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PREFACE

This publication was compiled by a number of scientists from various institutes in
five countries under the leadership of Eric Olausson. It is based on comprehensive
studies, research and field work.

Research workers from the Geological Survey of Sweden took an active part in the
preparation of the manuscript. The Survey assumed the final, economic and editorial
responsibility for the publication. Economic support for this was also given by the
Swedish Natural Science Research Council.

The opinions and views expressed in this book are not necessarily authorized by
the Geological Survey of Sweden. As usual each author independently will take the
full responsibility for the presentation of scientific observations and conclusions
made in the papers.

The Publication Board of the Geological Survey of Sweden.

CONTENTS
At o i s sk Ak 5
1. Insearch of a stratotype 1ocality .........cooevieiiiniiiiiiiiniiinii 6
E. Olausson
2. General comments on the Pleistocene/Holocene boundary ..................... 10
E. Olausson
3. An outline of the marine stage of the Vaner basin ...........c.....coceiiiiiiinn. 16
C. Fredén
4. Field investigations, coring and sampling ............ccooooiiiiiii. 27
1. Cato
5. Geological notes of the Moltemyr, Brastad and Solberga areas ................ 34
C. Fredén
6. DesCription Of the COTES.........iiiiuiiiiiiiitiieee ittt 36
I. Cato
7. Grain-size distribution of the cores — with emphasis on the
sedimentary patterns around the Pleistocene/Holocene boundary............. 54
1. Cato
8. Water content, bulk density and organic carbon...........cccoooeeiiiiniiiinnn. 66
1. Cato
9. Clay minerals and ChemIStIY .........uviiiiiiiiiiiiiiiiiiiiii s 73
A. M. Brusewitz
10, Stable IS0T0PES <0\ oo i mioisiisinrssreass asdiotnsasas s snerniesensasindussanbinnonsasis 82
E. Olausson
11. Magnetostratigraphy .............ooiiiiiiiiiiiiiiiiiiiiiiiii e 93
N. Abrahamsen
12. Molluscs and other megafossils .......c..veerieeiiiiiiiiiniiiiiiiii 120
R. W. Feyling-Hanssen
B Ohantds e e Ui e 137

A. R. Lord



14.

15

16.

17

18.

19

20.

25

22.

23,

24.

Bommmiferse o oy Tl s s e T e
K. L. Knudsen

Chlcarepusaannofossilie i o e o Tl i o
N. Mikkelsen and K. Perch-Nielsen

BHAIOmE s s e e T e
U. Miller

Bmellaceliateeysts e Sn T SERe s g i an s e
R. Harland

BBt s e e s L
A.-M. Robertsson

Radwegibondating o L oo s e e
1. U. Olsson

Summaryaftheinyestigation - = ../ ./ oo o o ot e
1. Cato, C. Fredén and E. Olausson

Broposal by the workihg-gronp .o .o i U
On the definition of the Pleistocene/Holocene boundary in deep-sea
SEABHEIMS. o s e e L e e T
W. H. Berger

The Holocene boundary stratotype: local and global problems.................
R. W. Fairbridge

Some remarks and recommendations concerning a proposal for a type-
section of the Pleistocene/Holocene boundary............oovsveiieinirennsonsioaens
B. Frenzel

211

224

243

255

269

270

281

287



THE PLEISTOCENE/HOLOCENE BOUNDARY
IN SOUTH-WESTERN SWEDEN

ERIC OLAUSSON (EDITOR)

Department of Marine Geology, University of Géteborg,
Box 33031, S-400 33 Goteborg

Olausson, Eric, (ed.), 1982: The Pleistocene/Holocene boundary in south-western Sweden. —
Sveriges geologiska undersokning. Ser. C, No. 794, pp. 1-288, Uppsala 1982.

ABSTRACT

The boundary between the Pleistocene/Holocene epochs was placed at
10 000 '*C years B.P. (Libby half-time) by the Holocene Commission. This
corresponds to the Younger Dryas/Preboreal boundary in the European
geochronology.

In search of a stratotype locality three cores from the province of
Bohuslin, south-western Sweden, were scrutinized concerning different
geophysical, geochemical and biostratigraphical parameters. The marine
sequences of the cores from Moltemyr and Solberga reveal a distinct
boundary and a transition zone respectively which meet the requirements
laid down by the Holocene Commission. The cores are connected with the
general chronology by inter alia the meltwater spike and the subsequent
indications of the deglaciation of central and northern Fennoscandia and
climatic improvement clearly registered by fauna and flora. The suggested
age of the lithological boundary is ¢. 10 200-10 300 years B.P.

Either Moltemyr or Solberga can be chosen as a boundary stratotype and
the other locality as a hypostratotype of the Pleistocene/Holocene transi-
tion. As regards the deep-sea deposits the recorded and pronounced
Preboreal meltwater spike may be regarded as a synchronous global sign of
the Pleistocene/Holocene boundary.
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1. IN SEARCH OF A STRATOTYPE LOCALITY

ERIC OLAUSSON

Department of Marine Geology, University of Géteborg,
Box 33031, S-400 33 Goteborg, Sweden

INTRODUCTION

At the Paris INQUA Congress in 1969 the Holocene commission defined
the Pleistocene/Holocene boundary at 10 000 *C years B.P. Libby half-
time, which was accepted as the reference date for this boundary. This was
an important step towards a Pleistocene/Holocene boundary stratotype.

In 1971 the INQUA Holocene Commission and the INQUA Subcommis-
sion for NW European shore lines studied southern Sweden. During this
field congress a proposed stratotype locality in Goteborg was demonstrated
by N.A. Morner.

At the INQUA Congress in Christchurch in 1973 the Holocene Commis-
sion decided that the proposed core from the Botanical Garden in
Goteborg, Sweden, lacked some of the requirements for such a type section.

In 1973 the Holocene Commission asked me to select and evaluate a type
locality along the Swedish West Coast which would fit the requirements for
a type area better than the "Goteborg core” seemed to do. The require-
ments laid down for the type section by the Commission were as follows.

1. The locality must lie in an area as tectonically stable as possible.

2. A continuous sedimentation in a marine environment should have
occurred during the uppermost Pleistocene — Lower Holocene.

3. It should be possible to date the layers with a high degree of precision
using currently known dating methods.

4. The locality should be accessible for studies in the future.

FIELD AND LABORATORY WORK

A pilot study was planned and carried out in collaboration with Curt Fredén
at the Geological Survey of Sweden and Ingemar Cato at the Geological
Survey of Sweden and the University of Goteborg. During 1973, 27 cores
were taken at 14 stations from Goteborg to Stromstad. The field work was
led by I. Cato. Nearly 200 samples were collected for a rapid survey of the
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Fig. 1:1. The palacogeography of south-western Sweden (Bohuslidn with adjacent parts of
Dalsland and Viistergotland) about 10 200 years B.P. and the localities studied by the project.
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cores. The diatom and pollen contents in these samples were then studied by
Urve Miller and Ann-Marie Robertsson, both of the Geological Survey of
Sweden.

The pilot study indicated that two of the stations were promising:
Solberga and Brastad (Fig. 1:1). The leading group (Cato, Fredén and
myself) decided that these two stations should be investigated further. A
report on this preliminary study was given at the INQUA Congress in
Christchurch in 1973.

In 1977 two cores were taken by a Foil Piston Corer at each station, one
for various analyses, one for storage and/or future studies.

In order to obtain further details about the Late Weichselian-Preboreal
development cores taken for different purposes by members of the working
group were used. The extensive geological investigations carried out after
the landslide at Tuve in 1977 were of great importance. Finally Moltemyr
and Rormyr, two small bogs with marine clay sequences, situated below the
highest shore line, were investigated in 1980 since the Brastad core
demonstrated an hiatus at the Pleistocene/Holocene boundary. The ana-
lyses made on the core from the Botanical Garden in Goteborg were
reinterpreted. Older corings from adjacent areas were also taken into
consideration. The map (Fig. 1:1) shows all the localities and the
palaecogeography at 10 000 years B.P.

For geographical and palaecohydrographical reasons the localities studied
by the project (italics) and others can be placed into two groups:

The Moltemyr group: Moltemyr, Brastad, Rérmyr, and Stirkestad.
The Solberga group: Solberga, Vigen, Tuve, Ingebick, Bickebol, Tingstad,
and the Botanical Garden in Géteborg.

THE WORKING GROUP

The research group consisted of the following scientists whose contributions
appear in Chapters 2-19:

Niels Abrahamsen, University of Aarhus: Magnetostratigraphy.

Ann Marie Brusewitz, Geological Survey of Sweden: Clay minerals and
bulk chemistry.

Ingemar Cato, Geological Survey of Sweden and University of Goteborg:
Member of the leading group, supervising the field and laboratory work;
grain size, water contents, bulk density, and organic carbon analyses.

Rolf W. Feyling-Hanssen, University of Aarhus: Molluscs.

Curt Fredén, Geological Survey of Sweden: Member of the leading group,
mapping of the Quaternary deposits in western Sweden.
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Rex Harland, Institute of Geological Sciences, Leeds: Dinoflagellate cysts.

Karen Luise Knudsen, University of Aarhus: Foraminifers.

Alan R. Lord, University College, London: Ostracods.

Naja Mikkelsen, Geological Survey of Denmark, Copenhagen: Coccoliths
together with K. Perch-Nielsen.

Urve Miller, Geological Survey of Sweden: Diatoms.

Eric Olausson, University of Goteborg: Leader of the working group; stable
isotope analysis.

Ingrid U. Olsson, University of Uppsala: '*C datings.

Katharina Perch-Nielsen, Eidgendssische Technische Hochschule, Ziirich:
Coccoliths together with N. Mikkelsen.

Ann-Marie Robertsson, Geological Survey of Sweden: Pollen.

Kjell Bjorklund, University of Bergen, analysed some samples for
Radiolaria but discovered no remains thereof.

The group has met several times. At the last workshop May 7-11 1981,
officials of the Holocene Commission and the International Commission on
Stratigraphy were invited together with a few specialists. We then presented
our preliminary results, discussed our conclusions and during a field trip
showed our localities. The specially invited experts were asked to give their
impressions/advice in short papers. The contributions of three of them
appear in Chapters 22-24.

The summary of the investigations and the proposal to the Holocene
Commission (Chapters 20-21) were written by me in collaboration with 1.
Cato and C. Fredén.
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2. GENERAL COMMENTS ON THE
PLEISTOCENE/HOLOCENE BOUNDARY

ERIC OLAUSSON

Department of Marine Geology. University of Géteborg
Box 33031, S-400 33 Goteborg, Sweden

REMARKS ON THE CHOICE OF PERIOD FOR THE BOUNDARY

The Pleistocene/Holocene boundary was defined by the Holocene Commis-
sion as 10 000 "*C years B.P. Libby half-time. This is roughly the age of the
Younger Dryas/Preboreal transition. A boundary of this type should be
placed at the midpoint between glacial maximum and the postglacial
temperature optimum, where most parameters exhibit changes. Sea-level
curves (e.g. Bloom 1971, Mérner 1976) indicate that at least half of the ice
stored in the continental ice sheets at the glacial maximum had melted by
about 10 000 years B.P. The temperature curves (e.g. Flint 1971, Figs. 16—
11) illustrate that the temperature rise was at the midpoint about the time of
the Younger Dryas/Preboreal transition. However, the maximum Holocene
warming in the Australia-New Zealand area occurred at 9 000 years B.P.
and c¢. 6000 years B.P. in the northern hemisphere (Salinger 1981).
Considering these dates, the defined position is justified for the northern,
but some 3 000 years too late for the southern hemisphere. The fact that
temperature changes in the Australia-New Zealand area preceded changes
in the northern hemisphere by about 3 000 years must be discussed in this
context.

The extent of sea ice is a function of the salinity stratification. In earlier
papers I discussed the last global deglaciation and its influence on the oceans
and feed-back mechanisms. I suggested theoretical arguments for an open
Arctic Ocean during the glacial maximum followed by a freezing over in
deglacial times when the salinity stratification was re-established (Olausson
and Jonasson 1969, Olausson 1972, Olausson 1981). The last change from
open to ice-covered state in the Arctic could have been responsible for the
Younger Dryas cooling, due to the great differences in the albedo between
open and ice-covered seas.

A climatic deterioration during the Younger Dryas is well documented
for the northern hemisphere, at least north of 30°N (Olausson 1969). The
Weichselian deglaciation may therefore be divided into two phases in the
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north, while elsewhere it may have been either a period of more or less
continuous, or a sudden, more intense, warming followed by more gradual
climatic amelioration. The last trend will be illustrated further.

A major source of cooling in the southern hemisphere is the Antarctic ice
sheet and the surrounding sea ice. The former was only about 10 per cent
larger than today during the ice ages and, thus, fairly comparable in size.
However, the surrounding pack ice varies far more in size, ranging between
24-10°km? (September) and 18-10°%km* (February) through the years. This
pack ice is a result of the salinity stratification around the Antarctic. The
stratification is weaker than that of the Arctic Ocean, allowing formation of
only a meter (or so) of sea ice (Weyl 1968). The deep salinity maximum
(<34.9 o/oo) at 1-2 km depth has its origin in the effluent, very dense,
Mediterranean water. This water encompasses the Antarctic continent. The
present volume of the Mediterranean outflow is 1.6-10°m’sec’. As shown in
earlier papers, the eastern Mediterranean was stagnant c. 11 000-8 000
years B.P. (Olausson 1961, 1965, 1969). The western basin was, so far as is
known, not stagnant and the bottom-water exchange with the Atlantic (and
the subsurface outflow) was, thus, restricted to this basin. The western
Mediterranean is, at present, responsible for only 25% of the bottom-water
formation and some 30 % of the salinity increase of the Mediterranean
surface water due to evaporation. Both the volume and salinity could have
been appreciably lower, the last being also due to outflowing, rather low-
saline surface water from the eastern Mediterranean. Therefore, the deep
salinity maximum could have been more or less absent in the south Atlantic
during a few thousand years around 9 000 years B.P. This lack of salinity
stratification should, in turn, have appreciably reduced the area of the sea
ice around the Antarctic and, due to changes in albedo (from about 70 to
about 10 per cent) during southern summers, improved the climate in the
southern hemisphere. The extent of the sea ice around the Antarctic is more
than twice that in the Arctic Ocean and any changes would, thus, exert a
stronger influence on the climate than would the Arctic sea ice. This is equal
to a semiglobal temperature change of 2°C during the northern summer (cf.
my explanation of the post-Messenian climatic deterioration, Fig. 2:1).

The climatic optimum occurring 10 000-8 000 years B.P. in Australia and
New Zealand (see Summary by Salinger 1981) and the coeval isotope
maximum in the Antarctic ice dome C (Lorius et al. 1979) could result from
the eastern Mediterranean stagnation and, indirectly from the deglaciation
in the north.

I therefore conclude that the hydrographical changes in connection with
the deglaciation affected the amelioration and caused both cooling and
warmings of nearly semiglobal extent. Within this deglacial period a global
boundary can be placed independently of the consequences of the feed-back
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Fig. 2:1. The pack ice surrounding the Antarctic results from the salinity stratification in the
underlying waters. The deep salinity maximum has its origin in the effluent, very dense,
Mediterranean water. During the late Miocene (the Messianian Salinity crisis”) this efflux was
stopped, and during the early Holocene stagnation in the eastern Mediterranean (Olausson
1961) the outflow diminished considerably.

When the water connection with the Atlantic was re-established after the *‘Salinity crisis” a
salinity stratification around the Antarctic was developed. This led in turn to an increase in the
extent of the sea ice there, and, by albedo changes, to a climatic deterioration. The early
Pliocene cooling is proved by e.g. Kennett (1977).

During the afore-mentioned stagnant phase of the Mediterranean a conciderable reduction
of the sea-ice area took place. This is here judged to be the cause of the very early warming in
the Australia-New Zealand area (Salinger 1981), preceding that in the northern hemisphere by
about 3 000 years, and the abnormally early isotope maximum in the Antarctic ice dome C
(Lorius et al. 1979).

1 Sv (Sverdrup) = 10° m? sec’.
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from the oceans. The age 10 000 years B.P. fits well with the beginning of
the Preboreal and the onset of the warming in Australia and New Zealand.
Various sea-level curves show that at least half of the ice volume had melted
by 10 000 years B.P., and that the hydrographical conditions were, thus,
closer to the present conditions than to those during the glacial maximum.

In a global perspective the choice of period for the Pleistocene/Holocene
boundary is justified.

ON THE CHOICE OF TYPE LOCALITY AREA AND CRITERIA
FOR THE BOUNDARY

It may be discussed whether a near-shore deposit is preferable as a
stratotype section rather than deep-sea sequences. Referring to hydro-
graphical changes and the rapid rise/decrease of many parameters in deep-
sea cores, I formerly suggested that the boundary should be defined by
means of deep-sea cores (Olausson 1969). However, as the resolution
possible with near-shore deposits is much higher than in deep-sea oozes,
they may be a better choice. My intention was then to find a marker, useful
for the boundary definition in both areas. Meltwater injections could be
such an instrument.

The meltwater spikes can be recognized in both shelf and deep-sea
deposits. There are two large meltwater spikes in our cores, one in the
Alleréd, and the other in the Preboreal substage. Only in near-shore
deposits is this high resolution possible. The low resolution of deep-sea
records (2 000 years, see Berger, Chapter 22) preclude discernment of the
intervening short interval (Younger Dryas ~ 800 years) with a varied
meltwater supply to the oceans.

The increased melting of the ice sheet at the onset of the Preboreal is a
direct response to a temperature rise, and its result, a meltwater spike, is
here considered as the prime signal of the Pleistocene/Holocene boundary.
This signal can also be traced in deep-sea sediments (see Chapters 10 and
22). The second reaction to an amelioration is found in the fossil content
(see, further, Chapter 20). However, various feed-back mechanisms can
locally or semiglobally alter the general warming trend (see the discussion
above).

DATING PROBLEMS

The dating of the Pleistocene/Holocene boundary is a problem. Many
molluscs seem to be reworked and it may be difficult to select in-situ shells.
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In the future, benthic foraminifers can perhaps be used for dating purposes
with the help of an accelerator technique. Radiocarbon datings of the
Pleistocene/Holocene interval may also deviate markedly from calendar
years due to past changes in the '*C activity.

It is probably possible to affix the boundary to the Swedish varve
chronology, which is being revised. The ice recession from Stockholm to
Medelpad and its connection with present time is under review. The
duration of the former part of the varve chronology has increased by about
100 years (Stromberg 1981). The connection with present time is still
problematic, with an estimated error of +200 +3(() years (Fromm 1970). The
chronology of the ice recession from the Fennoscandian terminal moraines
to the Stockholm area is complicated. A control of this portion of the
Swedish varve chronology is in progress. An important event is the final
drainage of the Baltic Ice Lake, which occurred when the ice receded from
the Fennoscandian terminal moraines, opening the connection between the
Baltic and the Skagerrak. The lowering of 26-28 m of the Baltic Ice Lake is
presumed to have occurred at 10 163 years B.P. (Donner and Eronen 1981),
or 10 200 years B.P. (see Fredén, Chapter 3).

During the drainage of the Baltic Ice Lake some 10* km® of water was
discharged into the Skagerrak. The subsequent deglaciation, during the
subsequent millennium, uncovered an area of about 10° km? of Scandinavia
(Bloom 1971). If we assume that this ice sheet was 0.5 km thick on average,
we arrive at an idea of the amount of meltwater (~5-10° km®) which was
predominantly discharged through the Viner basin into the Skagerrak
giving rise to the Preboreal meltwater spike in our cores.
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3. AN OUTLINE OF THE MARINE STAGE
OF THE VANER BASIN

CURT FREDEN

Geological Survey of Sweden,
Kungsgatan 4, S-411 19 Goteborg, Sweden

INTRODUCTION

The main ice-marginal zones of western Sweden are well known. As the
greater part of the landscape is dominated by bedrock hills and clay-covered
lowlands, the moraine deposits in the ice-marginal zones are often
pronounced. The previously established Late Weichselian deglaciation
chronology in Sweden has been brought up for discussion by Berglund
(1979). On the basis of radiocarbon determinations of molluscs, skeletal
parts of vertebrates and gyttja samples from limnic deposits, a revision
seems to be appropriate. The degree of revision suggested differs depending
on the authors. However, all opinions seem to converge the closer one gets
towards the end of the Younger Dryas Stadial. It should be noted that the
present discussion about the deglaciation chronology deals not only with the
stadials themselves but also with the duration of the stadials and intersta-
dials.

DEGLACIATION CHRONOLOGY OF THE VANER BASIN

The main ice-marginal zones are shown in Fig. 3:1. At the present, it seems
to be generally accepted that the Billingen moraines were formed at the end
of the Younger Dryas Stadial. This is of course an advantage for the
discussion of the Pleistocene/Holocene boundary. A review of the opinions
of the deglaciation chronology of the Viner basin is also seen in Fig. 3:1.
The latest contribution to the discussion is published by Bjorck and
Digerfeldt (1981). According to their opinion radiocarbon determinations
from limnic sediments situated above the highest shore line, 133-134 m
above sea level, on the Hunneberg hill support Berglund’s proposal. The
same authors have also established a curve for the shore-line displacement
at Hunneberg (Bjorck and Digerfeldt 1982). Their stratigraphical investiga-
tions (diatom and pollen analyses and radiocarbon determinations) of 15
lakes between 129 and 91 m above sea level speak for Berglund’s (1979)
hypothesis.

The rate of sedimentation and the hydrographical environments for the
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Fig. 3:1. The main features and opinions of the Late Quaternary evolution of western Sweden -
in particular, the Viner basin. The extension of the terminal moraines are shown only for the
concerned areas. The letters are abbreviations for the main terminal moraine zones, i.e.
Berghem moraine, Trollhdttan moraine, Levene moraine, Skévde moraine, and Billingen
moraine. The inset profile shows the stratigraphical occurrence of molluscs in the clay

sequences of the Viner basin.
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sedimentation along the western coast of Sweden are to a certain degree
dependent on the deglaciation chronology, i.e. the distance to the ice front
at the different distinguished interstadials and stadials as they are recorded
in clay sequences. According to previous opinion, based on knowledge
before the time of absolute dating, the Trollhdttan terminal moraine was
formed about 11 500 years ago, see Fig. 3:1. Berglund (1979) maintaines
that it was formed c. 12 300 years ago, according to radiocarbon determina-
tions carried out on limnic gyttja samples. On basis of radiocarbon
determinations of marine molluscs and skeletal parts of vertebrates and the
stratigraphical position of these in the clay sequences, Fredén (1978) has
suggested that the Trollhdttan terminal moraine was formed about 11 800
years ago. With these determinations in mind we have a picture of the
maximum (?) and minimum (?) time span, 2 000—1 200 years, between the
formation of the Trollhédttan and the Billingen terminal moraines, see Fig.
31

The Skovde and the Billingen terminal moraines are part of the
Fennoscandian terminal moraines. The continuation of the Skoévde and
Billingen moraines in Norway are the Ra moraines. Recently, Sorensen
(1979) has questioned the previous chronology of the main ice-marginal
deposits in the Oslo fiord area. On the other hand, the corresponding
moraines in Finland — the Salpaussilkds — are in good chronological
accordance with recent Swedish opinions, see Fig. 3:1.

OCCURRENCE OF MARINE FAUNA IN THE VANER BASIN

To a large extent the present uncertainty of the deglaciation chronology
depends on the limited opportunity to find suitable samples for radiocarbon
determinations, especially samples in marine clay. The occurrence of
molluscs in the clay of the Viner basin is shown in the inset profile of Fig.
3:1; mollusc shells are found at different levels depending on the terrain and
it should be read stratigraphically in relation to the top and the bottom of
the clay sequence. The same pattern applies for the finds of marine
vertebrates. The known occurrences of shell-bearing layers may be sum-
marized as follows (after Fredén, in prep.). In the southern part of the
Viner basin the shell-bearing layers are usually 10-20 cm thick and they
contain about ten or more species. It is not uncommon that more than one
such layer occurs in the same clay sequence. Furthermore, radiocarbon
determinations of shells of different species in small, surficial shellbanks
show that these sites have been inhabited by different faunas at different
times. The difference in radiocarbon age between different shell layers and
faunas in the same area has been dated to be approximately 300 to 500
years. The number of species, the occurrence and the thickness of shell-
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bearing layers decrease the closer one gets to the Skovde terminal moraine
zone at the same time as the depth of occurrence increases. The profile in
Fig. 3:1 is mainly valid for the vast field areas south-east of Lake Vianern.
Note that the greater part of the clay south of the Skévde moraine lacks
macrofossils.

North of the Billingen/Skovde terminal moraine zone, shells are only
found on or in the most surficial part of the clay sequences west of Lake
Vinern. The finds are mainly found in sandy deposits. Radiocarbon ages
and localities are shown in Fig. 3:2. East and north of Lake Vénern no finds
are known except one of a haddock about 20 km north of Billingen.

The habitats of molluscs reflect fairly stable hydrographical conditions.
About 11 000 years ago, and during a period of more than 500 years,
optimal conditions prevailed for Arctic and Arctic-Boreal faunas to flourish in
the area between the Viner basin and the West Coast. Optimal conditions
are defined by the temperature, salinity, clearness, water depth, currents,
and nature of the bottom. The supply of nourishment is, of course,
dependent upon the same factors. Stable conditions imply that meltwater
discharge was low. At times, marine water with a relatively high salinity was
most probably in contact with the ice front or quite close to it. The border to
saline water both horizontally and vertically is primarily dependent on the
meltwater supply and the course of land uplift, which determines the water
depth and the palaeogeographical conditions.

A pronounced change of the hydrographical conditions is recorded by
sedimentation of a clay which is devoid of macrofossils, see Fig. 3:1.
Habitats of molluscs in the Vaner basin area were buried with great volumes
of clay, and the favourable conditions disappeared. Before this change in
the deglaciation pattern the ice sheet had retreated to the Billingen terminal
moraines during several thousands of years. Slightly more than one
thousand years after the retreat from the northernmost Fennoscandian
terminal moraine the Scandinavian ice sheet had disappeared entirely. In
other words the ice retreat was very rapid without stops other than such
caused by higher situated terrain, where the ablation pattern changed from
a frontal and surficial to an entirely surficial melting. The discharge of
meltwater was enormous during the Preboreal time.

PALAEOGEOGRAPHICAL CONDITIONS WITH RESPECT TO THE
INVESTIGATED LOCALITIES

The palacogeographical conditions of western Sweden at the end of the
Younger Dryas stadial are shown in Fig. 3:3. The map is based upon only
few available modern investigations. According to Bjorck and Digerfeldt
(1982) the shore level of Hunneberg at that time would roughly correspond
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to 90-95 m above sea level. Approximate isobases — parallell to those of the
highest shore line, (see Chapter 5) — give corresponding levels at Starkestad
of about 105 m and at Tuve of about 60 m above sea level. The purpose of
the map is to show the main topographical features of the landscape with
respect to the hydrographical conditions in the surroundings of the
investigated localities.

The main connections between the Viner basin and the Skagerrak bay of
the Atlantic Ocean consisted of the strait at Uddevalla and the Gota River
valley. North of the Uddevalla strait a third connection existed, but of a
minor importance since the threshold is situated in the eastern part of the
valley at a level of 85-90 m above sea level.

In the Munkedal area the influence of meltwater from the two parallell
valleys orientated NNE-SSW must have been fairly short-lived. In both
valleys deposits of the Fennoscandian terminal moraine zone are built up to
and above the highest shore line and form pronounced watersheds. In the
valley mouth south of Starkestad, Fig. 3:3, shells in sandy deposits on the
south side have been dated at 10 585+ 145 years B.P. (St 7119-20). Twelve
datings of samples — collected at different levels — in an exploited shellbank
on the north side of the valley gave a mean age of 9 980+135 years B.P.
(Fredén, unpubl.). The datings range from 10 160+110 (St 7552-53) to
9 820£120 years B.P. (St 7134-35). Both localities are situated at about 75
m above sea level.

BALTICICE LAKE

On the inset map of Fig. 3:4 the extension of the Baltic Ice Lake is shown.
The traditional opinion is that the lake was dammed by the ice sheet and the
topography until the icefront passed the northern point of the Billingen hill.
There is a prevalent uncertainty about the circumstances concerning the
draining event. However, the event as such is not questioned.

The uncertainty of the evolution at Billingen depends on several factors.
According to the traditional opinion the youngest Fennoscandian terminal
moraines are found at least 5 km south of the northern point, which implies
that the event occurred some tens of years after the formation of the
Billingen moraines. The relation between the northern point and the
terminal moraines is shown on Fig. 3:1. Furthermore, the event implied a
lowering of the lake surface of 26 m and a connection was established
between the Baltic basin and the Atlantic Ocean. The circumstances about
the so-called Billingen event itself have been discussed by Stromberg (1977).
A review of the history of the Baltic Ice Lake was published in 1979
(Fredén).
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On basis of pollen-analysed and radiocarbon dated isolation sequences of
nine localities in south-eastern Sweden, Bjorck (1979) has recorded a
sudden drop of the Baltic Ice Lake surface at about 10 300-10 200 years
B.P. The lowering amount was recorded to be at least 26 m. A rapid
lowering of the surface of the Baltic Ice Lake has been reported from many
other places in the Baltic basin. In Finland (Alhonen 1979, pp. 103-107), for
example, an approximate 28 m drop in the water level is recorded. It can be
observed morphologically in several places on Salpaussilka II, which was
formed at the year £0 in the Finnish varve chronology — corresponding to
the year 8 213 B.C. in the revised Swedish varve chronology.

The lowering of the Baltic Ice Lake surface has been related to the sudden
outflow at the Billingen hill. However, at the northern part of the Billingen
hill there is an annoying lack of erosional phenomena from this presumably
dramatic and violent event. One may summarize that a regional lowering of
the Baltic Ice Lake surface is recorded and that the event is dated to about
10 200-10 300 years B.P. Whether the total lowering, or part of it, occurred
at the Billingen hill, or not, is not fully known.

YOLDIA SEA STAGE

When the land ice receded from the Billingen hill a new stage occurred in
the evolution of the Baltic basin — the Yoldia Sea stage. A historical review
of the stage was published in 1979 (Fredén). The palaeogeographical
conditions of the Viner basin in the Preboreal times are illustrated in Fig.
3:4. The purpose of the inset map is to give the reader an idea of the
volumes of meltwater which must have been transferred through the Véner
basin during the stage, with the assumption of course, that no other outlet in
the Baltic basin was accessible.

The Viner basin is relatively shallow — present maximum depth being 106
m. During the deglaciation large meltwater volumes were discharged into
the Skagerrak. In some respects the straits of Uddevalla and the The Gota
river valley can be regarded as large river mouths. Saline bottom water was
pushed towards the sea by the supply of meltwater. When the Otteid strait
was opened westwards, the Vaner basin had a connection with saline water
which was mixed with the meltwater in the basin. At about the same time
the Nirke strait was deglaciated. Both straits were approximately equal in
dimensions, having a maximum width of c¢. 10 km and a maximum depth of
c. 60 m.

The highest shore line was metachronic in nature. The straits south of
Nirke and Otteid straits had relatively small vertical areas and were laid dry
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Lake Vanern

BILLINGEN

Fig. 3:4. Generalized outline of the land-sea conditions of the Viner basin during approxi-
mately the mid-Preboreal times. Slanting lines show the distribution of found molluse localities
within the drainage area. Inset map shows the extension of the Baltic Ice Lake and the
Scandinavian ice sheet at the end of the Younger Dryas Stadial. Slightly more than 1 000 years
later the land ice had disappeared and all meltwater and freshwater in the Baltic basin is
assumed to have been discharged to the Atlantic Ocean via the Viner basin during this time.

fairly soon due to the land uplift. North of the Otteid strait another
connection westwards has existed. No macrofossils are known in the valley.

During a time span of about 100 years the bivalve Portlandia arctica
inhabited areas east of the Nirke strait. The shells are found in the
lowermost part of the clay sequences. West of the Nirke strait the clays are
mostly non-varved while east of the strait, i.e. within the Baltic basin, they
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are mostly varved. These circumstances imply different sedimentation
conditions — pronounced freshwater conditions in the Baltic basin while the
salinity in the Vaner basin was sufficient to induce symmict sedimentation.
A review of the Nirke strait has been published by Fredén (1981). In this
review it seems clear that — according to Finnish and Swedish investigations
— the Nirke strait was opened about 10 000 years ago.

When the clay sedimentation ceased in the archipelago environments of
the Otteid strait, Boreal to Arctic-Boreal molluscs inhabited the slopes of the
pronounced valleys. The distribution is seen on Fig. 3:4 (cf. inset profile on
Fig. 3:1). Apparently there were favourable conditions for the fauna during
a few hundred years; most of the radiocarbon dated samples gave ages
about 9 800 to 9 700 years B.P., cf. Fig. 3:2 D.

Due to the land uplift the Otteid strait was laid dry at about the same time
as the water exchange in the Nirke strait ceased. This must have happened a
hundred years, or so, before the Nirke strait was laid dry, which occurred
following calm conditions at least 9 000 years ago (Fredén 1981). Contem-
poraneously, the Viner basin was isolated from the sea (Fredén, op.cit.).

A BRIEF AND TENTATIVE OUTLINE FOR THE MAIN EVENTS OF
THE MARINE EVOLUTION OF THE VANER BASIN DURING THE
PREBOREAL TIMES.

The outline is given in chronological order with assumed ages.
Ice retreat from the Fennoscandian terminal c. 10 250 years B.P.
moraine zone

The lowering of the Baltic Ice Lake surface. c. 10 200 years B.P.
Beginning of the Yoldia Sea stage

Nirke and Otteid straits are opened. Saline
waters enter the Baltic basin

o

. 10 000 years B.P.

Molluscs inhabit the western part c. 9 800 years B.P.
Molluscs fauna extinct c.- 9600 years B.P,
Otteid and Uddevalla straits are laid dry c. 9300 years B.P.

The threshold of the Narke strait is laid dry. ¢. 9000 years B.P.
The Viner basin becomes isolated from the
sea
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4. FIELD INVESTIGATIONS, CORING AND SAMPLING

INGEMAR CATO

Geological survey of Sweden,
Box 670, S-751 28 Uppsala, Sweden

In the world-wide search for a type locality and sediment profile, which
could serve as a world standard section for the Pleistocene/Holocene
boundary, the Holocene Commission selected the isostatic uplifted area of
south-western Sweden as probably ideal. As a result of this decision, a pilot
study was first carried out in the broad region pointed out by the
Commission in order to find the most suitable site for the final coring and
closer investigations.

During May and June 1973, 27 probing holes were drilled at 14 sites, from
Goteborg in the south to Stromstad in the north (Fig. 4:1, Table 4:1). Three
of the sites were immediately found to be of no further interest. On the
remaining sites about 160 samples from 13 holes were collected by means of
an helical auger for a rapid survey at the Geological Survey of Sweden (Cato
1973). Lithostratigraphical and biostratigraphical (pollen and diatoms)
results indicated that Solberga (hole 7, 57° 57" 05" N Lat., 11° 47" 42" E
Long.. 2 m above sea level) and Brastad (hole 12, 58° 23" 39" N Lat., 11° 31’
20" E Long., 45 m above sea level) were the most suitable sites for further
studies (Miller and Robertsson 1974). The other sites were rejected in
consequence of the occurrence of disturbed layers, sandy layers, sequences
consisting of highly sensitive (quick) clay, artesian pressure at the soil-
bedrock contact, lack of Pleistocene sediments, or other unsuitable condi-
tions (Table 4:1).

Hence, two azimuthally oriented cores were taken at each of the sites
Solberga (27.3 m long) and Brastad (15.1 m long) in April 1977 (Cato 1977),
one for various analyses, one to be stored at 91 % humidity and constant
temperature at the Department of Marine Geology, Goteborg. The cores,
66 mm in diameter, were taken by a Swedish Foil Piston Corer (Kjellman et
al. 1950), which permits taking continuous cores of up to 30 m length (Figs.
4:2 and 4:3). This is possible only because the friction between core and pipe
is reduced partly by the 0.1 mm steel foils, partly by hydraulic injection of
paraffin oil into the system.

The 1-2 m thick dry crust of the clay was removed before coring, in order
not to create a hard plug in the head of the corer. A few meters from, and on
each side of the corer, two pollen-traps (Tauber 1967) were mounted 80 cm



TABLE 4:1. Summary of results and information from the pilot study along the Swedish West-Coast in 1973,

Position Lithostratigraphical notes Biostratigraphical notes
Ground Shell- Probable Observed
surface  Pene- Dry Layers of frag- No of Sampled age of redeposition
Hole Dates of  (m above tration crust sand/gravel ments, Peat/ Bot-  Samp- levels sampled or disturbed
Locality No Lat Long coring sea level) (m) Clay (m) (cm) shell-layer gyttja  tom les (cm) levels layers
Harestad 1  57°48'57'N 11°51'48"E 1973-05-22 5-10 2EN X 2.0 140-145 hard 1 1083 Not det.
2 57°49'37"N 11°50'05"E 1973-05-22 5-10 3.5 1.8 - - - - -
Lycke 3 57°51'5T'N 11°43'20'E  1973-05-23 0-5 e T D 2.0 - - - - X
Solberga 4  57°55'49'N 11°47'45"E 1973-05-23 5-10 157 % 2.0 hard 9 1045-1515 Pleistocene -
5 57°56'36"N 11°47'48"E 1973-05-24 5-10 =315 'x 1.2 - - - - X
6  57°56'46"N 11°48'34"E 1973-05-24 0-5 Ll 0! 440 sand 7 320-440 Not det. X
7 ST°ST'05"N 11°47'42"E 1973-05-25 @ 0-5 212 % 1.2 sand/till 18 1738-2698 Pleistocene/ -
-28 Holocene
Tegneby 8  58°10'00'N 11°34'27"E 1973-05-29 25-30 249 «x - hard - - - X
9  58°09'S7'N 11°34'27"E 1973-05-29 25-30 19.9 x - 700-730 hard - - - X
10  58°09'56'N 11°33'42"E 1973-05-30 25-30 20.8 x 1.5 hard 9 155-2070 Holocene -
Morlanda 11~ 58°10'57"'N 11°30'23"E  1973-06-04  5-10 194 x 2.0  700-750 hard 12 143-1938 Holocene (?) x
980-1000
980-1000
1460-1480
1520-1570
etc.
Brastad 12 58°23'39'N 11°31'20"E 1973-06-05 40-45 A 0.5 hard 13 170-1674 Pleistocene/ -
Holocene
Bro 13 58°25'39'N 11°28'00"E 1973-06-06 5-10 b SR 1.5 215-220 sand 21 145-1240 Holocene -
Harndset 14 58°21'15'N 11°22'24"E  1973-06-07 10-15 >30.4 x 2.0 - - - - X
15  58°21'55"N 11°23'21"E 1973-06-07 0-5 115 % 1.8 910-955 gravel 15 145-1025 Holocene -
16  58%21'57'N 11°23'25"E 1973-06-07 0-5 T8 ix - hard - - - X
Askum 17 58°25'34'N 11°19'45'E 1973-06-08 15-20 >213'x 1,5 - - - - X
Tossene 18  58°26'49'N 11°22'48"E 1973-06-08 35-40 4.0 x 2.5 hard - - - X
19 58°26'54'N 11°23'00"E  1973-06-08 35-40 78 % 1.5 hard - - - X
20 58°26'54'N 11°22'58"E  1973-06-08 35-40 8.4Wx 1.5  805-815 hard 17 138-838 Holocene -
Gullov 21  58°31'41"N 11°23'21"E 1973-06-12 35-40 =800 x 2.0 sand - - - X
22 58°31'18'N 11°23'02"E  1973-06-12 35-40 - 2)i SRS - - - - - X
Gerum 23 58°40'26'N 11°22'00"E 1973-06-13 10-15 217 1.8 hard 15 138-2135 Holocene -
24  58°41'55'N 11°21'42"E  1973-06-14 15-20 >23.6 x - - - - - X
25  58°41'16"N 11°22'00"E 1973-06-14 15-20 283 % sand - - - X
Léngeby 26  58°43'39'N 11°11'51"E 1973-06-15 (-5 126 x - 50-385 «x 0-35 . sand 18 135-1182 Holocene X
Rasso 27 58°50'18'N 11°11'20"E 1973-06-15 0-5 Bix - 290-363 «x 0-200 sand 8 290-790 Holocene X
705-etc. 490-562

N
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Fig. 4:1. Sites investigated during
the pilot study in south-western
Sweden, 1973.

above the ground. The purpose was to detect the composition of the recent

pollen rain.

During the coring, the corer was carefully held in position. Every 5 m, a
new 5 m tube was mounted on top of the descending pipe, without
interrupting the coring process. The coring process did not stop until firm
bottom (till, glaciofluvial deposits, bedrock etc.) was reached. Afterwards
the whole corer was withdrawn and dismounted in the splices between the 5
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Fig. 4:2. Taking of one of the Foil Piston Cores at Solberga (N. Knaverstad) on April 14th,
1977.

m sections. The pipes were sealed with muffs and the sediments from the
splice muffs were kept separately in plastic foil. The bearing north on every
5 m tube was then transferred, to the 5 m sections, and indicated by means
of small plastic plugs (+2°) in the sediment. The 5 m sections were then
finally cut into 3-4 core sections, and sealed in airtight plastic (polyethyl)
foil at the site before further transport to the laboratory.

At the Prehistoric Museum, Moesgard, Denmark, radiography was
performed on the Solberga and Brastad cores, followed by preliminary
measurements of the natural remanent magnetization (NRM) at the |
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Fig. 4:3. Processing of one of the Foil Piston cores at Solberga (N. Knaverstad) on April 14th,
1977,

Geophysical Laboratory, University of Aarhus, Denmark. These records
were then used as structural and lithological indicators during the subse-
quent opening and sampling of the cores at the Department of Mic-
ropalaeontology, University of Aarhus. The cores were photographed (both
in colour and in black and white), examined, described, and classified
before the bulk density and water content were determined and the final
palaecomagnetic subsampling was carried out. The colour descriptions were
made with the help of the GSA Rock-Color Chart. Finally the core sections
were cleaned of paraffin oil and cut into 5 cm pieces, which were
subsampled for physical, geochemical and biostratigraphical studies
together with '*C-datings. Altogether, about 1 100 subsamples from 110
levels of the Solberga and Brastad cores were taken and distributed among
members of the project. The remaining samples were stored at the
Department of Marine Geology in Goteborg.

Since the preliminary results show that a long break in sedimentation
probably occurred in the Brastad core, this site had to be supplemented.
Therefore in September 1980 three 6.5 m long cores were taken by means of
a modified Russian Peat Sampler with 60 mm diameter (Tolonen 1968) at
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one of Fries’ sites (Fries 1951:80), Moltemyr (58° 26’ 45" N Lat, 11° 32’ 36" E
Long, 55 m above sea level, Fig. 4:4). The core sections were transported to
the Geological Survey of Sweden, where they were subjected to the same
process as the Solberga and Brastad cores. Subsamples 2.5 cm thick were
distributed among members of the project, to be studied for geochemistry,
“C-age, micro- and macropalaeontological successions. Palaecomagnetic

studies were also carried out on one part of the core. At a later workshop
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members of the project group decided that Moltemyr should be included in
the programme. In June 1981 a 16.3 m long (probing depth >27 m) and
azimuthally orientated core was therefore taken by means of the smaller
Swedish Piston Corer (37 mm in diameter). New palacomagnetic determi-
nations and supplementary chemical, physical and micropalaeontological
studies at deeper levels are now in progress. These additional analyses will
not be presented in this context.

Knowledge of the vegetational succession around the Pleistocene/
Holocene boundary of neighbouring terrestrial areas was essential for a
correct, conventional zonation by pollen analysis in marine cores, as
represented by Solberga, Brastad and Moltemyr. Two corings in limnic
sediments at Vigen (58° 01’ 05" N Lat., 12° 02" 35" E Long., 113 m above sea
level) and Rormyr (58° 28’ 55" N Lat, 11° 31" 30" E Long, 115 m above sea
level, Fig. 4:4) were therefore carried out, using a modified Russian Peat
Sampler (see above), in August 1978 and September 1980. These cores were
used for '*C-datings, diatom and pollen analyses.
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5. GEOLOGICAL NOTES OF THE MOLTEMYR,
BRASTAD AND SOLBERGA AREAS

CURT FREDEN

Geological Survey of Sweden,
Kungsgatan 4, S-411 19 Goéteborg, Sweden

A generalized distribution of the Quaternary deposits around the investi-
gated localities and the main features of the Late Quaternary evolution of
western Sweden is shown in Fig. 5:1.

The Moltemyr basin is situated between 55 and 60 m above sea level
surrounded by bedrock hills — reaching about 90 to 130 m above sea level —
and valley slopes which consist mainly of fine-grained glacial clay. The most
pronounced valley has a north-south direction. The basin is drained
northwards through this valley.

The raised bog is surrounded by a narrow fen. The bog has been exploited
to such a degree that only small parts of the original surface remain.

Shell and shell fragments are found in sandy deposits and in small lenses
in the clay around the basin. On the south-western bedrock hill, remains of
a small shellbank are situated at a level of about 75 m above sea level in a
small fissure valley. A radiocarbon determination of shells and shell
fragments yielded an age (uncorrected) of 10 700 + 180 years B.P. (St
5377). It is assumed that the mollusc fauna in the area is contemporary.
Following species of molluscs and barnacles have been identified: Astarte
borealis (common), Chlamys islandica, Hiatella arctica, H.a. uddevallensis,
Macoma calcarea, Mya truncata, Mytilus edulis, Balanus crenatus, and
Balanus hammeri.

The Brastad locality is situated in an extensive, flat-lying clay area, 4045
m above sea level surrounded by bedrock hills reaching 50-75 m above sea
level. The area is drained westwards. Clay sequences of more than 30 m are
known.

The Solberga locality is located in a broad valley a few metres above sea
level and quite close to the present shore line. The relative relief between
the clay surface and the surrounding bedrock hills is 20 to 25 m. Clay
thicknesses of more than 30 m are recorded in the broad valley. The surficial
clay usually has a postglacial origin at levels below about 20 m above sea
level.
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Fig. 5:1. Main features of the Late Quaternary evolution in western Sweden and of the
distribution of Quaternary deposits at the investigated localities. The isobases for the highest
shoreline in m above sea level are given in rough outline. The main terminal moraine zones are
(G) Goteborg moraine, (B) Berghem moraine, (T) Trollhédttan moraine, (L) Levene moraine,
and (S) Skovde/Billingen moraines.

The geological maps are based upon the economic map sheets 8B 7a, 8A 6j and 7B 6¢
(Lantmadteriverket, Gavle). Contour interval is 5 m. The drilling holes are shown by the circular
symbol for Foil Piston Corer.

The Solberga locality is situated on the geological map sheet Goteborg NV, which is to be
published in 1983.
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6. DESCRIPTION OF THE CORES

INGEMAR CATO

Geological Survey of Sweden,
Box 670, S-751 28 Uppsala, Sweden

STRATIGRAPHY

The Solberga and Brastad cores were photographed by Sgren Bo Anderssen
and Sven Korsgaard, both of the Geological Institute of Aarhus. Karl-Erik
Alnavik, Geological Survey of Sweden, photographed the Moltemyr core.
The films used for the Solberga and Brastad cores were 1 series Koda-
chrome 64, 1 series Ectachrome High Speed (B) and 1 series Kodak
Panatomic -X. The Moltemyr core was photographed with 1 series
Kodachrome 64 and 1 series Kodak Plus-X. The fresh sediment of the core
sequences was exposed via the removal of an upper longitudinal border
slice. Immediately afterwards they were photographed from a distance of
about 2 m and described by some group-members.

Figures 6:2a through 6:2f below show the results, and give details of the
individual core sections. The cores are reproduced in scale 1:10. A cm-scale
from the top of each core gives the depth below ground surface. Notes on
the lithology, organic content, occurrence of shells, shell fragments,
pebbles, grit efc. can be found below (Tables 6:1-3). Colours are stated with
reference to the GSA Rock-Color Chart while the nomenclature of sand,
silt and clay mixtures follows the Shepard (1954) system. As the figures
illustrate all sediment core-sections were oxidized at the border as a
consequence of exposure to the air.

The clastic sediment of the cores was rather homogeneous, and with the
exception of the silt layer at Brastad, no distinct limits between the sediment
types given below were observed.

As can be seen from the description of the cores laminae with dark and
light bands occur between 486 cm (distinct laminae from 591 ¢cm) and 1 810
cm depth in the Solberga core, i.e. the clay-rich sequence (see Chapter 7).
These dark and light bands may correspond to winter and summer units in
varves or reflect reduced and oxidized bottom conditions during winter and
summer respectively. However, it must be stressed that visual examination
of the laminae revealed no difference in the grain-size composition between
the dark and light bands. The diagram (Fig. 6:1), shows both the thickness
of the laminae, dark plus light bands and the thickness of the dark bands. If
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one dark and one light band correspond to one year, the 409 “varves” may
give the approximate duration of the meltwater discharge through the
Viner basin into Skagerrak during the Preboreal times. As can be seen in
Fig. 6:1, the thickness of the “varves” is greatest around 18 m depth, i.e. in
the beginning of the sequence, and smallest around 6 m, i.e. at the end of
the sequence.

It is also worthy of note that dark and light bands between 6.5 and 8.5 m
in the Tuve core and between 5.5 and 13.4 m in core B 873 (Botanical
Garden, Goteborg) were observed by Hager (1981) and by Marner (1976)
respectively. These sequences were according to other facts assumed by
Cato et al. (1981) and by Cato and others (this volume) to have been formed
as a consequence of the above-mentioned meltwater discharge.

Figs. 6:2a—f. Photographs of the continuous cores from Solberga, Brastad and Moltemyr. The
black arrows between 18.4 and 19.3 m in Solberga and at 3.5 m depth in Moltemyr mark the
Pleistocene/Holocene transition zone/limit respectively. At 2.3 m depth in Brastad the limit
between silt and silty clay is marked (“‘hiatus™).
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TABLE 6:1. Stratigraphy of the Solberga core.

Depth below
ground surface

Notes on the stratigraphy

205-400 cm.

400-670 cm.

670-1 790 cm.

1 790-2 733 cm.

Gyttja silty-clay,
medium dark greenish grey (5 GY 4/1), homogeneous,
containing shell fragments at 286, 341, 365, 390, and 403 cm
and rootlets at 295 and 314 cm depth.

Between 430-460 cm there is a gradual colour transition
downwards to dark greenish grey (5 GY 3/1).

Silty clay,

dark greenish grey (5 GY 3/1), with very few shell fragments
and no rootlets. From about 486 cm diffuse laminae and from
591 cm downwards more or less distinct laminae of dark and
light bands occur.

Clay,

dark greenish grey (5 GY 3/1), without shell fragments. The
laminae of dark and light bands became less diffuse down-
ward. Between 780 and 1710 cm depth the laminae are
distinct. The dark bands are greenish grey in colour (5 GY
3/1). When exposed to air, the laminae became gradually
diffuse, due to oxidization. From about 1 710 cm downwards
the laminae again became diffuse. Independent of the
laminae 13 areas covered with sulphide spots occur from
1 060 cm downwards, e.g. at 1 103-1 115, 1 230-1 240 and
1 594-1 707 cm. A burrow fill occurs at 1 640-1 645 cm level.

Silty clay,
dark greenish grey (5 GY 3/1), containing shell fragments
(observed at 59 levels). Below 2 481 cm depth the thickness of
the shell fragments increases. Between 1 967 and 2 015 cm
the colour changes to greyish black (N2) — greenish black (5
GY 2/1) with several black (N 1) bands. At 2 155 cm depth
the colour changes to black (N 1). The above given sequence
of laminae occurs down to 1 810 cm, but also deeper diffuse
laminae appear at several levels. From 2 640 cm downwards
the colour is greenish grey (5 GY 3/1).

Grit was observed at 2654 and 2670 cm depth and
frequently below 2 730 cm.
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TABLE 6:2. Stratigraphy of the Brastad core.

Depth below
ground surface

Notes of stratigraphy

80-220 cm.

220-231 cm.

231-1 502 cm.

1 502-1 509 cm.

Clayey silt,

moderate olive brown (5 Y 4/4), with light olive brown (5 Y
5/6) precipitates down to about 140 cm depth. The precipi-
tates gradually disappear between 140-174 cm. Between 174-
206 cm the colour is olive grey (5 Y 4/1), but changes
gradually to dark yellowish brown (10 YR 4/2), which occurs
between 212-220 cm. The sediment contains rootlets at 88,
105 and 180-190 cm and other plant fragments (40 mm X 3
mm) at 210 cm depth. A 7 cm long silt lens occurs at 211-212
cm and a 1 cm large silt “ball” at 215 cm depth. There are no
shell fragments in this sequence.

Clayey silt to silt,

yellowish brown (10 YR 4/2), with increasing silt content
downwards. A fault occurs along the limit between this and
the under-lying sediment. There are no shell fragments in this
sequence. .

Silty clay,

dark greenish grey (5 GY 4/1), which is distinct from the
sediment above (see arrow Fig. 6:2d) and contains shell
fragments at 18 levels (between 320 and 994 cm), grit at 22
levels (between 299 and 1 447 cm) and stones at the following
depth: 940 cm biotite mica (1.5 cm, 1 g), 1 065 cm quartz,
biotite (4.5 cm X 3 cm, 28 g), 1 124 cm gneiss (3 cm X 1.5 cm,
6g), 1230 cm gneiss (1 cm X 2cm, 9 g), 1 374 cm gneiss (1 cm
X 1.5 cm, 3 g), 1 379 cm gneiss (3 cm X 3 cm, 32 g; see arrows
Fig 6:2e) and 1 485 cm gneiss (4.5 cm X 2 cm, 28 g).

Plant fragments occur at 265, 270-280, 285, 357 c¢cm, and
burrow fills at 415, 504 cm and between 770-1 000 cm depth.
The burrow fill at 504 cm depth is surrounded by a pipe-like
iron oxide concretion.

The silty clay is soapy between 345 and 835 cm depth. More
or less faint dark and light laminae occur from 960 cm depth
downwards. Between 1 130-1 220 cm the thickness of the
laminae is about 6 cm. The dark bands are brownish grey (5
YR 4/1) or medium dark olive grey (5 Y 4/1). Below 1 331 cm
depth are 8 thin silt layers at (1 332, 1452, 1456, 1 460,
1465, 1 473, and 1 478 cm).

Clayey sand to sand,
olive grey (5 Y 4/1), without shell fragments.
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TABLE 6:3. Stratigraphy of the Moltemyr core.

Depth below Notes on the stratigraphy
ground surface
50-165 cm. Fen peat,

brownish black (5 YR 2/1), incorporating many pieces of
wood. From about 150 cm depth rich in Phragmites and
Equisetum.

165-212 cm. Coarse detritus gyttja,
olive black (5 Y 2/1) between 203-212 cm and fine detritus
gyttja between 165-203 cm.

212-300 cm. Gyttja silty-clay, sharp limit,
light olive grey (5 Y 5/2) and banded down to 222 cm depth
where it changes to greyish olive (10 Y 4/2). Between 251 and
265 cm depth light olive grey (5 Y 5/2) bands occur. Below
265 cm depth the colour is greenish grey (5 G 6/1). Shell
fragments occur at 5 levels.

300465 cm. Silty clay,

greenish grey (5 G 6/1), containing shell fragments at 9 levels.
465-508 cm. Clayey silt,

greenish grey (5 G 6/1), containing some shell fragments.
508-650 cm. Silty clay,

greenish grey (5 G 6/1), homogeneous, rich in shell frag-
ments, except for the sequence below 570 cm depth.

X-RADIOGRAPHY
(BY INGEMAR CATO IN COOPERATION WITH NIELS ABRAHAMSEN)

The Solberga and Brastad cores were submitted to radiographical examina-
tion by Jesper Trier at the Prehistoric Museum, Moesgard, Denmark. For
this purpose a Federex portable X-ray set was used. The X-ray tube was
fixed at a distance of 2 m from the core sections. The cores, still sealed in
plastic foil and PVC-liners, were oriented with north to the left of the film.
Before exposure the coring depth and core sections were marked with lead
figures and every 10 cm with nails. Five exposures with overlap were taken
on Agfa-Gevaert D7pDW film (24 cm X 30 cm) for each section. During the
17 min long exposure time, the X-ray tube was run at 85 KV and 4 mA.
Absorption of X-ray is dependent not only upon the wavelength of
radiation and the atomic number of the absorbent material, but also on the
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density and thickness of the sediment. The latter varies as a consequence of
the cylindrical cores, which results in increased blackening laterally from the
centre towards the core border.

Important internal structures of the sediment cores were revealed by
radiography, which simplified the description of the stratigraphy and
facilitated the subsampling procedures together with the interpretation of
the depositional environment. Some results are exemplified by Figs. 6:3a—
3d, which are reproduced in scale 1:2.5. As can be seen from the sequence
shown, 1 678-2 020 cm at the Solberga core, shells are clearly reflected in
the radiograms, e.g. at the levels 1 729, 1 833, 1 848, 1 874, 1 888, 1 907 cm
as well as fractures, here with more or less horizontal axial planes. The latter
appeared, when the sediment core was withdrawn from the pipe. At the
levels 1 819 cm and 1951 cm the core has been cut in sequences. The
sediment of the splices between the core pipes has not been X-rayed. A gap
was therefore left in the radiogram, between 1 951-1 954 cm in Fig. 6:3c.
From 1 954 cm depth and 5 cm downwards the folded plastic foil, sealing the
core, can be seen.

The overlap of the X-ray films during exposure created faint light-grey
bands at about the levels 1 701, 1 736, 1 763, 1 790, 1 841, 1 897, 1 925,
1969, and 1 997 cm in the Solberga core and at 226 cm in the Brastad core.
These limits should not be confounded with lithological boundaries such as
the one seen at 2.31 cm depth in the Brastad core. This boundary in the grey
scale reveals the distinct change from a silty clay sediment below into a silt
layer above this level.

The strong change in the grain-size distribution from about 18.4 m
upwards to about 17.7 m in Solberga core is reflected in the radiogram by a
faint upwards blackening of the core.

The radiograms give an idea of the very homogeneous cores with sparsely
embedded macroscopic shells and pebbles. The latter occur only at the
bottom of the cores, not shown here. The abrupt lithological change in
Brastad at 2.31 m depth indicates that only the Solberga core re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>