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Stable carbon and oxygen isotope studies
of Late Weichselian lake sediments

in southern Sweden and northern Poland,
with palaeoclimatic implications

by

Dan Hammarlund

Department of Quaternary Geology, Lund University,
Tornavägen 13, S-223 63 Lund, Sweden

This thesis is based on the following four papers and
the present summary and extension:

I. Hammarlund, D. 1993: Evidence of a dis-
tinct 5"C decline in organic lake sediments
at the Pleistocene-Holocene transition in
southern Sweden. Boreas 22, 236-243.

II. Hammarlund, D. & Lemdahl, G. 1994: A
Late Weichselian stable isotope strati-
graphy compared with biostratigraphical
data: a case study from southern Sweden.
Journal of Quaternary Science 9, 13-31.

III. Hammarlund, D. & Keen, D. H. (manu-
script): A Late Weichselian stable isotope
and molluscan stratigraphy from southern
Sweden. Submitted to Boreas.

IV. Hammarlund, D. 1994 (preprint): Late
Weichselian lake sediments analysed for
stable carbon and oxygen isotopes: a study
at Imiotki, Lake Lednica, Great Poland.
Accepted for publication in Biblu/teka
Studiow Lednickich, Poznari.

Reference to the papers is made by using their roman
numerals, which also apply to their respective
locations as appendices in the thesis. Paper I is
reprinted with the permission of Boreas and paper II
is reprinted with the permission of Journal of
Quaternary Science. An english version of paper IV
is presented with the permission of Biblioteket
Studiow Lednickich.

Fig. I. Core section of faintly laminated, clayey,
calcareous gyttja with mollusc-sl.'ll fragments from
Vanstads mosse, southernmost Sweden (scale bar in
cm).
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1 Introduction

The present investigation, which is a contribution to
IGCP 253 (Termination of the Pleistocene), was
initiated in 1989. The main aim of the study is
twofold. Firstly to reconstruct the climatic and
environmental development during the Late Weich-
selian Substage within the southern part of the
Scandinavian giaciation area, secondly to evaluate
the potential of stable isotope studies of lacustrine
sediments in the region (i.e. southern Sweden).

Oxygen isotope studies have played an important
role for the knowledge about Quaternary climate his-
tory. Records of 5[*O variations in carbonate micro-
fossils from deep-sea sediments have provided a
stratigraphic framework of isotope stages repre-
senting glacials and interglacials. Most of the
research carried out today, concerned with Quater-
nary stratigraphy and climate history, is related to
these isotope stages. Furthermore, the last glacial
cycle has been subject of detailed studies based on
5'*O variations in glacier ice-cores from Greenland
and Antarctica. Apart from these well established
fields of research, the last decades have experienced
an increasing number of stable isotope studies
focused on lake sediments, (see App. Ill for a brief
historical review). The high resolution, rapid re-
sponse to climatic changes, and relative accessibility,
means that lacustrine deposits are very suitable

archives for detailed reconstructions of Late Weich-
selian and Holocene climate history.

The oxygen isotope composition of limnic carbo-
nates can, at favourable conditions, provide useful
information on past regional climate, as it reflects
large-scale atmospheric circulation, lake-water tem-
perature and hydrological conditions. However, the
complex relation to changes in temperature calls for
great caution at the interpretation of oxygen isotope
data. Results from carbon isotope analysis, on the
other hand, may reflect local limnic conditions rela-
ted to a number of biological and chemical pro-
cesses, most of which in turn depend on climate.
Carbon isotope data obtained on carbonates and or-
ganic material respectively, provide complementary
information of great value for reconstructions of
local environmental changes.

This thesis presents a summary of stable carbon
and oxygen isotope studies of Late Weichselian
lacustrine sediments from southern Sweden and
northern Poland, supported by biostratigraphic data.
The results are discussed in terms of climatic
changes and climatically induced environmental
development. Methodological results and problems of
general importance at the interpretation of stable
isotope data are also presented. The emphasis is
placed on processes influencing the carbon isotope
composition of organic material in lake sediments.



2 Investigation area

The principal part of the studies within this project
was, for several reasons, located to southernmost
Sweden:

1. With the exception of a study on the island of
Gotland (Morner & Wallin 1977), mainly concen-
trating on Holocene climatic development, and
two short sequences deposited around 10,000 BP
from the Billingen area in the Middle Swedish
end-moraine zone (Björck & Digerfeldt 1984), no
environmental isotope studies of Late Weichselian
lake sediments have up to now been carried out in
Sweden.

2. The province of Skåne was the earliest deglaciated
part of Sweden, which means that the oldest lacu-
strine sediments can be expected to be found here.

3. The region is very well studied by means of a
variety of stratigraphic methods. Several recon-
structions of Late Weichselian climatic changes
based on biostratigraphy have been presented (e.g.
Berglund 1971; Berglund et al. 1984; Lemdahl
1988a; Liedberg Jönsson 1988; Bergsten &
Nordberg 1992). Other studies have been based
on lithostratigraphy and glacial geology (e.g.
Berglund 1979; Björck 1981; Berglund &Mörner
1984; Björck & Möller 1987). This gives ex-
cellent opportunities to compare the first results of
stable isotope studies with existing models.

4. The geographical position of southern Scandinavia
at present involves frequent shifts of air-masses of
continental and maritime origin respectively. It
can be assumed that the region was influenced by
similar patterns of change in different time-per-
spectives during the climatically dynamic Late

Weichselian Substage. This can be tested by
stable isotope analysis.

The deglaciation chronology of southern Sweden is
relatively well known through a number of strati-
graphic studies. As a synthesis of this work, a model
with ice recession lines was presented by Björck et
al. (1988). The solid lines of Fig. 2 roughly corre-
spond to this model. The Kullaberg Peninsula in the
northwestern part of Skåne (Fig. 1 of App. II) has
been considered to be the first part of Sweden that
became ice-free, around 14,000 BP according to
Lagerlund (1980; 1987). However, the deglaciation
chronology of Skåne is not known in detail and is
still under debate. An alternative model was presen-
ted by Lagerlund & Houmark-Nielsen (1993), pro-
posing a somewhat earlier deglaciation, initiated
along the western coast of Skåne, well before 14,000
BP (dashed lines of Fig. 2). The present study in-
cludes two investigated sites in Skåne, Körslätta-
mossen (App. II) and Vanstads mosse (App. III). The
locations of the sites are shown in Fig. 2. In addition
to these studies, stable carbon isotope data from
c. 90 sites in southern Sweden, south of approxima-
tely 00°N, were compiled and presented separately
(App. I).

As a complement to the studies in southern
Sweden, a lacustrine sequence at Imioiki in North
Central Poland (Fig. 2) was investigated (App. IV).
The ice recession in northern Poland can be traced
by a number of distinct moraine ridges, mainly
oriented in an east-westerly direction (Kasprzak &
Kozarski 1988). However, insufficient dating makes
the deglaciation chronology uncertain. The southern-
most ridges, corresponding to the r.aximum extent of
the Weichselian glaciation, are believed to have been
formed at c. 20,000-18,000 BP (Kozarski 1980).
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Fig. 2. Map of the southern Baltic Sea Region showing the geographical positions of the investigated sites, K =
Körslättamossen (App. II), V = Vanstads mosse (App. III), I = Imiolki (App. IV). The deglaciation chronology
of southern Sweden is illustrated by approximate Late Weichselian ice-marginal positions (/4C years BP), based
mainly on the model presented by Björck et al. (1988; solid lines). The dashed lines refer to an alternative
deglaciation chronology model (Lagerlund & Houmark-Nielsen 1993; Lagerlund unpubl. data). The heavy line
represents the maximum extent of the Weichselian glaciation (20,000-18,000 MC years BP).



3 Methods

The general principles of environmental isotope
analyses have been described in a number of text-
books. A theoretical background to studies of lake
sediments was presented by Pearson & Coplen
(1978). Siegenthaler & Eicher (1986) discuss the
same problems from a more practical point of view.
For more detailed literature reviews and considera-
tions on fractionation processes, see Deines (1980)
for organic material, and Buchardt & Fritz (1980) for
carbonates.

The laboratory procedures used at the different
physical, cnemical and stable isotope analyses vary
slightly between the different studies. These, as well
as the fieldwork methods (Fig. 3) are described in
detail for each site in Appendices I-IV. Reproduci-
bility of the analytical results is better than ±3% for
carbon analysis, and better than ±4% for humus ex-
traction (measured on a standard). Humic content of
the sediments is related to organic carbon content
(relative spectro-photometric absorbance). In the
following all isotope notations are expressed as per
mille deviations from the international PDB standard
(Cretaceous belemnite from the Peedee formation,
South Carolina; Craig 1957);

oC'C, " I03 %c (1)

Reproducibility of the stable isotope analyses is
within ±0.07%c.

Fig. 3. Coring at Vanslads mosse. May 1989 (J.
Ising and G. Lemdahl).



4 Summaries of the papers

4.1 Paper I

Evidence of a distinct 5UC decline in
organic lake sediments at the Pleistocene-
Holocene transition in southern Sweden,
by Hammarlund, D.; Boreas 22, 236-243
(1993).

This paper presents a compilation of 8"C values
obtained from conventionally radiocarbon dated bulk
sediment samples from southern Sweden (S. of
60°N). Dates in the range 13,000-8,000 BP obtained
on pure lacustrine deposits in areas of non-calcareous
bedrock were used, rejecting samples with I4C ages
significantly deviating from expected ages according
to pollen data and/or deglaciation chronology. Thus,
286 samples from 91 sites were included in the com-
pilation.

Running mean values calculated for the entire
population reveal a distinct depletion of "C in bulk
organic material, centred around 10,000 BP and
amounting to c. 5%c. The mean levels before and
after 10,000 BP are -23.2%c and -28.2%» respectively.
Similar trends had earlier been recorded across the
Pleistocene-Holocene boundary in the continuous
carbon isotope records of Körslättamossen and Van-
stads mosse in southernmost Sweden (App. II and
III). This study was thereby conducted in order to
prove the occurrence of secular changes in the
region, and to evaluate possible causes of 6"C
variations in lake sediments in general.

A comparison of the compilation results with 8|JC
data obtained on bulk sediment organic material in
the two individual lacustrine sequences, which are
partly rich in carbonates, shows that the rapid
depletion of "C at c. 10,000 BP is mainly in-
dependent of endogenic carbonate production. The
change from complete absence of carbonates during
the Younger Dryas stadial (c. 11,000 to c. 10,200
BP) to abundant precipitation of carbonate shells
during the Younger Dryas-Preboreal transition zone
(c. 10,200 to c. 10,000 BP) could to a minor extent
have led to a depletion of I3C in dissolved inorganic
carbon (DIC) by withdrawal of I3C for carbonate
production. However, the main part of the observed
depletion must be attributed to other processes. The
carbon isotope composition of the organic component
of lake sediments is most probably affected by a
combination of processes related to local environ-
mental conditions, which in turn depend on regional
climate.

An important factor proposed as explanation for the
depletion of "C is a more extensive dissolution of
silicates in the catchments and water bodies of the
lakes during the Late Weichselian than during the
Holocene. An abundant supply of fine-graineo
silicate particles and high concentrations of
aggressive carbon dioxide in precipitation and surface
water, would enhance the chemical weathering and
lead to a relative enrichment of "C in lake water
DIC during the Late Weichselian. Other contributing
factors may be an increased supply of "C-depleted
carbon dioxide from soil processes, and a general
change in the limnic vegetation towards increased
production of phytoplankton, as a response to the
climatic warming at the transition to the Holocene.
On the other hand a global enrichment of "C in
atmospheric carbon dioxide of c. \%e around 10,000
BP probably counteracted the observed trend. The
lake sediment data of the present study are closely
resembled by decreasing values of 8"C at this stage
in North American wood cellulose. This may indicate
a mutual relation to changes in the global carbon
cycle at the termination of the last glacial.

4.2 Paper II

A Late Weichselian stable isotope strati»
graphy compared with biostratigraphical
data: a case study from southern Sweden,
by Hammarlund, D. & Lemdahl, G.; Jour-
nal of Quaternary Science 9, 13-31 (1994).

This paper is based on studies of a partly carbonate-
rich lake sediment sequence at Körslättamossen in
the northwestern part of the province of Skåne,
southern Sweden (Fig. 2). The following stable iso-
tope parameters were analysed: 8"C of bulk organic
material (S"C,,r,). 8I3C and 8'"O of bulk carbonates
(8"Ccllfc, 8"OCJrt,), and 8"C and 8'"O of carbonate
shells, mainly pelecypods of the family Sphaeriidae
(8IJCm,,n, 8'"Om(l)1). The interpretations of these results
were supported by plant macrofossil and insect re-
cords (G. Lemdahl), as well as carbon analysis,
extraction of humic compounds, and relative quanti-
fication of shell carbonate. The chronology was
established by a combination of correlations based on
pollen analysis, and five radiocarbon dates obtained
by accelerator mass-spectrometry. The 4m thick se-
quence analysed, consisting mainly of calcareous
gyttja clay and clayey gyttja, was deposited between
c. 13,000 and c. 10,000 BP.



Comparisons with the changing plant macrofossil
assemblages and the content of shell carbonate
throughout the sequence, made it possible to demon-
strate the relation between carbon isotope compo-
sition of bulk organic material and limnic environ-
mental conditions. Values of 5'"'ClÄ( around -2b%c in
the lower part of the sequence reflect dominance of
bryophytes and assimilation of atmospheric carbon
dioxide. A shift to values close to -24%c may be
related to increased re-deposition of terrestrial
organic material, followed by even higher and some-
what fluctuating values reflecting the immigration of
macrophytes. At this stage (c. 12,500 to c. 11,800
BP) a relatively sparse production of carbonate shells
and insignificant recycling of carbon dioxide from
decomposition, led to a relative enrichment of L'C in
organic material. The opposite situation within the
upper part of the interstadial (c. 11,800 to c. 11,000
BP) led to successively lower values of 8"Cwg,
reaching c. -217,,. A rapid and total cessation of the
carbonate production during the Younger Dryas
stadial resulted in a shift towards high values
(c. -22%c), followed by an even more pronounced de-
pletion at c. 10,200 BP, giving rise to values of
5"C,,r| around -29%e (see App. 1 and section 5.1.2).

5"Ctart) data principally reflects the rate of aquatic
vegetation production. Relatively high values
(c. +2%o) in the lowermost, moss-rich part of the se-
quence, are followed by a decreasing trend to
c. -2%c, reflecting decreasing abundance of bryo-
phytes. At c. 12,400 BP a rapid increase in vegeta-
tion production led to an enrichment of "C in bulk
carbonates. However, the high values of 5l3Ccart,
subsequently recorded (c. +O.5%o) were temporary re-
placed by lower values (c. -\%c) in the sediments
representing the Older Dryas stadial (c. 12,200 to
c. 12,000 BP). This depletion of "C in limnic carbo-
nates, interpreted to reflect a climatically induced
decrease in productivity, was accompanied by a simi-
lar decrease in values of 5"Cmol| due to a general
depletion of "C in DIC. At c. 11,800 BP an abrupt
decline in values of S'3Ccart) amounting to c. 2%e was
recorded, preceded and followed by relatively con-
stant levels. The possibility that this shift was caused
by an adaptation of the limnic vegetation to high
contents of bicarbonate in the lake water is dis-
cussed. The occurrence of amorphous carbonate
aggregates at this stage indicates the introduction of
a type of photosynthetic assimilation known as
hydrogen ion pumping. A complete absence of car-
bonates in the sediments deposited during the
Younger Dryas stadial results in lack of data.

A successive depletion of I3C in bulk carbonates at
the transition to the Holocene may be related to the
same processes as those affecting 5l3Cl)rt data.
Within the lower parts of the sequence, characterized
by low carbonate contents, relatively high values of
5l8OtlA (c. -5%c) were recorded. A rapid shift to
values ;.i the range -I0%e to -9%c was recorded at
c. 12,400 BP, a level which was retained until
c. 11,000 BP, with the exception of the period
between c. 12,200 and c. 12,000 BP. In the sedi-
ments deposited during the latter period, the Older
Dryas stadial, values around -7%c were recorded. The
strong enrichment of '"O in bulk carbonates during
the above-mentioned periods is interpreted to reflect
a substantial evaporation from the lake-water surface.
This may indicate a continental climate characterized
by dry summer conditions. At c. 12,400 BP a distinct
shift towards a more humid and maritime climate is
assumed to have occurred. The lack of data represen-
ting the Younger Dryas stadial is followed by a de-
creasing trend within the Younger Dryas-Preboreal
transition zone (c. 10,200 to c. 10,000 BP). The
depletion of "O in bulk carbonates at this stage was
probably caused by an increase in lake-water tem-
perature. A few values of 5'"O, obtained on limnic
ostracods were recorded in the lowermost part of the
sequence. These data, mainly reflecting winter con-
ditions, are depleted in "O by c. 2%c compared to
corresponding values of S'^O,^, a difference that
supports the theory of a substantial summer evapo-
ration during the early lake history. A relatively
constant level of 8'"OmoH data from c. 12,400 to
c. 11,000 BP around -8.5%o, with no considerable
change shortly before 12,000 BP, in contrast to
S"Ocart,, may indicate that the Older Dryas climatic
oscillation was mainly related to summer conditions.
Mollusc shell carbonates are assumed to be formed
during most of the year, whereas limnic carbonates
produced by photosynthesis mainly precipitate during
the summer.

The interpretations based on biostratigraphic data
are generally well in accordance with the isotope
results. At c. 12,400 BP an increase in insect
diversity and vegetation density was recorded.
Quantifications of mean summer and winter tempera-
tures based on beetle analysis clearly identifies the
Younger Dryas stadial, showing a distinct cooling
around 11,000 BP and a strong warming at c. 10,200
BP. However, the Older Dryas oscillation (c. 12,200
BP to c. 12,000 BP) was not recognized in biostrati-
graphic data. Instead a mean July temperature op-
timum, based on insect data, was recorded around
12,000 BP.



4.3 Paper III

A Late Weichselian stable isotope and
molluscan stratigraphy from southern
Sweden, by Hammarlund, D. & Keen, D.H.
(manuscript submitted to Boreas).

This paper is based on studies of a partly carbonate-
rich lake sediment sequence at Vanstads mosse in the
southern part of the province of Skåne, southern
Sweden (Fig. 2). The following stable isotope para-
meters were analysed: 5"C of bulk organic material
(813Cort). 5"C and 5ISO of bulk carbonates (8"Ccrt>

8'"Ocart,), and 5"C and 518O of carbonate shells,
mainly ostracods of the species Candona Candida
(81JC0Mr, 8'*Ollstf). The interpretations of these results
were supported by a study of the mollusc fauna
(D.H. Keen), as well as by carbon analysis, ex-
traction of humic compounds, and relative quanti-
fication of shell carbonate. The chronology was
established by a combination of correlations based on
pollen analysis, and four AMS radiocarbon dates.
The 7m thick sequence analysed, consisting mainly
of calcareous gyttja clay and clayey gyttja (Fig. 1),
was deposited between c. 13,000 and c. 9,500 BP.

The variations in 5^Cn,t data throughout the
sequence principally coincide with corresponding
results from Körslättamossen (App. II). The onset of,
and increase in limnic productivity at c. 12,400 BP
is reflected by an enrichment of "C in bulk organic
material. Minor fluctuations shortly before 12,000 BP
and between c. 11,800 and c. 11,000 BP are closely
related to the content of shell carbonate, lowered
shell production around 11,500 BP being accompa-
nied by a slight enrichment of I3C in organic
material. Relatively low values of 8l3Corj before
c. 11,000 BP are followed by a rising trend during
the Younger Dryas stadia! and a very rapid decline
at c. 10,200 BP (see App. I and section 5.1.2).

Also the interpretations of the 8l3Ctart, data agree
with corresponding results from Korslp' nossen. A
productivity increase at c. 12,400 Bh is iterrupted
by a distinct drop at c. 12,200 BP and a second
increase at c. 12,000 BP, the latter oscillation
probably being the result of a climatic cooling during
the Older Dryas stadial. In the lowermost part of the
sequence very stable values of 5"Ctjrb are attributed
to detrital input of Palaeozoic limestone particles.
Between c. 12,400 and c. 11,000 BP variations in
values of S"C0,lr of similar character and magnitude
as those of 8IJC,)r(, data were recorded. A slight
enrichment of "C in DIC at c. 11,500 BP, accompa-
nied by a very sparse mollusc fauna may be inter-
preted as a climatic cooling involving lowered lake-
water temperature during this period.

In the lowermost part of the sequence values of
8"Otltb around -5%o were most probably inherited by
detrital carbonates. Shortly before c. 12.40QJJP even
higher values (close to -3%o) indicate evaporative
enrichment of "O in limnic carbonates, corre-
sponding to the development at Körslättamossen at
this stage. A large and rapid shift at c. 12,400 BP to
values around -10%o was preceded by a c. 2%e en-
richment of "O in mollusc shell carbonate. This
indicates a substantial climatic change towards more
maritime conditions, involving increased humidity
and subsequently decreased evaporative enrichment
during the summer. A relative enrichment of '*O in
precipitation as a year-around average, indicated by
increasing values of 8"O in mollusc shell carbonate
probably indicates a climatic wanning at 12,500-
12,400 BP. A slight enrichment of "O in bulk car-
bonates may indicate a return to a more continental
climate during the Older Dryas stadial (c. 12,200 to
c. 12,000 BP). At the transition to the Holocene a
decreasing trend is in good agreement with the re-
sults from Körslättamossen, indicating increasing
lake-water temperature. The record of 8'"OMtt data
exhibits relatively stable values around -6%o from
c. 12,400 to c. 11,300 BP, followed by a decreasing
trend to c. -8%o shortly before 11,000 BP. This is
interpreted to reflect a successive climatic cooling
and an increase in continentality well before the
initiation of the Younger Dryas stadial. This assump-
tion is supported by the introduction of two cold
demanding mollusc species at this stage.

Deviating values of 8"C and S'*O obtained on
bulk carbonates at the beginning of the Younger
Dryas stadial were found to be related to the occur-
rence of siderite (FeCO,) in the sediments. These
isotope results cannot be interpreted in terms of
climatic changes.

Important information on the limnic environment
facilitating the interpretation of stable isotope data
can be derived from mollusc analysis. Based on a
synthesis of results from the different methods in-
cluded in the study, variations in different climatic
parameters as well as general climatic changes were
estimated throughout the Late Weichselian and at the
transition to the Holocene.

4.4 Paper IV

Late Weichselian lake sediments analysed
for stable carbon and oxygen isotopes: a
study at Imiotki, Lake Lednica, Great
Poland, by Hammarlund, D.; Biblioteket
Studiöw Lednickich, Poznati (1994).



This paper is based on studies of a highly carbonate-
rich lake sediment sequence at Imiolki, c. 35km
northeast of Poznari in North Central Poland (Fig. 2).
The following stable isotope parameters were ana-
lysed: 8"C of bulk organic material (8I3C ), and
8"C and 8I8O of bulk carbonates (8"CclIb, 8™Oclrt>).
The interpretations of these results were supported by
comparisons with separate biostratigraphic studies of
the same sequence, mainly based on plant macro-
fossil analysis (L. Kubiak-Martens unpubl. data). The
physical composition of the sediments was analysed
by loss on ignition. The chronology of the sequence
was established by means of biostratigraphic corre-
lations with radiocarbon dated lacustrine sequences
in the close vicinity of Imiolki. Pollen analysis
results (A. Wawrzyniak-Gluszak unpubl. data) in-
dicate that the 2.5m thick section analysed was
deposited between c. 13,500 and c. 9,500 BP.

The record of 8"COT| data differs considerably
from corresponding results of the studies in southern
Sweden. Initially high values, c. -20%c, are followed
by a distinctly decreasing trend to c. -27%c, in
combination with substantial fluctuations during the
Allerod interstadial. This development is accompa-
nied by an increase in carbonate content to con-
tinuously high values. This probably indicates a
comparatively early development towards high litnnic
productivity, although considerable oscillations can
be assumed to have Owurred before c. 11,000 BP. In
sharp contrast to this period, the Younger Dryas
stadial seems to have been characterized by a some-
what lowered productivity in combination with more
stable conditions. With respect to productivity con-
ditions, the transition to the Holocene indicates a
return to at least interstadial conditions, although
only restricted data are available. It should be noted
that no depletion of I3C in organic material was re-

corded at this stage, resembling the decreasing trends
observed in southern Sweden at this stage.

A distinct enrichment of I3C in bulk carbonates to
c. +2%c in the lower part of the sequence supports
the theory of an increase in aquatic vegetation
production at an early stage. The following fluctu-
ating values at a lower level (c. +0.5%c) are probably
caused by increased recycling of "C-depleted carbon
dioxide from decomposition of organic material.
During the Younger Dryas stadial a distinct decrease
in values of 8l3Cclrtl to c. -0.5%o, followed by stable
values, point to a generally lowered limnic produc-
tivity, which seems to increase again at the transition
to the Holocene.

Stable values of 8"OCill() close to -5%e in the
lowermost part of the sequence, in combination with
stable values of 813Cclrtl around +0.5%c, indicates
erosional input of detrital carbonates. Subsequently,
minor fluctuations in values of S 1 ^ ^ in the range
-%%c to -6%« until c. 11,000 BP, closely resemble re-
sults from similar studies in Germany, Poland and
the Baltic Region. It may be possible to correlate two
oscillations in 8"Ocart data towards slightly lower
values with similar features recorded in Central
Europe. These oscillations have been dated to shortly
before 12,000 BP and shortly before 11,000 BP re-
spectively, and are interpreted as due to depletions of
!IO in precipitation during cold episodes. During the
Younger Dryas stadial a distinct depletion of 18O in
bulk carbonates was recorded, possibly distinguished
as two phases separated by a period of slightly
higher values. This depletion of "O most probably
corresponds to similar data obtained from several
lacustrine sequences in Continental Europe, and
suggests that the climatically induced change in
atmospheric circulation patterns recorded during the
Younger Dryas stadial, affected also northern Poland.

Fig. 4. View of the present Lake Lednica close to the sampling point at Imiolki, Great Poland, September 1990.

9



5 Discussion and conclusions

In the following sections selected results and
problems, obtained from the different studies within
the project, are discussed in a broader sense. More
comprehensive and detailed discussions are presented
in the respective papers (App. I-IV).

5.1 Methodological results and
problems

Below principles of general importance for the
interpretation of stable isotope data, as well as
lithological and chemical data, are addressed.

5.1.1 Sediment chemistry data

Without specifying a lower limit, Siegenthaler &
Eicher (1986) state thnt the sediments should contain
a sufficient amount of carbonates to meet the
demands of stable isotope analysis. Most earlier
s udies have been conducted on sequences of pure
lake-marl or sediments with very high contents of
calcium carbonate, generally more than 70% of total
dry weight, based on loss on ignition (e.g. Bengtsson
& Enell 1986). Most of the sequence at Imiotki ex-
hibits such high carbonate contents (Fig. 2 of App.
IV), whereas the two sequences studied in southern
Sweden are partly characterized by only slightly
calcareous clay gyttjas. In these studies, however, the
carbon content of the sediments was determined by
the use of a high precision carbon determinator, en-
abling organic material and carbonates of different
chemical composition to be distinguished and quanti-
fied as elemental carbon. At Körs lättamossen parts of
the isotope data were obtained on sediments with less
than 1 % carbonate carbon content (corresponding to
less than c. 8% t.d.w. calcium carbonate; Fig. 9 of
App. II). These results could be affected by pre-
paration errors (B. Buchardt, pers. comm.) and
should be regarded with caution. However, the close
resemblance with corresponding data from Vanstads
mosse (Fig. 5 of App. Ill) indicates that the results
are most probably reliable. There is no reason to
assume that sediments with low carbonate contents
would be less suitable for stable isotope analysis,
provided that the chemical composition of the car-
bonates is properly confirmed.

By means of carbon analysis and x-ray diffraction
analysis restricted amounts of siderife (FeCO3) were
identified in parts of the South Swedish sequences.
The concentrations are generally less than 1 % of to-

tal sediment dry weight, the siderite predominantly
occurring in the sediments deposited during the
Younger Dryas stadial and within the Younger
Dryas-Preborcal transition zone. The siderite was
probably authigenically precipitated in the pore-water
after deposition of the sediments as a result of
microbial methane production (Engström & Wright
1984; Curtis et al. 1986). Authigenic formation
requires anaerobic conditions, low ratios of dissolved
sulphates, and Fe/Ca ratios greater than 0.05 (Berner
1971). The precipitation of sidcrite shortly after
11,000 BP at Vanstads mosse (Fig 5 of App. Ill)
probably reflects a climatically induced environ-
mental change with cessation of carbonate production
(see section 5.2.5). However, the significance of
siderite as a climatic indicator seems to be of
uncertain value, as the siderite content increases
shortly before 10,000 BP at Körslättamos en (Fig. 5
of App. II). The carbon and oxygen isotope composi-
tions of the pure siderite samples from the Vanstads
mosse sequence (Fig. 5 of App. Ill) are in good
agreement with data presented by Mozley & Wersin
(1992). Stable isotope data obtained on bulk carbo-
nate samples contaminated by siderite should be
regarded with caution, since a "C fractionation effect
has been recorded relative to calcite (Curtis et al.
1986). These considerations accentuate the impor-
tance of chemical analysis accompanying stable iso-
tope studies of sediment carbonates, at least con-
cerning sequences with low carbonate contents.

Based on analysis of the humic content of the
sediments according to Bahnson (1968), information
on build-up and degradation of permafrost in the
region has been obtained. Generally relatively high
humic values at, or shortly after climatic shifts,
inferred from stable isotope and biostratigraphic data,
are assumed mainly to represent changes in perma-
frost conditions. During the earlier part of the
Younger Dryas stadial increasing contents of humic
substances were recorded (Fig. 5 of App. II; Fig. 3
of App. Ill), probably reflecting presence of perma-
frost around the lakes. Thawing of the active layer
during the summer seasons may have induced ero-
sion of cryoturbated organic soils. Repeating of this
process during several hundreds of years probably
caused a successive depletion of organic material in
the soils, and lower input of humus to the lakes
during the later part of the Younger Dryas stadial.
The occurrence of permafrost during the Younger
Dryas stadial is clearly demonstrated by finds of
fossil ice-wedges and polygonal patterns in south-
western Sweden (Svensson 1988; 1990), as well as
other permafrost features in southern Scandinavia
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(e.g. Kolstrup 1985), dated to this period. The cli-
matic warming at c. 10,200 BP most probably re-
sulted in degradation of permafrost, major soil dis-
turbances, and increased erosive input of coarse
minerogenic material as well as humic compounds to
the lakes (ef. Berglund & Malmer 1971). Relatively
high values of humic substances were recorded at
this stage. Slightly increasing humic values shortly
after 12,400 BP and around 12,000 BP at Vanstads
mosse imy also indicate breakdown of permafrost
that probably existed before c. 12,400 BP (Björck
1979) and during the Older Dryas stadial (Björck &
Möller 1987) respectively. In contrast, relatively low
values were recorded during the interstadial parts of
the sequences (c. 12,400 to c. 12,200 BP and
c. 12,000 to c. 11,000 BP), indicating absence of
permafrost and stabilized soils in the region
(ef. H.J.B. Birks 1986). These results are well in
accordance with stable isotope and biostratigraphic
data, and constitute parts of the basis for the model
of climatic change in terms of continental versus
maritime conditions proposed by Kammarlund &
Keen (Fig. 7 of App. III).

A. Lake-water temperature

Dissolved bicarbonate in equilibrium with atmo-
spheric carbon dioxide or with carbon dioxide
dissolved in lake water is increasingly enriched in
13C with decreasing temperature (Deuser & Degens
1967; Mook et al. 1974). The fractionation effect is
relatively modest, 0.08%o/°C, although it could to
some extent have contributed to the recorded de-
pletion of "C, on assumption of a general increase in
lake-water temperature at the transition to the
Holocene.

B. Latitude

Evidence of decreasing values of 8"C with higher
latitude have been presented, both concerning lake
sediments (Stuiver 1975), and wood (Håkansson
(1985). This is probably an effect of increasing
supply of carbon dioxide in areas of colder climate
according to point G below. However, the relation to
latitude can be neglected in the present study.

5.1.2 Organic carbon isotope data

The most significant feature of the stable isotope
data compiled in the present study is probably the
pronounced depletion of "C in bulk organic material
across the Pleistocene-Holocene boundary (Fig. 2 of
App. I). This trend was recorded at both the studied
sites in southernmost Sweden (App. II and III), and
was verified and quantified by means of an extensive
compilation of 8'3C data from southern Sweden. A
distinct depletion of 13C in lake sediment organic
material at c. 10,000 BP has also been recorded in
Denmark (Noe-Nygaard 1994) and in Britain
(Harkness & Walker 1991). This study (Hammarlund
1993; App. I) includes a discussion of possible
causes of the trend. Furthermore, Håkansson (1985)
proposed a number of processes as responsible for
the I3C depletion, which has earlier been recorded at
eight localities in southern Sweden (Håkansson
1986). However, the complexity of the problem,
probably involving several contributing processes
mainly as a result of the general climatic wanning
around 10,000 BP, qualifies for a more detailed
analysis of the topic. The following compilation of
processes is more comprehensive and the conclusions
have been partly modified compared to the corre-
sponding discussion by Hammarlund (1993). Most of
the known factors affecting the carbon isotope
composition of DIC and plant material are referred
to, and their respective importance as possible causes
of the observed trend is discussed.

C. Marine influence

Due to kinetic fractionation associated with several
reaction steps within photosynthesis, plant material is
depleted in '3C with respect to the carbon reservoir
utilized (see Deines 1980 for a review). Marine
plants are generally enriched in I3C compared to la-
custrine plants. However, this factor can be ignored
in the present study since the sediments of all the
sequences included were deposited in pure lacustrine
basins.

D. Aquatic vegetation

A change from production of mainly submerged
macrophytes during the Younger Dryas stadial to
mainly plankton during the early Holocene, was
proposed by Håkansson (1985) as a major cause of
the depletion of I3C. This hypothesis was based on
comparisons of carbon isotope data obtained on plant
material and net plankton respectively. However, the
relative enrichment of I3C recorded for macrophytes
is most important in hard-wa'.er lakes (Stuiver 1975;
Håkansson unpubl. data). The lakes included in the
compilation by Hammarlund (1993) had mainly rela-
tively soft water, since they were all situated in non-
calcareous areas. Therefore, this factor can probably
not be attributed to as a main cause of the depletion
of )3C in bulk organic material, although it may to
some extent have contributed.
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E. Telmatic and terrestrial vegetation G. Supply of carbon dioxide

As a result of differences in photosynthetic mecha-
nisms, considerable differences in carbon isotope
composition have been demonstrated between plants
following the C, and C4 photosynthetic pathways
respectively (Bender 1971,O'Leary 1981). C4 plants
are enriched in I3C by 12-14%o as an average com-
pared to C, plants, the latter group exhibiting a mean
of about -26%o (Deines 1980). Talbot & Livingstone
(1989) in a study of East African lakes, demonstrated
that sediment sequences characterized by relative
enrichment of "C in bulk organic material could be
correlated with periods of lowered lake levels. The
5I3C anomalies were caused by expansions of tropi-
cal grasses using C4 photosynthesis, on exposed lake
shores during periods of increased dryness. See also
Talbot & Johannesen (1992) and Nordt et al. (1994)
and references therein. C4 plants are confined to
areas of tropical and warm temperate climate, pre-
dominantly arid regions (Foyer 1984), which means
that this factor can be neglected in northern Europe.
However, changes in the relative amount of terrest-
rial and aquatic plant material may in some cases
influence 513C of bulk sediment organic material.
LaZerte & Szalados (1982) demonstrated a difference
of c. 8%o between submerged aquatic macrophytes
and terrestrial C, plant, the macrophytes being
enriched in °C. A similar relation was stated by
Michel et al. (1989) as a cause of changes in SI3C of
lake sediment organic material. This effect is pro-
bably partly related to diffusion rates (see point I.
below), and may be more important in hard-water
lakes.

F. h'3C of atmospheric carbon dioxide

Based on decreasing values of 5I3C in cellulose
nitrate from ancient wood (Crayton & Epstein 1977;
similar trends were later recorded by Krishnamurthy
& Epstein 1990 and Becker et al. 1991), a depletion
of "C in atmospheric carbon dioxide has been pro-
posed (Stuiver & Braziunas 1987), accompanying the
30-40% increase in carbon dioxide concentration re-
corded at the last glacial-interglacial transition
(Siegenthaler 1991). However, this hypothesis has
recently been rejected through studies of plant ma-
terial from packrat middens, and of carbon dioxide
enclosed in glacier ice. Evidence of a global en-
richment of "C amounting to c. 1 %o around 10,000
BP, was independently presented by Marino et al.
(1992) and Leuenberger et al. (1992). Thus, the
depletion of "C recorded in lake sediment organic
material, probably was instead counteracted by this
process.

Decreasing availability of carbon dioxide results in a
decreasing kinetic fractionation during photosynthesis
from c. 20%c at excess supply, to a minimum of 6%o
at limiting conditions (Deines 1980; Hollander &
McKenzie 1991). As a result of temperature varia-
tions, significant changes in the amount of carbon
dioxide dissolved in lake water can be assumed to
have taken place during the climatically dynamic
Late Weichselian (cf. Kelts & Hsu 1978). At low
concentrations of carbon dioxide several macrophytes
are able to assimilate bicarbonate during photo-
synthesis (Allen & Spence 1981; Fry & Sherr 1984;
Raven et al. 1985). The uptake of bicarbonate
usually occurs as a relatively slow and energy-
demanding diffusion through the cell membrane,
followed by a conversion to carbon dioxide within
the cell. This process may result in a diminished
carbon isotope fractionation between DIC and or-
ganic material compared to direct assimilation of
dissolved carbon dioxide (cf. Aravena et al. 1992).
Deines (1980) states that the 7-9%« enrichment of 13C
in bicarbonate compared to carbon dioxide at equi-
librium conditions (Deuser & Degens 1967) is com-
pensated for by a corresponding increase in frac-
tionation, which means that the carbon isotope
composition of the organic material produced is
generally independent of carbon sources. However,
this assumption probably ignores complicating factors
such as diffusion (see point I. below). Variations in
the concentrations of inorganic carbon species as a
response to changes in lake-water temperature and
pH during the Late Weichselian may to some extent
have influenced 5I3COTJ data (Talbot 1990; Talbot &
Johannesen 1992).

Another aspect is provided by the global varia-
tions in carbon dioxide concentration of the atmo-
sphere related to glacial cycles (e.g. Siegenthaler
1991). The increased partial pressure of carbon
dioxide at the transition to the Holocene may have
caused an increased supply of dissolved carbon
dioxide in the lake water, enabling the maintenance
of a large fractionation during photosynthesis. This
process may to some extent have contributed to the
depletion of 13C at the transition to the Holocene (cf.
Fontugne & Calvert 1992).

H. Hydrogen ion pumping

At the assimilation of bicarbonate by hydrogen ion
pumping (McConnaughy 1991), only 50% of the '.-ar-
bon dioxide produced at the dehydration according to
the following reaction is used for photosynthesis (see
App. II);
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2HCO3 + 2H* -> 2CO2 + 2H2O (2)

The remaining 50% of the carbon dioxide is
consumed at the precipitation of calcium carbonate;

Ca2* + CO2 + CaCOj + 2W (3)

This process may thereby facilitate selective uptake
of I2C compared to assimilation of dissolved carbon
dioxide, and hence induce a relative depletion of "C
in organic material (Fronval & Jensen 1992). Hydro-
gen ion pumping was probably not an important pro-
cess in the soft-water lakes included in the com-
pilation by Hammarlund (1993), but it could have
contributed to the changes in values of S^C,,,,
recorded in the two individual sequences from
southernmost Sweden (App. II and III).

/. Turbidity

At aquatic photosynthesis, diffusion of carbon
dioxide through a stagnant boundary layer sur-
rounding the plant tissues causes a relative
enrichment of I3C in DIC of the boundary layer. This
effect, which is more pronounced in waters of stag-
nant lakes than in rapidly flowing streams, may
result in a relative enrichment of I5C of aquatic plant
material (Osmond et al. 1981). The general im-
portance of this process in the present study is
difficult to evaluate, although it probably had no
major influence on the average values of 5l3Cor|

across the Pleistocene-Holocene transition.

J. Organic productivity

Preferential consumption of >2C at aquatic photo-
synthesis leads to a relative enrichment of "C in the
remaining DIC, as demonstrated by enrichments of
>3C in limnic carbonates (McKenzie 1985; App. II
and III). This may also result in a relative enrichment
of I3C in organic material (Nakai 1972; Stuiver
1975). However, on the assumption of a general in-
crease in aquatic organic productivity at the transition
to the Holocene, the results of the present study, as
well as the results of Harkness & Walker (1991),
clearly contradict with this relationship.

K. Decomposition of organic material

At the degradation and oxidation of organic material,
carbon dioxide with a carbon isotope composition
resembling that of reduced organic carbon is released
(Deines 1980), which may lead to a depletion of I3C

in DIC, and subsequently in new aquatic plant ma-
terial (Rau 1978). As a result of increased limnic
vegetation production and increased accumulation of
decaying organic material on the lake bottoms, a
substantial increase in this kind of recycling of
carbon most probably occurred at the transition to the
Holocene. This process may partly explain the rapid
depletion of I3C in organic material at c. 10,000 BP.

L Fermentation and methane production

Anaerobic degradation of organic material in lake
sediments commonly generates methane and carbon
dioxide, the latter compound being relatively
enriched in "C, exhibiting AI3C values around -5%o
according to Oana & Deevey (1960). However, bac-
terial oxidation of the simultaneously produced
methane may result in production of carbon dioxide
with 8I3C values as low as -70%o to -8O%o (Shoell
1980). This complex process, which has been
discussed by Håkansson (1985), predominantly
occurs during periods of high organic productivity,
and could possibly to some extent have contributed
to the decreasing trend around 10,000 BP.

M. Terrestrial soils

As a result of the early Holocene climatic warming,
the establishment and increased density of terrestrial
vegetation led to the development of stable soils in
the region (H.J.B. Birks 1986; Liedberg Jönsson
1988). Subsequently, increased root respiration and
decomposition of humic substances in the soils most
probably generated an increased supply of carbon
dioxide with 5>3C values around -25%o that reached
groundwater and lakes (Mook 1980). This process
may have been important as a source of >3C-depleted
carbon influencing 5'3C of DIC and aquatic vegeta-
tion at c. 10,000 BP.

N. Endogenic carbonate production

At the precipitation of carbonate shells (molluscs,
ostracods), a withdrawal of I3C may result in a re-
lative depletion of "C in lake-water DIC. However,
comparisons with the individual records of 5l3Cor,
included in the present study (App. II and DI),
indicate that the re-established production of car-
bonate shells at the transition to the Holocene is not
the main cause of the depletion of "C in organic
material, although it may have contributed. Within
the earlier parts of the Late Weichselian sequences,
variations in the amount of carbonate shells produced
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was probably a more important factor, clearly in-
fluencing the carbon isotope composition of DIC and
aquatic vegetation.

O. Dissolution of carbonates

At the dissolution of carbonates according to the
following equilibrium;

CaCO, + CO2 + H2O «=? Ca2* + 2HCO, (4)

half of the bicarbonate carbon originates from carbon
dioxide and the other half derives from the dissolved
carbonate. Assuming carbonate 5"C values around
±0%o (Keith & Weber 1964), this process may result
in a carbon isotope composition of bicarbonate com-
parable to corresponding values at equilibration with
atmospheric carbon dioxide via diffusion through the
lake-water surface (Deuser & Degens 1967). Atmo-
spheric carbon dioxide currently exhibits values in
the range -7%c to -8%e (Keeling et al. 1979; Levin et
al. 1987). On the other hand, the carbon dioxide
responsible for dissolution of carbonates contained in
bedrock and soils is usually depleted in I3C due to
soil processes, such as root respiration and decay of
humic substances (Vogel & Ehhalt 1963). This pro-
cess may thus give rise to a depletion of "C in DIC.
However, the supply of carbonates must have been
very restricted in the catchments of the lakes in-
cluded in the compilation by Hammarlund (1993),
since these were all situated in areas of crystalline
bedrock. Old carbon from dissolution of carbonates,
incorporated by submerged macrophytes, may give
rise to erroneous results at radiocarbon dating (hard-
water effect). This process and its possible bearing
on the carbon isotope composition of plant material
has been studied by Aravena et al (1992).

P. Dissolution of silicates

A substantial etching of silicate minerals contained in
glacial deposits, predominantly plagioclase feldspars,
hornblende and epidote, with subsequent production
of ultra-fine silicate particles, can be assumed to
have occurred soon after the deglaciation (Locke
1986; Sverdrup & Warfvinge 1991). This process
probably induced a considerable input of silicate
particles to the lake waters during the Late Weich-
selian. At the dissolution of silicates, represented by
the following equation (Vogel & Ehhalt 1963);

CaAl2(Si04)2 + 2CO2 + H2O ->
Ca2* + 2HC0, + AI2O3 + 2SiO2 (5)

all the bicarbonate is derived from the carbon dioxide
responsible for the dissolution process. On assump-
tion of a relatively greater importance of this kind of
silicate dissolution by reaction with atmospheric
carbon dioxide during a few thousand years after the
deglaciation (Locke 1986), higher concentrations of
bicarbonate with 6"C values around +!%« (see
App. I) would be expected in the lake waters. This
process may have resulted in a relative enrichment of
"C in organic material due to bicarbonate assimi-
lation (cf. Hollander & McKenzie 1991) during the
Late Weichselian compared to early Holocene condi-
tions (see point G. above). Thereby, this process can
be attributed to as a possible contributing cause of
the depletion of BC in lake sediment organic material
at the Pleistocene-Holocene transition. The general
rate of dissolution of silicates was most probably
considerably higher during the early Holocene. How-
ever, at this stage "C-depleted carbon dioxide from
soil processes (see point M. above) can be assumed
to have been mainly responsible for the dissolution,
giving rise to a depletion of L'C in DIC and aquatic
vegetation. These considerations were not clearly
expressed by Hammarlund (1993; App. I).

Q. Diagenesis

In general, diagenetic processes are accompanied by
a release of "C-depleted methane from the organic
material of the sediments, leading to a relative en-
richment of "C in the residual carbon compounds
(Shoell 1980). However, diagenesis is probably a
process of minor importance in this context.

Conclusions

To summarize, the observed depletion of "C in lake
sediment organic material across the Pleistocene-
Holocene boundary, amounting to c. 5%e (Fig. 2 of
App. I), is probably related to a substantial environ-
mental change, which in tum depends on the climatic
wanning. The observed trend can unambiguously be
attributed to a general depletion of "C in DIC, as
indicated by synchronous depletions of "C in bulk
carbonates (Fig. 9 of App. II; Fig 5 of App. III). The
most important processes contributing to the distinct
shift were probably decomposition of organic ma-
terial and soil formation (points K. and M. above),
leading to an increased supply of l3C-depleted carbon
dioxide to the lake water at the transition to the
Holocene. Possibly, dissolution of fine-grained sili-
cate particles (point P. above) could also have con-
tributed by raising the bicarbonate concentration du-

14



Table 1. Compilation of different factors that may affect the stable carbon isotope composition of bulk organic
material in lake sediments, and their respective influence on the observed decline in 8"C values across the
Pleistocene-Holocene boundary in southern Sweden.

Process
(see text)

Influence on declining trend of S 1 3 ^ values at c. 10,000 BP:
Major neg. Minor neg. Irrelevant Minor pos. Major pos.

A.
B.
C.
D.
E.
F.
G.
H.
I.
J.
K.
L.
M.
N.
O.
P.
Q

Lake-water temperature
Latitude
Marine deposition
Aquatic vegetation
Cj/C4 plant vegetation
813C of atmospheric CO2

CO2 supply
Hydrogen ion pumping
Turbidity
Vegetation production
Decomposition (oxidation)
Fermentation/CH4 production
Soil development
Carbonate production
Carbonate dissolution
Silicate dissolution
Diagenesis

X?

X
X

X?
X

X

X

X?

X?

X?

X

X

X

X?

ring the Late Weichselian. Variations in 5I3C of
atmospheric carbon dioxide and changes in limnic
vegetation production (points F. and J. above) are
two processes that may have counteracted the re-
corded trend. Though this is a highly complex
problem, most other parameters mentioned above
probably had either none or only restricted influence
on the carbon isotope composition of bulk sediment
organic material at c. 10,000 BP (Table 1).

Interestingly, rapid depletions of I3C of similar
character as in the present study have been lecordcd
in organic material extracted from totally different
media of both terrestrial and marine origin. Leavitt &
Danzer (1992), in a study of North American wood
samples, found a depletion of I3C amounting to
c. 3%o around 10,000 BP. Furthermore, bulk organic
material in marine sediments from the eastern
Mediterranean exhibit cyclic variations in SI3C
related to glacials and interglacials, sapropel
deposited during interglacials being consistently
depleted in >3C (Fontugne & Calvert 1992). The
difference between the last glacial maximum and the
Holocene reaches 3-4%o. The changes are interpreted
as due to variations in freshwater input, supplying
l3C-depleted carbon dioxide produced by terrestrial
biological activity to a greater extent during inter-
glacial periods. Furthermore, increased partial pres-
sure of carbon dioxide during interglacials is believed
to have contributed to the observed pattern. These

relations may indicate a mutual relation to changes in
the global carbon cycle, probably involving large-
scale changes in complex parameters such as ocean
circulation patterns and the concentration of atmo-
spheric carbon dioxide through time (Broecker &
Peng 1986; Heinze & Hasselmann 1993; Archer &
Maier-Reimer 1994).

5.1.3 Carbonate carbon isotope data

The carbon isotope composition of limnic carbonates
is mainly a function of the general rate of limnic
photosynthesis (McKenzie 1985). By preferential
photosynthetic assimilation of I2CO2, iquatic vege-
tation production induces a relative enrichment of I3C
in DIC, and subsequently in the carbonates produced
as a result of displacement of the carbonate equi-
librium (Eq. 4). This general assumption seems to be
valid only at the first stage of colonization and
increased blossoming of aquatic vegetation (cf. H.H.
Birks 1980), which is accompanied by distinct en-
richments of I3C in bulk carbonates at all the studied
sites. Later on, as the limnic ecosystems evolve and
the vegetation production respond to different en-
vironmental changes, more complex relations arise,
and other processes affecting SI3C of DIC must be
taken into account. These processes, which are
mainly related to soil formation and decomposition
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of organic material, may lead to a relative depletion
of "C in DIC even in situations with an increasing or
generally high vegetation production. Such relations
are demonstrated by decreasing values of 8l3CCilrt in
combination with increasing productivity as indicated
in biostratigraphic data (see section 5.2.6). The
different contributing processes are also reflected by
the carbon isotope composition of bulk organic ma-
terial (see App. I and section 5.1.2).

At the two Swedish sites distinct depletions of 13C
in bulk carbonates were recorded shortly after 12,000
BP, preceded and followed by relatively constant
levels. The biostratigraphic studies provide no evi-
dence of decreasing vegetation production at this
stage. If anything, the opposite is indicated. The
lowered values of 813CCMb may be caused, or at least
affected by, increased recycling of l3C-depleted
carbon dioxide derived from decaying plant remains.
This would be in analogy with the continuous deple-
tions of I3C in organic material recorded in the range
c. 12,000 to c. 11,000 BP. However, the occurrence
of amorphous carbonate aggregates (Fig 6C of
App. II) in the sediments deposited after the decrease
in values of 8l3Ccart, at Körslättamossen, may be of
importance at the interpretation of the carbon isotope
data. The carbonate aggregates were probably formed
during photosynthetic assimilation and subsequent
dehydration of bicarbonate, described as hydrogen
ion pumping (see section 5.1.2; point H). The che-
mical reactions involved are described in App. II.
This type of photosynthesis may be accompanied by
kinetic fractionation effects responsible for the
observed depletion of "C in bulk carbonates.

At Vanstads mosse a similar relationship between
carbon isotope composition and precipitation of
carbonates may be available. At this site, however,
tubular encrustations originating from Chara coral-
Una (Kelts & Hsu 1978) were frequently recorded
prior to the decrease in values of 5"CCirt, described
above. Thus, in this case the depletion of >3C in bulk
carbonates was accompanied by the disappearance of
carbonate encrustations. On the assumption that the
two types of carbonate particles were formed by
similar processes, these contradicting results probably
reject the hypothesis of hydrogen ion pumping as
being a source of carbon isotope fractionation.
Further stable isotope studies of well identified
limnic carbonates are required to solve this problem.

5.1.4 Carbonate oxygen isotope data

Two main factors influencing the oxygen isotope
composition of limnic carbonates can be dis-
tinguished, both of which are related to climate by
means of fractionation processes. Firstly, at the
precipitation of calcium carbonate the fractionation

depends on lake-water temperature. At equilibrium
conditions and at constant lake-water 5>SO, a tem-
perature coefficient of c. -0.25%o/°C was empirically
demonstrated by Epstein etal. (1951; 1953) resulting
in the following relation, which has been slightly
modified by Craig (1965);

T = 16.9 - 4.2(8C - 8 J + O.13(8c - 8W)2 (6)

where T is the water temperature in °C, Se is the
5"O of carbon dioxide released at dissolution of the
carbonate with phosphoric acid at 25°C, and 5W is the
6'8O of carbon dioxide in equilibrium with the sur-
rounding water. Both isotope notations are related to
the PDB standard.

Secondly, the oxygen isotope composition of the
surrounding lake water affects 518O of the carbonates
precipitated. This factor is controlled by a number of
processes related to the hydrological regime of the
lake, such as sources of surface and groundwater in-
flow and evaporation (cf. von Grafenstein el at.
1992). However, the oxygen isotope composition of
precipitation water has been considered the most
important factor, and has been the subject of a
number of detailed studies (Dansgaard 1964;
Yurtsever 1975; Siegenthaler & Oeschger 1980; van
der Straaten & Mook 1983; Rozanski et al. 1992).
The oxygen isotope composition of meteoric water
depends on the source of water vapour (5"O of
ocean water), and the temperature gradient between
the points of evaporation and condensation respec-
tively. According to Dansgaard (1964), the fractiona-
tion caused by the atmospheric circulation, known as
a Rayleigh process, results in a correlation between
5"O of precipitation water and mean annual air tem-
perature (t) of c. M)J0%c/°C:

8"O = 0.7t- 13.' (7)

Several attempts (Stuiver 1968; Hendy & Wilson
1968; Dansgaard & Tauber 1969; Lemeille et a!.
1983; Siegenthaler & Eicher 1986) have been made
to combine the two fractionation processes involved,
which are oppositely correlated to temperature and
thereby mutually counteracting. The combinations
result in a positive correlation between S'*O of
limnic carbonates and mean annual air temperature
in the range 0.25-0.46%e/°C. However, this assump-
tion ignores that the fractionation during carbonate
precipitation is related to lake-water temperature, and
not to mean annual air temperature. Taking this im-
portant difference into consideration, it becomes
obvious that the two fractionation processes may well
operate independently. An increase in lake-water
temperature could thereby be accompanied by a de-
pletion of "O in limnic carbonates, without the
influence of a contemporary enrichment of '*O in
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precipitation and lake water induced by atmospheric
circulation changes or other factors that may in-
fluence Eq. 7. This is explicitly illustrated by the
depletions of I8O in bulk carbonates recorded around
or shortly before 10,003 BP (Fig 9 of App. II; Fig. 5
of App. DI), which most probably reflect a climatic
wanning. These results, which are supported by bio-
stratigraphic data, clearly contradict with most other
studies (e.g. Eicher & Siegenthaler 1976; Punning
et al. 1984; Ralska-Jasiewiczowa et al. 1992), in-
cluding the results from Imiotki (Fig. 2 of App. IV),
where an enrichment of "*O in bulk carbonates was
recorded at the Pleistocene-Holocene transition. The
discrepancy may be caused by a variety of factors,
e.g. seasonal differences in the general distribution of
precipitation, and further emphasizes the complexity
of oxygen isotope studies.

The great variations in 8ll!OCilIb data recorded
around 12,400 BP and during the Older Dry as stadial
(Fig. 9 of App. II; Fig. 5 of App. Ill), which are
assumed to reflect changes in water balance (i.e. rate
of evaporation), indicate that hydrological factors of
local significance may sometimes be more important
than large-scale changes in atmospheric circulation
and mean annual air temperature. As some of the
main factors influencing the rate of evaporation arc
air temperature and temperature of the water (Ahrens
1991), the rate of evaporation in an arctic or sub-
arctic climate can be assumed to be restricted. How-
ever, substantial rates of evaporation have been
recorded in polar regions (Orvig 1970). Furthermore,
a mass-balance study of an exposed ice surface in
Greenland (O. Humlum unpubl. data) shows that
evaporative weight-loss may amount to 2mm water
equivalent per day at -3°C, probably as a result of
strong winds and a low relative humidity. Evapora-
tion from an open water surface can be assumed to
reach even higher values. These results strengthens
the hypothesis of high evaporation from the lake-
water surfaces in southern Sweden during parts of
the Late Weichselian (see section 5.2), as explanation
of the substantial enrichment of '"O recorded in bulk
carbonates. The annual evaporation/precipitation ratio
may have been very high, especially when taking
into account the impact of strong winds (Berglund &
Rapp 1988; Schlyter 1991), and the much higher in-
solation that prevailed at mid latitudes during the
Late Weichselian compared to present conditions in
the Arctic (Broecker & Denton 1989).

5.2 Palaeoclimatic implications
for southern Sweden

The two studies carried out in southern Sweden
(Körslättamossen and Vanstads mosse; App. II and

HI) constitute the most important parts of the project,
presenting partly new aspects of Late Weichselian
palaeoclimatology in the region. In the following
chronological sections the Late Weichselian climate
history of southernmost Sweden is summarized in
terms of general climatic development, as well as
changes in individual climatic parameters. The con-
clusions are based mainly on results from stable
isotope analysis, although they are supported by
comparisons with biostratigraphic data and recon-
structions based on other methods. The main palaeo-
climatic implications are summarized in Table 2 (cf.
Fig. 7 of App. Dl).

As one of the major objectives of this study is to
reconstruct climatic development and compare cli-
matic events, some of which were most probably
time-transgressive between different regions, the
application of chronozones as proposed by Mangerud
et al. (1974) may lead to misunderstandings. Instead
the stratigraphic terminology as far as possible is
related to ages in conventional and uncorrected
radiocarbon years before present (BP). The terms
Older Dryas, Aller0d, and Younger Dryas are only
used in a climatostratigraphic sense to define stadials
and interstadials respectively (Fig. 5)

5.2.1 Before c. 12,400 BP

During the earliest stage of lacustrine deposition near
or total absence of mollusc-shell fragments (Fig. 6 of
App. Ill) and a very sparse plant macrofossil assem-
blage (Fig. 8 of App. II) indicate unfavourable con-
ditions for most higher aquatic organisms. It may be
argued that suitable floral and faunal elements were
absent due to slow migration rates. However, rapid
dispersal of aquatic plants at favourable climatic
conditions have been demonstrated by Iversen
(1973), and soon after the establishment of limnic
vegetation the first molluscs commonly appear
(Ökland 1990). A generally high content of coarse
minerogenic material and input of detrital carbonates,
also points to unfavourable conditions for limnic
production, characterized by extensive erosion and
high sediment input. At Körslättamossen limnic
ostracods were probably established in the lake as
early as around 13,000 BP (Fig. 5 of App. II). Most
ostracod species are bottom-dwelling detritus-feeders
or filtraters (Enckell 1980), and may thus be less
dependent upon the presence of higher aquatic vege-
tation. High frequencies of moss remains, probably
of limnic origin, were also recorded. The occurrence
of bryophytes is the most probable cause of the
relative enrichment of "C in bulk carbonates re-
corded at Körslättamossen (Fig. 9 of App. II), the
photosynthetic activity leading to an enrichment of
I3C in DIC (McKenzie 1985). At Vanstads mosse
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Fig. 5. Ciimatostratigraphic subdivisions of the Late Weichselian in southern Sweden and northern Poland
respectively, inferred from the results of the present study and comparisons with independent data. The
subdivisions are matched against the chronostratigraphic scheme proposed by Mangerud et al. (1974). Shaded
zones represent insufficiently dated climatic changes.

(Fig. 5 of App. Ill), and possibly also at Kör-
slättamossen, input of detrital carbonates is evident
from the carbon and oxygen isotope compositions of
bulk carbonates in the lowermost parts of the se-
quences (cf. Keith & Weber 1964; Buchardt &
Nielsen 1985).

Shortly before 12,400 BP macrophytes and
molluscs established in the lakes and the
subsequently deposited carbonates can be assumed to
be exclusively of endogenic origin. However, a
relative depletion of "C in bulk carbonates indicate
a still restricted photosynthetic activity. Very high
values of 5"OCilrt, recorded before c. 12,400 BP are
interpreted to be caused by strong evaporation from
the lake-water surfaces, subsequently leading to
enrichments of "O in lake water and limnic
carbonates (see section 5.1.4). These results suggest
very dry summer conditions. An arctic and highly
continental climate with short summers was probably
prevailing (cf. van Geel & Kolstrup 1978).
Reconstructions based on fossil insects suggest mean
July temperatures below 10°C (Lemdahl 1988a).

5.2.2 c. 12,400 to c. 12,200 BP

Considerable changes in most stable isotope para-
meters as well as lithological and biostratigraphic
data indicate a major environmental shift at c. 12,400
BP. A rapidly increasing limnic productivity is evi-
dent from distinct enrichments of "C in bulk car-
bonates, and increasing abundances of plant macro-
fossils originating from aquatic macrophytes. Simul-
taneously the contents of organic and carbonate
carbon of the sediments increase significantly. At this
stage also the mollusc faunas become more dense
and diverse. These changes are at both sites accom-
panied by a very pronounced depletion of "O in bulk
carbonates. This is interpreted as a result of a general
change towards a more maritime climate, giving rise
to moister summer conditions and a considerable de-
crease in evaporation, probably corresponding to the
change from dry to more humid conditions proposed
by Björck & Möller (1987). Compilations of vegeta-
tional data (Huntley & Birks 1983) indicate steep
gradients between continental and oceanic climatic
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regimes during the Late Weichselian (H.J.B. B irks
1986). The rapid and substantial climatic change
indicated by oxygen isotope data, may be a response
to a shift of the geographical position of the Polar
Front. Shortly before this climatic change an en-
richment of '*O in mollusc shell carbonates was
recorded at Vanstads mosse, which may indicate an
increase in mean annual air temperature. The estab-
lishment of aquatic vegetation and mollusc faunas
probably constitutes a reaction to changes in several
different climatic parameters, such as longer vegeta-
tion periods and a general increase in mean summer
temperature. The latter factor is difficult to evaluate
on the basis of insect data from Körslättamossen, but
an increase in mean July temperature from below
10°C to c. 12°C around 12,500 BP has been demon-
strated by studies of other Late Weichselian insect
records from Skåne (Lemdahl 1988b).

5.2.3 c. 12,200 to c. 12,000 BP

This restricted period, the Older Dryas stadial
(Björck 1984; Björck & Möller 1987), seems to con-
stitute a return to approximately the same climatic
conditions as those prevailing shortly before c.
12,400 BP. The event is clearly delimited by con-
siderable climatic shifts. A distinct decrease in
aquatic vegetation production is indicated by pro-
nounced depletions of "C in bulk and mollusc-shell
carbonates. The productivity decrease is also re-
flected by decreasing contents of carbonate carbon in
the sediments. The mollusc assemblage at Vanstads
mosse is characterized by small and thin walled
shells and a generally lowered species diversity.
These conditions were probably caused by a climatic
change involving shortening of the summer seasons
and, correspondingly, longer periods of ice cover.
Increased soil erosion is indicated by coarse minero-
genic material (ef. Berglund et al. 1984). A general
change towards a more continental climate with
summer drought is indicated by a substantial en-
richment of ISO in bulk carbonates at Körslätta-
mossen. On the basis of pollen and insect analysis,
the Older Dryas stadial in other studies in ths region,
has been recognized as a period of increased dryness
(van Geel & Kolstrup 1978; Kolstrup 1982; Lemdahl
1988a). Based on geomorphoiogy, lithostratigraphy
and biosfratigraphy Björck & Möller (1987) conclude
that this period was characterized by a continental
climate with relatively warm summers and cold, re-
latively snow-free winters. Permafrost probably
developed in southern Sweden (see section S.I.I).
Increased wind activity (Berglund &. Rapp 1988)
could also have been a factor contributing to lake-
water evaporation and subsequent enrichment of "O
in limnic carbonates.

However, the climatically induced environmental
changes, identified by means of stable isotopes, are
hardly recognized in plant macrofossil and insect
data from Körslättamossen (Hammarlund & Lemdahl
1994; App. II), since these records are relatively
poor. Temperature reconstructions based on beetle
analysis exhibit a mean July temperature optimum
(12-14°C) shortly before 12,000 BP (Lemdahl
1988a). This is probably not in contradiction with the
stable isotope results of the present study, since a
continental climate with short summers may well
support relatively high temperatures during a re-
stricted period of the year. However, substantial
depletions of I3C in bulk carbonates and lowered
carbonate contents indicate a shortening of the
growth season and probably a decrease in mean
summer water-temperature.

Discrepancies of this kind between palaeoclimatic
data obtained by different methods can be further
illustrated by Late Devensian records from the
British Isles. Based on insect data (Atkinson el al.
1987), a Late Devensian climatic optimum was re-
corded at c. 12,700 BP, with a still relatively warm
climate prevailing shortly before 12,000 BP. In
contrast to these results, vegetational and stable
carbon isotope data may indicate a restricted period
of relatively cold climate shortly before 12,000 BP
(Pennington 1975; Coope & Pennington 1977;
Walker & Lowe 1990; Harkness & Walker 1991).
These considerations in conjunction with the results
of the present study and other independent data from
Sweden (e.g. Björck & Möller 1987), and from
northwestern as well as Central Europe (van Geel et
al. 1989; Ponel & Coope 1990; Lotter et al. 1992),
indicate that the Older Dryas stadial with certainty
was a period of climatic cooling of great regional
significance. Furthermore, increased wind activity
resulting in deposition of eolian sand is evident from
lithostratigraphic studies in Poland, Denmark and
The Netherlands (Nowaczyk 1986; Kolstrup et al.
1990; van der Hammen et al. 1967). However, the
imprint on different biostratigraphic records is often
barely discernable or difficult to interpret (e.g.
Bohnckec/a/. 1987).

5.2.4 c. 12,000 to c. 11,000 BP

The sediments deposited during this relatively long
period of time generally reflect interstadial conditions
with a predominant climate characterized by mari-
time influence. An increase in length of the vege-
tation period is indicated by high carbonate contents
of the sediments. Relatively rich and diverse assem-
blages of aquatic plant remains and mollusc shells
indicate favourable conditions for limnic production.
This hypothesis is supported by enrichments of "C
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in bulk carbonates according to the principles defined
by McKenzie (1985). Shortly after 12,000 BP, slight
depletions of "C in bulk carbonates were recorded at
both sites, although these changes were probably
related to other processes than productivity (see
section 5.1.3). General depletions of "C in bulk
organic material probably reflect mainly increasing
importance of "C-depleted carbon dioxide from de-
composition of plant remains as a carbon source at
aquatic photosynthesis (increased recycling). At
c. 11,500 BP a minor enrichment of "C in bulk
organic material at Vanstads mosse is accompanied
by an impoverished mollusc fauna. This may reflect
a minor and temporary climatic cooling.

The 5'*Ocarb data exhibit relatively stable values in
the range -IO%c to -9%c, a slightly lower level than
corresponding results from Grange mose in south-
eastern Denmark (Kolstrup & Buchardt 1982). Also
the values of 8lsOmou (Fig. 9 of App. II) are rela-
tively constant during this period, whereas 5'*OoW

data (Fig. 5 of App. Ill) exhibit a decreasing trend
from c. 11,300 to c. 11,000 BP. On the basis of the
appearance of two cold-demanding mollusc species
at this stage, this is interpreted as a result of a
gradual change towards a generally colder and more
continental climate well before the onset of the
Younger Dryas stadial, involving a successive de-
pletion of " 0 in precipitation. Vegetational data from
southeastern Sweden (Björck & Möller 1987) also
indicate a progressive climatic cooling initiated at
c. 11,300 BP (ef. Lemdahl 1988a). The slightly oscil-
lating appearance of most isotope data-sets during
this period may be related to similar features re-
corded in Greenland ice cores (Johnsen et al. 1992;
Taylor el al. 1993), as a response to slightly unstable
climatic conditions (cf. Lemdahl 1988a). Climatic
fluctuations are also indicated in biostratigraphic data
from other parts of Europe (e.g. Atkinson et al.
1987; Wohlfarth et al. 1994).

5.2.5 c. 11,000 to c. 10,200 BP

The Younger Dryas stadial is usually very clearly
reflected as a lithological anomaly in South Swedish
lacustrine sequences. At the two sites investigated the
sediments deposited during this period are charac-
terized by total absence of calcium carbonate. The
shift from clayey calcareous gyttja to silty gyttja clay
represents a considerable environmental change,
involving increased soil erosion (Berglund et al.
1984) and unfavourable conditions for precipitation
of limnic carbonates. The mollusc and ostracod
faunas were probably eliminated, a more sparse
aquatic plant macrofossil assemblage was recorded,
and obligate arctic species characterize the insect
record. Mean July temperatures below 10°C are indi-

cated by the insect data from Köislättamossen (Fig. 7
of App. II), as well as by other insect records from
Skåne (Lemdahl 1988a; 1991a). An arctic and conti-
nental climate probably prevailed, although in-
dependent data suggest a considerable amount of
winter precipitation, at least in the western parts of
Scandinavia, as indicated by glacier advances in
Norway (Mangerud 1980; 1991) and western Sweden
(Björck & Digerfeldt 1984; 1991). In southeastern
Sweden, however, the climate at this stage may have
been drier, resulting in a delayed glacier retreat only
(Kristiansson 1986, Björck et al. 1988). Fossil ice-
wedges, dated to the Younger Dryas stadial, are re-
latively rare in southernmost Sweden (Johnsson
1981), although they do occur (Svensson 1988; 1990)
which indicates an arctic climate and the presence of
permafrost (see section 5.1.1). However, the for-
mation of periglacial features may to some extent
have been prohibited by winter snow-cover.

Prolonged ice-cover seasons and cool summers
probably effectively prevented precipitation of limnic
carbonates. This means that carbon isotope compo-
sition of organic material is the only isotope para-
meter available from this period. As a response to
the ceased production of carbonate shells a consider-
able enrichment of >3C in DIC took place, giving rise
to successively higher values of ?>nCa,t. Low con-
centrations of siderite (FeCO3) were identified in the
sediments deposited during the Younger Dryas
stadial, giving rise to anomalous isotope results (see
section 5.1.1).

5.2.6 c. 10,200 to c. 9,500 BP

The Younger Dryas-Preboreal transition zone
(c. 10,200 to c. 10,000 BP), represents a substantial
environmental change in the limnic ecosystem. Bio-
stratigraphic data indicate a very rapid and sub-
stantial climatic warming, involving the introduction
of an insect fauna adopted to temperate conditions
(Fig. 7 of App. II). A diverse aquatic vegetation
including thermophilous species is evident from the
plant macrofossil record (Fig. 8 of App. II), as well
as from the establishment of a diverse mollusc fauna
adopted to weed-rich conditions (Fig. 6 of App. III).
This development is also identified in the litho-
stratigraphy of the studied sequences, as a shift
towards deposition of carbonate-rich sediments.
Terrestrial plant macrofossil data indicate the
development of an open woodland dominated by
birch, and stabilized soils. Similar climatically
induced environmental changes have been demon-
strated in a number of studies throughout the region
(e.g. Liedberg Jönsson 1988). A marked and rapid
climatic amelioration at c. 10,200 BP, involving an
increase in mean July temperature of 3-6°C, is
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indicated by insect studies in southernmost Sweden
(Lemdahl 1991a). The rapidity of the climatic
wanning around 10,200 BP, most probably also
involving a shift towards generally maritime
conditions, may well be compared to the abrupt
termination of stadia! conditions proposed by studies
of Greenland ice cores (Dansgaard et al. 1989;
Johnsen et al. 1992; Alley et al. 1993), and insect
studies from the British Isles (Ashwcrth 1972; 1973).
In contrast to the relatively gradual mode of climatic
change characterizing the initiation of the Younger
Dryas stadial at c. 11,000 BP, a more abrupt change
from a cold and continental climate to more maritime
conditions probably took place at the Younger Dryas-
Preboreal transition (cf. Goslar et at. 1993).

Centred around, or shortly before 10,000 BP, very
rapidly declining values of l3C1>ri were recorded, the
shifts amounting to 6%o and 8%c respectively at the
two sites. The causes behind this important strati-
graphic event have been discussed by Hammarlund
(1993; App. I). A relative decrease in the supply of
bicarbonate derived *rom dissolution of ultra-fine
silicate particles at the transition to the Holocene
may partly explain the depletion of "C in organic
material. Furthermore, an increased supply of "C-
depleted carbon dioxide from soil processes, in

combination with an additional process may be
considered, related to the limnic development out-
lined above. Increased recycling of carbon dioxide
from decomposition of organic material, as a re-
sponse to an increased limnic productivity and an
increased organic carbon content of the sediments at
this stage, could have contributed to the depletion of
"C (see section 5.1.2). The re-established precipita-
tion of limnic carbonates provides additional stable
isotope data. The records of S'^C,^ data exhibit
decreasing trends, probably responding to the same
conditions as 6I3C of organic material, since both
parameters reflect the carbon isotope composition of
DIC. A considerable depletion of "O in bulk carbo-
nates was recorded within the Younger Dryas-Pre-
boreal transition zone at Körslättamossen (Fig. 9 ot
App. II), whereas relatively constant values were
recorded at Vanstads mosse (Fig. S of App. III). At
the latter site, however, a decreasing trend follow
shortly after 10,000 BP. These results are not in
accordance with corresponding 6"O data from
Imiotki in Poland (Fig. 2 of App. IV) or from other
studies in Central Europe (e.g. Eicher 1987), al-
though the depletion of "O in bulk carbonates was
most probably a result of the general climatic
wanning outlined above (see section S.I.4).

Table 2. General climatic and environmental conditions in southern Sweden during different parts of the Late
Weichselian, inferred from stable isotope, chemical and lithological data supported by biostratigraphy.

Appr. period General climate
(I4C years BP)

Local environment

-12,400 Arctic, continental, dry.

12,400-12,200 Subarctic, maritime, humid.

12,200-12,000 Subarctic, continental, dry, short
summers.

12,000-11,000 Subarctic, maritime. Possible oscillation
ate. 11,500 BP.
Gradual transition from c. 11,300 BP.

11,000-10,200 Arctic-subarctic, continental, short
summers.
Rapid transition at c. 10,200 BP.

10,200-9,500 Subarctic-temperate.
Possible oscillation at c. 10,000 BP.

Sparse vegetation.
Unstable soils, probably permafrost.

Increased production of aquatic vegetation.
Soil formation.

Decreased production of aquatic vegetation.
Soil disturbance, probably permafrost.

Increased production of aquatic vegetation.
Soil formation.

Soil disturbance, permafrost.

Rapid vegetational development.
Formation of stable soils.

21



The climatic amelioration at the transition to the
Holocene may have been interrupted by a short phase
of stagnation shortly after 10,000 BP (cf. van Geel &
Kolstrup 1978), indicated by the presence of siderite
and a cold demanding mollusc species at this stage
at Vanstads mosse (App. III).

5.3 Comparisons with the Polish
study

The lacustrine sequence investigated at Imiolki in
Poland (Fig. 2 of App. IV) differs from the sequen-
ces studied in southern Sweden by exhibiting a con-
tinuous deposition of limnic carbonates throughout
the Luie Weichselian. However, the Younger Dry as
stadial is clearly identified in the Iithostratigraphy as
a slight lowering of the carbonate content, probably
reflecting a climatic cooling involving less favourable
conditions for precipitation of limnic carbonates. A
climatically induced environmental change is also
indicated by pollen data (A. Wawrzyniak-Gtuszak
unpubl. data). A slight increase in the non-arboreal
pollen (NAP) frequency is accompanied by lowered
frequencies of Betula and a corresponding increase
in Pinus. A similar decrease in carbonate content
shortly before 12,000 BP most probably represents
the Older Dryas stadial. The pollen assemblage from
this part of the sequence does not, however, point to
a restricted event of stadial conditions, as it is still
characterized by continuously high NAP values.

The two parts of the sequence characterized by
lowered carbonate contents, both exhibit relative
depletions of '"0 in bulk carbonates, most probably
as a response to climatically induced changes in
atmospheric circulation. These oscillations may be
correlated with similar features in Switzerland
presented by Lotter et al. (1992). Lowered tempera-
tures at the condensation of precipitation probably
resulted in a depletion of I8O in lake water and sub-
sequently in limnic carbonates (see section 5.1.4). A
decrease in mean July temperature of at least 2-3°C
during the Younger Dryas stadial is evident from
insect studies carried out at two sites in Central
Poland (Lemdahl 1991b). However, the Older Dryas
stadia) is not identified in insect data (see section
5.2.3). Similar depletions of I8O in bulk carbonates
during the Younger Dryas stadial have been recorded
in lake-sediment sequences from other parts of
Poland (Rozanski 1987; Rozanski et al. 1988;
Ralska-Jasiewiczowa et al. 1992), as well as from
northeastern Germany (Pachur & Röper 1984), Cen-
tral Europe (e.g. Eicher 1987), and the Baltic Region
(Punning el al. 1984). The parallel trends demon-
strate the regional significance of atmospheric cir-

culation changes in Continental Europe during the
Late Weichselian (cf. Siegenthaler et al. 1984).

In contrast to the continuous lake-marl sequences
recorded in Continental Europe, distinct lithostrati-
graphic variations characterize Late Weichselian
lacustrine sequences from southern Sweden, the sedi-
ments deposited during the Younger Dryas stadial
being completely devoid of calcium carbonate. These
important differences suggest that the climatic
changes responsible for the stratigraphic anomalies
on the continent, were more pronounced in Scandi-
navia. According to a general-circulation-model study
presented by Rind etal. (1986), the decrease in mean
annual air temperature during the Younger Dryas
stadial was significantly greater in the North Atlantic
Region than in Middle Europe, partly due to the in-
fluence of lowered sea-surface temperatures. Further-
more, the relative proximity to the retreating inland
ice probably induced persistent anti-cyclonal circu-
lation patterns (cf. Kutzbach & Webb 1991), which
may have contributed to the severity of the Younger
Dryas cooling in southern Sweden. The climatic
change probably involved prolonged ice-cover sea-
sons cool summers and the total cessation of limnic
carbonate production. According to oxygen isotope
data, the phases of increased evaporation during parts
of the early Late Weichselian in southern Sweden,
have no counterparts in Poland, which may illustrate
the difference between a genuine arctic climate in
Scandinavia and more subarctic conditions in the
northern parts of the European Continent (see section
5.1.4). This difference is also evident from recon-
structions of mean July temperatures based on
palaeoentomological studies (Lemdahl 1988a;
1991b), and may correspond to the climatic gradient
maintained by the position of the Polar Front, as
discussed by H.J.B. Birks (1986).

After an initial enrichment of 13C in bulk carbo-
nates as a result of the establishment of aquatic
vegetation, lower values were recorded in the Imiolki
sequence. Also the 5l3Cor( data exhibit a persistent
decreasing trend at this stage, probably mainly re-
flecting increasing recycling of "C-depleted carbon
dioxide. This development is principally the same as
in southern Sweden, although it probably took place
as early as around 13,000 BP, whereas the corre-
sponding depletions of "C at the two Swedish sites
were initiated after 12,000 BP. This means that the
development of aquatic vegetation in southern
Sweden substantially lagged behind the conditions in
Continental Europe (Fig. 5), most probably as a
result of climatic differences (cf. Lemdahl 1991b;
1991c). Striking fluctuations characterize all isotope
parameters recorded in the sediments deposited
during the Aller0d interstadial (c. 12,000 to c. 11,000
BP). Especially the Sl3Cnr( data exhibits considerable
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oscillations which may be caused by carbon isotope
variations in DIC, related to dissolution of carbonates
and changes in aquatic vegetation (L. Kubiak-
Martens unpubl. data). This points to a relatively
unstable climate (cf. Wohlfarth et al. 1994), which is
also indicated by stable isotope and biostratigraphic
data from southern Sweden (App. II and ID).

In contrary to the studies carried out in southern
Sweden, a relatively clear correlation between stable
carbon and oxygen isotope data obtained on bulk
carbonates was recorded at Imioiki in Poland. Accor-
ding to Talbot (1990) this may indicate that the
carbonates were precipitated in a hydrologically
closed lake, or at least in a basin characterized by
relatively long water residence-times. The present
Lake Lednica (Fig. 4) occupies an area which is
15-20 times as large as the former lakes at Körslätta-
mossen and Vanstads mosse. The differences in total
volume were probably even more pronounced.

5.4 Potential of the method in
southern Sweden
Continuous Late Weichselian lake-marl or carbonate-
shell sequences probably cannot be found in Sweden,
which means that studies based on stable isotope
analysis of limnic carbonates will be seriously
handicapped by discontinuous data. However, close-
interval sampling of selected carbonate-rich se-
quences, deposited during parts of the Late Weich-
selian and the early Holocene, may provide important
information on climatically induced environmental
changes.

Stable isotope data should always be accompanied
and supported by biostratigraphic investigations, as
there are sometimes several possible interpretations
available. The present study shows that plant macro-
fossil data greatly facilitates the interpretation of
carbon isotope results. Indirect information on aqua-
tic vegetation can also be provided by studies of the
mollusc assemblage. Furthermore, some mollusc spe-

cies are also good indicators of past temperature
conditions. Temperature quantifications based on
beetle analysis are useful at the interpretation of
oxygen isotope data, although they partly reflect
climatic parameters of different character than those
responsible for the stable isotope variations.
Knowledge about the preferred season of formation
of limnic carbonates and shells of different aquatic
organisms is of vital importance when comparing
different data-sets.

On the other hand, the stable carbon isotope
composition of bulk organic material, as well as
individual plant taxa in lacustrine sequences may
become an important stratigraphic tool in the future.
Additional continuous records from the Late Weich-
selian can easily be obtained from different parts of
Scandinavia, to evaluate the significance of any
secular changes. The decline in 8'3C of bulk sedi-
ment organic material at the Pleistocene-Holocene
transition is most probably a feature of great regional
importance.

Future studies should be accompanied by detailed
analyses of mineralogy and petrography of the sedi-
ments in order to obtain additional information about
sediment composition and origin of the different
constituents. This type of data, as well as stable
isotope records obtained on well identified carbonates
and macroscopic plant remains, would facilitate
interpretation and provide more precise palaeo-
climatic information.

On a global scale, stable isotope analysis of lake
sediments will probably withhold its position in the
future, as an important and widely used method for
reconstructions of environmental changes related to
the glacial cycles. Detailed studies may provide
additional information on how different complex
parameters, such as the terrestrial biosphere and the
atmospheric circulation, react upon global climatic
changes in the past, as well as in the future. This
type of data is probably of crucial importance e.g.
for the understanding of the rapid glacial termi-
nations (cf. Broecker & Demon 1989).
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