4) from the North Central Basin (NCB). the Baltic Sea.
The results show that the paleomagnetic dating method can be used on these marine sediments, and that it is
possible to correlate them with the secular variations observed in annually laminated lake sediments in Finland.
According to paleomagnetic data, the sedimentation rate has varied in the study area from 0.2 up 1o 1.9 mm/a
during the past 3000 years. Furthermore, the present results suggest an age of ~ 1200 varve years BP (750 AD)
for the onset of a well defined acoustic reflector known as the "Viking Layer”.

O Geachronolegy, Holocene, Litoring Sea, magnetic susceptibility, marine sediments, Baltic Sea, paleomagnetism, secular variasions,
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INTRODUCTION

It is well known that accurate radiocarbon dating of
Baltic Sea sediments often poses unsurmountable dif-
ficulties. This can be due to the scarcity or lack of
orzanic carbon, especially in Late Pleistocene and early
Holocene sediments, or due to contamination by re-
suspended older organic material, The "“C deficiency
of water probably also gives ages that are too old thus
degrading the accuracy of the C method.

Ihe direction and strength of the Earth's geomag-
netic field is known to vary through time on timescales
from milliseconds to millions of years. Long-term varia-
tion with periods ranging from a few years to 104 years
1s called secular variation of the Earth's geomagnetic
ficld (Merrill et al. 1996). The variations in the geo-
magnetic field are often stored as measurable para-
meters in sediments forming a continuous time series
(Mackereth 1971). The use of the paleomagnetic
method to date sediments is based on the assumption
that small magnetic particles, sinking through the wa-
ter column onto the seafloor, are oriented parallel 1o
the Earth's magnetic field (Barton et al. 1980;

Shcherbakov and Shcherbakova 1983: Tucker 1983;
Shive 1985). This magnelic orientation remains, in suit-
able conditions, unchanged even when the particles
become buried by continuous sedimentation. Modern,
highly sensitive, equipment makes it possible to mea-
sure the variations in this orientation from sediment
cores.

Since the mid-seventies there have been many pa-
leomagnetic studies on Holocene Fennoscandian lake
sediments (Tolonen et al. 1975; Stober and Thompson
1977, 1979; Huttunen and Stober 1980; Saarinen 1994,
1998, 1999), but only a few dealing with Baltic Sea
submarine sediments (Rother 1989; Abrahamsen 1995),
However, recently Kotilainen et al. (2000) showed the
usefulness of this method by accurately dating Late
Holocene sediments from the Gotland Deep, Baltic Sea.

In the present study, secular variations in the Earth's
magnetic field have been used to date the sediment
core 00/96/02/GC-4 (henceforth GC-4) from the NCB
(the North Central Basin, Baltic Sea), by correlating
results with paleomagnetic data based on annually lami-
nated (i.e. varved) Finnish lake sediments (Saarinen
1998, 1999). In addition “C dates were determined
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from this core to construct the gross age model for
these sediment deposits,

THE SEDIMENT CORE

The sediment core GC-4 (Lat 58°49.10 N, Lon
20°15.17 E, water depth of 175.8 m) was recovered
during the BASYSS - Baltic Sea System Studies - cruise
on the R/V Petr Kottsov, in September 1996, from the
North Central Basin (NCB) (Fig. 1). The NCB, like
the Gotland Basin (GB), is known to be temporarily
anoxic, thus providing minimum bioturbation of the sedj-
ments and good stratigraphic resolution, and are as-
sumed to exhibit a more-or-less continuous deposition
through the Holocene. The coring station was chosen
on the basis of detailed mapping with high-resolution
acoustics. A description of the geology of the NCB is
given by Winterhalter (2001}). The sediment core GC-
4 (length of 550 ¢m) was taken on the top of a flat,
wide, moderate elevation (Fig. 2) that was assumed to
provide a near continuous high-resolution record of
Holocene environmental changes,

METHODS

The NCB station was cored using a gravity corer (GC)
with a length of 6 m and a diameter of 130 mm. The
core was opened, described and immediately
subsampled onboard, The subsamples for paleomag-
netic and mineral magnetic studies were taken from a
trimmed sediment surface using standard paleomag-
netic sampling boxes (internal size approximately 2x2x2
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Fig. 1. Index map of the study area {white star) showing the
general bathymetry of the Baltic Sea in shades of grey based
on data from Seifert and Kayser(1995).
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Fig. 2. The detailed bathymetry of the study area (NCB) with
5 m isolines based on the echo-soundings made by /V
Aranda. The white star shows the actual coring site in a
water depth of 175.8 m. Note that coordinates are in decimal
degrees,

cm) made of polystyrene. Sample boxes (with a small
air-bleed hole at the bottom) were pressed perpendicu-
larly into the trimmed surface at an interval of 3 cm,
one side parallel 1o the horizontal bedding surface, and
the adjacent side parallel to the long axis of the core,
The subsamples were put in cool storage onboard.
The bulk susceptibility (K) of each sample box was
measured after the cruise at the Geological Survey of
Finland (GTK), using a Geofyzica Brno, KLY -2
Kappabridge Susceptibility meter (Jelinek 1973). These
measurements were repeated approximately six
months later. Susceptibility values are presented in this
work in volume-normalized SI units. The natura) ro-
manent magnetization (NRM) is the residual magneti-
zation possessed by rocks and other in situ materials
(Thompson and Oldfield 1986). The NRM moment (1)
of the samples were measured at the GTK with a tri-
axial SQUID (Superconducting Quantum Interference
Device) magnetometer (model 755R, 2-G Enterprises.
see Fuller 1987). The direction of the NRM (declina-
tion, D, inclination, 1) and the magnitude (M) were cal-
culated using standard techniques (Collinson 1983).
Before using the paleomagnetic data for dating pur-
poses it is important to know its reliability, e.g. during
the long storage periods secondary remanence could
develop (Lund and Banerjee 1985: Saarinen | 994). Sec-
ondary components could be "cleaned" by demagne-
tizing. In the present study alternating field (AF) de-
magnetization (Collinson 1983) technique was used
The samples were demagnetized with an automatic
demagnetization device attached to the SQUID mag-
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.r. Selected samples from the different
"-ﬁ:ﬁf:;f::l units were sequentially demagnetized in
Hw: orthogonal positions starting from AF field value

{0 mT, and increasing it up to 120 mT (0, 5, 10, 15,
;ﬂ 30, 40, 50, 60, 70 80, 100, and 120 mT field were
mggamm the NCB station was cored using a grav-
ity corer with no compass device, it was not possible
to orien! the core with map-north and thus the declina-
tion data is relative.

RESULTS

Lithostratigraphy

The simplified lithostratigraphy of core GC-4, shown
in Figure 3, is based on the original description by
Larsen and Repecka (1996). The surface part (0-5
em) of this core consisted of black, hemiliquid d::_:mrbm.L
pelitic mud, Similar surface layers were seen in short
undisturbed gravity cores taken from the same locality
during the R/V Aranda cruise in April 1998, In the
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Fig 1, Lithostratigraphy (modified after Larsen and Repetka
1996), bulk {vuiuﬁ'{:fsgaccpﬂbilily (10°SI) and the intensity
(JmA/m) of NRM in the core GC-4. L and VL indicate lamina
and the Viking Layer, respectively. The ages (black squares)
2iven are conventional radiocarbon ages BP (see Table | }'. |
- black, fluffy, disturbed clay gyttja, 2 - homogenous gyttja
clay. 3 - finely laminated clay gyttja, 4 - (bluish grey) clay
witl small biack spots and indistinct Ia}l:enng, S. - [bluish
Erev) clay with dark grey mottling, colouring diffuse sul-
phide, 6 - (bluish grey) clay with bands of sulphide, 7 - fine
scale mottling (burrows ?), 8 - sulphide.

short gravity cores this unit (0-7 cm) included fluffy,

fluid, laminated mud. This supports the assumption that
the "real" surface is not missing from the core GC-4.

Radiocarbon dating

Five radiocarbon dates were determined from the core
GC-4, in the dating laboratory of the GTK. The alkali-
soluble fraction was used for dating, after an acid-al-
kali-acid pretreatment. The ages were calibrated to
calendar dates using the marine data set (Stuiver et al.
1998) of CALIB 4.0 (Stuiver and Reimer 1993), For
calibration it was assumed that the samples had been
deposited in 60 to 100 years and that the l:egiornal res-
ervoir age is 320 yr. (Mangerud and Gulliksen 1975).
Radiocarbon dates are shown in Table 1.

Table 1. Radioearbon dates from the NCR core GC-4

h ¢ age a'c Calibrated
Lﬂb;T:W".'f' ?:II:II {BP? (o) age (cal BP)
Su-2809 | 59-62 2040+90 | -27.57 | 2890.2710
Su-2810 | 106-114 | 1610-80 | -27.4 | 1310-1160
Su-2811 [ 247-253 | 42804100 | -27.8 | 4640-4360
Su-2812 | 411415 | 4750100 | -27.5 | 5260-4980
Su-2813 | 469472 | 6520£100 | -28.6 | 7230-6990

“57°C was estimated

The sample Su-2813 is just above the f'u:s[ lami-
nated sequence observed in the core GC-4 (Fig. 3). If
these first laminated sequences in the core indicate
the first inflows of saline (or brackish) water from thle
North Sea to the Baltic Sea, or a change in the sedi-
mentary environment after this inflow event, the
uncalibrated "“C age of this sample (Su-2813),
6520100 (BP), agree with earlier results of the timle
transgressive beginning of Litorina stage at approxi-
mately 7000-7500 (BP) (e.g. Ignatius et al, 1980;
Eronen 1983; Hyviirinen 1984; Aker et al. 1988)

Results of magnetic measurements

Bulk susceptibility (K) reflects changes in the
lithostratigraphy (Fig. 3). The values of K decrease
from the surface down to approximately 104 cm. In
the laminated sequence of pelitic mud (98-119 cm) the
value of K reaches its minimum (K = 30 x 10 SI). An
exception is a peak at 107 cm. From the depth Frf' 119
cm down to 404 cm the values of K increase slightly.
In the laminated mud unit (404-432 ¢m) thg values of
K are again just a little lower, an exception is a peak at
the depth of 415-417 cm, similar to the one found at
the depth of 107 cm. In the lowermost part of the core
the bulk susceptibility is more variable and reaches its
maximum values (K = 150 x 10" 81). The second sus-
ceptibility run, six months later, indicated that the
maxima values found in the first run at the depths of
107, 415-417, 473, and 508 cm. were no longer ob-
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served. There were also minor changes in magnetic
susceptibility in some other intervals. These observed
changes in magnetic properties over the storage pe-
riod are normally assigned to the oxidation of fine-
grained ferrimagnets (Snowball and Thompson 1988;
Oldfield etal. 1992). Also post-depositional diagenetic
processes may alter the detrital NRM of sediments.
These processes could cause the dissolution of mag-
netite and the authigenesis of ferrimagnetic iron
sulphides (greigite or pyrrhotite) and therefore result
in unsatisfactory data for paleomagnetic dating and
correlation (Snowball and Thompson 1990; Snowball
1997; Sandgren et al, 1997).

The observed changes in the bulk susceptibility
record at the depths of ~107, 415-417, 473, and 508
cm might indicate that the paleomagnetic data, at these
intervals, has been altered by chemical remanent mag-
netization (e.g. authigenic greigite). Therefore these
depths have not been included in our dataset,

The intensity and directions (D, 1) of NEM for core
GC-4 are shown in Figures 3 and 4, respectively. The
NRM intensity was found to be quite low. Maximum
intensities occurred at the depths of 15-26 em (> 10
mA/m), 107 cm (36 mA/m), and 508 cm (18 mA/m).
This intensity curve shows similar patterns with the
bulk susceptibility curve (Fig. 3). Maxima in the decli-
nation record can be seen at the depths of 21.5, 58.8,
79.1,95.7, 128, 175.5 and 245.7 cm, and minima at the
depths of 37.6, 107.4, 122.1, 165.4 and 222.3 cm (Fig.
4). The declination data is only relative because it was
not possible to orient the core. Minima in the inclina-
tion record could be found at the depths of 43.6, 61.9,
107.4,133.8,148.1,174.1, 191.2,208.5, 242.5and 273.1
cm. The inclination maxima were found at the depths
of21.5,58.8,84.5, 111.8, 144, 185.7, 198.4,222.3, 236.6
and 245.7 cm. The results of alternating field demag-
netization indicate that at least the upper part of the
core (approximately down to the 430 cm) is generally
suitable for paleomagnetic studies.

Paleomagnetic correlation

Five samples from the core GC-4 were dated in the
“C dating laboratory of the GTK. These data were
used to construct a coarse age model for the core.
Because of several facts, like the observed disturbances
in the declination record caused probably by coring,
only the upper 250 cm was used for this high-resolu-
tion study to guarantee good quality of the paleomag-
netic data. The excellent high-resolution record of
paleosecular variations in Fennoscandian lake sediment
cores by Saarinen (1998, 1999) for the past 3200 years
provided a promising setting for this study.

After establishing the coarse age model for the core
GC-4, both the declination and the inclination data from
this core was visually correlated with the paleomag-
netic data from the work of Saarinen (1998, 1999).
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The correlation (Fig. 4) was mainly relatively straight.
forward. Inclination maxima at the depths of 111.8 ang
185.7 cm were correlated to inclination maxima ||
and +13 from the Lake Pohjajirvi core and thus dated
to ~1000 and ~2300 varve years BP respectively. The
age of inclination maxima +11 agrees relatively wel]
with the "“C-dating from this level. The only difficul-
ties in the inclination record occurred at the two clear
minima found at the depths of 107.4 and 133.8 cm,
Comparing our record to the lake data (Saarinen 1998,
1999) both of these minima could represent the inclj-
nation minimum -12 (~1650 varve years BP, Saarinen
1999). Nevertheless, the value from the depth of 107 4
¢m was not used, because the disturbance is probably
due to postdepositional diagenetic processes (e.g. for-
mation of greigite). Instead of this the minimum from
the depth of 133.8 cm was used.

The last declination minimum at the depth of 37 6
cm might correspond with the instrumentally observed
western peak in northern Europe at ~1800 AD
(Mevanlinna and Sucksdorf 1976), and it has been
marked by DI in the present study. The declination

DECLINATION DECLINATION
M0 a0 120 3 m 180 240 30
LAKE POHJAJARVI  NCB (GC-4) v
: W "y
P 25 '
L ] L
4 D2 \(._
P e
[ % e T
2 ; M P
1000 -} 1 T kY -
s ry -
E sl 5
- ‘F
g < y
ud * D e
I< 5 1z :T'I & F
5 ;_" " 1
B ot L e
2000 v '
- o
e < x
F ey 3 ,.f. .
3 !
e i
3000 "l‘ {‘
i &
S -
B0 80 N s DO -] k] 1] -]
INCLINATHN INCLIEATION

Fig. 4. A comparison of the inclination and declination dat:
(shown in degrees) from the accurately dated sediment core
from Lake Pohjajirvi (Saarinen 1998, 1999), Finland, with the
measured values for the Northern Central Baltic (NCB) con
GC-4. Time scale (varve years BP, in other words years be-
fiore 1950) shown was established on the basis of the Lake
Pohjajirvi core (Saarinen, 1998, 1999), A suggested correla-
tion of the paleosecular variations between the lake core
and the NCB core are shown by the dashed lines. -D1, +D2,
+D4, -D5,+D6, and +11, -12 and +13 indicate major features in
the declination records and inclination records, respectively.
The declination and inclination data shown for the NCB
core GC-4 is slightly smoothed.  The inclination data is
shown by the solid lines and the declination data by the
black dots.
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minimum at the depth of 122.1 cm was not very dis-
tinct, but it could be correlated with the declination
minima D35 (~1220 varve years BP, Saarinen 1999)
geen in the Lake Pohjajérvi data.

I'he declination maxima at the depths of 58.8, 95.7,
and 128 cm were matched with the declination maxima
+D2,+D4, and +D6 (op.cit.). These declination maxima
can be dated at =500, 850, and 1500 varve years BP.
Comparison of other inclination maxima and minima in
core GC-4 (Table 2) with the Lake Pohjajirvi data
shows good correlation (see Fig. 4). All "tie" points
uscd in the correlation are shown in Table 2.

fiecause the paleosecular variation curve from the
Lake Pohjajiirvi core is based on annually laminated
lake sediments, where the dating error is estimated to
be less than £ 50 years (Saarinen 1999), the accuracy
of the paleomagnetic dating shown in the present study
should be relatively good (Table 2). It is clear that the
accuracy of paleomagnetic dating depends upon the
distance between the coring sites to be compared. In
this case the latitudinal difference between the Lake
Polijajirvi and the NCB coring sites is ~ 5° and should
thus not adversely affect dating, as the westward drifting
of the secular variation is ~(0.3° /year as stated by
Bullard et al. (1950).

Table 2. Paleomagnetic dating of the North Central Basin
core GC-4 based on the Lake Pohjajirvi curve (Saarinen 1998,
1999), D and 1 indicate declination and inclination, respec-
tively. Varve ages to D2, D4, D5, D6, 11,12 and 13 (rounded to
nearest 30 yr.) are from Saarinen (1999

| Symbol | Age (varve | Depth Sedimentation
vears BP) {cm) rate (mm/year)
D1 150 37.6 1.9
| 300 43.6 0.4
| - D2 500 58.8 0.8
| 750 84.5 0.9
T D4 850 95.7 1.4
il 1000 1118 0.9
D5 1200 122.1 0.5
D6 1500 128.0 0.2
2 1650 133.8 0.4
[ 1900 1485.1 0.5
I 2050 159.6 0.8
13 2300 185.7 1.1
I 2450 208.5 1.5
LI 2650 222.3 0.7
[ 2950 245.7 0.7

Note that ages shown in the table are varve years (BP),
using 1950 AD as a zero year.

Sedimentation rates in the North Central Basin

The results of paleomagnetic dating were used to cal-
culate sedimentation rates for the core GC-4 with the
imtervals of the matched patterns of declination/incli-

nation (Table 2), during the past 3000 years. Linear
sedimentation rates varied from 0.2 to 1.9 mm/year
(see Table 2 and Fig. 5). The average rate of sedimen-
tation for this core was 0.83 mm/year for the last 3000
years. Maximum sedimentation rates 1.5, 1.4, and 1.9
mm/year occurred during 2450-2300 varve years BP
(208.5-185.7 em), 850-770 varve years BP (95.7-84.5
cm) and the last 200 years (37.6-0 cm). The lowest
calculated sedimentation rates for dated intervals were
< 0.5 mm/year during 1900-1000 varve years BP
(165.4-168.2 cm).

NCB (GC-4)

B ——

0 1000 2000 3000
Age
(varve vewrs BF)
Fig. 5. The sedimentation rates in millimetres per year for the
NCB core GC-4 are based on the ages of paleomagnetic fea-
tures indicated in Figure 4. The dashed line indicates the
average sedimentation rate over the last 3000 years.
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DISCUSSION

Comparing radiocarbon dates to the results of paleo-
magnetic dating, the age of the uppermost sample Su-
2809 is obviously too old, probably due to the
redeposition of older material. It is also possible that
the age of the sample Su-2811 15 too old for the same
reason, but the other ages seem to fit relatively well
with the sediment lithostratigraphy. Thus it is reason-
able to believe that the variations in the past geomag-
netic field, recorded in the NCB sediments, provide a
potential high-resolution dating tool to study the Late
Holocene sedimentation history of this particular ba-
sin. However, some of the bioturbated intervals ob-
served in the core GC-4 may have degraded the pa-
leomagnetic signal. Therefore extra care is required
when interpreting the result from these intervals.
Results based on the core GC-4 suggest that sedi-
mentation rates have varied between 0.2 and 1.9 mmy/
year during the past 3000 years. These rates are rela-
tively similar to those found in sediments from the
BASYS coring site in the Gotland Deep (Kotilainen et
al. 2000). Sedimentation rate in the topmost part of the
core GC-4 (~1.9 mm/year) is very close to recent sedi-
mentation rate of ~2 mm/year in the Gotland Deep,
based on *""Pb and “'Cs datings of sediments by
Kunzendorf and Christiansen (1997) and Emeis et al.
(1998). The average sedimentation rate over the last
3000 years at this NCB site was 0.83 mm/year, The
similar average sedimentation rates have been sug-
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gested also for the Gotland Deep sediments (Ignatius
1958; Ignatius and Niemisto 1971; Kotilainen et al.
2000).

It has been suggested for the Gotland Deep that
the higher sedimentation rates are associated with major
saline water inflow events from the North Sea into the
Baltic Sea basins and to more homogenous sequences
in lithology (Kotilainen et al. 2000). Increased bottom-
near turbidity (nephloid layer) and gravity flow activity
during these events could enhance sediment accumu-
lation in the deep basins, Clear evidence of fast near-
bottom currents (or turbidites) has not been shown in
the present study. However, the sporadic pulses of
saline water from the North Sea have provided better
ventilated bottom water conditions and enhanced
benthic activity resulting in bioturbation of the upper-
most centimetre of the seafloor,

CONCLUSIONS

The present study supports the earlier assumption that
NCB station is better sheltered from the direct influ-
ence of bottom-near currents than the Gotland Basin.
Sediment surface geochemistry from the NCB (Vallius
and Kunzendorf 2001 ) support also this. However, sedi-
ments at NCB site s¢em to be more bioturbated than
in the Gotland Deep, which is probably due to the mod-
erate elevation of this site (see Fig. 2).

The paleomagnetic correlation between Lake
Pohjajirvi and NCB data enabled also the dating of
the onset of the laminated interval observed in the up-
per part ( 100-120 em) of the core GC-4, which can be
dated at 1180 varve years BP. This layer, termed the
"Viking Layer" during the 1996 R/V Petr Kottsov cruise,
could be correlated with the similar layer observed in
other NCB cores, and in cores from the Gotland Deep.
Paleomagnetic dating of the NCB core 211670-8, and
the Gotland Deep core 211660-1 suggest ages of 1200
(Kotilainen, unpublished data) and 1208 varve years
BP (Kotilainen et al. 2000), respectively, for the onset
of this interval. Very similar age (=1200 varve years
BP) of this layer (in core GC-4) suggest that it is pos-
sible to use the "Viking Layer” as a marker horizon at
least in the Gotland Deep and in the NCB basins.
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Authigenic mineralisation in the temporally anoxic Gotland Deep, the Baltic Sea

Kimmeo Alvi and Boris Winterhalter

Abstract

The deep basins of the Baltic Sea and especially the Gotland Deep, east of the island of Gotland, have been
temporally anoxic for most of its brackish water history during the past 8000 years. This circumstance has been
conducive to the formation of a suite of authigenic minerals both in the water phase, at the water/sediment
interface and as a diagenetic process deeper within the sediment itself. In the oxygenated shallow parts of the
Baltic Sea, the occurrence of ferro-manganese concretions has been well recorded in literature, However, in the
deep basins, oxygen depletion together with bacterial breakdown of detrital organic matter, have led to conditions
suitable for the formation of a different suite of authigenic minerals, e.g. Ca-rhodocrosite, Mn-sulphide, pyrite,
marcasite, barite, vivianite, and secondary gypsum. Especially the formation of Ca-Mn-carbonate has been
found to be an excellent marker of anoxia and salt water inflow events.

O Baltic Sea, saline inflow, anoxia, manganese carbemare, hodocrosite, frvrite, marcasite. vivianite, barite, gypsum.
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INTRODUCTION

The occurrence of various authigenic minerals in Bal-
tic Sea sediments has been studied extensively by many
researchers (e.g. Manheim 1961; Huckriede 1994;
Lepland and Stevens 1998; Milkki 2000). The influ-
ence of oxic versus anoxic conditions in the mine-
ralisation process, including diagenesis, has been dis-
cussed in literature. The formation of oxyhydroxides
of iron and manganese in oxidising conditions in the
Baltic Sea has been reviewed by Winterhalter (1980),
Glasby et al. (1997). Many authors (Calvert and
Pedersen 1996; Neumann et al. 1997; Lepland and
Stevens 1998; Kunzendorf 1999; Heiser 2000, Heiser
et al. 2001) have attributed the formation of manga-
nese carbonate to anoxic conditions in a saline marine
environment. Except for the work done by Lepland
and Stevens (op. cit.) most of the studies are based on
analysis of bulk samples. The present study, based on
a highly detailed SEM analysis, is an attempt to study
specific mineral chemical characteristics of a long sedi-
ment core, from the semi-permanently anoxic Gotland
Deep (GD), and to try to correlate them and the ob-
served mineral assemblages to known events in the
Holocene development of the Baltic Sea.
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In the Central Baltic Sea, the Gotland Deep, eas!
of the island of Gotland, is one of the main basins of
Holocene sediment deposition in the Baltic Sea prope:
and a major recipient of saline pulses from the North
Sea. It has been an area of active research for many
decades and especially the GOBEX-project (Emeis
and Struck 1998) provided valuable new data. Since
GD is one of the few deep basins in the Baltic Sea
with almost constant anoxic bottom conditions, it is
especially suitable for studying the effects of intrusion
of oxygen-rich saline North Sea waters followed by
oxvgen depletion and anoxia. Sediments from the Bal-
tic Sea deep basins are traditionally considered to have
preserved detailed information of environmental and
climatic changes during the Holocene (Westman 1998;
Andrén 1999), Increased dating accuracy of sediment
cores (Kotilainen et al. 2000) has improved the possi-
bilities of correlation of changes in the sediment record
?vith known and inferred changes in environmental forc-
ing.

The acoustic surveys and the long sediment cores
taken during the BASYS project have shown that de-
spite the size and depth (maximum depth of ~249 m)
of the GD, sediment deposition has been both sporadic
and patchy (Winterhalter 2001). By careful choice of
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coring locality and through comparison of adjacent sites
(Kotilainen et al. 2001), the information we get from
decp basin sediments still provides us, for most practi-
cal purposes, with a continuous Holocene record. Thus,
the analysis of various physico-chemical variables along
the sediment core should reflect the prevailing condi-
ions during deposition. This is especially clearly
demonstrated by the distribution of many elements, es-
pecially those forming such authigenic constituents as
Mr-carbonates and ferrous sulphides. Numerous stud-
jes have shown that the occurrence of Mn-carbonate
is restricted to the deepest parts of the Baltic Sea and
that it is a good indicator of anoxic bottom conditions
(Mannheim 1961).

In this report both scanning electron microscope
and electron microprobe techniques were applied to a
long sediment core from the Gotland Deep in order to
study peculiarities in Holocene sedimentation processes
related to the formation of authigenic and diagenetic
minerals. Special emphasis was made on changes in
Mn-carbonate- and Fe-sulphide contents.

MATERIAL AND SAMPLE PREPARATION

Core 211660-6 (57°17.0283 N, 20°07.1386 E, depth
24 1.3 m) was taken with a Giant Box Corer (Kastenlot)
during the RV Petr Kottsov BASYS cruise in July-
August 1997, Total sediment recovery was 735 cm.
The core was opened, photographed, subsampled and
described in detail onboard immediately after coring
(Harff and Winterhalter 1997). The size of the core
(30%30 cm) provided ample material for a large van-
ety of studies, In addition to subsamples taken by other
involved laboratories, continuous subsamples for mi-
croprobe analysis, magnetic susceptibility and orienta-
tion measurements for paleomagnetic studies, and for
X-ray radiographs were collected using 50-cm long
plastic liners 1.5 cm by 5 cm in cross section.

Scdiment description and general stratigraphy

The sediment in core 211660-6 (Fig. 1) extends back
in time to ca. 11000-12000 years BP. A verbal descrip-
tion of the core is given in Harff and Winterhalter
(1997). The lower part of the core represents glacial
varved silts and clays of the Baltic Ice Lake stage.
Lite glacial clays with a short, weakly marine, interval
{ Yoldia Sea), follow this with abundant sulphide stain-
inz especially increasing in the lower part of the Ancylus
Like sequence. The bluish homogenous clays of the
upper Anecylus Lake phase do show a few thin units of
weak laminations before the final change from lacus-
Iring to brackish marine conditions. The beginning of
lie Litorina Sea and the initial deposition of marine
muds {increase in organic carbon) are placed at around
000 years BP. In the deep parts of the Gotland Basin

anoxia prevailed with only short spells of oxygenated
near-bottom conditions occurring through out most of
the last 8000 years. For a good review on the stages of
the development of the Baltic Sea, see Bjirck, 1995.

The core has been dated by a combination of pa-
leomagnetic and conventional radiocarbon methods
{Andrén et al. 2000). The most accurately dated last
3015 yrs (Kotilainen et al. 2000) were based on a cor-
relation of paleomagnetic results with those from an-
nually varved Finnish lake sediments (Saarinen 1998).
The older part of the core was dated by correlating
AMS radiocarbon dates (Th.Andrén, pers. comm.) and
magnetic susceptibility data with the British Master
Curve (Turner and Thompson 1981, 1982) and pre-
liminary data from some Swedish lakes provided by
L.Snowball (pers. comm.). Using these ages and the
sediment thickness, the average sedimentation rate for
the whole core was calculated to 0.6 mm/a, with maxi-
mum values of almost 4 mm/a between 2950-3015
years ago. However, this high deposition rate may at
least in part be due to the section break in the core at
about 250-cm.
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Fig. 1. Schematic sketch of the 680 cm long core, 211660-6,
from the Gotland Deep, Baltic Sea (57°17,0283 N, 20°07,1386
E, depth 241,3 m). For details on the age model see the text,
The gradual boundary between the fresh water Ancylus Lake
clays and the brackish marine Litorina Sea muds is placed at
around 443 cm coinciding with the beginning of a rapid in-
crease in organic carbon according to assay data by Maren
Voss (pers. comm. ),
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The boundary between marine muds and the fresh
water Ancylus clays is placed at ca. 443 cm (Fig. 1)
where the homogenous bluish clays change into the
overlying laminated pelitic muds, Although most of
these rather organic rich (4-9% C_ ) muds exhibit a
laminated or banded structure, indicative of anoxic con-
ditions, the occurrence of thin layers (on a centimetre
or even sub-centimetre scale) of rather homogenous
greenish grey sediment has been considered as proof
of short intervals with sufficient dissolved oxygen in
the bottom-near waters to sustain benthos and
bioturbation. It should be noted that benthic activity
could occur even though the bottom-near water is an-
oxic. According to observations by one of the authors
{Winterhalter) from a manned submersible drive dur-
ing the 1995 cruise of the &V Logachev, numerous
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Fig. 2. Colour micrograph mosaic (thin section) and x-ray
image (polished section) of a typical core section ca. 8.5 cm
in length and the results (relative concentrations as counts)
of a WDS (wavelength dispersive spectrometer analysis)
scan along the middle of the slide (x-ray image). The colours
in the micrograph (thin section) were altered by using a gyp-
sum comparator o enhance the Mn-carbonate layers {green),
The x-ray image shows clearly the higher density of the
carbonate. The ferrous sulphide occurs as small individual
grains or minor aggregates. Therefore they are not clearly
discernible on the x-ray image. The minor differences be-
tween the thin section and surface slide are due 1o some
loss in material during sawing and polishing of the impreg-
nated sample. Note that the deposition of Mn-carbonate
seems to occur after the deposition of FeS,
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individuals of the species Harmotoe were seen feed.
ing on detrital organic matter while water sampl:s
showed the bottom-near water to be anoxic, Thisg
clearly indicates that some benthos can temporally sur-
vive anoxia.

Below the Ancylus-Litorina boundary, the bluish
clay contains mullimetre-sized black dots and lenses
which grade downwards into black ferrous sulphide
{hydrotroilite) layers up to 5 mm thick between 496 1o
536 cm. Further down this black sulphide staining be-
comes again successively rarer and at the depth of
675 cm only few black grains of amorphous hydrotroilite
are found.

Sample preparation

Samples for microanalysis were prepared down to a
depth of 482 ¢m, reaching about 40 em below the
Ancylus/Litorina boundary. The core above 50 cm was
too watery to be properly sampled for slide prepara-
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Fig. 3. Linescans from electron microprobe analysis consist-
ing of over 60,000 individual measurement points along the
core 21 1660-6. The horizontal scales denote the number of
counts (refative intensity) and are only a crude indication of
the abundance of cach element. The correlation between Ca
and Mn is very clear. The existence of FeS is obvious in the
lower part of the core, but higher up the abundance de-
creases and is also masked by Fe in other minerals, The Al
and 5i, representing silicates, show a decreasing trend to-
wards the present.
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tion. Altogether 50 Sk
subsamples, each 8.5 cm

jong and 1 cm X 0.4 cm by o

cross section, were taken .

from the core; slightly over- [
lapping each other in order [

1o obtain full coverage of

g 0N
the scdiment column, The g
samples were dried by a § 0
process of replacement of E ,
watcr with acetone and g s
a

followed by impregnation
with epoxy resin
(Lamoureux 1994). This
was done by immersing the doa -
sample in the resin, re-

movil of trapped air in a L
vacuum desiccator and 5
then replacing the voids
with liquid epoxy by slowly
opening the desiccator 1o
ambient pressure. Finally
the blocks, fully saturated
with epoxy resin, were heated at 55°C for 48 hours to
allow the epoxy to cure. For preliminary visual ispec-
tior., each block was X-rayed using a standard Phillips
industrial X-ray source at 40 kV current and 2 min.
exposure time on standard X-ray film.

Ihe epoxy impregnated blocks were used to pre-
pare thin sections for mineral microscopy and polished
surface sections for microprobe and SEM studies. To
prevent build-up of electric surface charges on the
polished slides during electron bombardment, which
would hamper electron imaging and spectral analysis,
the surface was coated with a thin (20-30-nm) film of
carbon in a vacuum chamber with a carbon evapora-
tion source.

MICRO-ANALYTICAL MEASUREMENTS

Electron microprobe (EMP) analysis is a technique for
chemically analysing small selected areas of solid
samples, in which X- (gamma) rays are excited by a
focussed electron beam. The X-ray spectrum contains
lines which are characteristic of the elements present.
Hence a qualitative analysis is easy to obtain by iden-
tilving the lines based on wavelengths (wavelength
dispersive spectrometer analysis, WDS) or photon
energies (energy dispersive spectrometer analysis,
EDS). When suitable reference standards are avail-
able an accuracy of +1% (relative) is obtainable and
detection limits are typically in the region of 50 ppm.
Spatial resolution is limited to around | micron due to
the spreading of the beam after it enters the sample.
The Cameca SX50 electron probe micro analyser,
in operation at the GTK, since 1993, hasa 0.2 to 50 kV
ion pumped clectron gun with a three lens electron
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Fig. 4. Correlation between a number of elements based on the linescan data. The scale is
from -1 (blue) to+1 (red). The diagram showing the correlation coefficients along the length
of the core also gives an indication of the vanations in the mineralogy.

optical column and an electron absorber liner tube. The
vacuum system is fully automated. The wavelength
dispersive spectrometer (WDS) analyser includes four
vertical spectrometers, three of them having two dif-
fracting crystals and one with four crystals. With the
new multilayer crystals the Cameca SX50 is capable
of WDS analysis of light elements starting with Be. A
newly acquired JSSM-5600LV scanning electron micro-
scope (SEM) was used for more detailed analysis and
imaging. The details of the laminated sediment fea-
tures seen in the thin sections were further studied
under an optical microscope especially to get a better
understanding of the chemical and mineralogical pe-
culiarities of the laminae.

Electron probe analytical profiling

The electron probe micro-analyser was used to deter-
mine the element distribution along a profile across the
whole length of each 8.5 cm polished sediment sample
by automated profiling with wavelength dispersive
spectroscopy (Fig. 2). Each profile consisted of 1024
measuring points bombarded with a circular electron
beam of 80-micron diameter. Measuring current was
20 uA at 15 kV with a dwell time of 200 ms per point,
The analysis is of a qualitative nature, since the results
only show the presence and relative abundance of
elements given as counts. No absolute quantities could
be measured due to lack of suitable reference mate-
nal. However, the data gives an excellent idea of ele-
ment distribution and interrelationship throughout the
length of the core.

Following the preliminary test runs showing very
good correlation between manganese and calcium and
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also between iron and sulphur, all surface slides be-
tween 50 em and 482 cm were scanned for Al, Ca, Fe,
K, Mg, Mn, S, Si and Ti. Except for a few gaps the
results show inter-element-relationships that can be
attributed both to provenance of the detrital material
and variations in the environment (Fig. 3). Because
barium, vanadium, phosphorus and molybdenum,
among others, are known to be good environmental
indicators, the distribution of such elements was also
studied. Unfortunately their concentrations were mostly
under the reliability limit and thus scanning was limited
to a few slides,

Scanning electron microscope analytical
imaging

The electron probe was mainly used for continuous
profiling along the entire length of the slide, while the
SEM provided element distribution maps of superior
quality and semi-quantitative analysis of fixed points.
This was especially employed in the detailed study of
e.g. manganese rich laminae and the distribution of

pyrite.
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RESULTS

The almost continuous element distribution profile con-
sisting of over 60,000 point measurements between 50
and 482 cm along core 211660-6 were used in display-
ing the distribution of calcium, manganese, iron, sul-
phur, aluminium and silica shown in Fig. 3. The resem-
blance of the calcium distribution pattern with that of
manganese is striking. As will be later shown, this is
due to the abundant occurrence of Ca-Mn-carbon:ie
lamina. The minor differences between the two graphs
can be easily atiri-buted to the sporadic exis-tence of
other caleium bearing minerals. For the main marine
mud sequence, the similarity between the iron and sul-
phur graphs is not as obvious as that of the previous
pair. The interdependence is mainly limited to the tran-
sition between the Litorina muds and Ancylus clay,
where ferrous sulphides abound. The upward decreas-
ing trend in aluminium and silica clearly indicate the
change of detrital material from predominately
terrigeneous silicates to authigenie inorganic and or-
ganic detritus.

To get a better idea of the relationships between
the different elements, the data from each of the
scanned surface slides, averaging 1000 point measurc-
ments per slide, were used to calculate the correlation

0 2040 0 2040 0 20 400 816 0 200 400

Fig. 5. Short core section showing the sediment matrix and several Mn-carbonate lamina. WDS element linescan showing
the relative (WDS) variations in Mn, Ca, Fe, S and Si contents along a core section from the depth of 116,510 117.3 cm. The
colours in the micrograph (thin section) were altered by using a gypsum comparator to enhance the Mn-carbonate layers
(green). The boxed images are 1.2 mm square. The matrix consists of detrital mineral matter and abundant remains of diatoms
Note the intact laminae above 116.9 cm, the underlying black FeS layer, and the disrupted (bioturbated?) laminae below 117.1
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cocfficients. The results are
presented in Fig. 4. The cor-
relation coefficients can be
secn to vary considerably
along the length of the core.
This clearly indicates that both
the provenance of the detrital
material and above all the en-
vironmental conditions have
varied through time,

The sediment matrix

The sediment matrix of the
marine mud unit consists
muinly of clay-sized mineral
particles and organic detritus,
including skeletal remains of
dintoms and chitinous zoop-
lankton. The detrital clay ma-
trix, which makes up by far the
bulk of the sediment in core

211660-6, is characterised by

notably higher number of
counts of Si and Al (see Fig.
3) in the EMP analysis com-
pared to the other analysed el-
ements. In the upper Ancylus
sediment 51 and Al contents are

Fig. 6. SEM image of Mn-carbonate grains showing the location of point measure-
ments, Note the dark dolomitic nucleus and the light-coloured Mp-carbonate rim. The
results are shown in Table 1.

Table 1. The results of SEM point analysis of Mp-carbonate grain calibrated to stan-
dard rock samples. All results in weight percent

high with very little variation, Specirum | € | Ma

Mg Al Si 5 1 [ Ca Mn Fe Br 0 Tutal

043 OE7 224) 025 0.y 029 2.2 635 0.73 000f &4.70] 100

1951 D65 2200 0000 036 0.00f 35820 412 135 Oud) 33.00) 100

%97 000 0K 017 O.06{ 0.00) 17.34] 2.11[ 058 OuW| 54.82 100

T131] 00| 192) 058 00| 0.00] 19.63] 49043 0.00] 156 2580 100

226 000] 330 055 D3N D46 2023 4538 D00 000 27.47] 100

reflecting the dominance of  [Sum Spectrum | 21.63] 031
inorganic detrital particles. At EEECnm2 L 9 L8
the Ancylus/Litorina boundary, [5o5mms TR
where the sediment type [Spectums 00| 000
changes from homogenous [Spectnum 6 1880 0.00

0,00 DO0| 082 577 O 008 035 9% H.Hﬂll 0.74| 6285 100

into more laminated, variations
in Si- and Al contents become
more evident, This clearly re-
flects increasing influx and
deposition of organic matter during the early stages
of the Litorina Sea (see Fig. 1). In laminated Litorina
scdiments the silicate content is at its highest in be-
tween the lamina and drops significantly within them.

Authigenic minerals

Most of the material comprising the sediment is de-
rived from transported and redeposited mineral mat-
ter, The source of the material varies from fluvial to
acolian and from coastal to deep-water erosion, This
material consists of various mineral fragments although
silicates abound and especially quartz, often in the form
of diatoms, 1s an important constituent (Fig. 5). In ad-
dition to organic matter of terrestrial and marine/lacus-
trine origin, minerals formed in the water phase or in
the sediment itself from solutions or through re-

Sum spectrum is the average composition of the area covered by the rmage. Spectrums
2 and 3 are from points within the nucleus (dolomitic) and Spectrums 4 and 5 from the
Mn-carbonate rim, and spectrum 6 from a small pyrite grain.

crystallisation make up a small but very important
complement to the matrix.

Mn-carbonates

The presence of Mn-carbonate, a common authigemc
constituent in laminated Baltic Sea sediments from the
deep basins, is indicated by well-correlated peaks of
Mn and Ca (e.g. figs. 2 and 5). Precipitation of Mn
carbonate is believed to be induced by high alkalinity
and availability of dissolved manganese in connection
with organic matter deposition and degradation
{Lepland and Stevens 1998).

The beginning of the Litorina stage marks the
first occurrence of Mn-carbonate and it is present
throughout most of the top 450 ¢m of the sediment
column. The roundish Mn-carbonate grains com-
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Fig. 7. SEM image of Mn-carbonate grains at the depth of
320 cm. The upper left figure is a close-up (BS1 = backscatter
image) of carbonate grains with Mg-rich dolomutic (dark)
centre, surrounded by Mn-rich carbonate (light). The upper
right and two lower figures show the distribution of Mn, Ca
and Mg within the grains

Ca 20 um

Fig. 8, SEM image of framboidal pyrite grains (high reflectivity
in the BSI image) embedded in clay matrix at the depth of 435
cm,

monly occur as conspicuous lamina with thickness
between 0.05-3 mm. Particles within the lamina can
be individual grains as well as larger aggregates with
diameters up to 100-200 pm. The size and the shape
of particles as well as the thicknesses of the lamina
show no variations with to depth. A closer look at
the SEM images of Mn-carbonate grains very often
show a distinctive structure; the light coloured Ca-
Mn-rich outer shell commonly surrounds a darker
centre {nucleus) that has a Mg-rich dolomite com-
position (Fig. 6 and Table 1). SEM-EDS analysis
indicated the composition to vary between (Mn_,

b

wCa,5 Mg, ) CO, for the outer shell and (Ca,
Mg, Mn, ) CO, for the centre. The smal]
amount of Mn in the nucleus can be an artefact from
the preparation of surface slides.

The polished cross-section (Fig. 7) clearly shows
the dolomite nuclei, which are probably of detrital
origin, rather than a result of diagenesis, although in
situ alterations are also a possibility (see Kulik et al,
2000). The alkaline environment, inducing the pre-
cipitation of Mn-carbonate, also allows preservation
of the detrital dolomite grains, which probably fune.
tions as nuclei for Mn-carbonate precipitation. One
Mn-carbonate particle, at 320 cm, had an ilmenite
(FeTiO,) centre. EMP analysis shows presence of
Si and Al also within carbonate lamina (see Fig. 4),
although in lesser amounts. This indicates continu-
ous deposition of silicate matter even during the for-
mation of Mn-carbonates.

Fe-sulphides

Fe-sulphides are mainly represented by framboidal
pyrite (FeS,) as illustrated in Fig. 8. In the EMP analy-
sis pyrite is indicated by synchronous peaks of Fe and
S. Backscatter intensities of Fe and S are at their high-
est in upper Ancylus and early Litorina sediments. The
size of framboids varies between 5-30 um. Pyrite
framboids commonly oceur as distinet aggregates bul
sometimes they also form thin layers. Typically pynite-
rich layers are often found directly below the Mn-car-
bonate lamina, so that they can be considered to rep-
resent the same anoxic episode. Occasionally fram-
boids are also found embedded within Mn-carbonate
lamina,

Below the Ancylus/Litorina boundary Fe-sulphides
are present in the form of black dots and lenses (mot-
tling) of amorphous nature, rather than discrele
framboids. Asaresult Fe and S recorded notably higher
peaks than in the laminated sediments above.

Other authigenic minerals

A few small grains consisting of Ba and S were ob-
served in some of the samples. The example in Fig. 9
shows that a small grain of pyrite (centre) is surrounded
by barite. Considering the way the barite adheres to
the pyrite grain it is plausible that the few detected
grains of barite are of authigenic origin although a de-
trital provenance can not be excluded. Due to the in-
sufficient sensitivity of the SEM for barium this issuc
was not further addressed although there were indica
tions that barium seemed to be related to microfossils

Bittcher and Huckriede (1997) and Lepland and
Stevens (1998) have studied manganous sulphide n
Baltic Sea sediments in detail. The probe analyses ol
the core do indicate the simultaneous occurrence ol

Authigenic mineralisation i the temporally anoxic Gotland Deep, the Baltic Sea

Fig. 9. SEM image of small accretions of barite surrounding a pyrite nucleus.

manganese and sulphur, but also of iron. Since no crys-
tallozraphic studies were conducted at this stage on
the core, to identify specific manganese sulphides, it
is possible that sufficient pyrite grains inter-bedded in
the manganese carbonate layer distort the results.
Lepland and Stevens (op.cit.) do point out that if the
availability of H.S exceeds that of Fe, MnS may pre-
cipitate as well dm-u-im::rd hexagonal crystals.

Vivianite has been observed previously in lower
Ancylus sediments in the Baltic Sea (Winterhalter
1992b), but due to the insufficient sensitivity of the
applied analytical method for phosphorous the attempt
to identify phosphorous was limited to a few tests. It
is possible that the observed traces of phosphorous
may be part of organic remains. The scarcity of the
data did not permit an evaluation of the possible ex-
istence of actual grains of vivianite in the studied core.

Beautiful homeomorphic crystals of gypsum (Fig.
10) were observed in several of the slides studied both
by SEM and in thin sections by optical microscope. At
first glance the way the crystals were embedded n
the matrix indicated an authigenic origin. Furthermore,
K.5t.John (pers. comm.) had observed authigenic gyp-
sum in Canadian offshore sediments precipitated from
brine formed during freezing of seawater. This could
also have been an explanation for gypsum in Baltic
Sea sediments; however, a thorough check of remain-
ing cores in cold storage, showed that the gypsum is
an artefact of dehydration of unconsolidated sediment
during storage.

DISCUSSION

The drastic change in the depositional environment at
the Ancylus/Litorina boundary (440 cm core depth in
Fiz. 1} is well manifested in the distribution of various
elements as seen in the microprobe analyses. The m-
flow of nutrient rich seawater from the North Sea im-
proved light penetration due to flocculation and increas-
ing temperature accelerated primary production
(Winterhalter 1992a). The abundant deposition of or-

ganic matter, and obviously a density stratification of

Fig. 10. Optical microscope image showing a rose of gyp-
sum erystals, Although many of the gypsum grains in the
care 21 1660-6 gave the impression that they were synge-
netic with the sediment, they had most probably precipi-
tated from the moist sediment during cold storage allowing
slow evaporation. The scale line is one millimetre in length,

near-bottom waters eventually resulted in the forma-
tion of anoxic conditions in the Gotland Deep. This 1s
reflected by a change from homogenous into laminated
sediments at the onset of the Litorina stage. The for-
mation of Mn-carbonate lamina is a direct result of
this anoxia.

Precipitation of Mn-carbonate has most likely taken
place at the sediment-water interface. rather than within
the sediment as sub-surface precipitation (Huckriede
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1994; Stembeck and Sohlenius 1997; Kulik et al, 2000).
A direct precipitation in anoxic near-bottom waters is
considered unlikely, because this can occur only if the
dissolved Mn(11) concentration or the alkalinity is very
{unusually) high (Roy 1992; Calvert and Pedersen 1993
1996), :

Measurements of Mn-carbonate lamina show no
variation with core depth in neither their thickness
nor the size of individual grains or particles within the
lamina. This obviously indicates that once the lami-
nae has been formed, no further sub-surface precipi-
tation takes place.

The authigenic pyrite occurring abundantly in the
Gotland Deep sediments is also related to anoxia. Its
formation is controlled by the availability of sulphur
derived mainly from saline seawater pulses from the
Morth Sea. Sulphur is brought into the sediment pore-
waters by bacterial reduction of sulphate ions. This
increases alkalinity, which in turn induces Mn-car-
bonate precipitation. The ideal model for a sedimen-
tation cycle would therefore begin with deposition of
organic matter, which through digestion by scaven-
gers and bacteria, leads to oxygen depletion and high
alkalinity. In an increasingly anoxic environment, the
amount of reactive sulphur increases, leading to for-
mation of hydrotroilite or pyrite. When the alkalinity
in pore-waters is high enough, Mn-carbonate starts
to precipitate. Thus, a carbonate laminae can be con-
sidered to represent the final product of a single an-
oxic period. This can be a seen in SEM images from
four different depths (see Fig. 5), where a faint layer
of pyrite framboids precedes each carbonate lami-
nae. It should be pointed out that some precipitation
of amorphous ferrous sulphide might be of diagenetic
origin due to sediment compaction and degradation
of organic matter.

Presence of Mn-carbonate and pyrite suggests that
anoxic conditions of various duration and intensity have
prevailed throughout most of the Litorina stage in the
Gotland Deep. Since the thickness of Mn-carbonate
lamina is usually less than | mm, the duration of their
formation must have been relatively short. Lepland and
Stevens (1998) suggest that seasonal alkalinity varia-
tions could be induced by periodic organic matter sup-
ply, eventually resulting in annual or semi-annual car-
bonate laminae. Sternbeck and Sohlenius (1997) give
another model. Their model is based on episodic and
very rapid (couple of weeks) carbonate precipitation
and they argue that the organic matter mineralisation
is not fast enough to trigger this. Based on our mate-
rial, some kind of rhythmic (not cyclic) carbonate pre-
cipitation is indeed present (see Fig. 2). SEM image
from the depth of 314-322 ¢m shows many Mn-car-
bonate lamina, which clearly portray the cyelic changes
from detrital clay matrix to authigenic carbonate.
Whether the cyclicity is seasonal or related to e.g. the
duration of saline pulses is not quite clear.

CONCLUSIONS

EMP analysis reflects well the major changes in sedi-
mentary environment and changes in ratio betweep
detrital- and authigenic matter. A clear change in mi-
neralogy was seen at the Ancylus/Litorina boundary,
where the sediment type changed from homogenous
detrital matter into more laminated with authigenic Mn-
carbonate. Below that level detrital matter was domi-
nant, represented by high Si and Al content and ub-
sence of Mn and Ca. The form in which Fe-sulphides
were precipitated also changed at the Ancylus/Litoring
boundary. In Litorina sediments pyrite occurred mainly
as diffusely spread framboids, whereas in Ancylus sedi-
ments Fe-sulphides were present also as more exten-
sive lenses and small lumps, portrayed by the decrease
in backscatter intensity of Fe and S above —450 em It
is obvious that SEM and microprobe analytical tech-
niques should be used when mineralogical information,
not achievable by standard bulk analysis, is required.
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Seasonal behaviour and origin of minerals in suspended matter and underlying sediments
in the northern Baltic Sea

Maei Milkki

Abstract

Several sediment traps were deployed in the Gulf of Finland (GOF) and in the northern Baltic Proper in 1997 in
order to clarify the spatial and temporal relationship of the suspended matter to underlying sediments. The
sediment cores were collected both in 1997 and 1998. This paper is based on mineralogical and related geochemical
studies. According to X-ray diffraction studies, the lithogenic mineral particle composition (illite, chlorite, kaolinite,
feldspars, and quartz) is remarkably similar throughout the sediment and suspension samples. The 60% HNO, -
leachable aluminium (Al ..} correlates well with that of illite | -peak, thus indicating that even Al is
sufficient for lithogenic mineral evaluation in the northern Baltic Sea. The maximum suspension fluxes for
lithogenic particles occur during spring and autumn periods. In contrast, the amorphous ferromanganese oxide
concretions (FMC; 5-30 mm) prevail in suspension during summertime. The FMC fraction is virtually absen: in
underlying surface mud sediment. It is possible that the FMC formation is due to organic matter degradation
during sinking, because the Mn,,,. /Al . peak is shifted from an early summer period 9.5-5.6 (Gotland Decp)
1o a late summer period of 24.7-16.9 (GOF). The existence of FMC in suspension does not appear to be
dependent only on the oxygen concentrations in the water column. Manganese carbonates occur in the Gotland
Deep (BY15) and in the northern Baltic Proper (LL17) sediments while Mn is almost absent in the GOF
sediments. Apparently the “salt-pulse effect” for authigenic Mn-carbonate formation is not so strong as thought
in recently published studies. The results show that only the secondary origin of the mineral particles can be
demonstrated. It is evident that the processes within a single basin are able to mask basin to basin or coastal 10
basin processes efficiently.

3 Baltic Sea, Gulf of Finland, mineralagy, geochemistry, sediments, suspended mafter
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INTRODUCTION minosilicates alone are not of much help for the

characterisation of the geochemistry of Baltic Sea sed:-

The Baltic Sea area has undergone strong sediment
reworking processes due to several glaciation/
deglaciation events. The similarity of the silicate par-
ticle composition has been observed in most basins of
the Baltic Proper (Bostrim etal. 1978, Emelyanov 1992,
Gingele and Leipe 1997). Only the southem coastal
areas are known to represent a different clay minera-
logical province (Emelyanov 1992, Gingele and Leipe
1997). According to geochemical mass-balance cal-
culations, the main fractions of all post-glacial clays
have their source within the Baltic basin, being gene-
rated by submarine erosion (Bostrim etal. 1983), Alu-
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ments (Belmans et al. 1993). The elemental composi-
tion of sediments, however, is only weakly related 10
the composition of suspended matter in the overlying
water body (Briigmann et al. 1992). The geochemic:|
characterisation of suspended matter in the Baltic Sea
area is mainly based on non-seasonal, sporadic sam
pling (Emelyanov and Pustelnikov 1975, Ingri et al
1991, Briigmann et al. 1992). Bernard et al. (1989)
measured the chemical composition of the suspended
particles with an electron microprobe, but an XRD-
method was not used. Leivuori and Vallius ( 1998) mea-
sured the detailed, seasonal geochemical variation in

Seasonal behaviour and origin of minerals in suspended matter and underlying sedimenis in the northern Baltic Sea
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the suspended matter of the Gulf of Finland (GOF)
without any consideration to its mineralogical compo-
sition. The purpose of this study is to show a detailed,
seasonal mineralogical and related geochemical com-
position of the suspended sediments in the northern
Baltic Sea. These results are compared with the un-
derlving sediments. Finally, the provenance of this
matcrial is considered.

STUDY AREA

The sampling stations SL28, GF2 and JML are situ-
ated in the GOF, while LL17, in the Fard Deep, and
BY |5 are located in the northemn Baltic Proper (Fig.
1), (iF2, JML and LL17 are close to the boundary be-
tween the erystalline basement and the Paleozoic sedi-
mentary formations of Estonia. SL28 is located in the
aren of Vendian formations. The GOF sediments are
heicrogeneous, and sedimentation rates vary both be-
tween and within basins (Vallius 1999). Also the mor-
phology of the sea floor around LL17 is variable. This
is due to the rugged crystalline basement below a rela-
tively thin sedimentary cover. In contrast, Fard and
Gotland Deeps are situated over Paleozoic bedrock
with a rather gentle morphology.

Fig. 1. Sediment trap deployment and underlying sediment
sampling sites. Only sediment samples were taken at SL25.

MATERIALS AND METHODS

The samples were collected from six stations during
the Finnish research vessel R/V Aranda cruises in 1997
and 1998 (Fig. 1). The co-ordinates of the stations are
given in Table 1. The sediment samples were retrieved
using a Gemini twin corer (an improved version of the
Niemisto-corer, Niemistd 1974). The upper 15 cm of
each sediment cores was sliced into 1-2 em intervals

for chemical analyses. Mineralogical determinations
were made using only surface and bottom slices. Pa-
rallel coring was performed on mineralogical and chemi-
cal analyses. All samples were stored immediately in
Petri dishes and kept in deep freeze awaiting analy-
ses.

The upper traps were French Technicap models
PPS 5/2 (conical with a collection area of 1.0 m?) and
PPS 3/3 (cylindrical, a collection area of 0.125 m?).
The former is equipped with a 24 bottle and the latter
with a 12 bottle rotating holder. The lower traps (Eila-
trap) consisted of three cylindrical units each with a
0.008-m’ collection area (Fig. 2).

Fig. 2. Setup of sediment traps (GF2, JML, LL17, Fardé Deep,
BY15).

Formaldehyde (2% v/v) was used as a preserva-
tion liquid to prevent decomposition of the suspended
matter. The possibility of contamination (e.g. forma-
tion of artefact minerals) was checked by simulating
trap conditions in the laboratory. Samples rich and poor
in Mn-oxide or Mn-carbonate were subjected to for-
maldehyde solution for 1-2 months. A Seabird SBE911
Rosette sampler and a Radiometer titralab LI titration
equipment were used for dissolved oxygen determina-
tion.

In the chemical laboratory at the Finnish Institute
of Marine Research, samples were freeze-dried and
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Table 1. Sediment cores for mineralogical determination (A). Wdepth = water depth in the study area, surface status 1s bascd
on the colour of the sediment {oxic,suboxic,anoxic) and the oxygen content (1-2 m above seabed). Oxide and carbonnie

denote particulate Fe-Mn-oxides and Mn-carbonates determined by microscope (the up
#+ clearly visible. ND, not determined. Chem Y ES/NO = also chemical data is present/ ¢

homi

ost 2 cm). - absent, + visible,
cal data is absent. All staticng

are sitwated in muddy accumulation bottoms. Trap coordinates (B), Bias =+n m above seabed; Cperiod = collection period,

(A)
| Station latitude longitude Widepth | date surface status chem axide carhonate |
5L25 GO.03.49M | 29.1155E | 29m 12.12.97 | oxic (5.8 mlf1 Oy} NO - -
GF2 595056 N | 355188E | 82 m 8.4.97 oxic (5.2 mliflOy) YES - -
GF2 50.5030N | 2551 58E | 84m 15.4.98 oxie (5.0 mi/l Os) NO ) = ]
ML 593522 N | 23.37.33E | 9m 9.4.97 oxic (7.2 ml Oy) YES i -
ML 59.35.08N | 23.38.92E | 19m 16.4.98 | suboxic (0.6 ml1 O5) NO = (+) =]
LL17 500091 N 21.03.98 E 159 m 200.4. 98 suboxic (0.3 ml] O.) NO {+] T+ j
Fhrd Deep 57.59.99 N 19.53.81 E 180 m 14.4. 97 guboxic (0.2 ml1 O5) YES - -
Fard Deep | 58.00.01N | 195399 E 194 m 224.98 suboxic (= 0 ml1 Oy NO - ¥
BY 15 ST17.00N | 20,1343E | 240m 2141 anoxic (13 pmol/l H.8) | YES +
BY 15 57.17.00 N | 20.0798E | 241m | 224.98 | suboxic (0.2 ml1 Oy) NO : 1) =
(B)
Station latitude londitude Wdepth | trap type/bias Cperiod oxide carbomate |
GF2 59.50.55 N 25.51.5TE #2m Eila/+ 5 m 8.4.-4.7. (++) -
PPS33 /M4 20m 11.4.-9.5. (+) *
9.5.-27.5, (+) -
27.5.-19.6, - - ]
GF2 59.5054N | 2551.60E | B4m Eila/t5m 4.7.-25.9. () = il
PP53/3 i+ 20m 6.7.-24.7. ND ND
24.7.-16.9. ++ .
GF2 50.50.54 N 25.51.60 E B4 m Eila/+5m 25.0.-18.12. +
PPS33/M4+20m 27.9.-21.10 () -
21.10.-14.11. () - .
14.11.-8.12. {+4) = E
JML 59.35.20 N 233788 E Bl m Eila/« 5m 4.6-3.7.(*) ND ND
PPS3/3 #+ 20 m ML ND ND
JML 593521 N 233701 E 8l m Eila/+ 5 m 1.7.-259. + (+)
PPS3/3/+ 20 m 6.7.-16.9. ND ND
| IML $3521N | 233751E | flm Eila/+5Sm 25.9.-18.12 + (+) |
PPEI3H20m 27.9.-21.10. + - B
21.00.-14.11. + (+) |
14.11.-5.12. ND KD
LL17 59.02. 16N 21.05.9% E 215 m Eila /+ 5 m 11.4.-2.7. + {+)
PPS33 /% 30 m 14.4.-28.4. {++) + )
38.4.-155. i+ (+) |
15.5.-19.6. +H =
| LLI7 39.02.14N | 21L0608E |31 m Eila/+ 5m 27258, H i+ ]
PPS3/3 /4 30 m 6.7.-24.7. s %
24.7.-11.8. + -
11.8.-16.9. B +)
Fro Deep | 58.05.53N | 1950.58E | 182m | Fila/+5m 14.4.-1.7. m (+)
PPS5/2 /+ 40 m 17.4.-9.5. + i+)
9.5.-26.5. {+) )
26.5.-19.6. ++ E
Fird Deep 58.05.56 N 19.50.61 E 192 i Eila /& 5 m 1.7.-249. - -
PPS52 4+ 40m 3.7.-157. ++ -
15.7.-24.7, + -
24.7.-11.8. ++ -
11.8.-26.8. + -
26.8-79.(*) = -
79-139, - -
BY15 STIT02N 201347 E 23l m Eila 4+ 5m 21.4.-20.6. +H =
PPS5/2 /4 400m 23.4.-9.5. + +
9.5.-5.6. (++) (+)
5.6.-19.6. {++) {+)

{*) XRD is missing
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homogenised. Al, Fe and Mn were partially leached
with 60% HNO, (suprapure) using microwave diges-
tion. Samples (0.4 g) were heated with pressure regu-
lation at 827 kPa for 40 minutes. Then they were cooled,
diluted to 50 ml in a volumetric plastic flask, transferred
to plastic storage bottles and stored overnight at room
ternperature until analysis (ICP-AES, TJA-25).

In the mineralogical laboratory at the Department
of Geology, Helsinki University, XRD scans 5-35 2q
(step size 0.05 “2q, 1.0 sec. per step) were performed
on 15 % H,O, -treated (15 min.) oriented specimens
using a voltage of 50 kV and a current of 30 mA.
A CuK(a) radiation and a monochromator were used.
The clay mineralogy (< 2 mm fraction, oriented speci-
mens, 5-30 “2q) was determined separately using cri-
teria described by Hardy and Tucker (1988) and Moore
anil Reynolds (1989), see Fig. 3.

The [R-spectroscopy was performed on pressed
Kiir disks prepared by mixing 2-mg sample with 200
mg KBr. The range 3000 cm' - 4000 em™' was mea-
surcd because the 3620 em™' and 3700 cm' peaks are
characteristic for kaolin minerals (Russel 1987).

The correlation coefficients are given at 95% con-
fidence level.

RESULTS AND INTERPRETATIONS
General

No mineral alterations (e.g. authigenic precipitation)
arc observed during laboratory experiment. It is thus
probable that the mineral composition observed in trap
sarnples does not contain undesirable elements due to
contamination.

The correlation be-

wf el e e =l el
=7 2w ~ L Lo - |
fa-d — o -

=

A5H354 A
3243184

(8)
(<l
(0]

(26)

Fig. 3. Typical X-ray diffraction patterns 5-30° (2q) from Bal-
tic Sea sediments. All curves are drawn at the same scale.
Untreated (A), K saturated, heated at 350 °C (B), K° satu-
rated, heated at 550 °C (C), 1 M HCl leached for 2 hours (D).
14 A, chlorite (001); 10 A, illite/biotite (001); 7 A, chlorite
(002)/kaolinite (001); 5 A, illite/biotite (002); 4.7 A, chlorite
(003); 4.24 A, quariz (100); 3.58/3.54 A, kaolinite (002)/chlo-
rite (004) doublet; 3.24A/3.19 A, microcline {220)albite (002)
main peaks.

tween Al o, (%) and il-
lite,,, (10A) reflection

height is strong (r = 0.87,

g

n= 38}, This indicates that
even the HNO, -leachable
portion of Al is indicative

:

EEEm Mn{HNO3)
— N0
o TPM/I0

for  evaluation  of
terrigeneous minerals. If
the suspended material at
site LL17 is excluded, the
correlation coefficient be-
tween suspended Al
and the total paﬂicuilate
suspended material is very
strong (r = 0,98, n = 34; 44
Fig. 4). This probably in- <
dicates that the role of pri- o
nuiry produced sinking or- ur o ur
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The XRD patterns are almost
uniform throughout every sample
when the content of the amorphous
matter 1s low (Fig. 5). This probably
indicates that the particles are ag-
gregates of several minerals, Or-
ganic molecules may adhere to the
surfaces and edges of minerals as
well as take up interlattice positions
in certain clay minerals (Degens and
Mopper 1976). Aggregation of indi-
vidual particles readily occurs if sa-
linity exceeds 1-3 per mil (Krone
1978) which is the case in all the
study areas,

In the clay fraction, illite predomi-
nates (70%) relative to kaolinite
(20%) and chlorite (10%). Only
traces of expandable clay minerals
(smectite, vermiculite) are present
(Fig. 3). IR-peaks for kaolin mine-
rals (3620 cm!, 3700 cm ) are clear.
Due to a low presence of “true” iron
bearing phases it is probable that il-
lite is partly trioctahedral. Riisinen
et al. (1992) observed that the
trioctahedral micas mostly dissolve in
aqua regia leach while the diocta-
hedral micas do not significantly de-
compose in aqua regia. Here the SA/
10A ratio is ca. 0.3, suggesting the
presence of biotite-type clay in Bal-
tic mud sediments.

Sediment cores

Gulf of Finland - The Al and
Fe, .., values are somewhat con-
stant throughout the GF2 and JML
cores (Table 2). Microscopically
determined pyrite is practically ab-
sent. The particle morphology is
angular and texture bimodal (Fig,
6). The silicate particle grain size
observed by microscope seldom
exceeds 100 pm in the central
GOF, but in the near shore area
(SL25) the size of quartz and feld-
spar particles may reach 0.5 mm.
Usually the grain size slightly in-
creases downwards relative to the
top of the sediment core. The
Mn,..., values are very close to
those of Earth's crust Mn-values
(0.1 %). Only very few micro-
scopical carbonate crystals or ox-
ide particles are observed.

B8
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Raltic Proper - The Al . and Fe . values ap-
pear Lo vary slightly more relative to the GOF (Table
7). This is probably because pyrite crystals are ob-
served especially in laminated sequence (11-15 cm) at
BY 15. Silicate clasts are almost absent. The Mn,_
values in the Fard Deep area are similar in magnitude
to the GOF. No oxide particles are found. In contrast,
the Mn,,.., values are remarkably high in laminated
sequence at BY 15 due to Mn-carbonates, The 2,89 A
peak at LL17 is clear (Fig. 5) indicating the presence
either of rhodochrosite or kutnahorite. Considerable
amounts of rounded 10 mm biogenic as well as 50-100

Table 2. HNO, leachable chemical data (%)

LL 17 Fér6d
WIJTD?'EJ? wmna-268
UT 155 - 17.4 UT247- 118
ur2ad- 185
UTe.5- 245
UTi4.4-28.4 UTE7.4 - 9.5
sufocs surfoce
abcd &g hijk i \ . Y
0 20 (20) 30

Fig. 5. XRD scans of trap and seabed surface material from LL17 and the Fird
Deep areas. The surface silicate pattern (peaks a-j) is typical for every sample
containing lithogenic particles (aluminosilicates+quartz) from sediment and from
suspension. Carbonate (k) coexists with silicates both in sediment and suspen-
sion at station LIL 17 while only silicates are present in the Fird Deep. UT =upper
trap, LT = lower trap.

Fig. 6. Figures from sediment and suspension. GF2 sediment, 20-22 cm depth,
immersion liquid (IL}, crossed nicols (CN), (A); SL2S sediment, 20-22 cm depth,
thin section, CN, (B); LL17 sediment, (-1 cm depth, IL, plane polarised light
{PPL), no Mn-oxides are present at surface (C); LL17 suspension, + 5 m, IL, PPL,
substantial amounts of Mn-oxides are present, (D); authigenic carbonate crys-
tal at BY 15 suspension, +40 m, IL, CN, (E); detrital carbonate crystal at BY 15
suspension, +40m, [L, CN, (F);

mm morganic (thombohedral) carbonate particles are
observed both at LL17 and BY 15. The Mn-poor fluffy
layer (2-10 em) at BY 15 is probably the same as fluffy
layer presented by Heiser et al. (2001).

Sediment trap material

Gulf of Finland - The 3-4 % Al

MK values are com-

mon both at IML and GF2 stations { Table 2). The low-

est Al

HNOY

-value (1.3 %) occurs in early summer (GF2)

evidently due to the settling material derived from the

[Gi2 Al [ Fe [Mn JML Al _[Fe [Mn
__“,'”.""-"' frap e frap
114, -9.5. 28 |29 | 068 | 6.7.-16.9. 25 (24 [075
[9.5.-27.5. 29 |32 [074 | 279.-2110. 40 |39 o077
27.5. - 19.6. 1.3 1.2 | 052 21.10. - 14.11. 49 4.4 0.58
6.7.- 24.7. 24 2.6 | 604 14.11.- 8.12, 459 | 4.5 .68
[24.7.-169. 1.8 |18 |679 | fowerirap
1279.-21.10. [ 38 [40 [347 | 46.-3.7. 24 |22 | 152
121.10.-14.11. | 37 | 3.8 |350 |37 -259. 35 |48 [ L17
14,11, - 8.12. 34 4.1 3.78 25.9.- 18.12. 37 3.8 4.55
lover frap sediment fcm)
B4 -4.7. 29 28 2.33 -1 4.2 4.3 0,21
47250, 38 |42 | 2.81 1-3 42 |39 | 005
259 -18.12. 4.2 4.2 2.55 3-5 38 4.4 0106
| sediment fem) 5-7 4.3 4.4 0.07
-1 4.2 4.5 0.26 7-9 4.4 4.1 10,06
(13 41 |44 015 [ 910 38 |41 | 006
[3-5 30 |46 |04 | 11-12 36 |72 | 006
5T 3.9 4.5 0,14 14-15 4.5 5.0 0.06
| 7-9 4.1 4.7 | 0.45 LL 17 {(*) Al Fe Mn
g-11 37 |45 | 0.76 upper tragp
11-13 30 |42 | 028 || 144.-284. 32 | 3.0 | 7.88
[3=15 3.5 4.9 0.18 284, - 15.5. 1.7 1.5 9.74
I itrii Al Fe Mn 15.5. - 19.6. 1.2 1.5 26.3
| npper frap 6.7, - 24.7. 0.5 2.1 48.3
| 74.-9.5, 1.8 1.7 12.0 24.7. - 11.8. 0.7 1.7 428
| 0.5, - 26.5. 1.0 1.0 3.51 11.8.- 169, 0.8 2.0 129
165, - 19.6. 1.4 1.8 12.6 lower trap
1.7.-15.7. 1.4 24 122 114.-2.7. 1.3 1.5 16.1
15,7, - 24.7, 1.0 1.8 12.8 2.7.-25.9. 0.8 2.0 0.5
'__.':-LT. - 11.8. 1.1 1.9 12.5 BY15 Al Fe Mn
| 11.8.-26.8. 1.0 2.1 13.4 upper frap
| 16.8.-7.9, 0.8 1.6 | 4.22 234. - 9.5, 23 33 2.6
'9,-13.9. 1.1 1.1 (.35 9.5, - 5.6, 1.5 28 74
W [ 5.6, - 19.6. 1.8 3.1 4.4
| 144, - 1.7, 1.6 2.3 15.0 lower frap
| A =249, 0.8 1.2 0,02 214, - 29.6, 1.6 19 4.6
| sediment fom) sediment (cm)
-1 3.1 4.5 .06 -1 ER | 3.7 0.28
|-3 49 54 0.07 1-2 34 19 0.12
35 5.1 4.8 | 0.07 2-3 27 4.1 0.05
| -8 4.3 49 | 0.07 34 25 18 (.06
| B-10 4.6 5.3 0,07 4-5 2.6 24 .06
11-12 4.0 7.0 0.08 7-8 3.3 29 0.07
14-15 4.1 7.0 0.0 Q-10 3.1 3.1 0.07
11-12 27 37 4.26
14-15 22 5.9 3.50

Mo sediment data at station LL17 (*).

spring bloom periods, Diatoms
occur as 30-50 pm diameter,
radially developed algae with a
crystalline outer shell structure
at station GF2. The Al . val-
ues as well as the illite, peaks
in the lower traps correspond
well with the values measured
from underlying surface sedi-
ments (Table 2, Fig. 7). The sus-
pended clasts (50-100 mm) are
mostly poorly rounded quartz
grains.

The Mn,, . value was ex-
ceptionally high (6-7%) during
the collection period of 6.7.-16.9,
at station GF2 (Table 2). The
observation follows precisely the
Mn-behaviour in 1996 described
by Leivuori and Vallius (1998),
The 5-30 pm reddish, morpho-
logically irregular, Mn-rich con-
cretions occur in sediment trap
samples (Fig. 6). Leivuori (2000)
observed similar particles of 10
wm or smaller in size during 1996
in GF2 suspension. The mean
total accumulation rates between
6.7. and 16.9, (375 mg m* d")
are slightly lower than during
other measured periods (11.4.-
19.6. 1000 mg m™ d', 27.9.-
8.12., 1245 mg m* d'; Fig. 4) at
station GF2. Evidently the “dilu-
tion” of the lithogenic particles
(6.7.-16.9.) is caused by an addi-
tion of other substances (e.g. Mn-
particles) as well as lower cur-
rent activity,

Baltic Proper - The maxi-
mum Al . values and the il-
lite, peaks are reached in late
spring - early summer (LLI17,
Fird Deep, BY15) and autumn
{Faré Decp) (Table 2, Fig. 7).

Mn, ., reaches the maximum
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values at LL17 (40-50%) (Table
2) and Faro (10-15%) stations
during summer-early autumn
period. According to Ingri etal.
(1991) the average suspended
particulate Mn/Al ratio in the
Baltic Proper is almost three
orders of magnitude higher than
the ratio in average crust. Man-
ganese and iron may occur as
individual oxide particles or

manganese is partly replaced by [H]
iron, i.e. Mn and Fe may form

solid solution series (Fig. 8), | =<«
Contents up to 88% of sus- | ..
pended Mn-Si-Fe particles | ™ <
have been found in the north- | w1 v 58w
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ermn Baltic Proper (Bernard et
al. 1989). Silicate clasts are al-

BY 15 Faro

LL17 JL GF 2

most absent in both LL17 and
Fard suspension,

Few authigenic (50-100 tap.
pm) and detrital, angular ( 100-
200 pum) carbonate crystals are observed in the upper
trap material at BY 15 (Fig. 6). The d-value (= 2.89 A)
indicates the presence of either dolomite or Mn-car-
bonate. Silicate clasts (<100 um) are rare in sediment
trap material of the Gotland Deep.

DISCUSSION
Silicate and carbonate minerals

Winterhalter (2000) pointed out that the concentration
of elements in water and sediment may differ substan-
tially from area to area due to purely natural reasons
because of the great variability of the bedrock in the
Baltic Sea area. Vallius ( 1999) noted that the concen-
trations of most metals in the southern GOF are 80-
90% of the concentrations in the northern GOF and
this is partly due to the differences in geology between
these areas. In addition, Vallius (1999) observed the
presence of limestone material in the southern arcas
of the GOF; the concentrations of Ca and Sr are clearly
higher in the southern parts. No differences, however,
are found in the relative lithogenic particle composition
in the studied sediment and sediment trap samples (Fig.
3). Because trace metals of natural origin appear to be
mostly incorporated in the structures of micas and clay
minerals in Finnish soil sediments (Réisinen et al. 1992)
it is obvious that slight geochemical differences may
exist in clay minerals in Baltic Sea sediments. The dif-
ferences, however, are not possible to observe using
only XRD and main lithogenic metals (Al, Fe).

The Quaternary sediments covering the Paleozoic
formations are partly composed of material derived
from the bedrock (Kadastik 1995, Klagish and Goldfarb
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Fig. 7. lllite (001} behaviour in sediment and suspension (1997), S, sediment “surface”
(0-2 cm); B, sediment “bottom™ (20-22 cm) below surface. UT = upper trap, LT = lower
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Fig. 8. Fe/Al - M/Al correlation (HNO, leachable fraction)
in suspended particles. The Fe/Al = 1 appears to represent
the HNO, leachable “background™ fraction of the particles
(see Table 2).

1994), indicating glacial and glaciofluvial mixing pro-
cesses. Erosion of formerly deposited sediment may
have taken place during the latter part of the Litorina
Sca stage (Kohonen and Winterhalter 1999) which
further mixes old and new sediments. The presence of
kaolinite in recent mud sediments in the GOF is an
indication of constant mixing of old and new sedimen-
tary materials (Rantataro 1996). Despite difficulties in
determining the primary source of the lithogenic par-
ticles, indirect conclusions can be made.

The Gulf of Finland - The role of currents and
wave erosion is strong which is directly indicated by
the clear presence of illite, in suspension throughout
the collection period (Fig. 7). The resuspension, how-
ever, appears to be rather sporadic than continuous
due to the angularity of clasts in suspension. It is prob-
able that the poorly abraded mineral particles collected

Seasonal behaviour and origin of minerals in suspended matter and underlying sediments in the northern Baltic Sea
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from trap material are formed during short lifetime cur-
rents. This suggests that the capability of basin-basin

riicle movement toward deeper areas appears to be
nsﬂhgibfﬂ,

“The coherent XRD patterns both in surficial and
puried sediments indicate that neither salinity nor dia-
genesis has had an affect on clay minerals. The stabil-
ity of clay minerals against alterations may last thou-
sands of years. Gingele and Leipe (1997) observed
almost constant distribution of clay minerals at BY15
during a time period of 10 000 yr. It is also likely that
the particle transport from land and shallower sea ar-
¢cas toward accumulation bottoms does not affect clay
mineral properties. Rantataro (1996) observed that the
general mineralogy in harbour basin recent sediments
(Helsinki) is very similar compared to the present study
(Fig. 3). In addition, Soveri and Hyyppd (1966) and
Lintinen {1995) observed almost identical untreated
XRD patterns in near-shore areas in mainland till.
Emelyanov (2001) stressed that the loose Litorina muds
arc washed out at velocity of about 50-cm s'. The
residence time for Baltic water masses is 25-40 yr.
(Bernard et al. 1989). Apparently the role of currents
and sediment reworking processes are superior rela-
tive to silicate mineral alterations in the northern Baltic
Sea during a moderate time span (e.g. 10,000 yr.). This
appears to be contradictory, since anomalies in till fines
are known to be of local origin in Finnish soils (Soveri
and Hyyppa 1966, Lintinen 1995). Finnish soil material
should be expected to be more mixed, because the sea
level was substantially higher during the earlier stages
of the Baltic Sea.

The Baltic Proper - The maximum illite , and
Al . values in suspension never exceed the under-
lying surface sediment values in the Baltic Proper
(Table 2, Fig. 7), thus suggesting suspension from or-
ganic-rich bottom sediments. This is supported by the
coexistence of the authigenic Mn-carbonate (2.89 A)
and the lithogenic particles in suspension at LL17 and
B 15 stations and the lack of carbonate in suspension
in the Fard Deep area (Fig. 5).

The presence of coarse detrital carbonate particles
in suspension (40 m above bottom) in the Gotland Deep
(Fig. 6) suggests separate lateral current pulses (c.f.
GOF), e.g. the salt water pulse through the Danish
straits. The Paleozoic sedimentary outcrops in the slope
arcas (Emelyanov and Kharin 1988, Tuuling etal. 1995)
are the possible source of detrital carbonate grains.
The geochemical processes in the Gotland Basin ap-
pear to be strongly influenced by lateral transport and
segregation of material (Emeis etal. 1998). The coastal
turbid waters may break through the halocline and thus
penetrate into the deeps in the Baltic Proper
(Emelyanoy 2001). The Gotland Deep is a basin with
predominant cyclonic near-bottom water circulation
(Sviridov et al. 1997).

Detrital carbonate particles are only observed in
the central Baltic Proper. The question arises, have

these particles originated from the slope areas around
the Gotland Deep? According to the Stokes’ Law, a
150 pm particle will sink at a constant velocity of ca.
lem s, According to topography, the 160 m isobath
appears to limit the Gotland Deep. The trap depth where
detrital carbonate particles are found is ca. 190 m. The
estimated lateral trap — slope sediment distance 1s 20-
40 km. A calculation indicates that a 5-15 m s hori-
zontal current is needed to establish the origin of detri-
tal carbonate particles from the marginal areas in the
Gotland Deep. Emelyanov (2001) argued, however, that
only Im s is needed to wash out the coarser marginal
sediments. It is, thus, possible that the ultimate origin
of detrital carbonate particles observed in this study 1s
farther than the marginal sediments in the Gotland
Deep. The angularity of these particles, however, ex-
cludes the possibility of vigorous current activity and/
or very distant sources. Also the role of ice cover dur-
ing winter times and stormy weather periods may af-
fect this process.

Manganese

It is suggested that the salt-water inflow affect the
behaviour of the ferromanganese concretions (FMC)
in the Baltic Sea (Glasby et al. 1996). Bostrom et
al, (1981) reported a mobile Mn-rich particulate
matter capable of being transported out from the
Baltic Sea area as suspended matter. It is, however,
unlikely that the oxide particles observed in this study
have a capability of being transported as particles.
The studied particles are amorphous (5-55 *2q) while
the FMC in shallower areas are known to be weakly
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Fig. 9. Suspended particle Mn/Fe dependence with the dis-
solved oxvegen content ("FMC- fraction™). The estimated
background phase is eliminated. BY 15 (A), Fard Deep (B),
LL17(C), ML (D), GF2(E).
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cryptocrystalline (Glasby et al. 1996, Zhamoida et
al. 1996). The ( Mn.-’Fe}FW ratio follows the disselved
oxygen content (Fig. 9) indicating formation of the
oxide particles in situ in the study areas. The sus-
pended particulate Mn/Fe dependence with dissolved
oxygen has been established in the southern Baltic
Sea (Kremling et al. 1997). The Mn,, /AL,
peak shifts temporally from BY15 (9.5.-5.6,) via
LL17 (6.7.-24.7.) to GF2 (24.7.-16.9.) (Fig. 10) in-
dicating processes by Mn oxidising bacteria after
bloom periods and further sinking of matter. Bacte-
ria mediated in situ enriched Mn particles in the
deep ocean water column have been described by
several authors (Cowen and Bruland 1985, Bruland
et al. 1994, Kuss and Kremling 1999).

Unlike lithogenic fraction, the suspended oxide
fraction appears to disintegrate before reaching bot-
tom or soon after accumulation. The accumulation of
the particulate Mn in the deeper basins of the Baltic
Proper is related to the fluctuations of the oxygen
content (Ingri et al. 1991). The FMC cannot form
under anoxic conditions (Glasby et al. 1996). This
study, however, indicates that the particulate Mn may
persist even at near-zero oxygen level (Fig. 9).
Leivuon and Vallius (1998) observed a high Mn en-
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Fig. 10. Fe/Al and Mn/Al behaviour (HNO, leachable frac-
tion) in the upper trap material. GF 2(A), LL I7(B)and BY 15
{C). Note the different Mn/Al scale at site LL17.
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richment in suspension at GF2 without any signifi-
cant oxygen level variations. In addition, the surface
sediments at GF2 were oxic during the sampling can-
paign (Table 1). This indicates that the oxygen con-
tent is not the only limiting factor for FMC existence,
Evidently microbiological processes as well as the
oxygen content in the near-bottom waters are both
responsible for Mn behaviour there. In contrast, Mn-
carbonate prevails in surface sediments in the Baltic
Proper. A carbonate laminae formation in the Gotland
Deep is closely coupled with the intensity of salt-wa-
ter inflows (Huckriede and Meichner 1996, Meumann
et al. 1997, Sternbeck and Sohlenius 1997). Accorid-
ing to these authors, MnO, is precipitated in the sedi-
ment surface by oxygenated water and MnO, will be
converted to Mn-carbonates either in surface or soon
after burial in a reducing environment. This study,
however, suggests that the Mn conversion from ox-
ide to carbonate may occur via dissolved phase in the
near-bottom water (< 5 m) without any “true” accu-
mulation. Lepland and Stevens (1998) noted that
variations of dissolved Mn(ll) concentration in the
anoxic bottom waters could contribute to Mn-carbon-
ate formation because the flux of MnO, is presum-
ably also seasonal. They conclude, however, that
MnO, is probably not so pronounced as the seasonal-
ity of organic blooms, because Mn(1V) is derived from
oxic slope sediments during expansion of anoxic con-

ditions. This study indicates that a substantial part of

MnO, is formed in sifn and thus may be of seasonal
nature. Finally, Leppdnen (1988) observed that dur-
ing the vernal production stage, the settling matter is
most probably decomposed near the sediment sur-
face, after leaving the euphotic layer, rather than dur-
ing sinking. It is probable that the Mn-oxide disinte-
gration and the Mn-carbonate formation in near-bot-
tom waters are due to this process.

CONCLUSIONS

The study clearly shows that it is almost impossible
to establish the ultimate origin of the mineral par-
ticles only by XRD and general geochemistry in the
deep basin areas of the northern Baltic Sea. The
variations in clay mineralogy may indicate a differ-
ent origin of the matter, which is not observed. The
prevailing manganese oxide particles are solely
formed in situ.

The GOF deep-water environment is sedimento-
logically more active than that of the Baltic Proper
There is only a weak sediment-suspension interaction
for authigenic minerals, Especially for manganese the
dissolved intermediate stage exisis because Mn oc-
curs mainly as carbonates in sediments while Mn-ox-
ide is the dominant manganese phase in suspension.

Seasonal behaviour and origin of minerals in suspended matter and underlying sediments in the northern Baltic Sea
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Triterpenoids and other organic compounds as markers of depositional conditions
in the Baltic Sea deep basins during the Holocene

Hans Peter Nytofi, Birger Larsen
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Abstract

Sediment cores from three Baltic Sea basins were investigated using methods developed for source rock ev_alualinn
and by GC-MS analysis of extractable lipids (Biomarkers). A few samples were also Enal:‘,fsmi using coal
pmrnimphy methods. TOC and Hydrogen Index (HI) are generally high in the marine sediments from the

Bornholm Basin (4-6%) and the Gotland Basin (4-10%) whereas sediments

from the North Central Basin

usually have lower TOC (2%) and HI with only a few elevated values in laminated intervals. Sedimn:nlts from the
North Central Basin also had a lower HI suggesting a higher content of terrestrial organic matter. This was also
subsiantiated by the higher content of taraxer-14-ene (a triterpenoid produced by angiosperms) in samplcfs fn_::m
the North Central Basin. A number of triterpenes including malabaricatriene and fernenes were detected in high

concentrations in laminated sediments, suggesting that they are sensitive markers of anoxic depositional n:nm!itifms.
[7 Baltic Sea, sediments, Rock-Eval, anoxia, triterpenoids, hopancids, fernenes, malabaricatriene, Yoldia Sea, Ancylus Lake, Litorina

Sea
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INTRODUCTION

The aim of this study is to use the variation in Hydro-
gen Index (HI) and in selected organic cnrnpnunl-:is in
the sedimentary columns in three Baltic basins (Fig. 1)
to reconstruct the environmental history of the Baltic.
Total Organic Carbon (TOC) and often N are the sim-
plest but also very general measures of the organic
matter in sediments. The quality of the organic matter
i< often characterised by the TOC/N ratio (e.g. Andrén
ctal. 2000 a,b). The organic matter in the three BASYS
cores is also characterised by isotope composition of
the C and N (Voss et al. 2001) and the contents of
chlorins (chlorophyll derivatives) (Kowalewska et al.
1998, Kowalewska et al. 1999). Rock-Eval analysis
was originally developed for a quick evaluation of pe-
troleum source rock quality. The method measures the
amount of hydrocarbons (< C, ) released by cur!lm!!ed
heating and pyrolysis of the sample, see Espitalié et a!L
{1985) for details. Since oxygen deficient or anoxic
basins such as the Baltic Basins are regarded as prime
sites for deposition of source rocks for hydrocarbon
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Fig. 1. Map showing sampling sites:

211610and-20 55°32N  15"215E
211630-9 55"22.65N 15°23.84E
211660-6 57T'1998N 20°07.14E
211670-7 58749 16N 207 15.14E

75m water depth
93m water depth
241 m water depth
175m water depth
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genesis, the organic geochemical and sedimentary con-
ditions in such basins ( Demaison and Moore 1980) are
of general interest.

GC- and GC-MS analysis of lipids gives a more
detailed information of the composition and thus origin
{provenance) and diagenetic changes of the organic
matter. These compounds are derived from biogenic
precursor molecules, which sometimes may be inferred,
Chain length distribution of n-alkanes, n-alkanols and
n-alkanoic acids in sediments provide information on
the origin of the organic matter. Long chain compounds
originate from land plants, whereas short chain com-
pounds are produced by aquatic organisms (Cranwell
1982, Mevers and Ishiwatari 1993),

In this study, we have particularly focused on tri-
and pentacyclic triterpenoids. Only a few papers have
described triterpenoids in the Baltic Sea sediments (e.g.

T —

Malinski et al. 1988, Pihlaja et al. 1990), and anilyseg
have been restricted to surface sediments. Becayge
of the microbial synthesis of triterpenoids within the
sediments, they are important indicators of diagcnetjc
conditions. They contribute substantially to the lipids
accumulated in the sediments after decay of living o
ganisms (Ensminger et al, 1974, Ourisson et al, 1979),
Ourisson and Albrecht {1992) have estimated (hy the
fossilised hydrocarbon skeletons of the pentacycljc
hopanoids biosynthesized by bacteria may represen
the most abundant natural organic product on carth,
For a general description of these biomarkers sce Pe-
ters and Moldowan (1993). In most cases, only C

compounds exist, but sometimes, a complete pse udo-
homologous series ranging from C,, (a) to C, (g) is
possible. The names of those compounds actually den-
tified in the Baltic Sea sediments are shown in Fig. 2,
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The structure of the com-
pounds discussed herein (num-
bers in bold) is shown in Fig. 3,

Hopanoids found in :eo-
logical samples are the dia-
genetic products of “hio-
hopanoids™, compounds pre-
dominantly biosynthesized as
membrane constituents of hac-
teria. They include simple C,
compounds as well as ex-
tended C, bacteriohopa-
nepolyols and a range of com-
posite hopanoids where he
side chain is linked to a com-
plex polar moiety (Rohmer et
al. 1992, Innes et al. 1997). The

o1 1]

Gotland Basin

12
? | l 2k
il
oy |6+ 20 "'l,
ah £l
a1 Vi IZ-EI;‘I TR (g
|

= e A
I i/ / i/ *
I O |V W VN W

190 | Touf AR 20 M MR
19 | Tl ML -bomohopane, T8

Zhe 1 TERNDLI N I-30-porbopans
20k 4T, 21 PN bt
The 0 M2 H-Remohopane, 128

b
mi!n.ih'l ._A_l:" I".__ T ]

343 complex, polar hopanoids are

o 14 15 Retention fime —Sp not amenable to direct analy-
sis by GC-MS and can only he
15 S 0 Tor ) 2030 e hisparnie 3““'}' Ecd E'ﬁ:r dngn"duuﬂn al Ld

derivatisation (Innes et al.
19971 which means that a lot

N A i | 70,20l Monorh : . s
Core 21 1660-6 ol St of information from the origi-
410 em 0c 1T T el hossohapase. 22 nal hopanoids is lost, Analysis

is usually limited to the simplc,
apolar, hopanoids such as

2 s 0 1NN bshermokopane, 227 hopanes and hopenes, as in the
i o ghoc ey present study.
39 1] Semg P e b ey 3
142781721 -trveme Like hopenes, fernencs

are pentacyclic triterpenes.
but the positions of some of
the methyl groups diffe
Fernenes, especially fern
nd 9(11)-ene (14), are usually
the dominant triterpenes in

S C—— T, —
i\ 1
15 14 I5

Retention time —

ferns, and fernenes in sedi-
ments were previously be-

ez 2dd

Fig. 2. Partial mass chromatograms of two exiracts from core 21 1660-6 containing hopanes,
hopenes and malabaricatriene (s 191) and femenes (m/s 243) including names of
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Fig. 3. Structure of compounds identified in Fig. 2 and dis-
cussed in text.

bacterial inputs (Brassell and Eglinton 1983). Fern-7-
ene (15) was found in very high concentrations in
sediments from Ace Lake, a saline, meromictic lake
in Antarctica with no ferns or higher plants in the
vicinity (Volkman et al. 1986). Since lern-7-ene was
only abundant in those sediments which contained
methanogen markers, it was suggested that fern-7-
ene was also associated with anoxic depositional con-
ditions. Fernenes have also been detected in deep-
seu sediments (Brassell and Eglinton 1983), sediments
from the Alaskan Outer Continental Shelf
(Venkatesan and Kaplan 1982), the anoxic Cariaco
Trench (Wakeham 1990) and in sediments from the
Baltic Sea (Pihlaja et al. 1990).
17(E)-13a(H)-Malabarica- 14(27). 17.21-triene (or
just malabaricatiene)(29) was identified by Behrens
et al. (1999) by NMR studies after isolation from the
solvent extract of a recent sediment from the
imeromictic Lake Cadagno. A high concentration of the
still unidentified compound had earlier been found n
sediments from the Cariaco Trench, an anoxic marine
hasin on the continental shelf of Venezuela (Wakeham
1990, in sediments from the Gotland Deep (Pihlaja et
al. 1990) and in anoxic surface sediments from the
Arabian Sea (Sinninghe Damsté, unpublished results,

cited by Behrens et al. (1999). Since malabaricatriene
was detected in sulphur-rich ecosystems characterised
by the presence of anoxic bottom waters and sedi-
ments it was proposed (Behrens et al. 1999) that the
hydrocarbon skeleton of malabaricatriene may origi-
nate from an unknown, but possibly widespread bio-
logical source able to thrive in particular ecosystems
{i.e. highly anoxic and rich in reduced sulphur species)
and which remains to be discovered.

Various functionalism pentacyclic compounds are
produced by higher plants (angiosperms) and their un-
saturated degradation products are often found in re-
cent sediments (ten Haven et al. 1992a.b). Most usu-
ally have the lupane, oleanane or ursane skeleton, but
in some cases other compounds dominate. The mass
spectrum of an unknown compound was shown in
Venkatesan and Kaplan (1982). This compound was
later identified as taraxer-14-ene (22) (ten Haven and
Riillkitter 1988). Taraxer-14-ene is the most impor-
tant terrigenous triterpene in Baltic Sea sediments.
Possible precursors of taraxer-14-ene are taraxer-14-
en-3-ol and taraxer-14-en-3-one. Taraxer-14-ene is
easily converted to olean-12-ene (25), which can fur-
ther isomerise to olean-13(18)-ene (23), olean-18-ene
(24) and 18a(H)-olean-12-ene (26) (ten Haven and
Rullkéitter 1988, ten Haven et al. 1992b, Rullkétter et
al, 1994),

MATERIAL AND METHODS
Sampling sites and sample collection

All samples were collected during the July 1997 R/V
Petr Konsov cruise. The locations of the sampling sta-
tions are given in Fig. 1, The path of the inflow of
marine deep bottom water was sampled in a transect
of 3 coring sites from the Bornholm Basin (core
211630-9 and —10, Fig. 4) through the Gotland Basin
(core 211660-6, Fig. 5) to the North Central Basin (core
211670-7 and 211670-4, Fig. 6). As a supplement, late
glacial varved clays in two cores from almost the same
position at the margin of the Bornholm Basin (cores
211610 and -20) were studied. In order to sample the
whole sequence from the marine Litorina Sea down to
the freshwater Ancylus deposits two cores were com-
bined both for the Bornholm and the North Central
Basin, Samples covering about 2 cm were taken from
the cores every 20 cm. Additional samples (1 - 6 cm)
were laken especially from the laminated parts of the
cores or from homogeneous bands in otherwise lami-
nated parts. Samples (in most case 100-200 ml) were
stored frozen in plastic bags or metal cans until analy-
sis. Half of each sample was dried overnight at 50°C
and crushed (< (.25 mm). The rest was refrozen. In
total, 67 sub-samples from the Bornholm Basin, 72 from
the Gotland Basin and 61 from the North Central Ba-
sin were analysed.
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scale of 1-10 cm are called
A-units. The North Central
Basin (211670-7 and
211670-4, Fig. 6) is near the
cannection to the Bothnian
Sea. Here the same types
of sequences are found but
the laminated intervals are
thinner and few in numbey
compared to the Gotland
Basin. The Bornholm Bi-
sin core (211630-9, Fig. 4
is bioturbated throughout in
scale of 1-5 em and shells
mostly Macoma calcaria
occurs frequently through
the marine section. No lami-
nation has been observed in
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this core, but thin sequences

Fig. 4. Data from the Bornholm Basin, core 211630-9 and 211630-10. TOC: Total Organic
Carbon; HI: Hydrogen Index; MBT: area of the malabaricatriene peak / total peak area (m/
= 191). F/H; peak area of fernenes (mez 243)/ total peak arca (m/z 191); H 22(29): peak area
of hop-22(29)-ene (m/z 191) / total peak area (m/z 191). T-14: peak area of taraxer- 14-ene (m/
z 271}/ total peak area (mz 191 ). Total peak area (ni/z 191) refers to the sum of peak areas in

the partial m/z 191 mass chromatogram as shown in Fig, 2.

Description of cores

The sediments in all the cores are silt- and clay rich
mud with only limited variation in grainsize (Repeéka
and Grigelis 1998). With the high organic content the
marine mud can be described as sapropelitic clay or
marine clay gyttja. The grey freshwater sediments -
the Yoldia- and the Ancylus clays below the marine
deposits are in the cores more fine grained and less
influenced by organic matter. They are described as
pelitic muds or clays (Larsen and Repegka 1997). A
characteristic distribution of black sulphide (FeS)
colouring in the clay a few decimetres below the con-
tact to the marine Litorina deposits are observed in
clayey sediments all over the Baltic basins. The
sulphides are regarded as a diagenetic precipitation
caused by H.§ diffusing down into the clay from the
marine deposits above (Boesen and Postma 1988). The
marked lithostratigraphic boundary between the clays
and the marine claygyttja clay has previously been re-
garded as the boundary between the freshwater
Ancylus clay and the marine Litorina clay. However,
due to a small content of marine diatoms in the top part
of the clay it is now regarded as the Initial Litorina Sea
deposits or the Mastogloia Stage. The general stratig-
raphy is discussed in Sohlenius et al. (1996), Andrén et
al, (2000 a.b),

In the Gotland Basin (core 211660-6, Fig. 5) dark
intervals with lamination alternate with sequences of
lighter grev homogeneous mud. Alternating thin lami-

e

of laminated sediment have
occasionally been observed
in recent surface samples
during anoxic events in the
deep Bornholm Basin
{Jonsson et al. 1990), Ap-
parently lamination is no
preserved in the deposits due to frequent periods with
bioturbation and redistribution of the toplayer on the
flat and even seafloor.

Dating

The dating on the cores from the Gotland Basin (Fig.
5) and the North Central Basin (Fig. 6) are based
on paleomagnetic variations in the inclination and
declination compared to the paleosecular variation
over the last 3000 years recorded in annually lami-
nated lake sediments in Finland (Kotilainen et al.
2000). They estimate that the accuracy is better than
+50 years in this part of the time scale. The dates
older than 3000 years BP (before 1950) are based
on ""C dating of shells and organic matter (Andrén
et al. 2000a). Data from core 211660-1 are corre-
lated to core 211660-6 by matching the pattern of
magnetic susceptibility in the two cores (Kotilainen
pers. com. 2000). The ages < 6000 years in the
Bornholm Basin (Fig. 4) are based on “C dating on
shells with 300 years reservoir correction (Andrén
etal. 2000 b). The older ages are from the age model
in the same paper. However the transition from the
Ancylus Lake 1o the Initial Litorina - defined as the
first (very small) marine influence on the diatom flora
is dated based on terrestrial plants remnants from
the first marine influence in the Arkona Basin
(Bennike and Jensen 1998).

T
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1, TOC, TS and Rock-Eval analyses

sub-samples for TOC-measurements were treated
with agueous SO, 10 remove carbonates. Total carbon
(TC) and total sulphur were measured using a Leco
C5-200 instrument, Total organic carbon (TOC) was

measured using a Leco IR-212 carbon analyser. Rock-
Eval analysis was carried out by means of a Rock-
Eval 6 apparatus. By Rock-Eval analysis the amount
of hydrocarbons that can be thermally distilled from a
sediment is measured (S1), followed by hydrocarbons
generated by pyrolytic degradation of the organic mat-
ter in the sediment (52). The
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Gotland TOC HI MET FIH H 22(29) T-14 hydrogen Index (HI) corre-
s % s m e w mooiezme m wa ox ow| Sspondstothe quantity of py-
- | LLL rolyzable organic compounds
- — = p— from 52 relative to TOC in the
- = = || T~ === sample (mg HC/gTOC). It has
s E - — been found that there is a very
== —— | | — good correlation between HI
- =3 and H/C ratio. For more infor-
— % o mation on Rock-Eval analysis.
o | & see Espitalié et al. (1985).
jr— —
- p— — | = ; -
il = = Extraction of sediment
o F — —— samples
L — = Solvent extraction was carried
- — — out by means of a Soxtec in-

strument, using
dichloromethane/methanol
(93:7 vol/vol). Copper powder

F'g. 5. Data from the Gotland Basin, core 211660-6. TOC: Total Organic Carbon; HI:

Hydrogen Index; MBT: area of the malabaricatriene peak / total

peak area of fernenes (m/z 243) / total peak area (m/z 191); H 22(29): peak area of hop-
22(29)-ene (m/z 191)/ total peak area (m/z 191). T-14: peak arca of taraxer-14-ene (m/z
271)/ wtal peak area (m/z 191), Total peak area (/= 197 ) refers to the sum of peak areas

in the partial sz 191 mass chromatogram as shown in Fig, 2.

was used to remove sulphur
from the extract. A fraction
containing saturated, unsatur-
ated and aromatic compounds
was prepared by chromatog-
raphy on silica gel columns.
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Such a fraction from a large
sample of  laminated
sapropelitic mud (150 g dry
sediment, Gotland Basin
211660-6, 280-290 cm) witha
complex distribution of
triterpanes was separated into
6 new fractions according to
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polarity using MPLC (Radke
etal. 1980). Each fraction was
then analysed using GC-MS in
scan mode in order to get clean
mass spectra of all compounds
investigated.

Gas chromatography (GC)
and gas chromatography-
I mass spectrometry (GC-
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Quantification of lipids in sedi-

Fig. 6. Data from the North Central Basin, core 211670-7 and 211670-4. TOC: Total
Organic Carbon:; HI: Hydrogen Index; MBT: area of the malabaricatriene peak / total
peak area (/= 191). F/H: peak area of fernenes (m/z 243) / total peak arca (m/= 191); H
22(29): peak area of hop-22(29)-ene (m/= 191) / total peak area (nv= 191). T-14: peak area
of taraxer-14-ene (m/z 271) / total peak area (m/z 191), Total peak area (m/z 191) refers to
the sum of peak areas in the partial m/z 191 mass chromatogram as shown in Fig. 2.

ments is usually based on GC-
analysis with FID-detection.
This has the advantage that
compounds containing only
carbon and hydrogen have al-
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most the same response/weight. However, only major
compounds such as n-alkanes and a few hopenes and
hopanes can be accurately measured. Minor com-
pounds are best quantified using GC-MS. GC and GC-
MS analyses were carried out as described in Nytoft
and Bojesen-Koefoed (2001). For GC-MS analysis a
HP-5 capillary column (25 m x 0.20-mm i.d., film thick-
ness (.11 mm) was used. 17(E)-13a(H)-Malabarica-
14(27),17,21-triene and taraxer-14-ene coelute using
this column and the malabaricatriene peak had to be
corrected for coeluting taraxer-14-ene. Conversely,
taraxer-14-ene can be quantified using m/z 271 with-
out interference from malabaricatriene, because m/z
271 is insignificant in the mass spectrum of
malabaricatriene. A few samples were reanalysed us-
ing a ZB-5 column (30 m x 0.25-mm i.d., film thick-
ness 0.10 mm) which could separate the two com-
pounds. Compounds were identified using standards
that were either obtained from Chiron AS, synthesised
in-house, or isolated from other samples using HPLC.
A few compounds were identified by comparing their
mass spectra with those reported in the literature.

Hopanes and hopenes with the double bond in ring
D or E give a very intense n/z 191 response. The dis-
tribution of these compounds was measured using peak
areas from the m/z 191 mass chromatogram. All com-
pounds do not give the same molecular response in the
m/z 191 mass chromatogram and the ratios measured
using nt/z 191 are not necessarily identical to composi-
tion in weight %. A few hopenes, fernenes and most
triterpenes of terrigenous origin only produce a weak
ni/z 191 fragment and were quantified using other frag-
ments. Internal standard was not used for GC-MS
analysis, and only the relative abundance of the vari-
ous compounds has been measured.

Preparation of reference compounds

Hopanes, hopenes, hopadienes and fern-9(11)-ene
were prepared as described in Nytoft and Bojesen-
Koefoed (2001). A fraction having a high content of
taraxer-14-ene was prepared from Danish lake sedi-
ment. Acid catalysed isomerization of lup-20(29)-ene
prepared from birch-bark or olean-13(18)-ene isolated
from a sediment (Vietnam) gave a mixture of oleanencs
and other terrigenous triterpenes (ten Haven and
Rullkétter 1988, Rullkiitter et al. 1994). Pure fern-9(11 -
ene was converted to a mixture of fernene isomers
{Ageta et al. 1987). Sterenes and steradienes were
obtained from Chiron A5, Trondheim, Norway, No star -
dard of 13a(H)-Malabarica-14{27),17.21-riene was
available. In order to confirm the presence of
malabaricatriene, an extract with a very high content
was hydrogenated (PtO,, isooctane, 10 min.). This re-
maoved all the malabaricatriene and two isomeric, satu-
rated compounds (30) with almost identical mass spec-
tra were formed as described by Behrens et al. (1999,

Microscopic investigation of organic particles-
macerals

The organic particles (500 particles pr sample) of sedi-
ments from the BASYS cores were studied in pol-
ished sections under the microscope in reflected white
and blue light in a few samples (Table 1). All organic
particles are defined by their morphology, reflectance
and fluorescence colour. The terms below are coal
petrography terms for organic constituents (macerals ).
They are used by organic petrologists to classify and
describe organic particulate constituents in coals and

Table 1. Composition of organic matter (mineral matter free, vol. %)

Core D‘:ﬁlh chirpn:nt TOC % Aﬁimlf Acritarchs | Sporinite dler:rﬁ; . Huminite | Inertinite
211630-9 4.0 M Hom. 538 815 0ns 74 T4 1.5 1.7
2116606 0.67 M Lam. 106 792 L8 6.8 10.4 L3 0.0
21 1660-6 1.50 M Hom, 4.28 85.1 1.8 4.5 6.5 12 0o
21 1660-6 286 M Lam. 431 759 1.6 126 85 0.8 L6
21 1660-6 4.14 M Lam. 7.74 759 34 111 82 1.1 03
211670-7 1.00 M Lam. 544 850 16 57 bub 1] 03
211670-7 260 M Hom. 1.52 383 0 8.8 i8.2 0 14.7
2116704 426 M Hom. 1.64 584 24 12.1 23 18 30
2116704 475 M Lam. 167 B30 14 35 8.1 0 14
211610-1 4.10 F Varv cl. 049 25.7 1! 57 4.3 4.3 200
211630-10 730 | F Aneylus | 077 233 ¥ 6.7 417 20 83
21 1660-6 630 | F Ancylus | 051 75.7 12 12 49 0 17.0

M=Marine. Hom = Homogenous mud, Lam.= Laminated mud, F=Freshwater.
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organic-rich sediments mostly with focus on their po-
jential as oil- or gas-generative properties. Huminite is
derived from decomposition under restricted oxygen
availability of cellulose- and lignin-rich tissues of higher
lund plants. Sporinite, liptodetrinite, A.O.M. (amorphous
organic matter) and alginite are derived from specific
hydrogen-rich constituents of higher land plants or
marine algae. Sporinite is derived from spores and pol-
len from higher land plants. Alginite is derived from
algae. Liptodetrinite includes finely detrital constituents
derived from other liptinite macerals. A.O.M. is a
groundmass of mostly fluorescing organic matter
formed by degradation of probably algal material.
Inertinite represents oxidised organic matter generally
formed by fire, Acritarchs: Unicellular or apparently
unicellular microfossils of unknown affinity. For de-
1ails see Taylor et al. (1998).

RESULTS
TOC

The total organic carbon (TOC) content of the varved,
late glacial glacio-lacustrine succession underlying the
Yoldia clay is approximately 0.5% (Table 2). From the

lable 2. Data for 18 samples of Late Glacial clay from the
Bornholm Basin, 211610-1 (15)+ 211620-1 (3)

, TOC | HI |MBT |F/H[H 22(29) |T-14 |
Min, | 0.31 35 0 0 0.8 10.007
Max.| 136 | 161 | 256 [0.01] 3.0 10.021
Avg. | 0.57 70 | 049 (001 2.1 0.015

Yoldia clay through the Ancylus stage deposits, TOC
increases gradually from 0.5% to 1%, and through the
initial Litorina stage a further increase to approximately
2% is observed. The transition to the Litorina succes-
sion is marked by another steep increase in TOC o
values close to 4% in the Bornholm and Gotland Ba-
sins. Values of TOC are high (usually >4%) in most
samples of the indisputably marine Litorina and post-
Litorina sediments of the Bornholm (Fig. 4) and Gotland
Basins (Fig. 5), whereas samples from the North Cen-
iral Basin show considerably lower values, generally
~29 (Fig. 6). The marine laminated sediments gener-
ally vield 2-3 times higher values of TOC than the
marine homogeneous sediments. Intervals consisting
of “A-units” show intermediate values of TOC. Simi-
lar trends in TOC were recorded by Andrén et al. (2000
a,b) who also report results on S and N, and hence C/
N ratios. However, they assumed that the sediments
were devoid of mineral Carbon (i.e. TC = TOC). Our
results show that this is generally valid for the Ancylus
and Initial Litorina deposits, whereas the marine Litorina
sediments contain 0.35-0.70% mineral Carbon, render-
ing the C/N ratios reported by Andrén et al. (2000 a.b)
slightly oo high.

The Hydrogen Index (HI) is a rough indicator of
the composition of the organic matter. Values above
150 are considered to indicate increasing amounts of
lipoid rich particulate organic matter, and values above
300 to indicate the presence of substantial amounts of
such material. Low values suggest refractory lerres-
trial matter (Tyson 1995), The HI is near 300 (ca. 26%
of the TOC) in the sediments from the marine Litorina
and Postlitorina intervals in the Bornholm and Gotland
Basins and in the laminated intervals (7000-5000 and
ca 1400-1200 BP) in the North Central Basin. HI is
lower (180-250) in the pre-Litorina intervals below with
lower TOC- but details differ from basin to basin. The
HI is also about 200-250 in the marine non-laminated
intervals in the North Central Basin, indicating that the
bulk composition of the organic matter in this low-sa-
linity basin is not very different from that of the pre-
Litorina basins and contains a similar proportion of ter-
restrial organic matter. In the Gotland Deep no clear
differences in HI between laminated and homogeneous
sediments are recorded. However, in the laminated
intervals in the North Central Basin both the TOC and
the HI is higher than in the surrounding homogeneous
intervals, and the values are close to those of the Gotland
Deep. Besides the changes related to change in envi-
ronment no change with depth/ time is obvious in the
cores, so no important modification of the kerogen dur-
ing the anaerobic diagenesis is indicated.

Alkanes, alkenes, highly branched isoprenoids
and steroids

A few samples from the upper part of core 211660-6
(Gotland Basin) contained relatively high concentra-
tions of HBI (see below). All other samples were domi-
nated by higher odd carbon number n-alkanes C, , C,,
C, C, C, C, and C,,, which are of terrestrial on-
gin. In samples from around 150 cm in the same core,
n-C . (from algae) was also a major component. Mi-
nor amounts of n-alkenes were detected in most
samples. The concentration of highly branched
isoprenoids (HBI) was generally very low, but some
intervals in core 211660-6 ( Gotland Basin) showed high
concentrations. Between 5 and 46 % (of resolved com-
pounds from the GC-analysis) were found in samples
from the mostly laminated interval 35-110cm and lower
concentrations (< 5 %) in the mostly homogeneous in-
tervals 110-190 and 350-390 cm. A single C,, diene,
with a mass spectrum identical to that shown in
Rowland et al. (1985), accounted for 70-80 % of the
total HBI followed by a C_, triene (15-20%) and only
minor amounts of other C,, compounds. Traces of C,
HBI were only found in a few samples. The highly
branched isoprenoids in sediments are mainly produced
by diatoms (Respondek et al. 1997). Rowland and
Robson (1990) have reviewed the sedimentary occur-
rence of these compounds. Sterenes and steradienes
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were nol very abundant compared to hopanes and
hopenes in most of the samples, except in samples from
the laminated parts of the cores.

Hopanes, hopenes and other triterpenenoids

Hopanes in the Baltic Sea sediments are dominated by
17b(H)-22,29,30-trisnorhopane (3), and C,-C,,
17b(H),21b(H)-hopanes (21a-d), whereas the
17a(H),21b{H)-hopanes (19) are relatively minor es-
pecially in the youngest sediments. The latter group is
dominated by 17a(H),21b{H)-30-norhopane (19a),
17a(H),2 1bi{H}-hopane ( 19b) and 17a(H).2 1b{H}-22R-
homohopane (19¢). C,, C, and C, 17b(H),21a(H)-
hopanes {20a-c) were detected in most samples. In all
three cores. the relative content of saturated compounds
(hopanes) increased with depth, indicating an origin
from their unsaturated precursors. The late glacial
varved clays observed in two cores from the margin
of the Bornholm Basin (211610 and -20) contained
mainly saturated compounds,

Hop-22(29)-ene (5) is the major hopene in most
samples. Hop-22(29)-ene is a common constituent of
an extremely wide variety of procaryoles (Wakeham
1990). All hop-22(29)-ene is not necessarily of marine
origin. Yunker et al. (1993) found a high content of
hop-22(29)-ene in Beaufort Sea coastal sediments.
Most appeared to originate from the MacKenzie River
where bacterial hop-22(29)-ene from eroded peats was
the likely source. Hop-22(29)-ene is also found in soil
(Ries-Kauott and Albrecht 1989). In the youngest Bal-
tic Sea sediments the relative content is 30-50% de-
creasing to near zero in the deepest samples (Fig. 4-
). This is probably caused by a combination of isomer-
ization to more stable isomers (Ageta et al. 1987) and
hydrogenation of the double bond. An earlier eluting
compound with almost the same mass spectrum Is
present in all samples. This compound was identified

11 em) from 15 lakes and found the highest 17b{H -
moret-22(29)-ene [ hop-22(29}-ene ratio in acidic lake:,
Yet another compound with a similar mass spectrum
eluting after 17b(H),21a{H)-hopane (20b) was found
in most samples. The mass spectrum was identical (o
that of synthetic hop-2(0(21}-ene (Bisseret and Rohmer,
1993). Hop-20(21)-ene (8) has, to our knowledge, not
been detected in sediments before. Traces of a hop-
16-ene (11) (Nytoft and Bojesen-Koefoed 2001) were
also detected.

Hop-21(22)-ene (7) ocecurs in low concentrations
in all samples whereas hop-17(21)-ene (9) is more
abundant. Some hop-17(21)-ene could be formed by
isomerization of hop-22(29)-ene and hop-21(22)-ene,
but the major part is probably of direct bacterial origin
{Brassell and Eglinton 1983). The relative content s
highest in laminated sediments with high TOC
22,29,30-Trisnorhop-17(21)-ene (1) was found in all
samples and 22R-homohop-17(21)-ene (%¢) in a few.
whereas higher carbon number hop-17(21)-enes were
absent.

Neohop-13(18)-ene (12b) was the only neohop
13(18)-ene detected in the Baltic Sea sediments
22,29,30-trisnornechop-13(18)-ene (2) was expected
but could not be identified with certainty in any of the
samples. Neohop-13(18)-ene can be formed by rear-
rangement of hop-17(21)-ene. However, in the Baltic
Sea sediments, this is unlikely to have happened in the
sediments themselves, since this would have led to the
complete disappearance of some of the observed com
pounds that are much less stable than hop-17(21 )-ene.
such as hop-22(29)-ene and taraxer-14-ene. A minor
part of the nechop-13(18)-ene could be inherited from
reworking of older sediments, but the major part is prob-
ably produced directly by bacteria in the water column
or within the sediment. { Brassell and Eglinton 1983). A
related compound, the unstable neohop-12-ene (13).
was detected in relatively high concentrations, espe-
cially in laminated sediments. Neohop-12-ene easily

as 17biH)-moret-22(29)-ene
{6) based on retention time and 25 .
mass spectral data (Uemura
and Ishiwatari, 1995). In Bal- 20
lic Sea sediments, the relative
content of 17h(H)-moret- . *1
22(29)-ene increascs with 15 =3
depth and roughly corresponds | MBT o
to the decrease in the content 10

of hop-22(29)-ene. In the T
deepest samples, 17b(H)- i

moret-22(29)-ene is usually 5 e

the most abundant triterpene. -:':!::,.l.-

17b{H)-moret-22(29)-¢ene
coelutes with 17b(H),2 1b{H)-
30-norhopane (21a) (Fig. 2)

0
0.0 0.1

0.2 0.3 04
DAD+H)

0.5 0.6 0.7

making quantification difficult.
Uemura and Ishiwatari (1995)
analysed sediment samples ((-

102

Fig. 7. Oxidation of hop-17(21)-ene to hopa-13,17(21)-diene versus relative content of
malabaricatriene in samples from all three basins, DAD+H); Area of hopa-13,17(21)-
diene (m/z 393)/ ({hop-17(21 )-cne (m/=z 3671+ hopa-15,1 7{21 }-diene).
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rearranges to neohop-13(18)-ene (Ageta et al. 1987).
Neohop-12-ene elutes immediately before fern-7-ene,
but because its mass spectrum contains only a rela-
tively small m/z 191 fragment, it is difficult to identify
unless some of the more abundant ions (m/z 175, 203,
218 and 410) are monitored in addition to m/z 191,

Hopa-15,17(21)-diene (10b) was detected in all
sumples. Hopa-15,17(21)-dienes have not been identi-
{icd in sediments until very recently (Nytoft et al. 1999).
No biological source has yet been found, and hopadienes
are probably formed by oxidation of hop-17(21)-enes.
In the laboratory, hopa-15,17(21)-diene is synthesised
by epoxidation of hop-17(21)-ene to 17,21-
epoxyhopane followed by acid treatment. We have
{ound that hop-17(21)-ene in pentane solution is slowly
{months) oxidised by air to 17,21-epoxyhopane and an
unstable diene, which can then isomerize to hopa-
15,17(21)-diene. The presence of polyunsaturated lip-
itls accelerated the oxidation. Similarly, Tritzet al, (1999)
oxidised hop-17(21)-ene by air to 17,21-epoxyhopane
in an agueous phase containing a surfactant. These
processes probably also take place in the oxygenated
water column and in oxic sediments. The only major
jons in the mass spectrum of hopa-15,17(21)-diene are
mfz = 187 (100 %) and mfz 393 (54 %) (Nytofl and
Hojesen-Koefoed 2001), The ratio between hopa-
15.17(21)-diene (m/z 393) and hop-17(21)-ene (nm/z 367)
varied from 0,04 to about (.65, Low values were found
in laminated sediments with a high content of
malabaricatriene (see below). Anoxic depositional con-
ditions thus seem to preserve hop-17(21)-ene. Fig. 7
shows the hopa-15,17(21)-diene / hop-17(21)-ene ra-
tio versus relative content of malabaricatriene in
samples from the three basins.

Fernenes were detected in all the samples from this
study. GC-MS analysis in scan mode revealed the pres-
cnce of three fernenes (fern-7-ene (15), fern-8-ene

16) and fern-9(11)-ene (14)) and small amounts of
ferna-7,9(11)-diene (17) (m/z 255, m/z 408). The
fernenes have almost identical mass spectra with m/z
243 as base peak and a prominent mv/z 395 fragment,
but since the m/z 191 fragment is very minor, fernenes
can only be detected in the m/z 191 mass chromato-
sram if their concentrations are very high (Fig. 2). In
order to roughly estimate the content of fernenes rela-
live to other triterpenoids we compared the area of the
three fernenes in the myz 243 mass chromatogram to
the sum of all triterpenoids in the m/z 191 mass chro-
matogram. The relatively fernene content was high in
the laminated sediments, but low in bioturbated but with
high TOC sediments. A particularly high content was
found in the sediments from the Gotland Basin (core
211660-6) around 3 m and from 4.0 1o 4.4 m which
also show elevated values of TOC (Fig. 5). The con-
tent of fernenes in sediments from the Bornholm Ba-
sinis very low. These observations suggest that fernenes
are useful indicators of anoxic depositional conditions.
Fern-7-ene is usually the major isomer (Fig. 2 botiom),

but samples with a low total fernene content have higher
proportions of fern-8-ene and fern-9(11)-ene (Fig. 2 top).
This could reflect minor differences in the bacteria con-
tributing fernenes to the sediments or in diagenesis con-
ditions (Brassell and Eglinton 1983). Fern-7-ene is the
least stable of the fernene 1somers and can easily rear-
range to the more stable isomers catalysed by acids or
clay minerals (Ageta et al. 1987).

17T(E)-13a(H)-Malabarica-14(27),17.21-triene

Malabaricatriene (29) was detected in many of the
Baltic Sea sediment samples. In samples from the
Gotland Basin (211660-6) the relative content of
malabaricatriene in the m/ 191 mass chromatogram
varied from zero in homogeneous parts covering about
half of the core to a maximum value of 24 % in the
laminated sediments (Fig. 5). In cores from the North
Central Basin (Fig. 6) the comtent of malabaricatriene
was generally low. Only a few elevated values were
found in the laminated parts coinciding with a high TOC-
content. In the Bornholm Basin (Fig. 4), the content of
malabaricatriene was low except for the very recent
sediments, which also had higher TOC-values. The very
large variations in the content of malabaricatriene thus
suggest that it is an even better indicator of anoxia
than fernenes.

Terrigenous triterpenoids

Taraxer-14-ene (22) was identified in all the Baltic Sea
sediment samples. Only traces of olean-12-ene (25)
were found in some cases, and no other isomerisation
products were detected, probably due to the young age
of the sediments. An extract with a high content of
taraxer-14-ene and smaller amounts of olean-12-ene
(Bornholm Basin, 211630, 7.55 m, Ancylus clay) was
subjected to a mild acid treatment, which removed all
taraxer- 14-ene and led to a similar increase in the size
of the olean-12-ene peak, thus confirming the pres-
ence of the latter. The mass spectrum of taraxer-14-
ene having m/z =410 (M*, 6%); 395 (6%); 286 (42%);
271 (449%); 257 (15%); 218 (40%); 204 (100%); 191
(17%%); 189 (24%), is best quantified using m/z = 271,
since the mass spectrum of the coeluting 17(E)-13a(H})-
Malabarica- 14(27),17.21 -triene does not contain this
fragment. The ratio of the area of taraxer-14-gne in
m/z 271 relative to the sum of areas of all triterpenoids
in the m/z 191 in the mass chromatogram showed that
the relative content was high in the Ancylus lake sedi-
ments from the Bornholm Basin and the Gotland Ba-
sin (Fig. 4, Fig. 5) and in the varved clay (Table 2). In
the marine sediments including the Initial Litorina in-
terval the ratio decreased 5-10 times and remained al-
most constant. In the marine and fresh water sedi-
ments in the North Central Basin the ratio was gener-
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ally at the same level as the freshwater deposits in the
other basins. (Fig. 6), exempt the level in the upper
laminated interval.

2,2,9-Trimethyl-1,2.3 4-tetrahydropicene (28)
(Wakeham et al. 1980) was the major pentacyclic aro-
matic hydrocarbon in all samples analysed by GC-MS
in scan mode. Traces of an isomer with vie-dimethyl
groups could also be detected. 2,2,9-Trimethyl-1,2,3 4-
letrahydropicene is probably formed by aromatization
of taraxer-14-ene or some of its precursors, The con-
tent of 2,2,9-trimethyl-1,2,3 4-tetrahydropicene was
roughly the same as that of taraxer-14-ene,

Organic particles

The classification of organic particles by microscopy
is another method to characterise the organic matter
in sediments (Taylor et al. 1998). The results are given
in Table 1. This investigation shows that Alginite and
particles of amorphous organic matter (A.O.M), which
also is degraded algal matter, are the dominant con-
stituent in the marine sediments from the Bornholm,
Gotland and the laminated intervals in the North Cen-
tral Basin. This suggests that more than three fourths
of the organic particles in the samples are of marine
origin. The land derived Sporinite (pollen and spores),
Huminite (cellulose- lignin) and Inertinite (charcoal)
make in the order of 10% and if the Liptodetritic par-
ticles, with less clear origin is included about 20 % in
the marine samples mentioned above. The two samples
of homogeneous mud from the North Central Basin
have much higher (40-62 %) contents of probable ter-
restrial input- including soot from fires. The two samples
of the freshwater sediments from the early stages of
the Baltic from the Bornholm Basin show a strong ter-
restrial proportion of the small total organic content.
The organic matter in the sample of the Ancylus clay
from the Gotland Deep is dominated by alginite, sug-
gesting that this site, which was far from the shore in
the Ancylus Lake, be dominated by pelagic produc-
tion.

DISCUSSION

Because of the salinity stratification and the long resi-
dence times of the water in the Baltic Sea the bottom
water in the deep basins are inherently prone 1o stag-
nation and development of suboxic or anoxic condi-
tions. The bottom water layer is exchanged occasion-
ally: when oxygenated saline bottom water enters the
basin through the Danish Straits (Matthiius 1995),
Variation between oxic and anoxic intervals on the scale
of months to hundreds of years is mirrored in the sedi-
ments.

Reducing conditions generally prevail a few
millimetres below the sediment-water interface in vir-
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tually all aquatic sediments (Boesen and Postma 198+ ),
but the presence or absence of oxygen in the bottom
waters and at the sediment surface is assessed by in-
spection of sedimentary structures. Lamination indi-
cates the absence of bottom-dwelling macrofaun:,
which is usually interpreted as an indication of anoxa
at the sediment surface. The lamination is a very fine
scale layering (0.2-0.5 mm) of alternating light and
darker coloured layers, with occasional yellow lam-
nae consisting of calcium-manganese carbonate. The
well-preserved lamination combined with high organic
carbon contents (see later) suggests the prevalence of
anoxia at the seabed for extended periods of time dur-
ing deposition. Homogeneous intervals are interpreted
to represent periods of oxic or suboxic bottom water
conditions, during which benthic and burrowing
macrofauna has destroyed the lamination (Eckhéll ¢
al. 2000). However, in the Gotland Deep bivalves have
only been found in a short period (2800-2600 BP), so
in most of the time anoxic events have been so fre-
quent that a bivalve population has not been able 1o
establish. Couplets of homogeneous and laminated in-
tervals are termed “A-units™ and indicate alternating
oxic and anoxic bottom water conditions during deposi-
tion. Such alternations have occurred over a timescale
of 10-100 years, perhaps even less. This is compa
rable to the present-day conditions in the Gotland Deep
(Matthiius 1995). The differentiation between marine
and freshwater deposits are based on the diatoms or
other organisms (Sohlenius et al. (1996), Andrén et al
(2000 a.b), Voss et al. (2001).

The sulphide colouring of the upper Ancylus clay
are regarded as a diagenetic precipitation caused by
H.S diffusing down into the clay from the marine de-
posits above (Boesen and Postma 1988), The sulphide
precipitation is thus due to the change in environment
from fresh to marine condition, but is not a sign of spe-
cial anoxic depositional environment in the pre-Litorina
deposits. This process also offers an explanation of
the uniform development of the sulphide colouring over
most of the Baltic Sea floor. This interpretation of the
sedimentary environments is used as a base for the
discussion of depositional conditions of the organic
compounds.

The correlation between the parameters is most
obvious in the North Central Basin cores. Most of the
marine section is homogeneous / bioturbated and de-
posited under oxic conditions but four relatively short
intervals laminated and associated intervals with A-
units indicate anoxic periods at the seafloor. In these
intervals TOC increases by a factor of 2-3 compared
to the homogeneous intervals. Also the HI is higher
than in the surrounding homogeneous intervals, and the
values are close to those of the Gotland Deep. This
could suggest, that the marine input from the surface
walers is more important. and that other sources to the
sediment are less active during the periods of stagna-
tion in the basin bottom water (Table 1),
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The relative content of malabaricatriene is low in
the oxic intervals but increases by a factor of 3-12 in
the laminated intervals. The increase is not observed
in the surrounding intervals with A-units, so the pres-
ence of malabaricatriene seems to be related to per-
sistent strong anaerobic ecosystems. This pattern is
also obvious in the Gotland Basin core. The variation
of the relative content of fernenes is less pronounced
in the North Central Basin core, but slightly elevated
concentrations coincide with a high malabaricatriene
content in the short anoxic interval around 1200 BP.
High concentrations of fernenes are also observed in
ihe laminated sediments from the early part of the
[_itorina Sea (8000-3000 BPcal) which is also the case
in the Gotland Basin core.

The general picture based on the limited data on
crganic particles agrees with the distribution of the
taraxer-14-ene as shown of figures 4-6. The terres-
irial input is a minor but fairly constant component of
the preserved organic matter in the marine sections.
in the North Central Basin the terrestrial component is
relatively higher than in the two other basins. Terres-
irial organic components are relatively more important
in the freshwater stages during the early stages of the
Baltic Sea. A marked decrease in the relative concen-
rations of taraxer-14-ene seems to correlate with the
first intrusion of salt water at the transition from the
Ancylus lake to the Initial Litorina, sensu Andrén et al.
(2000 a.b) in all three cores even if very minor shifts
are observed in the TOC-concentrations and C/N ra-
tios. This transition 1s not very marked in the North
Central Basin, but it is suggested that the change in
environment is not so great in the inner brackish part
of the Baltic.

CONCLUSIONS

From the glacial varved clay through to the Ancylus
stage deposits, TOC increases gradually from 0.5% to
1%, and through the initial Litorina stage a further in-
crease to approximately 2% is observed. The transi-
tion to the Litorina succession is marked by another
steep increase in TOC to values close to 4% in the
Bornholm and Gotland Basins. The clear shift in TOC
between the older freshwater stages and the marine
Litorina and post-Litorina deposits are not so marked
in the proportion of the organic matter measured by
the Hydrogen Index. The proportion increases only from
about 20% of the TOC in the freshwater deposits 1o
about 33% in the marine deposits. This change is not
observed in most of the North Central Basin core. The
concentration of TOC and the composition of the or-
ganic matter as described by HI are almost constant
through time in the marine bioturbated intervals in the
cores. It seems not to be influenced by the variations
in accumulation rates indicated by the dating. This sug-
gests that the organic matter in each basin is deposited

from a well-mixed pool of suspended organic matter
and that the concentrations are not controlled by the
local depositional conditions during oxic periods. The
changes between oxic and anoxic conditions observed
in the North Central Basin are discussed above. In
periods with anoxic deposition in the Gotland Deep
more organic matter is preserved but the composition
as described by the HI does not change much. This
conclusion does not apply to a number of specific or-
ganic compounds. A number of molecular marker ra-
tios have proven to be sensitive markers of anoxic
depositional conditions. They include the relative
contents of malabaricatriene and fernenes as well
as the hop-17(21)-ene/(hop-17(21) + hopa-
15,17(21)-diene) ratio. Kowalewska et al. (1998,
1999 and Bianchi et al. (2000) showed that this also
applies to chlorophyll

Taraxer-14-ene is a useful marker of terrestrial
marker input. The relative content is generally higher
in samples from the North Central Basin, probably re-
lated to a higher proportion of river input and recycled
sediments due to isostatic uplift in the northern Baltic
area and less dilution by marine constituents. The in-
cursion of marine waters into the Baltic basin (Initial
Litorina Sea) is marked by a decrease in the relative
content of taraxer-14-ene and later (Litorina Sea) by
an increase in the content of organic carbon (TOC)
and hydrogen index (HI) indicating a decreasing pro-
portion of termgenous organic matter in the sediments,
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The chemistry of the surface sediments in the North Central Basin, the Baltic Sea

Henry Vallius, Mirja Leivuori

Abstract

The North Central Basin was investigated thoroughly during the three year BASYS project in 1996 — 1999. The
basin was sampled in several locations and the cores were analysed for total concentrations of a multitude of
elements. The sediment surface in the studied basin is distinctly laminated and in the central area the thickness
of the laminated sequence varies from 6 to 18 centimetres. The data from chemical analyses show that the
vertical distribution of elements in the near-surface samples varies in a regular pattern in all cores taken within
a range of 2 nautical miles. They all show similar distribution patterns in the laminated sequence, revealing the
deposition history of anthropogenically enriched element. These show a rapid increase in the 1950's — 1960":
followed by a decrease during the last decade of the 20" century. The basin is an area of homogeneous

sedimentation suitable for further environmental studies.
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INTRODUCTION

The Baltic Sea was investigated during the three
year, multidisciplinary EU MAST Baltic Sea Sys-
tem Study (BASYS). The Baltic Sea itself and es-
pecially the central part of the Gotland Basin has
been of scientific interest for a long time and many
projects and scientific publications have dealt with
different aspects of the basin sediments (Gripenberg
1934, Niemistd and Voipio 1974, Hallberg 1974, Suess
and Erlenkeuser 1975, Niemisti and Voipio 1981,
Jakobsen and Postma 1989, Tervo and Niemistd
1989, Briigmann and Lange 1990, Hallberg 1991,
Emelyanov 1995, Huckriede et al. 1995, Salonen et
al. 1995, Huckriede and Meischner 1996, Sohlenius
et al. 1996, Sternbeck and Sohlenius 1997,
Briigmann et al. 1997, Neumann et al. 1997, Emeis
et al. 1998, Heiser 2000, Kotilainen et al. 2000,
Milkki 2000, Vallius and Kunzendorf 2001,
Emelyanov 2001). Unfortunately, the Gotland Basin
is not stagnant and has a very heterogeneous lateral
distribution of sediments {Emeis et al. 1998,
Kotilainen et al. 2000, Vallius and Kunzendorf 2001),
In this study, however, we are dealing with a smaller
basin situated ca. 90 nautical miles to the north of
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Fig. | Central Baltic Sea with the North Central Basin (NCB)
and the Gotland Basin (GB) indicated. Bathymetry afier
Seifert and Kaiser (1993).

the Gotland Basin, the North Central Basin (NCB,
Fig.1). Echo soundings during the study suggest that
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in this area sedimentation have been less disturbed
ihan in the Gotland Basin throughout the last thou-
sands of years. Thus, this basin should give good
data on the history of accumulated matter and harm-
ful elements through the last 100 - 150 years. This
paper covers the data from a set of sediment cores,
from the centre of the NCB basin (Fig. 2). The
seochemical history in the northern Baltic Proper
during the pre-industrialised and industrialised era is
described. The chemistry of surface sediments in
the NCB basin is presented based on total concen-
rrations of cadmium, lead, mercury, copper, zinc, an-
timony, thallium, uranium, molybdenum, chromium,
aluminium, manganese, calcium, magnesium, potas-
sium, cobalt, nickel, arsenie, iron, lithium and car-
bon. The concentrations at six sites of the basin are
compared with each other in order to study the ho-
mogeneity of the basin. The data from one central
site are presented in greater detail to estimate the
vertical variability of deposited elements within the
time period represented by this core. Thus histori-
cal pollution trends are well visible in the concentra-
tion curves of various elements.

STUDY AREA

For this study a basin in the northern Baltic Proper
was chosen. It is the North Central Basin (NCB,
Fig. 1), from which data has been reported in Vallius
and Kunzendorf (2001), Kotilainen et al. (2001) and
Winterhalter (2001). Compared to the Gotland Basin
the area of the NCB basin is rather small, covering
about 5 x 10 nautical miles or some 170 km®. The
middle of the basin forms a hill between deeper chan-
nels that are on the southern sides flanked by shal-
lower Paleozoic clint-formations (Fig. 2). The sampling
sites are located on the top and flanks of the central
hill at depths of 171-197 metres. This is because the
central area is interpreted to be an area of calm sedi-
mentation, where the accumulating matter is to a large
degree autochthonous and derived from the water
mass above, not for instance by mass flows from slopes
around the basin.

MATERIALS AND METHODS

The samples for this study were collected during two
eriises in 1997 and 1998, The first cruise was the cruise
of RV Peir Kottsov on July 22™ — August 1* 1997
(sites A, B, C and D), and the second cruise with R/V
Aranda during April 14™ — April 29" 1998 (sites E and
F, Fig. 2). The area was thoroughly echo sounded on a
R/V Petr Kottsov cruise in 1996 (Endler et al. 1996)
and the basin was further echo sounded during both
the sampling cruises. R/V Aranda is equipped with an
Atlas DESO 25. 12 kHz echo sounder with a capabi-

Fig. 2. Bathymetry of the North Central Basin area with sam-
pling sites A — E indicated,

lity of good penetration through soft sediments. The
echo sounding data were recorded both as hardcopies
and on the R/V Aranda cruise also by a digital record-
ing system, the Meridata MD DSS Multi-mode Sonar
System. As a result of technical problems only bathy-
metric data of the area were recorded on the 1997 R/
V Petr Kottsov cruise, using an Atlas DESO 25 echo
sounder (Winterhalter 1997).

The sampling sites were chosen according to the
surveyed echo sounding data. All samples were taken
using a second-generation Niemistd double-barrelled
corer, the Gemini corer, with an inner diameter of 80
mm. The cores were taken in transparent acrylic core
liners and the cores were described immediately on
deck. After that the cores were immediately sliced into
I cm thick sub-samples, put into tightly closed plastic
containers and frozen to -20 °C. As our aim was to

109



Henry Vallius, Mirja Leivuori

study the uppermost sediment of the basins the cores
were usually sliced down to 15 or 25 centimetres only.

The cores from the R/V Petr Koitsov cruise of

1997 were dated for *"Pb and '"Cs at Risg National
Laboratory (Kunzendorf 1999). The *'"Pb- dating is
based on the constant rate of supply (CRS) -model.
YCs- dating was used for verification of the *“Pb-
dating,

Chemical analyses were performed at the labora-
tories of the Geological Survey of Finland (GSF) and
the Finnish Institute of Marine Research (FIMR). At
GSF the samples were totally digested with hydrofluo-
ric - perchloric acids and element determinations were
made with [CP-MS and ICP-AES technigues (Vallius
and Leivuori 1999), Total carbon was analysed using a
LECO CHN-600 analyser. At FIMR the samples were
microwave oven assisted leached with nitric acid for
arsenic and mercury. Arsenic concentration was mea-
sured with flameless AAS and mercury measured by
cold vapour technique with amalgamation (Vallius and
Leivuori 1999). For mercury and arsenic the nitric acid
leaching gives total amounts.

For the quality control of analytical performance
commercial certified sediment reference materials
SRM 2704 (NIST), MESS-2 (NRCC) and GBW(7313
(State Bureau of Technical Supervision People’s Re-
public of China) were used. At GSF recoveries for all
elements were between 92% (magnesium, manganese)
and 113% (lithium). At FIMR recoveries were 92%
for arsenic and 99% for mercury.

RESULTS AND DISCUSSION

The echo soundings from NCB basin show that sedi-
mentation during the last few thousand years has been
uniform throughout the basin. The bedding is more or
less concordant indicating relatively stabile sedimen-
tary conditions in the whole basin area (Winterhalter
2001). There has been some variability in the sedi-
mentation rate, as it is common in the Baltic Sea
(Kotilainen et al. 2000), and it seems that these
changes are reflected over the whole basin area (Fig.
3). However, in short gravity cores from the surface
sediment some differences are to be found (Vallius
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and Kunzendorf 2001). Altogether six surface coreg
were sampled and analysed from the central part of
the basin (Fig. 2).

It has sometimes been suggested that metal con.
centrations should be normalised against elements of
detrital origin. In the present study normalisation was
not done, in part because the mineralogically derived
normalisers (aluminium and lithium) are transported
from very different source areas, variously affecicd
by glacial erosion and crustal uplift, or, in the case of
iron, the normaliser participates in an important way in
diagenetic geochemical reactions in the sediments of
the Baltic Sea. Briigmann (1992) similarly avoided
normalisation. Also sieving of the sediment sample into
20 pm or 63 um fraction is sometimes recommended,
However, according to grain size analyses the mud
accumulation basins of the Baltic Sea showed > 95%
of total wet weight to be in the < 63 um fraction
(Uscinowicz et al. 1996). Thus sieving was not per-
formed for the samples of this study.

Emelyanov (1988), Jonsson et al. (1990) and Org
and Jonsson (1996) report the presence of laminated
surface sediments in a large area in the northern
Baltic Proper. This is also observed in our study. All
cores taken for this study have a very distinctive
and usually sharp boundary between a laminated
upper part and a quite homogeneous lower part of
the core. The laminated part is fluffy mud, usuallv
black or very dark grey, but with ca. 10 grey lami-
nae of about Imm thickness (Larsen and Repecka
1997). Below the boundary the material is relativelv
homogeneous pelitic mud, which is rather compact,
grey to olive grey in colour and contains some black
burrows (0,5 ~1 mm @) and darker dots (sulphides).
The boundary between these parts is located at dif-
ferent depths depending on site. Usually the upper,
laminated part of the core is thinner in the shallower

parts of the basin. Also the lamination gets clearly
more distinct when moving from the deeper sites
towards the shallower parts of the basin (e.g. from
station D towards F, Fig. 2), This can be explained
by the differences in sedimentation rates, lower rates
favour more distinet lamination. Also other explana-
tions, such as dissimilar preservation at different sites
are possible.

1 Notical Mile ;

I £ A L

Fip s -l

Fig. 3. Example of the sediment strata over the centre of the North Central Basin, as seen from north. Sampling site B is
situated 160 m to the south from the site indicated in the figure as B. The echogram is from R/V Aranda cruise of A pril 1998,
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yvertical distribution of elements

Site B (depth 175 meters) illustrates the vcrticallor tem-
poral element distribution (Figs. 4a-c). The ?rertacal dis-
iributions of the studied elements are typical for the
paltic Sea. The heavy metals, for instance, show rela-
tively high concentrations near the sediment surface
(3-5 em), although with clearly lower concentrations
in the sediment slices nearest
o the sediment water inter-
face. Maximum concentrations
of mercury, cadmium, anti-
mony, thallium, uranium, cop-
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The differences in the sequestering of metals in
anoxic sediments are due to several competitive
mechanisms i.e. formation of insoluble sulphides or
scavenging with iron sulphide, as well as fixation in
inorganic and organic complexes (Dyrssen and
Kremling 1990). In this case the enrichment of ele-
ments of anthropogenic and biogenic origin is clearly
enhanced at and above the sharp boundary layer be-
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show increased values at
depths deeper than 5-6 cm,
while both calcium and carbon
reveal increasing concentration
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laminated, fluffy material,
while the lower part consists
of more-or-less homogeneous
pelitic mud. The difference is
well visible in the concentra- D
tion curves.
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The concentrations found in
the bottom of the core (15~
25¢m) are relatively low repre-
senting matter deposited before
the anthropogenic impact af-
fected the sediments of the Bal-
tic Sea and can be considered
to represent background values
(Fig. 4). Concentrations of the
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same order of magnitude have
been reported from Gotland Ba- ad
sin sediments from depths of
pre-industrial age (Salonen et al.
1995, Emelyanov 1995,
Neumann ¢t al. 1997).
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Fig. 4. Sediment chemistry at site B. The lower part of the figures iqdicaic the homoge-
nc%us part of the core. Units for Fe, Mn, Mg, K, Aland Cain g kg, carbon as percent,
other elements as mg kg, dry weight. The presented age is a result of CRS (constant
rate of supply) -modelling of *'"Pb data (Kunzendorf 1999).
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tween the upper and lower part of the core. This is to
a great extent attributed to the formation of sulphides
in the laminated section, and temporally it is connected
to the increased pollution of the marine environment in
the late 1950's and early 1960°s (Fig. 4). As the compo-
sition of the cores change so remarkably at the sharp
boundary between the two units it can be considered to
indicate a hiatus, However, there is no absolute evidence
for this based on the present knowledge.

Lateral distribution of elements

At the 6 studied sites almost equal concentrations of
elements were found in the surface slices (0-1 cm,
Fig. 5). Some dissimilarity is though to be seen when
comparing the vertical distribution of elements at stud-
ied sites, as seen in examples shown in Fig. 5. Maxi-
mum values of lead and copper are to be found in one
peak at 6-8 cm at site C and divided into two peaks at
site D, that is at 8-9 cm and 11-14 em, respectively.
The distribution of antinomy is more even at both these
sites.

Sites A, B, E and F show similar vertical distribu-
tions of lead, copper and antimony. These sites are all
located in the shallower part of the basin (water depth
171-175 m, Fig. 2). They have a recent sedimentation
rate of ca. 2 mm a’', which is revealed as virtually

identical thickness of the laminated sequence
(Kunzendorf 1999). Sites C (water depth 186 m) and
D (water depth 197 m) are located on the gentle slopes
in slightly deeper areas of the basin and here differen:
vertical distributions of elements are to be found. The
boundary between the laminated and homogeneous part
of the core is situated at the depth of 12 cm at site C
and at the depth of 18 cm at site D. Below this bound-
ary the vertical profiles of elements can be considered
equal at all sites. At a depth of 10-15 centimetres be-
low the boundary the concentrations reach background
values.

The distribution patterns show this basin to be of

homogeneous quality throughout the studied area. The
laminated sequence shows similar vertical distributions
of elements but of different thickness depending on
sampling site (Fig. 5). It is thus possible that they are
representing the same deposition history. Only at site
D, where the thickness of the laminated unit is so ex-
tensive and the lamination is weak, this is speculative.
There the internal variation is more complicated and
the double peaks of copper and lead in the middle of
the core might indicate re-deposition of material. Nev-
ertheless, the NCB basin is an area of homogeneous
sedimentation, where deposition trends are well re-
corded in the sedimentary sequence, and it is thus suit-
able for further environmental studies.
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Fig. 5. Concentrations of antimony, copper and lead in the surfaces (0-25 cm) of sites A, B, C, D, E and F, For location on map

see Figure 2. Units in mg kg dry weight,
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CONCLUSIONS

This study revealed an interesting but previously spar-
ingly reported sedimentation basin in the northern Bal-
tic Proper. This basin, the North Central Basin, showed
out to be a basin with relatively homogeneous sedi-
mentation throughout the whole basin area, with rela-
tively undisturbed sedimentary records in the upper-
most sequence. The whole sampled area of the basin
is covered with a laminated sequence of varying depth
(6-18 cm). Regardless of the thickness of the lami-
nated sequence the same vertical distribution patterns
are to be found in the different cores. Similar to cores
from other areas in the Baltic Sea the heavy metals
show elevated levels due to pollution from early 1960°s
to early 1980's, after which the concentrations have
decreased considerably. The concentrations of ele-
ments are usually within the same order of magnitude
as in the surface sediments of the well-known Gotland
Basin. The analogous element distributions in the near
surface cores ensure that this basin is good for moni-
toring purposes. The low sedimentation rates, on the
other hand, extend the interval between monitoring to
a minimum of ten years.
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Did the Second Storegga slide affect the Baltic Sea?

Thomas Andrén, Elinor Andrén

Abhstract

A short event of intense coastal erosion occurring simultaneously with substantial inflow of saline water has
neen detected in four cores from the deep basins of the Baltic Sea. This is recorded as an increase in freshwalter
and brackish-freshwater periphytic diatom taxa, C/N-ratio, and d"C values. Radiocarbon dated macrofossil and
sediment bulk samples indicate an age of ¢. 8000 calendar years BP.

The Second Storegga slide, either as a direct result of an earthquake triggering the slide and the resulting tsunami
wave reaching into the Baltic Sea or as a secondary effect of an earthquake triggered by the slide itself, is the

best way to explain the recorded data.
(7 Baltic Sea. Second Storegge slide, coastal erosion, earthquake.
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BACKGROUND

The Baltic Sea is one of the world’s largest semi-
enclosed seas and water exchange with the ocean
takes place through the shallow Oresund and Store
Belt straits (Fig. 1). The first stage in the history of
the Baltic basin, following the end of the Late
Weichselian glaciation, was the freshwater Baltic Ice
Lake (12,500-10,000 "“C yr. BP) (Jensen 1995; T.
Andrén et al. 1999), This was followed by the Yoldia
Sea stage (10,000-9500 “C yr. BP), which consisted
of two freshwater phases with a short brackish-wa-
ter phase in between (Svensson 1989), The star of
the Ancylus Lake, a dammed-up freshwater lake
(Bjiirck 1987) is defined by a synchronous transgres-
sion in the southern Baltic basin ¢. 9500 “C yr. BP
(Hyviirinen 1988; Bjorck 1995). The transitional stage
between the Ancylus Lake and the Litorina Sea, with
low surface salinity, is referred to here as the Initial
Litorina Sea, but in the coastal zone it is known as the
Mastogloia Sea stage (Sundelin 1922). The Litorina
Sea was the most marine stage in the history of the
Baltic. Succeeding this stage was the less marine
Limnaea Sea, here called the Post-Litorina Sea
(Molder 1946). The last Baltic Sea stage, represented

by conditions similar to the present, was named the
Mya Sea (Munthe 1910). However, since the pres-
ence of the molluse Mya arenaria was not due 1o
changes in salinity but rather a result of early anthro-
pogenic impact (Hessland 1945), the name Recent
Baltic Sea is used in this paper.

The transition from the freshwater Ancylus Lake
into the brackish-marine Litorina Sea is supposed to
have been a slow process because of a gradual in-
crease in water depth in the inlet areas, as a result of
the rising eustatic sea level (e.g. Bjorck 1995; Westman
and Sohlenius 1999), Our data indicates that an intense
basin-wide coastal erosion and subsequent deposition
of eroded material in the deepest basins took place c.
8000 calendar years (cal yr.) BP. This event may have
been associated with a rise in sea level of the Baltic
Sea and here we try to explain the triggering mecha-
nism for the event by evaluating our sedimentological,
biostratigraphical and chemical data.

METHODS

Four piston cores from the southern and central Baltic
Sea (Fig. 1) have been analysed for their content of C,
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Fig. 1. A. Scandinavia, the Baltic Sea and location of the source area and the palacotsunami
deposits related to the Second Storegga slide (1). B. Location of the cores investigated,
Oresund strait (2), Store Belt strait (3), northwestern Baltic Sea (4), Sidertom (3) and
Blekinge (6). The stippled lines indicate the limits of the Tomnquist tectonical zone.

N, the stable isotope 8"C, siliceous microfossils and
dated by radiocarbon,

The organic carbon and nitrogen content were
measured by combusting ground, freeze-dried samples
and then the content was inferred from the amount of
CO, detected by an infrared detector and of N, with a
heat-conducting detector. Stable “C/"*C ratios were
measured by continuous flow isotope ratio mass spec-
trometry (CF-IRMS, Finningan MAT Delta +) after
combustion of the sample in a Carlo Erba NC2500.

Sediment samples for siliceous microfossil analy-
ses have been prepared following the methodology de-
scribed by Battarbee (1986). A random settling tech-
nique (Bodén 1991) was used for determination of the
concentration of siliceous microfossils in the cores
211630-13, 211660-1 and 211670-8.

Thirty-one bulk sediment samples and eleven mac-
rofossil samples were radiocarbon dated by the tan-
dem Accelerator Mass Spectrometry (AMS) technique
(Table 1) at the Angstrém Laboratory, Uppsala Uni-
versity, Sweden. For this purpose the NaOH-soluble
organic fraction (mainly humus) was used for the bulk
sediment samples and the insoluble fraction, consist of
the primary organic material, for the fossil samples. A
correction against the 8"C value of the PDB standard
was applied to the dates.

For the calculation of sediment accumulation rates,
the dates were calibrated to calendar years using the
terrestrial calibration dataset (intcal98) of the CALIB
(Rev 4.0) software (Stuiver et al. 1998). Because of
the alternating freshwater and marine stages in the his-
tory of the Baltic Sea, it was not possible to use a stan-
dard correction for the marine reservoir effect through-
oul.

One effect of the isostatic rebound that has been
going on since the deglaciation is that older deposits
reaching the wave base are resuspended and finally
deposited at greater water depths. This is a constant
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process resulting in an exces-
sively old apparent age for the
sediment and is not easily
quantified.

The high abundance of dia-
toms in the Ancylus Lake indi-
cates that the major part of the
organic carbon originates from
production in the lake, and this
is confirmed by the 8"C val-
ues. Even so, the possibility of
the dates being affected by
reworked old carbon cannot be
excluded. Furthermore,
Konigsson and Possnert
{ 1988) report possible reservoir
ages of as much as 400 years
derived from the dating of shell
material of Ancylus age from
Gotland. Because the Ancylus
Lake was a freshwater sysiem, this reservoir age musi
be the effect of reworked old terrestrial carbon. For
this reason our "“C dates throughout were reduced by
400 years to compensate for such an effect.

The level where we also include a correction for
the marine reservoir effect is marked by a sharp in-
crease in organic carbon and in the abundance of brack-
ish-marine diatoms. As the 8"C values also shift to-
wards a heavier composition above this level (Fig. 3),
it can be assumed that the increase in organic carbon
content in the sediment was the result of increased
production in the basin and not an increased supply of
reworked terrestrial carbon.

The choice of marine reservoir age is based on the
relation between the salinity of the Bornholm Basin
and that of the Kattegat area. The salinity in the bot-
tom water of the Kattegat, at present, is 30-34%. (Filt
1982), whereas it is lower in the Bornholm Basin, c.
14-18%e (Nehring and Matthius 1991). During the most
marine phase of the Litorina Sea stage, the salinity in
the Bornholm Basin was higher than at present.

Based on ages obtained from recent marine shells
from the coast of Norway and south-west Sweden,
Mangerud and Gulliksen (1975) proposed a correction
of 440 years for the ocean reservoir effect. Radiocar-
bon dates for marine and terrestrial samples from the
Vedde ash bed indicate a marine reservoir effect of
700-800 years during the Younger Dryas (Bard et al.
1994). It can thus be concluded that the marine reser-
voir effect in the North Atlantic from the Younger Dryas
to the present must have been between about 800 and
400 years.

We chose to use a correction of 300 years for the
marine reservoir effect for the sediments deposited
when entirely brackish conditions were established
during the Litorina Sea stage. According to the diatom
record, salinity was lower in the Initial Litorina Sea
stage and at the beginning of the Litorina Sea stage.

Did the Second Storegga slide affect the Baltic Sea?

Table 1. Laboratory reference number, core label, sample depth in core, “C Age, §"°C, type of material dated, and Calendar

years age
Depth HC age & Type of
A Lons {cm) {years BP) (%e PDB) material {}'Eg}sa%c?i
Ua-13610 2116309 45 1155465 012 Macoma shells G10+55
La-13611 2116309 120 75115 -1.08 Macoma shells 1460130
Ua-13612 2116309 125 1770270 002 Macoma shells 1190 100
La-13613 2116309 255 280570 -0.77 Macoma shells RS
Ua-13614 2116309 275 2015+75 -1.20 Macoma shells 2390+ 180
Ua-13615 2116309 325 314570 -1.14 Macomea shells 275045
Ua-13616 2116309 415 401095 -0.59 Macoma shells 3780 130
Ua-13617 21163049 525 5295+%) .79 Macomea shells 5540k 1)
La-13618 2116309 555 BOAEO0 -85 Macoma shells 634075
Ua-13850 211630-13 20 138055 % -2336 Bulk sediment 650£55
Ua-1385] 211630-13 55 1500260 -2343 Bulk sediment G5
Ua-13852 211630-13 180 3245+85% -23.59 Bulk sediment 2740 140
La-13500 211630-13 363 306575 -24.70 Bulk sediment 30120
Ua-13501 211630-13 433 471075 -23.70 Bulk sediment AA80ED
Ua-13502 211630-13 563 645080 -27.08 Bulk sediment 65204125
Ua-15977 211630-13 5 B0 105 -17.60 Fish collagen 650580
Ua-13503 211630-13 585 T325+85 -26.81 Bulk sediment T740£100
Ua-15391 211630-13 586 BaSE200 -24.80) Plant remnants TAT200
Ua-14322 211630-13 636 BROOE210 -28.30 Bulk sediment 9490230
Ua-14323 211630-13 676 8410£150% -29.20 Bulk sediment RO 260
Ua-13504 211630-13 T3 00101 15* -2743 Bulk sediment 107404255
Ua-13157 G5 35 164055 2717 Bulk sediment BS0T0
Ua-13158 a5 135 34055 2645 Bulk sediment 28H=T0
Ua-10621 G5 226 4635+75 -26.80 Bulk sediment 4410130
Ua-10620 GO4-5 2715 B005+ 135 -27.30 Bulk sediment GO0 160
Ua-10619 G5 2725 SO05+90 -28.27 Bulk sediment 690130
Ua-106138 G945 3175 7325475 2744 Bulk sedimem T38075
Ua-12012 G945 331 TAT0:115 2546 Bulk sedimeint TER0:100
Ua-10617 G945 3395 ToAGS -26.79 Bulk sediment TR0
Ua-12013 GO4-5 354 T710£110 28,76 Bulk sediment 8120260
Ua-10616 G5 4185 17552110 26,73 Bulk sediment 81704150
Ua- 13505 211660-1 15 1600k 100 2526 Bulk sediment TH120
Ua-13506 2116601 50 236070 -25.65 Bulk sediment 154090
Ua-13853 2116601 174 2625+55% -21.56 Bulk sediment 187050
Un-14237 211660-1 2 254060 * -21.00 Bulk sediment 188060
Lia-14238 211660-] 29715 GO3095 26,00 Bulk sediment 6750110
Ua-13507 211660-1 3 6505+135# -27.65 Bulk sedimem 6610130
Ula- 14239 211660:1 3685 79304235 -24.50 Bulk sediment 81402250
Ua-13508 211660-1 410 B105275 -28.54 Bulk sedimem 42090
Lia-15069 211670-8 805 1435465 -25.30 Bulk sediment 67045
Ua=-15070 211670-8 4505 4045+70 -24.90) Bulk sediment 48302200
Ua-15071 211670-8 5N0.5 BO10+90 -25.60) Bulk sedimem 180280

Note: "C ages marked with * are regarded as erroneous and not used in the age models. A standard correction correspond-
ing to 8°C=-17.60%, and -24.80%, was used by the laboratory for sample Ua-15977 and Ua-135391, respectively.
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and a reservoir age of 100 to 200 years was used for
these sediments. The shell samples consisted entirely
of various Macoma species, which require a brackish
environment, and all the "“C ages where therefore cor-
rected for a marine reservoir effect of 300 years, The
same marine reservoir age was used for the fish skel-
eton. Neither the Macoma species nor the fish are
assumed to take up reworked old carbon. The small
difference in salinity between the Bornholm and Gotland
basins has been ignored and the same marine reser-
voir correction has been used for both basins.

Finally, it can be noted that Erlenkeuser et al. (1974)
report “C ages of 650 to 850 years for surface sedi-
ments from the Kiel Bay, southern Baltic Sea, their
range of figures agree well with the total reservoir
correction that we use here,

RESULTS

From the deepest pant of the Bomholm basin (water
depth 94 m), in the southern Baltic Sea, the core 211630-
13 (Fig. 1) has recorded a ¢. 12-cm-thick, silty gyttja-
clay layer, laying discordant on top of homogenous clay
at 594 cm (Fig. 2B). The contact between the homo-
genous clay and the silty gyttja-clay is erosional and
the layer gradually converts upward into a normal gyttja-
clay. The lowermost c. 2-cm of this layer displays very
small remnants of terrestrial macrofossils. One date
of the terrestrial macrofossils from the layer (583-589
cm) has given a calibrated age of 73704200 and a bulk
sediment sample from 585 cm yields an age of 7740460
cal yr. BP. Finally, one date of a fish skeleton
(Pleuronecies limanda) found above the silty gyttja-
clay layer at 577 em was of an age of 6595+80 cal yr.
BP (Fig. 2B). The time-depth

=,

The sharp contact between the homogenous - lay
and the gyttja-clay, the abrupt increase in organic yr.
bon and C/N ratio together with the siliceous micro.
fossil record indicates that there are, probably as i re.
sult of erosion, sediments missing between the 1wq
units.

Two cores from the coast of Blekinge (Fig. 1), one
from a water depth of ¢. 1 m and one from 14 m hive
recorded a sharp, erosional contact between gyiija-
clay and an almost peat-like brownish sediment
(Andrén, unpublished data). The organic carbon con.
tent increases from ¢. 8% below this contact to more
than 8% above it. A strong terrestrial influence is in-
dicated from the 6" °C values. which decrease from ¢,
—25% to ¢. =28%, and is further supported by the oc-
currence of pieces of Berula and Alnus wood and
leaves.

Two cores from the eastern Gotland Basin (Fip.
1), one sampled at a water depth of 240 m (21166()-
1) -and one at 204 m (G94-5), both display an increase
in periphytic brackish-freshwater and freshwater di-
tom taxa at ¢. 8000 cal yr. BP (Andrén et al. 20004)
(Fig. 3). As the 8"C values indicate a marine influ-
ence at this time (Fig. 3), a reasonable explanation
for the periphytic brackish-freshwater and freshwa-
ter diatoms recorded is intense erosion of the coas!,
lateral transport, and subsequent deposition in the
deepest part of the basin. This coastal influence is
best recorded in the core from the less deep sedi
ment station (G94-5) where a possible hiatus at the
same level 1s evident from the pollen record. Severa!
of the broad-leaved trees appear at the same leve!
(e.g. Alnus, Corylus, Ulmus and Fraxinus) without
the normal succession (Veski, unpublished data), Such
a hiatus is not detectable, however, in the diatom or
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Fig. 2. A. TOC, C/N ratio, time-depth plot and lithology of core 211630-13. The time-
depth plot of the dated Macoma shells from 211630-9, sampled at the same sediment
sampling station, is included. B. Close up of the lithology and time-depth plot of dated
macrofossils in the interval 570-600 cm in core 211630-13.

i ' iphytic di d &'
Fig. 3. Percentage of planktonic and periphytic diatom taxa and ¢
x'egsu,v. age. Absolute abundance of Chrysophyte cysts, C/N ratio and &"
shaded line in the plots indicates the age interval for the Storegga tsunami even

BF = brackish-freshwater flora; BM = brackish-marine flora.

chemical data. In the Gotland Basin, this level marks
the transition from Ancylus Lake into Initial Litorina
Sea (Andrén et al. 2000a). ‘

In the North Central Baltic Basin (Fig. 1), the
&C record and C/N ratio from core 211670-8,
(water depth 178 m), display significant peaks at
approximately 8000 cal yr. BP (Fig. 3). This is all
the evidence we have from this core, as it is de-
void of diatoms in this sequence, possibly due to a
very high rate of sediment accumulation. There
is. however, an increase in the ui:luml:lnntc of
chrysophyte cysts associated with this event,
which may be a result of the enhanced coastal

influence.

DISCUSSION

From several sites in the southern Baltic Sclza. there
are indications of substantial erosion and a‘htarus be-
tween the clay and the gyttja-clay, i.e. possibly of the

*C values for core 211660-1, G94-5 and 211630-13 plotted
'C values of core 211670-8 plotted versus age. The
t, 8100 to 7800 cal yr. BP. F = freshwater flora;

same age as the erosional contact and the fossil bcalr-
ing layer in the deepest part of the Bornholm Basin
(e.g. Kogler and Larsen 1979; Bjorck et al. 1990
Borgendahl 2000). .
Published data from the north-western Baltic Sea
indicates a large increase in periphytic freshwater dia-
tom taxa at a similar stratigraphic level as in the east-
ern Gotland Basin (Westman and Sohlenius 1999). The
dating of this level is not totally conclusive but it seems
to have an age of between 7900 to 8100 cal yr. BP.
This, together with the data presented here, indi-
cates that something occurred in the southern and cen-
tral Baltic Sea ¢, 8000 cal yr. BP that may not be the
result of just a slow deepening of the thresholds and a
subsequent transgression. The event is best recorded
in the Bornholm Basin situated nearest the inlets but it
also seems to have had significant effects in the cen-
tral Baltic Sea. There are different possibilities to ex-
plain the recorded data. .
The first Litorina transgression (corresponding to
the Tapes transgression on the Swedish west coast)
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was a result of the ongoing eustatic sea level rise due
to the warming of the climate in early Holocene. The
Litorina transgression is well recorded in lake sedi-
ments from south and central Sweden (Berglund 1971;
Berglund and Bjorck 1994; Risberg 1991). It is re-
corded in the Sidertém area, eastern Sweden (Fig.
1), as a rise in sea level in the order of ¢. 7 m starting
c¢. 8000 "C yr. BP (corresponding to ¢. 8900 cal yr.
BF) and culminating some 1000 "“C years later
(Risberg, 1991). In the Blekinge area, southern Swe-
den (Fig. 1), a rising sea level is recorded during a
shorter period of time, ¢, 400 "C years, but the am-
plitude is similar (Berglund 1971; Berglund and Bjirck
1994). There are no reports of any record in the lake
sediments in neither central nor southern Sweden;
however, of extensive coastal erosion associated with
this transgressional event.

The sub-marine ‘so-called’ Second Storegga Slide
on the western Norwegian continental slope (Fig. 1)
(Bugge et al. 1987; Jansen et al. 1987) is suggested to
have generated a tsunami wave (Dawson et al. 1993),
This event has, based on sedimentological investiga-
tions of 25 lakes on the Norwegian west coast, been
dated to ¢. 7200 “C yr. BP (Bondevik et al. 1997)
corresponding to c. 8000 cal yr, BP. Traces of the tsu-
nami impact have been found 10 to 11 m above the
contemporary shoreline in the coastal area closest to
the slide (Bondevik et al. 1997). The age of the tsu-
nami layer along the eastern coast of Scotland was
estimated to be ¢. 7000 “C yr. BP (Dawson et al.
1993; Shi 1994) and the runup was estimated to be 3 to
6 m. Any record of this event has not been recognised
in Baltic Sea sediments and hence the tsunami wave
was not previously believed to have affected the Bal-
tic Sea. If the tsunami entered the Baltic Sea it must
have passed through the narrow and shallow Oresund
strail probably resulting in a rising height of the wave
increasing its erosional effect at least in the southern
Baltic Sea.

The origin of the Second Storegga slide is not
known but both the release of methane gas and the
occurrence of an earthquake are possible triggers.
The rapid movement (probably in a few hours) of
1700 km® of sediments over the continental slope to
the abyssal plain, however, must have had huge ef-
fects (Jansen et al. 1987, Pedersen et al. 1995). Even
if an earthquake did not trigger the slide, the move-
ment of such a huge amount of Quaternary sedi-
ments may have triggered an earthquake. If an
earthquake associated with the Second Storegga
slide activated crustal movements along the Tornquist
tectonical zone (Fig. 1), the effects on the southern
Baltic Sea must have been considerable. Ground
shaking in the southern Baltic Sea as a secondary
effect of the Second Storegga slide may have re-
sulted in a very rapid and short-lived fluctuation in
the sea level of the Baltic Sea and subsequent coastal
erosion.
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CONCLUSIONS

In our opinion, the extensive coastal erosional recordcd
in the Baltic Sea sediments at ¢. 8000 cal yr. BP is not
likely the result of a slow gradual rise in sea level, dur-
ing as much as 1000 years during the first Litorina tran:-
gression.

Even if the datings are not fully conclusive, we be-
lieve that the best way to explain the sedimentological,
biostratigraphical and chemical data presented here 15
the effect of the Second Storegga slide. Maybe, it was
a direct result of an earthquake triggering the slide and
the subsequent tsunami wave reached into the Baltic
Sea or it was the result of a secondary effect of an
earthquake triggered by the slide itself. Either way, the
result was heavy erosion of the coasts of the southern
and central Baltic Sea and a subsequent deposition of
the eroded material in the deepest basins. Both thesc
scenarios are likely to generate the stratigraphies in
the southern Baltic Sea presented here.
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Molybdenum in sediments of the central Baltic Sea as an indicator for algal blooms
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Abstract

The marine geochemisiry of molybdenum is reported to be connected with anoxic sediments and the processes
occurring within such settings. Mo occurs in sediments from Baltic Sea deep basins in amounts far exceeding
those of other marine deposits. It is however observed enriched only at certain depths in long sediment cores
hence confined to certain times in the Holocene history. The present investigation of long cores from the Baltic
Sea deep basins, Bornholm, Gotland and North Central Basins, revealed that Mo correlates with organic carbon
and total nitrogen. Geochemical and microfossil studies suggest that the element may be connected with the
process of nitrogen fixation by cyanobacteria because Mo is one of the essential micronutrients to facilitate this
process. During periods with enhanced algal blooming it is thought that algal remnants with increased Mo
contents are transported attached to the particular matter load to the seafloor where, at anoxic conditions Mo is

deposited in the form of molybdenite that remains stable after burial.
LJ Baltic Sea, sediments, dating, molvbdenum, bliue-green algae, algal blooms, cvanobacteria.

O Helmar -‘f"n:rﬂdnd.”!k@geugr.ku.dkf. Gramnta Ddﬂ-il,l} Certre, Insitfuie af Geoagraphy, University of Copenhagen, @ster
Voldgade 10, DK-1350 Copenhagen K, Denmark; MarenVoss [maren.voss@io-warmemuende.de], Baltic Sea Research Institute,
Seestr. 15, D-1811% Warnemiinde, Germany; Wolfram Brenner [fwolfrantbrenner@ geomarde |, GEOMAR Research Centre for
Marine Geoscience, Wischhafstr. 1-2, D-24218 Kiel, Germany; Thomas Andrén [thomas.andren@kyvgeo.su.se], Department of
Queaternary Research, University af Stockholm, 5-106 91 Stockholm, Sweden; Henry Vallins fhenrvevallivs@gsffi], Geological Survey

af Finland, Espoo, Finland,
O Received 11 June 2001; accepted 14 November 2001,

INTRODUCTION

The marine geochemistry of molybdenum has been
connected with anoxic sediments and it has been sug-
gested that its particulate matter transport to anoxic
sediments of, e.g., the Black Sea, is negligible, accord-
ing to the results from sediment trap experiments
(Crusius et al, 1996). Therefore the occurrence and
accumulation of Mo in some deep basin sediment se-
quences has been used as an anoxicity indicator
(Hallberg 1974),

Mo (and Re) in general can be regarded as
geochemical indicators of redox conditions in the wa-
ter column and in the sediments deposited due to a
relatively well-known geochemical behaviour of these
elements (Calvert 1976; Calvert and Pedersen 1993),
Because the dissolved Mo species Mo ™ is relatively
unreactive in oxic seawater, there is little variation in
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Mo contents from ocean to ocean, although research
has shown significantly decreased Mo in anoxic wa-
ters. Mo in the sediments on the other hand is thought
to be closely related to the cyeling of Mn and Fe in the
sediment column, In oxic sediments when Mn/Fe
oxyhydroxides are dissolved during burial, Mo is also
dissolved. The processes of release and accumulation
of Mo have been described in detail (Calvert and Price
1993). In a recent investigation however, Mo has been
ascribed to a planktonic source (Dean et al. 1999) and
a few other investigations have also stressed that Mo
may be connected with organic matter in some mar-
ginal marine sediments, but usually, organic carbon
accumulations in sediments are thought of being de-
pleted in Mo. As regards the Gotland Basin, Mo data
on plankton and sediments were published earlier by
especially Russian research groups and can be found
elsewhere (Emelyanov 1995).
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Recently, however, sediment trap experiments con-
ducted in the Baltic Sea have given evidence for a
significant occurrence of this element in trap particu-
late material. A 1-year trap experiment carried out in
the Gulf of Finland showed annual variation of Mo
contents in the trap material, with 6.5 mg/kg Mo in
April increasing to 57.3 mg/kg Mo in July/August. These
values obtained in traps at 64-m water depth (below
the halocling) are comparable with those obtained in
near-battom traps showing 31 mg/kg during the period
June/August (H. Vallius, pers. comm.).

Considering the relatively high Mo found in the Baltic
Sea sediments and especially in the Gotland Basin, there
15 a need of data on the behaviour of Mo in the marine
environment in general and for the Baltic Sea in par-
ticular. As already mentioned, relatively few investiga-
tions have coupled the Mo in sediments with the bio-
genic phase, i.e. stemming from the surface waters.
Because the central Baltic Sea is constantly exposed
to algal blooming in recent years, we have tried to con-
sider cyanobacteria (blue-green and green algae) as
being possibly involved in the concentrating of metals
like Mo in the sediments. In the present investigation,
we discuss the occurrence of molybdenum in the Ho-
locene sediments of the Gotland Basin based on analy-
ses of short and long sediment core sections. Based
on these data, the possibility of biological removal of
Mo from seawater and its rapid transport to the seaf-
loor via several particulate carriers is suggested. In
particular, the importance of the geochemical signals
in algal remains for the evaluation of the sediment depo-
sition processes is discussed in the following.

SETTING

The Baltic Sea being one of the world’s largest estua-
ries comprises some four hundred thousand square
kilometres. The estuary is characterised by large fluxes
of river water inputs and of periodic supply of more
salty water from the North Sea migrating at depth to
even the central parts of the Baltic Sea. At the same
time, there is a water outflow to the North Sea of low-
salinity surface waters. There is also a general verti-
cal graduation of water masses in the Baltic; this wa-
ter fluxes being thought to be greatly influenced by
climatic variations. Characteristically. periodic cyclones
coming from the west or south-west are observed. Zonal
(westerly) winds have recovered too much higher val-
ues in recent years and this is coupled with relatively
mild winters. Zonal winds were however also strong
through the first three decades of the 20th century.
The Gotland Basin belongs to the clearly deeper
parts of the Baltic Sea with maximum water depths
exceeding 200 m. The hydrographic setting has been
discussed elsewhere (Kullenberg 1981: Nehring and
Matthius 1991). Accordingly, a shallow halocline is
observed and deep-water inflows from the North Sea,

which however are intermittent, do not follow a well-
defined pattern. Sigmificant water saliity stratification
in the Gotland Basin is visible in that the deep water
has salinity’s varying between 11-13 PSU while sur-
face waters usually have salinity's at 7.5 PSU, The
halocline is estimated at 70-80 m in the Gotland Basin,
The uppermost water layer which has a thickness of
about 30 m and shows the lowest but also nearly stable
salinity’s (7-7.7 PSU) is opposed to climatic forcing
and drastic seasonal temperature changes from less
than 10° C to 17° C (Kostrichkina et al. 1999). A cold,
up to 45-m thick intermediate water layer with a salin-
ity of less than 8.5 PSU follows. Inflow of saline wa-
ter originating in the North Atlantic water masses which
proceeds frequently at depth is via the Skagerrak pass-
ing the Kattegat, the Danish Sound area and continu-
ing into the central Baltic. Stagnation in major inflows
has been observed since 1977 but in 1993 a new major
inflow occurred, with the largest salt transport ever
registered (17 PSU). The most characteristic feature
is however the deep water layer below the halocline
which intermittedly is penetrated by the saline inflow
water. This deep water is characterised by tempera-
tures of 4-6° C and salinity’s varying between 10 and
13 PSU. During periods of stagnation, anoxia is ob-
served in the water column,

Diatoms, green and blue-green algae (cyanobacte-
ria) are the major components of the total biomass at
present with a tendency of decreasing diatom fraction
on account of increasing cyanobacteria occurrences.
In summer and autumn, blue-green algae are the ma-
jor fraction of the phytoplankton biomass. The recent
investigations spanning from 1976 to 1992 (Kostrichkina
et al, 1999) have shown that a change in phytoplank-
ton community structure occurred in the mid eighties
(decline of diatoms and increase of dinoflagellates and
blue-green algae). Along with this, a decline in spring
and summer nutrient concentrations at raising water
temperatures was observed.

Plankton diversity also changed since 1976-77 in
the Baltic Proper and the Gulf of Finland but was also
observed in other oceans such as the North Sea and in
Californian waters (Vuorinen and Hinninen 1999), All
zooplankton species in the Baltic react to salinity
changes. River run-off to the Baltic Proper has in-
creased since 1960 from about 95 x1(¥ km’ to about
120x 10" km' in 1995. At the same time, a salinity change
from about 12.8 to about 11.2 PSU was observed for
the Gotland Deep water below 200-m depth. The run-
off was shown to correlate with the North Atlantic
Oscillation (NAO) index (Hurrell 1995), with increased
rainfalls in years with high NAO.

METHODS

Long piston and box cores were taken from the cent-
ral part of the Gotland Deep where water depths ex-
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ceeded 230 m. Because especially in long piston and
box cores due to the very fluid conditions of the sedi-
ments uppermost parts of the cores very often were
lost during coring, only the core material below 40-50
cm from these cores was used for detailed studies. To
link the data to the surface, short Niemistd-type gra-
vity cores were also taken. For these and the upper |-
m of a long gravity core, each cm of the core was
sampled. Sampling for paleomagnetic measurements
of the piston and the long box core was also conducted.

Table 1. Geographical data for the sampling sites

Core lcngrti Coordi Vyatet
GBT-C | 0.516)57.283° N | 20.118°E 241.3
211660-11 B8 [57.282°N | 20,118 E 241
211660-6] 7.35 | 57.283* N | 20,118 E 2413

Sample material was in this case collected in orientated
cubes of 2x2x2 em dimensions. After finished paleo-
magnetic measurements, the cube sample material was
freeze-dried and used for analytical purposes. Selected
geographical data on the cores are given in Table | and
the position of the three stud-

ied cores is shown in Fig. 1.

The geochemical data
were generated by automated
energy-dispersive X-ray fluo-
rescence (EDX) which was
calibrated by use of 28 inter-
national geological reference *3
materials. The detailed de- F
seription of the analytical tech-
nigque can be found elsewhere
(Kunzendorf 1979). The pre-
cision for these measurements ' gf
{evaluated from repeated mea-
surements of the standards)
were estimated at about 10%
for Mo and the detection limit
15 about 10 mg/kg. Molybde-
num was only one of several

other major, minor and trace
elements determined in the
core samples.

Radiometric dating of sedi-
ment cores was conducted by
gamma-ray spectrometry of
*'"Pb and modelling the unsup-
ported *'"Pb data with the
constant rate of supply model
(CRS). "'Cs obtained in the
same measurements was used
for the verification of the dat-
ing results, i.e. comparison
with known '""Cs markers
(Chernobyl, Sellafield or

s
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core 21 1660-1,
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nuclear bomb testing) was carried out (Kunzendorf
al. 1998). Age models for cores 211660-1 and 2| | 450,
6 were constructed using both paleomagnetic me:supp.
ments calibrated against a “Master Curve” fron: ap.
nually laminated lake sediments from Lake Pohjajirvj,
Finland (Kotilainen ¢t al, 2000), and "C AMS ditting,
In a first approximation age depth curves were divideg
into several distinct parts that could be approxiniated
by straight lines.

RESULTS
Molybdenum in the sediment cores

Some of the geochemical data for core GBT-C incud-
ing Mo are presented in Table 2 while the data for the
long cores can be found elsewhere (Kunzen-dorf 1999),
From our investigations it appears that there is a strong
Mo signal in the sediment cores from the Gotland Ha-
sin. Surface core GBT-C and the upper |-m of box
core 21 1660-6 (Fig. 2) shows significant Mo variations
(over 150 mg/kg) in the sediments. Mo concentrations
are relatively low (about 50 mg/kg) starting in year
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Fig. 1. Detailed bathymetric map of the Gotland Basin with coring sites discussed in this
mvestigation: short (Niemisté-type) core GBT-C, long box core 21 1660-6 and piston
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Fig. 2. Mo distribution with depth in cores GBT-C, 211660-6
and 211660-1. The Mo data are plotted against age as esti-
mated from *'"Pb (uppenmost part of the figure) and “C AMS
dating.

200 AD until the middle of the 10th century. Mo in-
creases then to about 150 mg/kg and stays relatively
high during the next about 400 years, although there is
some decrease in the early 13th century. Highest Mo
(=200 mg/kg) is observed during the period 1250 to
1400. The Mo distribution shown coincides with oc-
currences of laminated sediments and Mo correlates
with total organic carbon, and total N in the sediments
(Fig. 3). It is therefore suggested that Mo be connected
with organic C in the sediments, i.e. with the biogenic
phase.

Interestingly, Mo accumulations are also observed
in piston core 211660-1 at greater depth, i.e. much ear-
lier in time (Fig. 4). Although this piston core most likely
lacks the upper about 30 to 40 cm, the Mo distribution
with depth shows that the high Mo zone between about
500 and 1200 years BP cm corresponds to the high
Mo zone between 1250 and 1400 AD observed in core
211660-6. Two further high-Mo zones in the piston core
occur at age intervals 3500-5500 years BP and 6800-
7800 years BP. These maxima correspond to a great
extent to proposed major inflow periods of salt water
into the central Baltic Sea and the Gotland Basin be-
cause since the last glaciation, five major saltwater in-
flow periods into the Baltic have been reported (Andrén
et al. 2000),
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Fig. 3. Plot of Mo vs. organic C in sediment cores GBT-C and
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elements,
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Microfossil records

Microfossils preserved in the sediments may be an
expression of the biomass available in earlier times
and work has shown that an assemblage change takes
place in the uppermost part and at depth of the inves-
tigated long cores from the Gotland Basin (Brenner,
1998).

Organic-walled microfossils are a heterogeneous
group of remains from various organisms, which are
preserved in organic substance, phytoplankton (di-
noflagellate cysts, coccal green algae, palynomorphs
(pollen and spores), and other plant remains. In the
investigated cores the preservation of the organic-
walled material of the microfossils was good and it
can therefore be assumed that fossil assemblages may
be used to estimate the original distribution of organ-
isms in the surface sediments at times of deposition.
For instance, the high abundance of the coccal green
algae Pediastriom which lives in freshwater or in shal-
low, low-salinity water, leads to the interpretation, that
an increase of coast-to-basin transport of Pediastrum
together with nutrients took place in this sediment core
interval caused probably by increased river runoff. The
synchronous abundance of pine pollen can be inter-
preted in the same way. It is, however, also possible
that there was higher pine pollen productivity. In sedi-
ments confined to the Litorina Sea, where salinity and
possibly temperature were higher than today. only few
copepod eggs could be found,
suggesting that the presence of

tions that during warmer periods, precipitation increases
accompanied by increased erosion. This may explain
the higher river runoft with nutrient-rich water, which
in turn increases primary productivity by algae and as
a consequence, increases the number of consumers
such as copepods.

A laminated sediment section of core 211660-6
sampled on a small scale (1 to 3 mm) between core
depths 295 to 297 cm shows Mo connected with mainly
marine dinoflagellates. Mo is the only of the analysed
metals that correlates with the total marine dinoflagel-
late amount in the sampled laminae (Fig. 5). Three
whitish 1-mm thick layers occur at depths 295, 296
and 297 em which according to the measured Mn and
Ca contents are most likely rhodochrosite (Mn{Ca)
carbonate) layers. Of the counting of microfossils, usu-
ally = 500 counts per g sediment were used. Marine
dinoflagellate species were also divided into size groups
<4 pm, 4-6 pum and =6 pm. The most abundant micro-
fossils were marine dinoflagellates dominated by
Operculodinium centrocarpum which when fractional
analyses are considered has a dominant size between
4 and 6 mm. At greater depth (about 400 cm), and
sampled on a more coarse scale, high amounts of ma-
rine dinoflaggelates are also observed and these are
again dominated by Opercidodinium c. Interestingly,
the highest Mo (and dinoflaggelate contents) are found
in the lower parts of the darkest zones in the layered
section.

eges be controlled by factors
other than salinity.

In the surface sediment
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DISCUSSION
Cyanobacteria characteristics

Because a part of the biomass in the surface waters
of several parts of the Baltic and also the Gotland
Basin is presently composed of cyanobacterial mate-
rial it is worthwhile to briefly focus on this biological
matter. When considering algae in general, it is worth-
while to mention that not all cyanobacteria are blue-
green, they may be bright green; they may also be
harmful to animals and sometimes even be lethal.
Cyanobacteria may cultivate some bacteria and weed
out others by leaking certain compounds, including
some that are toxic to animals. These toxin produc-
ing bacteria seem to be responding to increases in
the amount of N, P and other nutrients washing off
the land from fertilisers and animal wastes.
Microzones, which are internal microenvironments,
are formed by cyanobacterial-bacterial aggregates
(Paerl 1985) and such microzones are preferably
formed at low turbulence in the surface waters and
adequate supplies of dissolved organic matter (DOM).
Contrary, such zones are significantly reduced at in-
creased surface water turbulence and decreased
DOM availability. Toxic cyanobacterial blooms have
been reported in the freshwater realm (Feitz et al.
1999; Rivasscau et al. 1999) and there is more and
more concern with these blooms because the toxins
they produce - among which are heptapeptides and
microcystins - are dangerous for animal and human
health.

A few recent experimental studies that concen-
trate on molybdenum in connection with
cyanobacteria growth are of interest here. Attridge
and Rowell (1997) in studying cyanobacteria spe-
cies of Anabaena found that their growth was de-
pendent on Mo and V availability. Schrautemeier et
al. (1995) reported that in filamentous cyanobacteria
two nitrogen fixing systems occur that are based on
Mo nitrogenases. Cole et al. (1993) in investigating
the uptake of molybdenate in cyanobacteria taxa and
natural phytoplankton communities of freshwater
lakes found that both tungstate and sulphate were
able to inhibit molybdenate uptake. As regards ma-
rine and estuarine systems the authors regard that
sulphate may reduce molybdenate uptake by up to
20%. The abundance’s of planktonic, N-fixing
cyanobacteria is effectively indicated by the ratio
SO,*/Mo (Marino et al. 1990). It has been known
that this ratio is rather high in seawater compared
to freshwater. Recently, Lin and Stewart (1998)
have given a review on nitrate assimilation of bac-
teria. Accordingly nitrate uptake occurs through a
periplasmic binding protein-dependent system. Both
molybdenum and iron are involved. However, there
are still a number of unsolved problems concerning
the mechanism and energetic of the nitrate uptake.
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Molybdenum and cyanobacteria occurrences

C and N in the sediment cores of the Gotland Basin in
general show a good correlation with Mo suggesting
that these elements occur in similar phases, These
geochemical and microfossil results are in agreement
with recent general discussions on phytoplankton
blooms during the geological record (Grimm et al. 1998),
Accordingly phytoplankton blooms must be considered
a form of self-sedimenting compartment behaving dif-
ferently to what is known about normal marine sedi-
mentation. These blooms generate flocs with their own
aggregating and sinking dynamics producing laminated
sediments on anoxic seafloors although the behaviour
of especially Mo has not been included into these mod-
els. However such flocs are increasingly observed in
the Baltic basins.

The zooplankton organism Bosmina was investi-
gated earlier. Organic remains contents were higher in
laminated sediment sections. At the same time lower
8N were found along the entire investigated core
section of core 211660-6 suggesting that there is a domi-
nating cyanobacterial biomass preserved in the sedi-
ments, Viewing the cyanobacteria biomass distribution
(Fig. 6) over the past 8000 years it is clear that there

2000 0 Ay |

Yoar AD

211660-6

100 T T T

0 50 100 150 200 250
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Fig. 6. Amount of cvanobacterial biomass along core 211660-
6. The age scale is based on “C AMS dating results. The
amount of cyanobacterial biomass was estimated from the
nitrogen production in the sediments assuming that the to-
tal nitrogen production is the sum of nitrogen produced by
phytoplankton and by cyanobacteria. Using estimated "N
values of both components, a cyanobacterial fraction may
be calculated from the total nitrogen in the sediments via a
lincar mixing cquation,

Molybdenum in sediments of the central Baltic Sea as an indicator for algal blooms

are perods in the Gotland Basin sedimentation history
where especially high cyanobacteria biomasses were
observed and that these periods also are characterised
by unusually high Mo (see Fig. 2 and 4). In a recent
publication, the sources for nitrogen in the central Bal-
tic during the past were also estimated by investigating
fossil zooplankton exoskeletons from dated sediment
cores (Struck et al. 1998). An increase in abundance's
of exoskeletons of Bosmina longispina maritima is
observed since about 1965. There has been an increase
in the nutrient load to the Baltic since about 1950 caused
by more extensive agricultural activities and waste dis-
charges. It has been agreed on that of the total load of
nitrogen to the Baltic Sea, about one third is by air-
borne input (Emeis et al. 2000) while about 30% of the
airborne supply are removed by nitrogen fixing
cyanobacteria, There is also an increase in occurrences
of cyanobacterial mats in the 1970°s and these
cyanobacteria occurrences which flag eutrophication,
are a major part of food to zooplankton. It is realised
that nitrogen fixation by diazotrophic bacteria has been
a relatively large source of nitrogen in the Baltic. Be-
cause we know that Mo is essential for the N fixation,
we may therefore add to this that the cyanobacteria
increase observed in the Baltic most likely is accom-
panied by Mo accumulations in the sediments and that
Mo is a marker for such enhanced algal blooming pe-
riods.

CONCLUSIONS

Based on analytical data of short and long sediment
cores from the central Baltic Sea (Gotland Basin) we
conclude the following:

Because the analytical evidence suggests that Mo
be connected with the biogenic fraction (total carbon,
organic C, total nitrogen, microfossils) there is the pos-
sibility that this element entirely originates from the
primary productivity in the surface waters of the
Gotland Basin and adjacent arcas.

Because we know of frequently occurring algal
blooms in the central Baltic Sea and because
cvanobacteria need, among others, the micronutrient
Mo for the fixation of nitrogen, Mo is then probably
transported to the sea floor mamnly by decaying algal
remains and to a lesser extent by grazing biota. Mo is
then probably released and/or is a residual phase in the
reworking and destruction of organic matter by bacte-
ria and incorporated into the sediments probably in the
form of MoS.. If this is the process of Mo accumula-
tion on the seafloor dominating the central Baltic, then
high amounts of Mo in anoxic sediments are expected
in areas of high surface water productivity periods
rather than in connection with variability in redox con-
ditions as outlined by Hallberg (1974) who, as already
mentioned, introduced anoxicity ratios based on mainly
Mo and Cu and Zn in the sediments.

The significant correlation of organic C and total N
to Mo in the Baltic sediments offers therefore the pos-
sibility to trace phytoplankton occurrences during time
and also to easily outline cyanobacterial blooms in the
area by analysing these sediments for Mo.

The above suggested processes, however, need to
be confirmed by more detailed studies which were not
possible during the presented work.
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Microfossil and biogeochemical indicators of environmental changes in the Gotland Deep
during the last 10,000 years

Maren Voss, Grazyna Kowalewska, Wolfram Brenner

Abstract

The upper 6.8 metres of a long box core from the Gotland Basin have been analysed for different biogeochemical
variables to infer changes in environmental settings during the last 7000 years (Litorina phase) reprl:s\:tnwd by
the upper 4.4m. We counted organic walled microfossil remains in 30 samples from Ihle core, analysed pigments,
.nd the concentrations of organic carbon, total nitrogen and &N and, 8"C. Dating of the core and cross
correlation with cores from other Baltic Sea basins allowed distinguishing six zones throughout the Litorina
phase. Changes in the fossil assemblage and the changes in spine lengths of the dinn_ﬂagllate (}pcz_-culndinium
centrocarpum distinguish these ecostratigraphic intervals. From our data set the LIiOI‘II‘_EEI_. phase, is seen as a
period with high variability in salinity, temperature, primary production and species composition. Howewrer, ulural!nn
this stage environmental conditions were relatively stable for periods of up to TII}D years. Th:: differentiation
between high sedimentation rates and good preservation and / or little degradation is difficult wul:. the .presenled
data. A short sediment core from the Gotland Deep was used to investigate the recent sedimentation history and

showed clear indications of human impacts by increasing 8N and 6"'C values in lhe_upper 10-20 cm.
[7 Baltic Sea, Gotland Basin, paleoenvironment, organic walled microfossils, pigment, &N, §'C, Litorine phase.
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INTRODUCTION

The Baltic Sea is characterised by several basins
separated by sills that prevent the water exchange with
the North Sea and consequently lead to stagnant bot-
tom waters for time periods of varying length. All Bal-
tic Basins show suboxic but only seldom-permanent
anoxic sediments. Most pronounced variability in deep
water oxygen concentrations during the past 10,000
years is reported from the Gotland deep and well re-
flected in sediments with little or no lamination
(Huckriede et al. 1996, Struck et al. 2000). Non-lami-
nated sediments are considered as indication for benthic
life that signals high oxygen concentrations; iam@nntinn
is taken as indicators of at least part time anoxic con-
ditions with only bacteria being able to survive. Almost
one third of the Baltic Sea area today is covered with
such laminated sediments. most of them located in the
Baltic Proper (Jonsson et al. 1990). The preservation

of organism from the euphotic zone is good in such
environments and the organic matter content is higher
compared to oxic sediments (Miiller 1975). Organic
microfossil material in the sediments, and the carbon
and nitrogen isotopic patterns therein can mirror the
physical changes of the overlying waters and reflect
different production regimes concurrent with fauna and
flora abundance in surface waters (Andrén et al, 1999,
Risberg 1990). Pigments are well preserved in the sedi-
ments of the central Baltic Sea as may be concluded
from previous studies on recent Baltic sediments
(Kowalewska 1997, Kowalewska et al. 1998), The
content and composition of chlorins and chlorophyll’s
¢ in sediments depends first of all on the primary pro-
duced organic matter and prevailing phytoplankton spe-
cies as well as on zooplankton grazing, microbial activ-
ity, hydrodynamic conditions, and anoxia.

The dominance of cyanobacteria among the pri-
mary producers in the waters of the Gotland deep not
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only today but also during the last 5000 years has re-
cently been postulated by Bianchi et al. (2000). Pig-
ment and stable isotope data demonstrated their pres-
ence throughout the past millennia. Zeaxanthin was
taken as typical cyanobacterial pigment and traced in
sediment cores from the central Gotland Deep. The
studied carotenoids - B,B-carotene were the measure
of total plant biomass, zeaxanthin indicated phytoplank-
ton, including some cyanobacterial species, and the
stable isotope data demonstrated the occurrence of
cyanobacteria in this environment (Bianchi et al. 20009,
Stable isotope data of nitrogen can be used to distin-
guish cyanobacteria from other photoautotrophic or-
ganisms (Carpenter et al. 1997) since the nitrogen
source for both phytoplankton groups is different.
Cyanobacteria assimilate dinitrogen with an isotope
value of 0%o while other phytoplankton takes up ni-
trate with a mean value of 4-5%. (Sigman et al. 1997).
Low &N values therefore indicate a dominance of
cyanobacteria while values around and above 5% sug-
gest nitrate-using phytoplankton. The low 8N values
Bianchi et al. (2000) found therefore demonstrated the
occurrence of cyanobacteria. Diatom communities in
sediments allowed differentiation between stages of
differing salinities during the Baltic Sea development
(Paabo 1985, Sohlenius and Westman 1998, Westman
and Sohlenius 1999), Therefore, if only one group of
species or a small number of vanables is considered
only a limited conclusion about the palecenvironmental
setting can be drawn.
In this study we analysed a large group of vari-
ables:
1. Ten selected palynomorphs/organic-walled micro-
fossils, which indicate many different environmen-
tal settings that are shortly described in Table 1.
2. Stable nitrogen and carbon isotope data, and
3. Pigments and some of their degradation products.
The extensive dataset is used to gain insight into
the productivity regime, the physical properties of the
water, and the past depositional environment at the sea
floor of the central Baltic Sea during the past 10,000
years, Additionally, differences between the environ-
mental settings in the Litorina phase and the Ancylus
Lake Stage will be discussed. Through the high num-
ber of fossil and biochemical variables the study aims
to draw a comprehensive picture of the physicochemi-
cal settings during the Litorina phase.

MATERIAL AND METHODS

A large set of variables was analysed from the upper
6.8m of a 8m long Box core (211-660-6) taken in the
Gotland Deep (57°17.0283N, 20°07.1386E, depth
241.3m) in July 1997 with &V Petr Kottsov. The core
was opened and subsampled onboard after a detailed
lithological core description. Sediments for total car-
bon and nitrogen. and stable isotope analysis were
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sampled continuously in 5-cm intervals from surfice
10 550-cm depth. Sediments were kept dark and co0)
onboard and were further processed in the laboratory
onshore, There, samples were dried at 60°C for 24
hours, homogenised with mortar and pestle. Roughly
10 mg of sediment were weighed into tin cups for e
&N analysis. Since a persistent offset of 0.5-1%,,
between 6'*N values of acidified sediment samples,
giving heavier values, and not acidified ones was oh-
served a parallel sample was used for the carbon iso-
tope measurements. They were also weighed into sil-
ver cups, acidified with 2n HCI to remove carbonatc.
and again dried. Then the samples were placed into »
CHN analyser (Thermofinnigan CE 1108) connecte:
with a mass spectrometer (Finnigan Delta S) via o
Conflow 11 open split interface. Calibration for the to-
tal carbon and nitrogen determination was done daily
with acetanilide. Every 6™ sample was a labinternal
standard (peptone, Merck) with known &N value
The isotope calibration of a N, gas tank was performed
with IAEA-N1, N2, and N3 and for carbon a gas bottl:
with CO, was calibrated against NBS 21 and 22. Delta
values are given in the usual notation: "N =( ("N,
MN)e ! (NZEN) L —1),1000 (same for §°°C,
B Hﬂék 12y, Standard deviation as calculated from
the peptone standard was better than 0.15%. for 8N
and 8"C measurements.

For microfossil investigation, the sediment core was
sampled continuously with 1-m long U-shaped tubes
(@ 2 cm) and cut afterward in 1-cm slices. All samples
were freeze dried and stored at the microfossil archive
at GEOMAR Institute. Twenty-three samples from 35
cm down to 681-cm depth have been selected for fur-
ther palynological investigations, Prior to the prepara-
tion of the samples, a defined quantity of Lycapodium
spores was added, to allow the analysis of the absolute
number of microfossils in the sediment. The samples
were treated with hydrochloric and hydrofluoric acid
to remove carbonates and silicates. The residue was
washed extensively through a six-micrometer sieve to
remove the amorphous organic material. Then each
sample was mounted on a microscopical slide and co-
vered with glycerine jelly.

Pigments were measured on 4-cm sections taken
each 10-cm from 8 to 512-cm depth by means of an
HPLC technique. Detailed procedures of extraction
and further analysis are described elsewhere
(Kowalewska et al. 1999, Kowalewska 1997, Kowa-
lewska et al. 1996). The following pigments have been
determined:

- Chlorins (chlorins = chlorophyl a + chlorophyll
b + their derivatives) - chlorophyll a (chl a) occurs
in almost all algal species and higher plants, and its
derivatives phacophytin a, pyrophacophytin are
formed during diagenesis and/or zooplankton graz-
ing.

- Chlorophyll b (chl b) occurs in green algae and
higher plants and its derivative phacophytin b (pheo b).
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Table 1. Summary of microfossils and their ecological demands

dinoflagellate cysts

Pine pollen - are the most common pollen in Holocene sediments of the Baltic.
- useful for quantitative calibration of pollen analysis and aquatic microfossil
investigation as well as indicator for transport intensity (wind, current and river runoff).
- could accumulate during reduced sedimentation rates.

Marine - few species present in brackish water

- Two signals are useful for salinity interpretation: occurrence limitation of different
species on different salinity and morphological changes (variation of spine length) of
specific species.

Tectatodinium cf.

- dinoflagellate cyst is described as a specific brackish water species (from the Black Sea

dinoflagellates

pelitum = Pyxidi- only) ‘ _ _ ‘ o
nopsis psilata - cyst is only abundant in a specific horizon during the Litorina-phase.
- regarded as warm water species (abundance maximum point to the sea surface
temperature maximum during the Holocene)
Operculodinium - cosmopolitan, polyhalob cyst, with redu‘:;m! spline length under low salinity conditions.
cenfrocarpum Spine length can be directly used as salinity indicator. .
- In contrast to the Baltic Sea specimens (spine length 1-8 pm) the Morth Sea forms Fmv:
spine lengths of 10 to 15um. (The living dinoflagellate Gonyvanlax grindley) producing
the cyst Operculodinium centrocarpum survive salinity conditions down to 2-3P5SL,
Lingulodinium - cyst regarded as salinity and eutrophication indicator. _
machaerophorum - vegetative stage (living) of Lingulodinium polyedrum (= Gonyaulax polyedra) is not
found below a salinity of 7-8 PSU.
Freshwater - the freshwater dinoflagellate cyst Gonyaulax apiculata have been found in the sediments

of the Ancylus stage in Gotland Basin and North Central Basin with increasing abundance
- suggests a significant nutrient increase for this interval.

Cocecal Green algae
(Pediastrum)

- dominated by Pediastrum, a freshwater algae

- may be an indicator of river run off. .

- exists in coastal shallow water with low salinity (below 8-10PSU). The presence in
deeper basins may be caused by current transport.

- some other planktonic freshwater coccal green algae (Bofryococeus, Seenedesmus and
Stanrastrum) are summarised as varia

Cladoceran remains

- dominant freshwater species, only few species in brackish water.

- abundance controlled by food availability. (- increasing abundance at the end of the
Ancylus stage may be caused by nutrient increase) ‘ . B

- decrease at the base of the Litorina phase influenced by increasing salinity.

Copepod eggs - dominant in the marine realm, described from various marine sediments but not
investigated in detail.
- significantly low abundance of eggs during the salinity max_irnum .
- increase in post-Litorina phase cannot be caused by decreasing salinity.
Blue-green algae - from brackish environment. most fossil cyanobacteria and akinets found in Baltic Sea
{cyanobacteria) Proper can be assigned to the genus Anabmim. 1 _
- lack of "biological characteristics™ at fossil cyanobacteria hamper the taxonomic
identification.
Foraminiferal are rare in the sediments and can be used as indicator for a marine-brackish environment,
linings

- Porphyrins: chlorophy!l’s ¢ occurs in chromophyte
algae, mainly in diatoms and dinoflagellates.

core from the Lake Pohjajirvi in Finland (Saarinen
1998). This method gave roughly 120 dated layers.

- Carotenoids: b - carotene — the pigment accom-
panies chlorophyll a, and oceurs in the majority of al-
gae species and in higher plants, though more stable
than chlorophyll a, (Kowalewska et al. 1998).

Dating of the core was performed by means of
paleomagnetic measurements and varve counting which
were correlated with an annually laminated sediment

Additionally, ten radiocarbon dates from a parallel pis-
ton core were used, which was taken at exactly the
same position some hours before the box core (dates
published in Andrén et al. 2000). The extrapolation of
the " dates to the box core was based on magnetic
susceptibility measurements, visual description and
paleomagnetic measurements of both cores. Between
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depth tie points the ages were linearly interpolated un-
der the assumption of a constant sedimentation rate
between each dated depth honizon (Fig. 1).

4 o
| o 12 [ e
Fig.1. Description of the sediment core (211660-6) from the
Eastern Gotland Basin. The left scale shows the sediment
depth in em. A is a rough summary of the detailed core de-
scription from B.Larsen (in Harff and Winterhalter 1997). B
shows the zonation A and B1-B6 from Harff et al. (2001),
Column C shows the ecostratigraphic zonation from Brenner
E9-El discussed in this paper. The insert gives the correla-
tion of sediment age over depth as interpolated between
layers of measured age (for detailed explanation see text).
The straight line is a regression with *=0.98, the dotted line
a regression forced through zero with P=0.99, n for both
regressions is 224, Shaded areas between the ecostra-
tigraphic zones indicate unprecise definition of layers due
to the sampling resolution of organic walled microfossils.

A short sediment core was taken with a Gemini
corer on board of R/V Aranda in October 1997. It
was cut into 1-cm slides on board and kept cool on
board. Samples were sent to the Baltic Sea Research
Institute (IOW), where they were further processed
for isotopic analysis as described above.

RESULTS AND DISCUSSION

Different criteria may be applied for the identification
of layers having common characteristics. Here two
approaches have been used: one by means of continu-
ously registered core logging data (sediment colour and
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acoustical parameters). Those data plus stable isolope
values and percentages of carbon and nitrogen were
used for a geostatistical analysis and allowed the 1(eq-
tification of six distinct layers, B1-B6 in the Litoring
phase and A for Ancylus stage in the core from the
Gotland Basin (Harff et al. 2001). Similar layers were
defined by microfossil assemblages. Nipe
ecostratigraphic zones (E9-E1) are distinguished, six
for the Litorina phase and three for the Ancylus stage.
The upper and lower border of each layer could only
be defined within a 10-20-cm range due to the sam-
pling resolution. This corresponds to an uncertainty of
70-100 years in the upper two meters of the core and
over 600 years in three to four meter depths. Since no
significant evolutionary change in the plankton species
composition took place during the Holocene, biostrati-
graphic zonation and correlation can be applied with-
out further sources of error.
The core description by B.Larsen (in Harff and
Winterhalter 1997) already revealed two clearly dis-
tinguishable parts: the upper almost 4.4 m long layered
section, Litorina, and the lower part from 4.4 to over
6.8 m with little or no lamination, comprising Ancylus
and Yoldia (Fig.1). Zone El, the deepest sediment
sampled is assumed to represent the Yoldia stage, which
will not be discussed here. A layer of 20-40-cm thick-
ness separates Ancylus from Litorina. The Ancylus
sediments (A/E3-E2) indicate a distinctive environment
8000 years before present (BP) that differs from all
younger layers. Organic carbon and nitrogen contenis
of 1.6% and 0.8%, respectively, are low compared 10
Litorina (Fig. 2). However, Ancylus sediments are simi-
lar to recent open ocean environments. Stable nitro-
gen isotope ratios are around 5%e and §"C values —27
to —28%s (Fig. 2). These nitrogen isotopic values arc
high for fresh waters, It was expected that the isoto-
pic signature of the organic material represents either
terrestrial material around 0%, 8°N, or the dissolved
nitrate values which probably had 1-2%e such as found
in pristine rivers today (Kendall and Caldwell 1998).
The source of organic matier in the sediments miglt
therefore only partly be of terrestrial origin. On the
other hand degradation of organic matter is assumed
to cause increasing 8'°N values (Schifer and Ittekkot
1993, Voss et al. 1996). The 8“C values point to o
terrestrial origin of organic material (Sweeney et al
1978) because they are distinctly lower than in most o!
the upper 4 layers of the core. However, right above
Ancylus sediments even lower §"C values were found
Therefore a mixture of organic matter sources can be
supposed for zone E2 with marine, terrestrial C3 and
(4 plant debris. Organic - walled microfossils are rare
in the Ancylus sediment (Figs. 3-6, zone E 2) and al
the base a factor of 2000 lower than in the maximum
in Litorina sediments. However, to the top of this se-
quence there is a significant of the freshwater di-
noflagellate G. apiculara, cladoceran remains and pine
pollen (factor 100, Figs. 5 and 6). Pigments were hardly
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Litorina phase. Nitrogen con-
centration and isotope values
show-opposing trends through-
out the core. After autocor-
relation calculation of both data
sets, the number of dependent
variables was reduced from 89
to 28 independent variables.
With 1 =0.52 the significance
level is 99,9%. Lower isotope
values correspond to higher
organic nitrogen contents. In
the strongly laminated sections
of the core the organic nitro-
gen content is higher while the
8'*N values are slightly lower.
This pattern could be caused
by low oxygen concentrations
in the water column above the

l

Fig. 2. Percent organic carbon, "*C in organic material in the sediment, % total mitrogen,
and 8N in total sediment against age before present (present = 1950).

detectable. All findings support the assumption uf a
freshwater or very low salinity water environment with
low nutrient concentrations. Presumably deep mixing
twice a year aggravated primary production similar to
dimictic lakes in temperaie regions today. This brought
oxygen into the deep water theoretically supporting
efficient microbial degradation at the sediment water
interface. However, the well-preserved microfossils do
not indicate heavy degradation activities.

The isotope data did not vary significantly between
layers B1-B6 by an analysis of variance (ANOVA)
and did not reflect the zonation found by the simulta-
neous use of all variables (Harff et al. 2001). The iso-
tope values are thus briefly discussed for the entire

" pisidepurs
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sediment, which favour the
growth of sulphur bacteria.
These bacteria consume am-
monia, the only dissolved inorganic nitrogen species in
anoxic waters, and thus produce isotopically light bio-
mass. This has been described for the anoxic layer in
the water column of the Gotland Basin today (Eichner
2000, Voss et al. 1997). Sedimenting organic material
with attached sulphur bacteria could thus become iso-
topically light and sink to the sediment. If the degrada-
tion is low due to the lack of oxygen (Miiller 1975)
high organic contents could co-occur with these low
85N values. Additional isotope effects of varying oxy-
gen concentrations at the sediment water interface
seemed to have little effect on the isotopic signature
(Eichner 2000). Since other investigations found ir}-
creasing 8'°N values during diagenetic processes in
the water column and in sedi-
ments (Macko et al. 1993,
Sweeney and Kaplan 1980),
another source of isotopically
light material in the sediments
is postulated. Cyanobacteria
are capable of fixing atmo-
spheric nitrogen with an iso-
tope value of 0% and below
(Carpenter et al. 1997). All
other phytoplankton uses ni-
trate as their nitrogen source
that is isotopically heavier (4-
5%0). The low &6"N values
throughout the upper 4.4-m
suggest a permanent input of
cyanobacterial biomass to the
sediments. Usually land de-
rived matter also has such a

low &N wvalues. But in this

Fig. 3. Percent organic carbon and percent of Operculodinium centrocarpum with  core the 8N data in Ancylus

different spin¢ length of <4pm, 4-6 pm, and >6pum against age before present (present

=1950),

sediments suggest higher val-
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that copepods feed on
cyanobacteria when bloons
are declining (Meyer-Harms
al. 1999), This mechanism s
regarded as one possible pro.
cess of massive sedimentation
of cyanobacteria remains
High sedimentation events
carry surface blooms with low
&N values to depth as show
by sediment trap data (Struck
et al., submitted).

The Litorina transgression
is marked by the first occu
rence of O. centrocarpum
(Fig. 3). This is the transition
zone (E3 to E4 / A) betwee

Fig. 4. Percent organic carbon and microfossil assemblages (in number per g of dry
sediment) of the sum of marine dinoflagellates, and as representatives of the group the
species Pyidinopsis psilata, and Lingwlodinivm machaerophorum are shown against

age before present (present = 1950),

ues for terrestrial matter. We assume cyanobacteria
to be an important primary producer during formation
of Litorina sediments, as already suggested by (Bianchi
et al. 2000, Struck et al. 2000). This 1s somewhat con-
tradicted by the finding of microfossil remains (Fig. 5),
because clear peaks of this organism occur only after
the transition from Ancylus to Litorina, from B1/E4 to
B2/E5. However, cyanobacteria remains are poorly
fossilised and therefore occur in high abundance only
after extreme bloom events. Their transport to the sedi-
ments can either be direct (Grimm et al. 1997) or via

Ancylus and Litorina which
can additionally be identified by,
a rapid decrease of the di-
noflagellate  Gonyaula:
apiculata (Fig. 4) and maxi-
mum occurrence of cladoceran remains (Fig. 5), some
cyanobacteria and a peak in Chlorococeales and pinc
pollen numbers (Fig. 6). Pigment concentrations also
increase at the end of Ancylus (Fig. 7). 8N values
decrease and point towards higher occurrence and sedi-
mentation of nitrogen fixing organisms. The environ.

mental change includes presumably an increase of

nutrients — especially phosphorous for the
cyanobacteria to grow — and a raising salinity. Since
the organic walled fossils were in good shape it is as-
sumed that oxidation of organic remains was of mino:
importance.

The zone E4/Bl s

characterised by an increase

in cyanobacteria and di-
noflagellates. Chlorophyll aand
b concentrations are highe
than in Ancylus sediments
The 8"C signal has a high vari-
ability and in the middle of the
layer a minimum with 3-4%.
lower values (Fig. 2). Gene-
rally values of =30%. are typi-
cal for terrestrial C3 plants
{Schidlowski et al. 1983). En-
hanced transport and sedimen-
tation of organic matter from
the land thus is a possible ex-
planation for the low 8"C va-
lues. Microfossils suggest
brackish surface waters (0.

Fig. 5. Percent organic carbon and microfossil assemblages (in number per g of dry
sediment), Gonvaulay apiculara, cladoceran remains, and cyanobacteria are shown

agamnst age before present (present = 1950),
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centrocarpum, indicates sa-
linities of 4-6 psu and L.
macheropherum of 7 psu).
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which suggests higher salini-
ties and warmer temperatures
than before. The dinoflagellate
L. machaerophorum increa-
sed as well: it usually lives in
salinities above 7 psu (Fig. 4).
No more obvious changes
were recorded. High numbers
of pine pollen indicate intensi-
fied transport from the coast
to the deep basins possibly
through higher and more fre-
quent storm events.

The lower part B4 and E 6
15 identified by the significant
abundance of £ psilata and a
decrease in L. machaero-
phorum. Since only some di-

o b

Fig. 6. Percent organic carbon and microfossil assemblages (in number per g of dry
sediment) of sum of chlorococcales, copepod eggs and pine pollen are shown against

age before present (present = 1950),

The layer B2 comprises the lower part of E5 and is
not really pronounced in most of our variables. Only
§"°C show the lowest values throughout the core. The
terrestrial input might have been even more pronounced
compared to E4. It is hardly possible that any marine
particles were produced and sedimented during this
period. Together with the low carbon content in the
sediment we assume that the primary production was
inhibited and land derived input dominated the central
Baltic Sea for ca. 200 years.

The zone E5 and B3 is the second Litorina trans-
gression. It is characterised by an increase in the ma-
rine dinoflagellate P psilata and O. centrocarpum with

noflagellates produce cysts in
high number this might indicate
an even higher production by
this group. Stable productivity
conditions in terms of temperature, salinity and nutri-
ents must have existed for several hundreds of vears.
Assuming the zone below as a changing environment,
E6 resembles over 700 years of more stable environ-
mental settings.

Layer B4 can be divided into three eco-stratigraphic
zones, E6, E7, and the lower part of E8. Zone E6 is
characterised by less lamination, higher pigment and
organic N and C concentrations than the layer above.
This fits to the very high abundance of P. psilata, which
is known as warm water species and to prefer salini-
ties between 3 and 10psu. Since the spine length of O.
centrocarpum is low to medium length (<4 to 6um)
where P psilata occurs both
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fossils indicate brackish wa-
ters. Diatoms existed in sur-

face waters in these times,
however in low numbers
{Andrén 1999), This finding 15
slightly contradicting to the ele-
vated chlorophyll ¢ concentra-
tions (Fig. 7), because this pig-
ment is the characteristic pig-
ment for diatoms (Parsons et

al, 1984). Taking the informa-
tion together 4400-3500 BP
seems to be a productive time
with brackish warm-water
conditions and presumably
good preservation (low oxygen
conditions are possible). A pine
pollen and Chlorococcales
peak mark the transition be-
tween E6 to ET. Both are cor-
related with elevated river run-

A NS — oA (PSP S

Fig. 7. Percent organic carbon and pigment concentrations in nmol * g sediment are
shown against age before present (present = 1950},
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off and lower salinity, respectively. They might docu-
ment a short less saline environment. Simultaneously
production or conservation must have been very good
because the organic carbon rises to almost 10%. Above
this layer in E8 salinity decreased further according to
0. centrocarpum spine length (Fig. 3). Production
might have been low, because organic carbon values
are around only 4% (Fig. 2).

The sediments above (E8) are poor in any readable
signals and the spine length of Q. centrocarpum is
markedly reduced, pointing to a significant decrease in
salinity (Fig. 3). The temperature might have been lower
as before since the species P psilata decrease (Fig.
4). Fossil concentrations are as low as those of pig-
ments and organic matters are. The layer is clearly
different to the uppermost layer E9/B6. Post-Litorina
sediments comprising roughly the last 1000 years hide
a very dynamic story. Both freshwater and marine or-

ganisms increase (Figs. 5 and 6). The spine lengths of

0. eentrocarpum point more towards lower salinities
than in E6 and E7. Probably nutrients and temperature
changes occurred. Very interesting is the extremely
pronounced peak around 70-cm depth reflected in all
bulk parameters such as pigments and stable isotope
data. It probably represents the Medieval warm pe-
riod when production must have been enormous com-
pared to the situation today. Pigments show even 2
peaks during this time indicating rapid productivity
changes.

The investigation by Andrén et al. (2000) on sili-
ceous fossil stratigraphy differentiates three zones in
the Litorina phase in the piston core (211-660-1) which
was taken close to the box core discussed here. The
borders of these zones do not fit the layers defined in
this paper, making a direct comparison difficult, The
lower boundary of the Litorina phase in Andrén et al.
(2000) has the same age; however, the corresponding
sediment depth is roughly 1 metre above. The initial
Litorina phase (ca. 7400 and 3500 BP) is described to
be brackish marine and might

—

on the one hand and other organic walled microfossi)g
on the other hand do not fit together. One reason might
be the limited description of the organic walled specjes
demands in the literature. These data often do not cop.
sider natural variability e.g. in spine length or specj-
men specific adaptation abilities to changing salinities.
However, this reason can only explain part of the djs-
crepancies found. Uncertainties in the dating might be
an additional problem to correlate both cores.

The uppermost 10 to 20-cm from the shorn core
constitute the most recent sediments that where not
properly sampled by the long core discussed ahove,
Owerlap of both cores is seen in 20-45-cm depth, where
sediments of the short core are similar in their isotopic
and organic signature to the uppermost centimetres of
the long core. Therefore we assume that the long core
misses the upper 20-cm.

The organic material in the surface sediments from
the short core is less degraded and therefore has higher
organic matter contents (Fig. 8). The increase in §"°C
values towards the surface is roughly 1%e when the
mean value for the upper 20-cm is compared 1o the
mean value for the layer B6/E9 (-26.4%) from the
box core, or the 20-45-cm part of the short core
(-26.3%0). The increase can be interpreted as signal of
high nutrient concentrations when inorganic carbon
becomes depleted during primary production and there-
fore enriched in PC in the biomass (Struck et al. 2000).
The increase in the 8N of the surface sediments is
only visible in the upper few centimetres (Fig. 8). It is
assumed that an increasing input of anthropogenically
produced nitrogen reaching the central Baltic Sea from
riverine input. Dissolved and particulate nitrogen in
eutrophied rivers has been shown to carry a high 6N
signal (Voss et al. 2000, and Struck 1997). Below that
signal the &'*N values vary heavily and the mean is
even lower than the uppermost layer of the box core.
This has been interpreted as signal from cyanobacterial
biomass (Struck et al. 2000). The changes are pro-

correspond to our layers E4 to "i Com. b sl sedirard
E6. The Post Litorina (from 4
3500 to 700) is poor in species
and thus different to the lay-
ers E3 and E2 described here
with high abundance’s of
cyanobacteria and dinoflagel-
lates. However, the observa-
tion of the medieval warm pe-
riod fits the picture. Andrén s
uppermost layer is charac-
terised as brackish marine with
Increasing nutrient concentra-
tions and supposed to corre-
spond to E8 partly and E9.
Since we found indicators for
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lower salinities, the species in-
dications from siliceous fossils
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Fig. 8. Isotope data from a short core covering the true sediment surface, taken by the
Geological Survey of Finland in 1998. Note that the scales are different 1o Fig, 2,

Microfossil and biogeochemical indicators of environmental changes in the Gotland Deep during the last 10,000 years

nounced and happen in relatively short time compared
the duration of the other ecostratigraphic zones. Hu-
man impact during the last decades therefore seems
1o induce rapid environmental responses that are vis-
ible in the sediments. This has also been described by
(Andrén 1999) who assume input of fertilisers as a
significant new nutrient source changing also the dia-
om assemblages in sediments of the central Gotland

[Deep.

CONCLUSIONS

The complex environmental settings such as tempera-
ture, salinity, mixing depth, and productivity can only
be reconstructed if many proxies are analysed simul-
taneously. Here a large group of variables (microfos-
<ils, pigments, stable isotopes etc.) was investigated in
the same sediment core to identify the palecenviron-
mental conditions in the Baltic Sea in the past. The
Litorina phase was a very dynamic environment with
marine-brackish waters and varying temperature and
nutrient concentration. We could show that every few
hundred year’s changes in the physical environment
and accompanying in the productivity of the surface
waters occurred throughout the last 7000 years. How-
ever, it was almost impossible to distinguish good pres-
ervation conditions from high productivity events. Here
additional markers might be a helpful tool.
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