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Abstract A multi-core, multidisciplinary palaeo-
limnological study of the partially varved sediment of
a deep, meromictic, arctic lake, Kongressvatnet
(Svalbard, Western Spitsbergen), provides a record of
environmental and climatic changes during last ca.
1800 years. The chronology of sedimentation was
established using several dating techniques ('*’Cs,
219pp, varve counts, palacomagnetic correlation). A
multiproxy record of palaeolimnological variability
was compiled based on sedimentation rates, magnetic
properties, varve thickness, organic matter, geo-
chemistry, pigments from algal and photosynthetic
bacteria, mineralogy and biological assemblages
(diatoms, Cladocera). The major features recognised
in our master core K99-3 include a shift in sediment
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source and supply (magnetic measurements, geo-
chemistry) probably caused by glaciological changes
in the catchment around 38-32 cm core depth (AD
700-820). Additional environmental changes are in-
ferred at 20-18, 8—4.5 and 3-2 cm (AD ca. 1160-
1255; 1715-1880; 1940-1963, respectively). During
the past ca. 120 years a prominent sedimentological
change from brownish-grey, partly laminated silt-
clay (varves) to black organic-rich deposits was ob-
served. From AD 1350 to AD1880 the sediment is
comprised of a continuous sequence of varves,
whereas the earlier sediments are mostly homoge-
neous with only a few short intercalated laminated
sections between AD 860 and 1350. Sedimentation
and accumulation rates increased during the last
30 years (modern warming). Pigment concentrations
are very low in the lower ca. 32 cm of the core (AD
820) probably because of the high turbidity high
energy environment. The high sulphur content in the
uppermost 32 cm of sediment has given rise to two
horizontally stratified populations of sulphur anaero-
bic photosynthetic bacteria, as inferred from their
specific carotenoids. These bacteria populations are
much more abundant during the Little Ice Age (LIA)
than during warmer periods (e.g., during the Medie-
val Warm Period and 20th century). Diatoms are
lacking from the core base up to 18 cm (ca. AD
1255); at this level, species indicative of mesotrophic
water are present, whereas from 17 cm to the top of
the core, oligotrophic taxa such as Staurosira
construens/S. pinnata complex dominate, indicating

@ Springer



J Paleolimnol (2006)

extended ice coverage and more oligotrophic waters
during the LIA. The concentration of Cladocera
subfossil remains (dominated by Chydorus) are rel-
atively high in the deepest sections (54-32 cm),
whereas the upper 32 cm are characterized by a very
low concentration of remains, possibly because of the
strongly anoxic conditions, and in this upper sedi-
ment section rotifer resting eggs become prevalent.
We interpret these changes as responses to climate
forcing through its impact on glacial melt water, lake
ice cover duration and mainly redox conditions in
deep water. The observed changes suggest that at
least some of our recorded changes may parallel the
Greenland Ice core, although our study added more
details about the inferred climatic changes. Further
aspects are discussed, such as catchment processes,
glacial activity, duration of the Medieval Warm
Period, the Little Ice Age, local human activity, and
limnology.

Keywords Diatoms - Pigments - Cladocera -
Sediment - Geochemistry - Varves - Magnetic
properties - Climate - Spitsbergen

Introduction

Polar and mountain ecosystems are highly vulnerable
to climate changes and human impact (Lotter et al.
2002). They play a key role in global change (Lami
et al. 2000a and 2000b) and are thought to play an
important role in a number of positive feedback cy-
cles. Responses to global warming are predicted to be
greatest in these environments, and to occur there
first. The best known palaeoclimatic archives from
the Arctic are the Greenland ice cores (e.g., Grootes
et al. 1993), but for the Holocene these ice cores
show only little variability. This is different from lake
sediment records that show major environmental
changes throughout the Holocene (e.g., Hardy et al.
1998; Willemse and Tornqvist 1999; Wagner et al.
2000; Nowaczyk et al. 2001; Andreev et al. 2003,
2004; Kremenetski et al. 2004; Smith et al. 2004),
and especially over the last ca. 150 years (Antoniades
et al. 2005; Karst-Riddoch et al. 2005). Lakes on
Svalbard have been shown to be particularly sensitive
to environmental changes (Birks et al. 2004a, b).
Kongressvatnet was selected for this multy-proxy
study because it is thought to be a sensitive ecosys-
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tem with respect to atmospheric pollution and climate
variability. The short growing season, despite a rel-
atively high mid-summer productivity, ensures low
annual production compared to temperate lakes.
Additionally, chemical weathering rates are climate-
dependent factors that regulate, in part, the nutrient
supply to lakes (Smol et al. 1991). The simple trophic
structure makes lakes from Svalbard well-suited for
studying lake-catchment-climate interactions.

Evaluation of natural and anthropogenic forcing
on lake biota requires long-term records of physical,
chemical and biological proxies. Specifically, this
study aims to detect ecosystem responses to low-
amplitude, natural climatic changes, as well as to the
impacts from pollution, either local or remote (e.g.,
Rose et al. 2004). At Svalbard, for some pollutants,
concentrations during the winter can reach values as
high as those for rural areas in North and central
Europe (Rahn 1981).

Our project has two major objectives:

1. To provide high resolution multiproxy palaeo-
climate records for the late Holocene using a
large variety of geochemical and biological
indicators;

2. To assess the temporal effect of environmental
and climatic change on lake ecosystem structure
and processes.

This paper presents the results obtained from
Kongressvatnet and focuses on the analyses of
stratigraphic variations in physical, chemical and
biological proxy records. Among these, pigments
derived from algae and from anaerobic photosyn-
thetic bacteria have proven to be a reliable proxy of
modern algal biomass, and also allow the recon-
struction of past algal community changes (Leavitt
and Hodgson 2001). Diatom assemblages and inver-
tebrate fossil remains (cladocerans) allow quantifi-
cation of past changes in pH, temperature, nutrient
enrichment, dissolved oxygen and salinity (Anderson
2000; Battarbee 2000; Korhola et al. 2005). Chiron-
omid remains in Lake Kongressvatnet were very few,
not enough for a stratigraphic study, and are thus not
reported here. In addition, biostratigraphical records
based on these proxy indicators can also be used to
reconstruct ecosystem responses to environmental
variations, especially with respect to aquatic pro-
ductivity, and lake catchment surface processes
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which, if responding synchronously, are likely to
reflect regional climatic variations (Smol et al. 2005).

Catchment processes (erosion, remobilisation of
littoral sediments) and chemical weathering can be
described from sedimentological and geochemical
data. Micro-facies analyses is required to prove the
seasonal nature of the macroscopically observed
laminations in order to establish a varve chronology,
and additional information on extreme precipitation
events can be obtained from the identification of
turbidites. Further non-quantitative grain-size and
mineralogical data might indicate changes in the
sediment source as well as depositional processes.

Magnetic properties, including magnetic suscepti-
bility, and lithological information have been applied
for core correlation and for tracing changes in the
source of detrital sediment fluxes while palacomag-
netic secular variations have been used as the sole
dating tool for the pre-1900 sediments of Kongress-
vatnet (see below).

The collection of several cores, which were cor-
related by magnetic susceptibility and lithology, was
necessary to provide enough sediment for the high
number of proxies that were analysed and the sample
time resolution.

The study area

Kongressvatnet (78°01” N, 13°58” E; Figs. 1, 2) is a
small (0.82 km?), deep (Zpax =37 m) and mero-
mictic lake (Bgyum and Kjensmo 1970) near Ba-
rentsburg (Norden Ski6ld Land) in the inner part of
the valley Kongressdalen, with an elevation of 94 m
a.s.]. Two mountain ranges reaching elevations from
450 to 675 m shelter the lake surface from winds. At
the end of April 1999, we obtained sediment cores
from 37 m water depth from the ice-covered lake.
According to our field portable eco-sonar measure-
ments (SCUBAPRO, PDS-2), this is the maximum
depth of the lake in spring time; however, Bgyum and
Kjensmo (1970) measured in the summer of 1968 a
greater depth of ca. 52 m. It is common that in winter
water level decreases and lake fluctuations can be the
result of subsurface drainage towards the valley of
Linnédalen (Fig. 2) forming thick icings (sheets of
ice formed below springs in winter) on the valley
floor (J. Mangerud, personal communication). The
lake is ice covered for about 9-10 months.

From the ionic composition of the water, Kon-
gressvatnet is a characteristic sulphate lake. The ionic
composition of different water depths at the date of
coring is shown in Table 1. Concentrations of reac-
tive and total phosphorus are very low (<3 pg 17h.
Ca and Mg dominate among the cations, and sulphate
is the dominating anion in Kongressvatnet. The high
content of Ca, Mg and SO, are derived from the rocks
of the catchment, particularly from layers of gypsum
(Bgyum and Kjensmo 1970). The pH was alkaline
(pH = ca 8.0).

Four small streams drain into the lake, and two of
them drain an area that contains small glaciers. The
water of one of these rivulets, running through dif-
ferent rocks, originates from three mineral springs
rich in hydrogen sulphide and is responsible for the
meromictic stability of this lake (Geological map
1:500000, Norsk Polarinstitutt, Dallmann 1993).
From this map the catchment area consists of Car-
boniferous-Permian limestone and gypsum (migma-
tite complex is located west to the lake). Only a small
portion of the catchment is partially covered by gla-
ciers, and today the glacier does not drain into the
lake. More information about the lake water and
landforms is given by Bgyum and Kjensmo (1970,
1980). The postglacial upper marine limit is between
65 and 78 m (Svendsen et al. 1987) so no marine
incursion occurred at Kongressvatnet.

The Svalbard Archipelago is not pristine, and is
affected by atmospheric contaminants (Rose et al.
2004). Several investigations have shown that the
Svalbard atmosphere in winter is heavily loaded with
a variety of anthropogenic pollutants which include
sulphates and sulphur dioxide, heavy metals (e.g., Pb,
Cu, Zn and Ni), and organic gases (e.g., alkani)
(Simdes and Zagorodnov 2001 and references therein).

The vegetation cover is patchy, and consists of
herbs and mosses. Trees are absent and tundra veg-
etation prevails. Vascular plants are sparse and the
number of species is low. Permafrost is found
throughout the area.

The average temperature of the coldest month
(February) at Ny—Alesund is ca. =15 °C (=12 °C at
Isfjord Radio) whereas the average July temperature
range from ca. + 5 °C (Isfjord Radio) to 6.5 °C (at
Longyearbyen). The relatively mild climate of the
western coast is due to the influence of the Gulf
Stream, here the so-called Norwegian Current. Its
climate can thus be termed arctic-oceanic. The
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Fig. 1 Location map showing Kongressvatnet and another investigated lake (L. Ossian Sarsfjellet) mentioned in the text

longest temperature record from Svalbard, covering
the period 1912-1996, is reported by van de Wal
et al. (2002): mean annual temperature over this
period is —6.3 °C. Large fluctuations in temperature
values are evident during the 20th Century. The mean
annual precipitation of 370 mm year™' in Ny—Ales-
und (measurements from 1975 to 1989) decreases to
ca. 200-300 mm in inland areas. Although the 20th
century climate data reported here and in the sections
below are from different sources, the general trend of
variations is similar and consistent, as summarized by
Hanssen-Bauer and Fgrland (1998).
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In addition, details on the climate of Svalbard
during the Holocene (Birks 1991) and of the past four
centuries are reported in Birks et al. (2004a). Past
climate changes are reflected by regional changes in
glacier extent. For example, the Linnébreen glacier,
located ca. 5 km south of Kongressvatnet, started to
form 4000-5000 years ago as a local reflection of
neo-glaciation. The Holocene maximum extension of
this glacier has been reported to occur during the
‘Little Ice Age’ (LIA) (Svendsen and Mangerud
1997). Ice-core data from Svalbard suggest a duration
of the LIA from AD1550-1920 (references in Birks
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Fig. 2 Aerial photograph of Kongressvatnet taken on 19
August 1969 with a view from the north-west (A) (photo S90
2482 obtained from (A). Werner and the Norwegian Polar
Institute). A map of the lake with respect to Lake Linnévatnet
is also shown (Svalbard 1:100 000 Isfjorden, Norsk Polarin-
stitutt, Oslo 1989) (B)

et al. 2004a). Other ice-core records suggest a two-
phase development with cold periods between AD
1200-1500 and AD 1700-1900. Local moraines
probably of this period (Fig. 2) are also present in the
catchment of Kongressvatnet indicating that climate
is the major factor for regional changes in glacier
extent (Werner 1993).

Methods
Sampling and analyses

In April 1999, three sediment cores (K99-2, K99-3,
K99-5; 50.5 cm, 54.5 cm, 48 cm, respectively), from
the deepest part of Kongressvatnet, were taken from
ice using a gravity corer and were sub-sampled in the
laboratory at contiguous 0.5-cm intervals to obtain an
average sample resolution of 13 years per 0.5 cm for

the last ca. 150 years (ca. 9 years for the last
45 years; see the chronology section below). All the
chemical and biological analyses were performed on
K99-3 (master core, Fig. 3), whereas cores K99-2 and
K99-5 were sampled for the magnetic and macro-
facies studies, respectively.

Magnetic parameters

Whole-core magnetic susceptibility was measured in
core K99-2 using a Bartington MS IB instrument
along each core prior to cutting the cores. In addition,
a more complete magnetic characterisation of the
lake sediments has been accomplished: the core was
sampled for magnetic measurements by inserting
plastic cubic boxes (8 cc) in the sediments. The
natural remanent magnetization (NRM), vectors re-
corded in the sediments were measured using a F.I.T.
spinner magnetometer. Stepwise alternating-field
(AF) cleaning was carried out using a Molspin
demagnetizer with peak AF fields between O and
60 mT.

Mass-specific magnetic susceptibility was mea-
sured by using a Bartington MS2 susceptibility meter.

Isothermal remanent magnetization (IRM) up to 1
Tesla (T) was imparted to a subset of samples by
using an ASC IM-30 pulse magnetizer. Back field DC
demagnetisation to 0.3 T was used to calculate the S-
ratio parameter in order to determine the magnetic
properties of the minerals.

Mineralogy and geochemistry

Mineral composition was determined on core K99-3
by X-Ray diffraction (XRD) (Philips PW 1710
spectrometer with Cu tube) on powder pressed into
alumina holders to prevent any strong orientation of
sheet-silicates. Major and trace elements analyses
were performed by X-Ray Fluorescence (XRF)
(Philips PW1480) on sediment powder pellets,
applying the matrix corrections methods of Franzini
et al. (1972, 1975), Leoni and Saitta (1976) and Le-
oni et al. (1982). The estimated precision and accu-
racy for trace element determinations are better than
5% except for those elements at 10 ppm and lower
(10-15%); the detection limit for the most trace ele-
ments is 3 ppm (Leoni and Saitta 1976). Scanning
electron microscopy (SEM) and Energy Dispersive
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Table 1 Temperature, pH and water chemistry characteristics of Kongressvatnet

Depth (m) T (°C) pH Conductivity T. Alk. Cl SO, N-NO; N-NH; TN (mg ™
0°CuSm™) (meql™) (mgl™  (mgl™) (mgl™) (mgl™)

3 1.3 8.1 639 1.03 4.5 327 0.02 0.02 0.06

15 1.6 7.8 605 1.10 4.4 357 0.03 0.01 0.05

30 1.8 7.9 687 1.05 4.2 357 0.06 0.01 0.12

32 1.8 8.1 669 1.03 4.0 334 0.05 0.00 0.08

37 1.8 8.1 682 1.06 4.5 370 0.09 0.00 0.11

Depth (m) Ca (mg ™ Mg (mg ™) Na (mg ™ K (mg ™Y Si (mg ™

3 118 234 3.6 0.4 0.7

15 128 26.5 35 0.3 0.8

30 125 25.6 3.2 0.3 0.9

32 120 23.6 34 0.4 0.6

37 129 27.5 3.6 0.3 0.7

T. Alk. = Total alkalinity; TN = Total nitrogen

Spectrometer (EDS) observations were carried out Pigments

using a scanning electron microscope Philips 515
equipped with an energy-dispersive spectrometer
EDAX 9100.

Micro-facies analyses

A continuous series of large-scale thin sections
(120 x 35 mm) with an overlap of 2 cm each were
prepared from core K99-5 for microscopic analyses.
Eight mm thick sediment slices were freeze-dried and
subsequently impregnated with a transparent two-
component resin (Araldite 2020). After fixing the
impregnated sediment blocks on glass slides, thin
slices were cut and polished down to a thickness of
20 um. Analyses were carried out with a petrographic
microscope (Carl Zeiss Axiophot) with magnifica-
tions ranging from 12.5x to 400x. For measurement
of varve and detrital layer thickness 100X magnifi-
cation was used. Thin-section images were obtained
with a digital camera (Carl Zeiss Axiocam) using the
software Carl Zeiss Axiovision 2.0.

Loss-on-ignition

Water content, organic matter and carbonate content
were determined on core K99-3 by drying 5-6 g of
wet sediment at a temperature of 80 °C (for 3648 h
to constant weight), 450 °C and 950 °C (Santisteban
et al. 2004). An accurate and stable weight loss was
achieved after 4 h of burning ash sediment at 950 °C,
whereas to estimate the organic content, dry samples
were burned at 450 °C overnight (ca. 12 h).

@ Springer

On samples from core K99-3, photosynthetic pig-
ments were extracted using 90% acetone, overnight
(16 h) in the dark, under N, (Lami et al. 2000b). The
extract obtained was used both to quantify the chlo-
rophylls and their derivatives (Chlorophyll Deriva-
tives units, CD) and total carotenoids (TC) by
spectrophotometer (Lami et al. 1994). Using a
Beckman Gold System (Lami et al. 2000b), individ-
ual carotenoids were detected by Reversed Phase
High Performance Liquid Chromatography (RP-
HPLC). Carotenoids analysed were restricted to total
algal community (f-carotene), cryptophytes (allo-
xanthin), siliceous algae (diatoms, chrysophytes) and
some dinoflagellates (fucoxanthin), dinoflagellates
(peridinin), chlorophytes (lutein), cyanobacteria
(echinenone), and purple (okenone) and green sul-
phur bacteria (isorenieratene). Carotenoid concen-
trations are expressed in nanomoles per gram of
organic matter (nmol gallv[), to avoid the problem of
dilution with clastic materials entering from the
catchment, and chlorophyll derivatives in units per
gram of organic matter (U gom).

Diatoms

On samples from core K99-3, diatoms were prepared
using standard H,O,—HCI digestion (Renberg 1990)
and mounted in Naphrax. On each slide, a minimum
of 500 diatom valves was enumerated by light
microscopy, and taxonomic features confirmed by
scanning electron microscopy procedures. Diatom
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Fig. 3 Photograph, lithological description and core correla-
tion of sediment cores from Kongressvatnet. Ages are derived
from a chronological model based on different dating methods
(see text). Arrows indicate prominent graded silt layers;

taxonomy followed Krammer and Lange-Bertalot
(1986-1991). The abundance of taxa was expressed
as relative percentages.

Cladocera
To analyse fossil Cladocera, wet sediment (about 1 g)

from core K99-3 was deflocculated in warm 10%
KOH for 2 h and then digested in HCl 10% (Frey

—AD 230

mud .-

Core K99-5

-] AD 1880

continuous silt-clay
varves

Unit B

discontinuous
silt-clay varves

< homogenous coarse
silt and fine sand
with abundant
sulphides

UnitA

coarse silt with
frequent fine sand
layers

triangles indicate drop stone layer. Two main lithological units
(A and B) including two sub-units each are also described.
Core length in centimetre

1986). The concentrate of the remains was then
transferred into 5% formalin. We counted up to 200
remains per sample (Hann and Karrow 1993), iden-
tifying them to genus/species and, when possible,
morphotype level, after Frey (1958) and Hofmann
(1978). Following Frey (1986), we converted the
counts into population estimates for each taxon and
expressed fossil concentrations as number of exuviae
per g d.w.”" (No. g d.wt.”"). Following Pielou (1977),
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we also calculated species richness (S) and the
Shannon-Weaver diversity index (H’) of chydorids.
This is calculated by:

S
diversity, H = — Y _PilnPi (1)

i=1

where § is the total number of species in the com-
munity and Pi the number of individuals of the ith
species. As required, the value of the index depends
on both the species richness and the evenness (equi-
tability) with which individuals are distributed among
the species. Rarefaction analysis was used to elimi-
nate the effect of different sample size.

Dating

Because of the need for sufficient material for all the
analyses, the time scale for the Kongressvatnet sedi-
ment record was established using multiple dating
techniques applied on three different cores (K99-2,
K99-3 and K99-5). However, these cores have been
easily correlated by means of magnetic susceptibility
and lithology (Fig. 4). Then, an age/depth model (see
below) has been derived from a combination both of
independent dates on a given core and of correlations
between cores.

The top part of core K99-3 was dated using the
short-lived radionuclides >'°Pb and "*’Cs. >'°Pb (1, =
22.26 years) and 3¢y (t1o = 30.2 years) were
counted via gamma spectrometry using an Ortec
HPGe GMX-20195 (gamma-x type) coaxial intrinsic

germanium detector (Frignani et al. 1991; Giordani
et al. 1992). A Constant Rate of Supply (CRS) model
was applied to the activity depth-profiles of excess
219ph (Appleby and Oldfield 1978, 1983). '*’Cs
peaks were attributed to the Chernobyl accident in
1986 and to maximum global fallout reflecting the
tests of atomic bombs (1963). In many ice cores of
Svalbard glaciers, the Chernobyl layer was detected
(Pourchet et al. 1995). However, the highest con-
centration of '*’Cs was shown to be representative of
the maximum fallout of '*’Cs from atmospheric nu-
clear tests (1963) (Pinglot et al. 1999; Appleby
2004).

For sediment older than ca. 100 years, two
independent approaches were applied: (1) measure-
ment of palaeomagnetic direction in the sediments
from core K99-2 to obtain a secular variation curve
used to match varve-dated sediment record from
Finland and the French archaeomagnetic master
curve; (2) varve counting and varve-based sedi-
mentation rate estimation have been applied to core
K99-5. Clastic varves are almost continuously pre-
served between 5 and 30 cm depth (Fig. 3), whereas
in the lower part non-laminated intervals prevail.
For these non-laminated intervals, sedimentation
rates have been calculated on the basis of varve
thickness data from the adjacent varved intervals.
An assumption for such calculations was that sedi-
ment composition and grain-size was similar for the
varved and non-laminated intervals.

AMS radiocarbon dating of nine bulk samples
(Van de Graaff Laboratory, University of Utrecht, NL

Magnetic Susceptibility (10 units SI)

0 20 40 0 20 40 0 20 40
0 : - - 0 A 0 —
10 10 10
£ K99-2
8
£ 20 20 20
o
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©
£ 30 30 30
[0] —
E - ==
8 —
& 40 40 40
50 B0t 50
60 60 60

Fig. 4 Core correlation based on susceptibility scans among cores from Kongressvatnet
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and Center for Accelerator Mass Spectrometry, L.
Livermore National Laboratory, USA) resulted in
ages that were clearly too old (>9000 years BP) due
to finely dispersed microscopic coal particles and
reservoir effects (detrital calcite). A similar contam-
ination was observed in the sediment of the nearby
Linnévatnet (Snyder et al. 1994). Unfortunately,
macroscopic terrestrial plant remains were lacking in
our cores.

Results and discussion
Core correlation

Core correlation of all three cores (K99-2, K99-3,
K99-5) by lithostratigraphy and magnetic suscepti-
bility (Figs. 3, 4) revealed that some cores are
slightly more expanded than others (Figs. 3, 4). The
upper part of the profile is characterised by low
magnetic susceptibility; however, this increases sig-
nificantly below 32 cm depth (Fig. 4). In core K99-5,
the topmost 3—4.5 cm dark organic layer visible in
cores K99-2 and K99-3, is missing (see below).
Comparing the depths among cores of specific peaks
and lithological markers demonstrates variations of
up to 7 cm.

Sediment setting

The sediment record from Lake Kongressvatnet is
characterized by a prominent change at about 4.5 cm
depth from brownish-grey, partly laminated detrital
sediments to a black organic-rich layer on the very
top. This black layer has been recovered in cores
K99-2 and K99-3 (Fig. 3). The detrital sediments are
described from core K99-5 using a continuous series
of thin sections. These sediments are mainly com-
posed of carbonate minerals (dolomite, calcite) with
only a smaller fraction of quartz and clay minerals
reflecting the geology of the catchment basin. Dis-
persed pyrite framboids and fine coal particles are
ubiquitous. The detrital sediment sequence can be
further sub-divided into two units (A and B, see
Fig. 3), which distinctly differ in micro-facies and
grain size. The transition between these units appears
to be gradual at about 30-32 cm. The upper sediment
Unit (B) consists of finely laminated silt and clay
deposits. Laminated intervals are intercalated with

homogeneous sections from about 15-30 cm depths
and continuous from 15 cm depths almost until the
boundary to the black organic surface sediments.

Microscopic analyses clearly demonstrate a regu-
lar two sub-layer depositional system. Basal silt-
sized, sometimes slightly graded layers gradually
pass into a thin clay layer on top (Fig. 5a). Thicker
graded layers, interpreted as turbidites, are occa-
sionally intercalated (Fig. 5b). The basal layers of
these turbidites often include diatom fragments of
Campylodiscus sp. indicating reworked material from
the littoral zone. The lower Unit (A) is mostly
homogeneous with few intercalated short intervals of
a coarser lamination that consists of couplets of fine
sand and mixed silt-clay (Fig. 5c) below 35 cm
depths (core K99-5). Plant remains (Fig. 5d) and iron
sulphides (Fig. Se) often related to decomposed plant
fragments are more common than in the upper part.
Intervals with enriched sulphide particles can be
recognized by a blackish sediment colour, for
example, at 32—40 cm depths (core K99-2; Fig. 3).
Abundant isolated sand-to pebble-sized grains within
fine-grained matrix sediments (Fig. 5f) are inter-
preted as drop stones. Two discrete layers of ice
rafted detritus appear at 30.5 cm and 43-44 cm
depths (Fig. 3).

The origin of the sandy lamination in the Unit A
obviously reflects higher energetic depositional
environment but its origin remains unclear. In con-
trast, there are convincing sedimentological ana-
logues for the fine lamination in Unit B in recent
annual laminations from a lake in the Canadian
Arctic (Zolitschka 1996). This supports their inter-
pretation as true clastic varves as typically occurring
in proglacial and periglacial lakes (e.g., Brauer et al.
1994). The common origin of these varves is differ-
ential speed of settling depending on grain size.
During the short summers, detrital particles were
transported with snow and glacier melt water into the
lake. The larger silt particles immediately sank to the
lake bottom whereas clay particles remained in sus-
pension until extreme quiet water conditions under
frozen lake conditions developed in winter. A further
proof of this seasonal deposition are drop stones,
which were released from drift ice during the ice
break-up and settled on top of the winter clay layers
and, thereby, slightly deformed them (Fig. 5a). These
clastic varves are the dominant type of fine lamina-
tions at Kongressvatnet (>95% of all couplets). Their
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Fig. 5 Thin section images (a—f) from core K99-5 sediments.
Except (¢) and (d) all images are made with cross-polarized
light. (a) silt/clay couplets interpreted as clastic varves; one
dropstone-like sand grain has deformed the winter clay layer of
a varve, 3 cm depth; (b) graded detrital layer interpreted as
extreme runoff event at 2.5 cm depth. Embedded in the coarse
basal layer are diatom fragments of Campylodiscus noricus

formation required sufficient detrital sediment fluxes
and, probably more importantly, stable freezing
conditions in winter. Variations in varve thickness
(Fig. 6) are interpreted as a summer temperature
proxy (Leemann and Niessen 1994; Brauer 2004)
since the rate of ice and snow melt that controls the
sediment yield largely depends on summer tempera-
tures.

Magnetic parameters

Rock magnetic parameters measured in core K99-2
(X, SIRM, S-Ratio, SIRM/X; Fig. 7) indicate that a
different magnetic content characterizes the core
sediments. Low values of concentration related
parameters X and SIRM occur in the uppermost
25 cm of core (30 cm in master core K99-3), indi-
cating that a minor magnetic content characterise this
interval. These parameters increase below 30 cm of
depth suggesting a higher magnetic content for the
bottom of the core. The coincident increase in the
S-ratio indicates that ferrimagnetic minerals (mag-
netite type) dominate in this part of the core whereas

@ Springer

(marked by black circles); (c) coarser lamination from the
lower unit consisting of fine sand/silt couplets, 42 cm depth;
(d) unspecified plant fragment, 21 cm depth; (e) spots of
greigite framboid accumulations (black dots); (f) two drop-
stone-like sand grains in fine-grained homogeneous matrix;
dropstone layer at 30 cm depth

minerals with higher coercivity (hematite or goethite
type) occur at the top of the core. The two peaks in
SIRM/X, coinciding with those in SIRM and high ‘S’
values, are the result of greigite (Fe,S,) formation.
This ferromagnetic iron sulphide is magnetically
characterised by high values of interparametric ratio
SIRM/X (Snowball 1991) and usually it forms in
fresh/brackish water where Fe and S are sufficiently
abundant and conditions are sufficiently reducing for
pyritization to begin—i.e. it is part of the solid
solution series that eventually results in pyrite. This
result suggests that two different sources characterize
the magnetic supply as a possible consequence of two
processes: (1) meltwater or glacier emplacement
occurring in the catchment, (2) dissolution of mag-
netite. According to the magnetic curves the evidence
may be against a simple reductive diagenesis (dis-
solution) and more for a sediment source shift tied to
the level of glacial melt/or particle size. Base on the
proposed chronology (see below), this change
occurred in the 7th—8th century corresponding to a
period of significant climatic deterioration known as
the “Dark Ages Cold Period” (Berglund 2003).
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Fig. 6 Varve thickness variations measured from core K99-5
(0—15 cm depths) for the varved part of the sediments from
Kongressvatnet. In intervals without thickness data, varve
boundaries were not distinct enough for reliable measurements.

Chronology

In general, dating of predominantly clastic sediment
records is not a trivial task due to the limited number
of dating techniques and their uncertainties. There-
fore, a multiple dating approach has been applied for
the sediment record from Lake Kongressvatnet in
order to achieve the best possible age model. Dating
methods include (1) radiometric dating for the up-
permost part of the record, (2) varve dating and
varve-based sedimentation rate estimates, and, (3)
correlation of palacomagnetic data with a varve-dated

Upper panel: zoom-out of the varve thickness data from AD
1800 to 1850. Note: minimum in varve thickness between AD
1815 and 1817

lake sediment record from Finland and French
archaeometric data.

Recent chronology (last ca. 150 years). The up-
permost part of the sediment core K99-3 was dated
using short-lived radionuclides (137Cs and 210Pb),
which enable us to calculate the sediment accumu-
lation rates for approximately the last 50-150 years.
(Fig. 8).

The '*’Cs, an artificial radionuclide supplied by
fallout from atomic weapon testing and releases from
power plants, was detectable in the upper 2.5-3.0 cm
of the sediment core (Fig. 8a). If this represents 1954
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(onset of experiment weapons), a mean sedimentation
rate of 0.61 mm year™' is calculated for the last
45 years. However, a well-apparent peak of '*’Cs
was measured at 1.5-2 cm depth. Assuming this peak
as related to the 1963 fallout caesium (Pinglot et al.
1999), the resulting sedimentation rate is
0.49 mm year '. The Chernobyl signal in ice and
sediment cores of the Arctic is much less evident
compared with the clear maximum in 1962-63
(Pinglot et al. 1999 and references therein).

The 2'"°Pb chronology based on a comprehensive
CRS approach enables calculation of sedimentation
rates for the last century (Fig. 8b, c). 2'°Pb activities
fluctuate throughout the sediment cores and cease at
4.5 cm depth. Assuming negligible biological mixing
(justified by lake meromixis conditions), accumula-
tion rates have been calculated according to Appleby
and Oldfield (1978, 1983). An average sedimentation
rate based on the CRS M-90 (depth where the 2'°Pb
integral reaches 90% divided by 74 years) gave a
value of 0.47 mm year ' (0.024 g cm™? year "),
which is in good agreement with the estimate from
the '3’Cs-peck of the 1963 fallout. Applying the mass
sediment accumulation rate (0.024 g cm™2 year "), it
reveals an extrapolated age of AD 1881 for the lith-
ological change (4.75 cm, 2.82 g cm™2). This age is
similar to observations in nearby Lakes Ossian (AD
1869; Musazzi 2005) and Lake Lillevatnet (AD 1889)
(unpublished data).
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Pre-20th century chronology

The chronology for the record beyond radiometric
dating has been established on the parallel cores K99-
5 (varve chronology) and K99-2 (palacomagnetic
correlation; Fig. 9). The dates have been transferred
to the master core K99-3 through detailed core cor-
relation based on marker layers (Fig. 3) and promi-
nent features in magnetic susceptibility (Fig. 4). The
distinct lithological change at 4.5 cm sediment depth
marks the anchor point where the varve chronology
has been connected to the radiometric dating. Thus
varve counts start at AD 1880 as obtained from *'°Pb
and '*’Cs dating. Varve counts are continuous only in
the uppermost part. The section below is only partly
varved, still allowing varve-based sedimentation rate
estimates. For the lower, non-varved part of the re-
cord, simple extrapolation has been applied. Thus, an
age of ca. AD 230 has been estimated for the base of
the study core (Fig. 10).

From 5 to 14 c¢m, 490 continuous varves have been
counted. In the lower part of the record, another 125
varves have been identified in seven individual sec-
tions, each containing between 5 and 52 varves.
Thickness measurements of these varves have been
used for sedimentation rate calculations. Sedimenta-
tion rates vary between 0.23 and 0.30 mm year ',
with maximum values reached between 23 and 30 cm
depth, a section characterized by slightly coarser
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Fig. 8 Activity/depth profiles of short-lived radionuclides
measured from core K99-3 collected in Kongressvatnet: (a)
137¢g plotted against sediment depth (cm); (b) excess 210py,
versus cumulative dry mass (g cm™2); (c) plot of ages versus
sediment depths based on calculations of the CRS model
applied to excess 2'°Pb data; the depth of the 1963 '*’Cs
peak is also shown, which is in good agreement with CRS
results

grained varves. Below 39 cm depth (AD 700) no
varves are preserved. The upper part of the varve
chronology might be supported by a short and distinct
drop in varve thickness for the years ca. AD 1815-
1817 (Fig. 6). Accepting the interpretation of varve
thickness as proxy for summer temperature, the low
values measured for these three years could reflect a
short-term cooling related to the Tambora eruption in
AD 1815. A series of cold summers has been reported
during that period also from tree ring studies (Briffa
et al. 1998).

The varve-based age model is confirmed by cor-
relating six distinct features in inclination with pal-
aeomagnetic results from the varve-dated Lake
Pohjajédrvi in Finland (Saarinen 1999) and archaeo-
magnetic data from France (Daly and Le Goff 1996)
(Fig. 10). Although magnetic declination exhibits
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Fig. 9 Inclination profile of core K99-2 of Kongressvatnet and
comparison with dated master curves from western Europe and
Finland. Dashed line: uncertain boundary

some scattering either due to sampling, or as an
artefact of the steep inclination (70°-85°), as ex-
pected for the high latitude of the site, the inclination
profile shows the same pattern as known from other
well-dated records (Fig. 9). In particular the low
inclination values from 8 to 12 cm depth compare
well with the prominent minimum in master curves
from Western Europe which occurred in the 14th—
15th centuries AD (Daly and Le Goff 1996). Steep
inclinations between 20-25 cm depth could represent
a peak (y) dated elsewhere at ca 1000 to 1200 year
BP (Thouveny and Williamson 1991; Saarinen 1999).
The significant correlation of features of secular
variations between lacustrine sediments from Spits-
bergen and European mid-latitude records has been
already recognised by Lgvlie et al. (1991).

The resulting age for the base of the record is
about the same for the extrapolated varve chronology
and the correlation with the Pohjajirvi record and
about 100 years older as derived from the correlation
with the French archaeomagnetic data. This differ-
ence is within the assumed uncertainty in all applied
dating approaches.
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Fig. 10 Depth-age plot for core K99-3. Varve counts obtained
from core K99-5 have been transferred to K99-3 for each cm
(as indicated by the open circles) based on the distinct
sedimentological marker layers (see Fig. 3). The start of the
varve count at 4.5 cm reflects the lithological boundary
between the topmost black organic layer and the predominantly
clastic sediments below. The date for this point is AD1880
according to '*’Cs and >'°Pb dating (see Fig. 8). The lower part
of the varve-based chronology (dashed line) has been
extrapolated because in this section no varves are preserved.
The varve dating is confirmed by correlation of prominent
features in inclination with the archaeomagnetic record from
France (open rhombs) and a palacomagnetic lake record from
Finland (open squares)

Mineralogy and inorganic geochemistry

The main mineral phases of core K99-3 identified by
XRD are: dolomite, quartz, calcite (cc/dol 0-0.2),
clay minerals (muscovite/illite, chlorite) and feld-
spars. The high content of carbonates originates from
the erosion of dolomite and limestone of the Car-
boniferous Nordenskoldbreen Formation in the
catchment area of Kongressvatnet; the silicate frac-
tion derives from the Mesozoic siliciclastic rocks
outcropping at the eastern side of the lake. Variable
carbonates/silicates and calcite/dolomite ratios occur
throughout the core (Fig. 11), and this suggests some
changes in the sediment supply through time.

The chemical features of the Kongressvatnet sed-
iments display the carbonate signature, but the wide
variations in SiO; (21-37%), Al,O5 (5-9%), MgO
(10-15%), CaO (13-23%) and CO, (20-30%) con-
tents provide further evidence for the mineralogical
variations observed.
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Among minor and trace elements, the wide range
of S content (650-10600 ppm) appears remarkable.
According to the downcore behaviour of the major
and trace elements, three main groups of elements
can be identified (Fig. 12). One group (MgO, CaO,
CO,, MnO) is related to carbonates; a second large
group is split into two sub-groups,one including SiO,,
Al,O3, K,O among major elements, and Rb, V and
Ba among trace elements, refers to aluminosilicate
fraction, and one including Zr, Y, Nb, La and Th
refers to coarse-grained resistant heavy minerals; the
third group includes elements (e.g. Fe,O3, Ni, Cr, Co,
Zn, S) with undefined sources.

The chemical depth profiles of the elements carried
by aluminosilicates are complementary to those of
carbonates (Fig. 12), and allow the identification of
four main zones characterized by different silicate/
carbonates ratios. Zone I is distinguished by the low
contents of Si0,, Al,O5 and Rb, and high of MgO and
CaO; zone II is identified by the increase of SiO,,
Al,O3 and Rb, and the decrease of MgO and CaO; zone
IIT matches zone 1 but Fe content increases upcore;
finally, zone IV is characterized by the sharp increase
of Si0,, Al,O3 and Rb followed by an irregular de-
crease. On the whole, from the core bottom to about
40 cm (ca. AD 230-643) and from 20 to 10 cm (AD
1159-1600) the sediment is more carbonate rich than
in the intermediate (40 to 20 cm) and upper (10 to
3 cm) zone (AD 1600-1940). However, if we consider
the profiles of Ca/Mg and of (Zr+Rb)/Sr ratios a layer
rich of carbonates occurs also in the intermediate zone
from 29 to 26 cm.

The profile of S is characterized upwards by a
sharp increase in S content. The first and second
zones from the bottom overlap rather well the lowest
ones defined by the carbonate/silicate ratios, whereas
zone III includes sediments from 18 to 6 cm. Zone IV
shows a S decline. Although the increase of S content
appears linked to the aluminosilicate fraction, the
sulphur profile above 16 cm differs from those of
aluminosilicate elements (e.g., Al,03, K,0) and fits
very well to that of iron. This suggests that the sul-
phur in the sediment may be carried by iron sulp-
hides. Sulphides are usually associated to the
siliciclastic fraction of the sediments (thin section
clearly show the formation of pyrite (FeS) or greigite
(FesS,4) around plant fragments too). However, in this
core sulphur appears enriched also in the 20-10 cm
range depth rich in carbonates. This enrichment could
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be related to a higher sulphide content, but we could
not exclude the presence of sulphates in the sediment.
In fact, gypsum layers occur in the Kongressvatnet
drainage area inter-bedded to the Carboniferous
dolomite and limestone (Dallmann 1993). They are
considered responsible for both the high sulphate
content of the lake water and the precipitates of cal-
cium sulphate found in the rivulet bed entering the
lake (Bgyum and Kjensmo 1970). Since the presence
in the sediment of iron sulphide, or instead of calcium
sulphate, has different significance as regards the
redox conditions at the lake bottom, the identification
of the S carrier is crucial. Indeed SEM-EDS obser-
vations allowed us to identify many spheroidal par-
ticles (3-5 um in size) of iron suphides (framboidal
pyrite confirmed in thin sections; Fig. 13), spread out
among carbonate and silicate grains, but no sulphate
particles. Accordingly, the degree of pyritisation
(DOP = pyrite Fe/total Fe; Berner 1970), a reliable
index of palaeco-oxygenation, was calculated assum-
ing that all sulphur is present as pyrite (Jones and
Manning 1994). Reducing conditions during the
phase of high S content are also indicated by the high
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minerals; Carb/Sil: carbonates/silicates ratio; CC/Dol: calcite/
dolomite ratio. The horizontal lines distinguish four main zones
with distinctive geochemistry (see text). Chronology is based
on multiple dating (Fig. 10)

concentrations of photosynthetic sulphur bacteria
pigments (see below).

Dry weight, loss on ignition, organic carbon, total
carbon, total nitrogen

The dry weight profile shows several peaks that are
related to changes in sediment texture and external
input of minerals (erosion e.g. at 4.5 cm, 17.5 cm;
Fig. 14). Between 54.5 cm and 35 cm the water
content is unusually low (ca. 30% w.w.) and high
susceptibility values are measured (Fig. 4).

Terrestrial vegetation is extremely rare and the
organic compounds in the sediments are believed to
be almost entirely derived from within lake produc-
tivity. The sedimentary organic matter, C and N were
different and variable through time (Fig. 14). These
biogeochemical parameters have low values
(LOI = 3-6% d.w.; total C =ca. 7-8%; org. N =
0.1-0.2%).

LOI, which is highly correlated with organic
nitrogen, increase upwards (max values at 1-2 cm).
A relatively steady increase is observed from 37 cm
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Fig. 12 Depth profiles of selected major and trace elements
and of some geochemical indices representative of the main
sediment components in the Kongressvatnet sediments (core
K99-3). The (Zr + Rb)/Sr ratio reflects the balance between
siliciclastic (Zr and Rb rich) and carbonate (Sr rich)

upwards. Low values are at ca. 7 cm (AD 1772) and
at the bottom of the core.

Algal and bacterial fossil pigments

Total chlorophyll derivatives (CD) and total carote-
noids (TC) are indicators of algal abundance, whereas
single carotenoid remains are used as signatures for
specific algal taxa.

CD, TC, and in general all sedimentary pigments
have very low concentrations in the lower ca. 30 cm
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components (Dypvik and Harris 2001); Ca/Mg ratio supports
both the calcite vs. dolomite variations and those of carbonates
vs. silicates; DOP is the degree of pyritization (DOP = pyrite
Fe/total Fe; Berner 1970)

of the core (zone I; Fig. 15). CD and TC profiles are
very similar to B-carotene, a pigment produced by all
algal taxa, and were more abundant in the past, in
particular between 18 cm and 8 cm (zone IV), than
recent periods with minimum values from 25
tol7 cm. An abrupt change is shown at 8 cm. Fuco-
xanthin (diatoms, siliceous algae) is present only in
the topmost samples and in zone II. Other carotenoids
more resistant to decomposition such as echinenone
(cyanobacteria) and lutein, a characteristic pigment of
green plants, are absent or very much reduced in zone
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Fig. 13 SEM npicture of the Kongressvatnet sediment (scale
bar = 10 um). The light grey spheroidal particles are iron
suphides, as confirmed by the high iron and sulphur content in
the EDS spectra

IV. Echinenone is totally absent in the topmost 5 cm
(zone I). In summary, as inferred from the concen-
trations of their characteristic carotenoids, siliceous
algae (diatom, chrysophytes) and chlorophyceae are
the most abundant algal groups in Kongressvatnet,
whereas cyanobacteria and truly planktonic algae
(alloxanthin; Guilizzoni and Lami 2002) are scarce
(Fig. 15).

Photosynthetic purple anaerobic bacteria, as in-
ferred from their specific carotenoids okenone and
isorenieratene, are a major component of the micro-
flora of this meromictic lake. The high sulphur con-
tent of its waters supports, from 30 cm upwards, two
horizontally stratified very abundant populations of
photosynthetic bacteria, one near the chemocline
(Chromatiaceae) and the other at greater depth
(Chlorobiaceae). The photosynthetic pigments of the
two groups are distinctive and group-specific. The
Chromatiaceae contain the carotenoids okenone (and
bacteriochlorophyll a), whereas the Chlorobiaceae
produce the carotenoid isorenieratene (and bacterio-
chlorophyll e). Compared to some pigments (e.g.,
fucoxanthin), these carotenoids appear to be less
susceptible to diagenesis (Brown et al. 1984; Leavitt
1993). Our data indicate that peaks of okenone con-
centrations correspond to minimum values of iso-
renieratene and vice-versa and, consequently, that
populations of photosynthetic bacteria have been
influenced by water transparency or water turbidity:
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Fig. 14 Selected physical and chemical parameters in core K99-3 of Kongressvatnet. M.S. = magnetic susceptibility; D.W. = dry
weight; LOI = Loss on Ignition; Ntot = total nitrogen; Ctot = total carbon
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Fig. 15 Total chlorophyll derivatives (CD), total carotenoids (CD) and specific carotenoid concentrations of sediment in core K99-3

from Kongressvatnet

in other words by light availability. Compared with
the concentrations of okenone, isorenieratene is,
however, very low (Fig. 15). Under reduced light
conditions, the Chlorobiaceae, occupying the deepest
strata, are most strongly affected. Both populations
mark the onset of meromictic conditions of the lake
that probably became permanently anoxic and strat-
ified from 18 cm upwards. Deep anoxic conditions
were, however, present in earlier periods (zone II). It
is difficult to say if these variations in light limitation
would affect the algal community as well: compared
with the algae, the photosynthetic anaerobic bacteria
have a much lower light requirement (they can
growth well at very reduced light, <1% of surface
light (Ziillig 1985).

The bacteria carotenoids are much more abundant
during the LIA (concentrations are very high; zone
IV) than warmer periods (e.g., during the Medieval
Warm Period (MWP) and recent period; end of zone
IT and zone III, Fig. 15). The 20th century tempera-
ture and climate reconstructions show a clear warm-
ing on Svalbard from a study on glacial net mass
balance (Lefauconnier and Hagen 1990), yet the
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bacteria pigments are reduced (zone V). However,
from the depth distribution of total pigments (CD, TC
and f-carotene), biomass of the algal community is
fairly high, indicating that different favourable
ambient conditions characterize the 20th century
compared with those of the past. Since the concen-
trations of alloxanthin, a carotenoid that belongs to
truly planktonic algae (Guilizzoni and Lami 2002),
are very low, no important fluctuations in water level
are inferred from its distribution.

Diatoms

A stratigraphic profile of the dominant diatoms is
illustrated in Fig. 16. A total of 140 taxa were found,
of these 57 had a greater abundance than 1% in any
one sample. Specimens of Cocconeis placentula and
Fragilaria capucina were variable and although
varieties were initially identified, these were subse-
quently amalgamated.

The main characteristic of the diatom diagram is
that diatoms are absent from the core base up to
18 cm (zone I; ca. AD 1255), when species of
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Fig. 16 Relative abundances of major fossil diatom taxa in the sediment core K99-3 from Kongressvatnet

mesotrophic taxa such as Fragilaria crotonensis,
Tabellaria flocculosa, Synedra tenera and small
Stephanodiscus spp. appear (zone II). Two of these
species (F. crotonensis, T. flocculosa) re-appear in
low abundance in very recent times (last 40 years). A
similar, sudden increase in diatoms in Arctic lakes,
although relative to recent times, was also found by
Doubleday et al. (1994) and Perren et al. (2003), who
explain this event by an environmental change related
to the general climatic warming during the last cen-
tury. Likewise, in Kongressvatnet, diatom appearance
at ca. AD 1255 could be explained by an external
factor (climatic change) during former times. It is
difficult to explain why diatoms when lacking
whereas other biological remains such as pigments
(although at very low concentrations) and especially
Cladocera were not (Fig. 17). We hypothesize that
this may be related to the (1) poor preservation in
carbonate rich sediment and, (2) extension and
duration of ice cover as inferred from the anoxygenic
bacteria pigment data which indicate for the deepest
part of the core, a long period of ice cover, during
which the scarcity of light and nutrients would have
prevented extensive algal growth.

From 17 cm upward, the main taxa are typical of
oligotrophic water and the community is dominated
by the planktonic species, in particular Cyclotella
rossii that shows several changes in its abundance
reaching the maximum value at the end of 19th
century (zone IV; Fig. 16). The amount of planktonic
diatoms such as Cyclotella spp. in relation to the
benthic ones, especially small Fragilariaceae, may
give some indication of the length and extent of the

ice-cover, water-level fluctuation, and the availability
of light and nutrients: the longer the ice cover the
shorter the growing season for the planktonic diatoms
(Smol 1988; Lim et al. 2001). Fragilaria species are
r-strategists, well adapted to changing environmental
conditions. Therefore Fragilaria-dominated assem-
blages are common in physically disturbed, unstable
environments often characteristic of the early Holo-
cene and recently deglaciated sites (Bradshaw et al.
2000).

In Kongressvatnet, small Fragilariaceae such as
Staurosira construens and Staurosirella pinnata, are
never the dominant taxa and their stratigraphic profile
shows strong oscillations in general in opposition to
the main C. rossii trend. Zone III corresponds to a
phase of lower percentages of planktonic diatoms and
of an increasing abundance of S. construens. We
believe this represents the LIA with the typical S.
construens/S. pinnata complex dominating colder,
more oligotrophic waters and lower water level
(Douglas et al. 1994; Bradshaw et al. 2000; Perren
et al. 2003). Fluctuations in water level can be in-
ferred from the planktonic/benthic ratio: several
minima values and thus lower water levels are shown
during the last century (1.75, 3.25 cm) and during the
LIA (between 7.75 and 15.75 cm) core depths.

To verify the above hypothesis, we compared the
diatom percentages with the concentrations of fossil
pigments. The decrease of planktonic diatom com-
munities is associated with high concentrations of
bacterial pigments (isorenieratene and okenone) and
a low content of lutein and chlorophyll derivatives.
We consider this pigment composition typical of cold
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Fig. 17 Distribution of Cladocera and rotifer resting eggs in the sediment core K99-3 from Kongressvatnet

periods, with little vegetation in the watershed con-
tributing lutein and chlorophylls, and a long ice-cover
leading to anoxic water. As reported by Overpeck
et al. (1997), from mid-1800 to the mid-20th century,
the arctic warmed to the highest temperatures in four
centuries. This warming marked the end of the LIA
and in Kongressvatnet it is marked by a new increase
of Cyclotella spp. and large benthic diatom species
(such as Diatoma tenuis) that reach their highest
percentages close to the end of 19th century (zone
IV). At the same time there is a collapse of S.
construens and a re-appearance of F. crotonensis
favoured by an increase in nutrient and silica con-
centrations following snowmelt.

During the 20th century, the planktonic vs benthic
diatom profile shows strong fluctuations (end of zone
IV and V), with minima in the percentage of plank-
tonic remains at 3.25 and 1.75 cm depths, indicating
extensive ice coverage. On the basis of the 2'°Pb
chronology, these sections are dated 1930 + 8 and
1969 + 3, respectively. These dates correspond to
two of the three coldest periods of the last century
(Isaksson et al. 2001; van de Wal et al. 2002; Perren
et al. 2003). A similar decrease in planktonic species
abundance is detected at 7.75 cm depth, corre-
sponding to the cold period during the first half of the
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18th century. During the 1980s and 1990s (zone V)
global temperatures rose to the highest values of the
last century, but at Svalbard temperature values have
been approximately the same as in the 1920s and
lower than during the 1930s and 1950s (Hanssen-
Bauer and Fgrland 1998; Nordli and Kohler 2003);
accordingly the fluctuations of planktonic vs benthic
ratios follow this climatic changes (Fig. 16).

Cladocera fossil remains and rotifer resting eggs

The concentration of Cladocera subfossil remains in
core K99-3 was relatively high in the deeper sections
(54-35 cm; zone I; AD 230-756), followed by a
gradual decrease, toward the lower values of zone II
(AD 756-1250) and the depletion (<1 exuviae g
d.w.”") of zones III-V (AD 1250-present), with no
remains at 19-19.5 cm level (Fig. 17).

As typically observed in these extreme environ-
ments, the Cladocera assemblage is low in species
diversity. Among the Chydorids, Chydorus cf. sph-
aericus is dominant; quite abundant are a Eurycercus
species with peaks of relative abundance in zones I
and II, and a Pleuroxus sp., which is the only
Cladocera found in the upper 2 cm sections of the
core. Zooplanktonic Cladocera were represented by a
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Hyalodaphnia (according to literature information,
D. longispina or D. umbra; Schwenk et al. 2004) and
two species of the genus Bosmina (largely Eubos-
mina. longispina, except for section 50.5-50 cm, in
which Bosmina longirostris was found).

The core was characterized by a dominance of
Chydorus, particularly at depth. This species repre-
sented ca. 90% of the total concentration of remains
between 54 and 42.5 cm (zone I), in which the sec-
ond most abundant taxon was Bosmina (mainly Eu-
bosmina). From 35 cm to the upper part of the core,
Daphnia replaced Bosmina as the second most
important genus, and apart from the first cm, in which
Cladocera were very few, more than 80% of the
Cladocera assemblage was made up by C. cf. sph-
aericus and Daphnia.

While in zone I Chydorus was approx. 10 ten times
more abundant than Daphnia, in the upper 35 cm
sections their abundance appeared comparable, and at
some levels, Daphnia was even more common than
Chydorus. This was largely the result of the sharp
decrease in the total concentration of remains.

Anoxic conditions might have influenced Chydo-
rus abundance and, as in lakes like Kongressvatnet, it
is usually confined to bottom water layers, while
Daphnia longispina is able to migrate vertically and
rotifers, as well as immature stages of copepods,
usually inhabit the upper layers. However, Daphnia
was also at very low levels of population density in
the upper three zones of the core.

In addition to the Cladocera, rotifer resting eggs
were also recovered; they were more abundant in
deep sections (zone I and the lowermost part of zone
II), and in the topmost 2 cm sections of the core.
Despite the lower level of abundance, their share on
the total (Cladocera + rotifers) remains increased in
the upper 20 cm of the core, particularly at 22, 16,
and 5 cm levels (>50%) because of the depletion in
cladocerans (data not shown). In the topmost 3 cm
they become important, as a result of their increase in
abundance and the almost compete depletion of cla-
docerans.

According to changes in the abundance of Clado-
cera, we can distinguish two main phases: the first,
which is represented by zone I, is characterized by a
relatively high concentration of remains, and the
second, more recent (zones II-V), in which the con-
centration of remains was about ten times lower. The
assemblage from 54 to 45 cm (Zone I) was charac-

terized by the replacement of Bosmina, by a Hyalo-
daphnia species, which at 36 and 22-21 cm levels
(Zone II), became even more abundant than the most
represented species C. cf. sphaericus. The presence
of Bosmina at the base of the core is compatible with
the presence of zooplanktivorous fish, as small cla-
docerans co-occur with fish predation. The shift from
Bosmina to Daphnia represents an increase in mean
zooplankton body size, which might be indicative of
a decrease in fish predation pressure. On the other
hand, pale D. longispina are known to be able to
coexist with fish predation, contrary to D. pulex,
which are always depleted in the presence of zoo-
planktivorous fish (Gliwicz et al. 2001).

A depletion of Cladocera and an increase in rela-
tive abundance of rotifers is also consistent with fish
predation (Jeppesen et al. 2001; Vadeboncouer et al.
2003). Rotifers, particularly Polyarthra sp., dominate
arctic lakes (Lauridsen and Hansson 2002). While in
temperate lakes Cladocera are an important food for
Arctic char, in arctic lakes with fish, they are replaced
by copepods, and the latter might have been an
important source of the total carotenoids detected in
this upper part of the core. This is the case for the
upper three zones of the core, in which Cladocera,
Daphnia included, were almost entirely lacking.

Although chydorids were largely dominant, the
increase in the relative abundance of zooplanktonic
Cladocera at 42, 35, and 20-21 cm, in which the
rotifers share increases, might also be indicative of an
increase in water level.

Palaeoenvironmental and palaeoclimate inferences:
a synthesis

This study of an arctic lake during the past ca.
1800 years shows five zones of marked environ-
mental changes (Fig. 18). The onset and duration of
these changes in core K99-3 (zones I-V) are a bal-
anced integration of the major changes in the proxy-
records shown (Figs. 14—17). These changes occurred
at ca. AD 700-820; 1160-1255; 1715-1880; 1940-
1963s (at ca. 38-32, 20-18, 84.5, and 3-2 cm,
respectively).

The remoteness of the region means that temporal
variations in the limnological conditions of the lakes
must be associated with climate changes in the area
(Douglas et al. 2000; Birks et al. 2004a). The cli-
matic factors such as those related to the MWP and
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Fig. 18 Summary diagram of multi-proxy records of sediment core K99-3 from Kongressvatnet. A profile on §'%0 record in the
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the LIA both represented in our cores (zones II and
III), are closely linked to the extent of lake ice-cover
that, in turn, determined habitats for biological
growth. Regional and local disturbances might be
important for some changes during 19th and 20th
centuries as shown by some chemical data (LOI,
sulphur and nitrogen; Fig. 14) (as also found in other
lakes; Birks et al. 2004b). Kongressvatnet is close to
mining areas and it is known that in the last century
local air pollution, as well as long-range atmospheric
transport of pollutants, has been superimposed on
climate variability in forcing observed ecosystem
fluctuations (Simdes and Zagorodnov 2001). The
mining village of Barentsburg is very close to the
investigated lake and certainly has had an impact
(although quite limited) on the lake as shown by the
relatively high concentration of carbonaceous parti-
cles in a nearby lake (Rose et al. 2004).

The chemical features of the Kongressvatnet sed-
iments display the carbonate signature. The profile of
S is characterized upwards by a sharp increase in S
content and this enrichment could be related to a
higher sulphide content: many spheroidal particles of
iron suphides were found (Fig. 13).

The topmost 3—4.5 cm layer (zone V) (thickness
depending on core positions; Fig. 3) composed by
black organic-rich material (LOI of 7-13% d.w.) has
been dated in core K99-3 by *'°Pb as AD 1880-1999.
From the inspections of aerial photographs taken in
August 1969 (S69 2481, S69 2482, S69 2483, Nor-
wegian Polar Institute), it seems that at some stage
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the glacier front retreated so far back that the melt
water no longer drained into the lake and thus the
upper part of organic sediment might be a result of
soil erosion and influx of soil organic matter.
Weathering of nutrients and a longer growing season
due to warming can also enhance in-lake production.
The increase of autochthonous production could also
be the result of a less turbid water column from de-
creased glacial meltwater input. This confirms earlier
reports based on geochemical data from 23 Svalbard
lakes (Birks et al. 2004b). The recent increase of
sedimentation rates (from 1963 up to the present;
Fig. 8), the lithological change and a general increase
in production of almost all the biological records may
be due to an increase in temperature and winter
precipitation by 29%, as recorded at the Ny—Alesund
meteorological station (Lefauconnier and Hagen
1990). This corroborates ice core data from Svalbard
indicating that rapid warming took place from about
the end of the 1800s and during the last 40 years,
with a cold phase from 1930 to 1960 (Isaksson et al.
2003).

The uppermost 32 cm of the record (zones 1I-V;
Fig. 18) are characterized by laminated sediments, a
low magnetic susceptibility, low magnetic mineral
content, higher water content of 60-80%, S sulp-
hides, abundance of algal and bacterial pigments and
diatoms (from 18 cm upward), and low concentra-
tions of Cladocera. The peak in magnetic suscepti-
bility at the 38 cm horizon (AD 700) marks two
different sediment sources for the magnetic supply as
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a possible consequence of meltwater or glacier
emplacement occurring in the catchment area. The
subsequent decline occurred in a period of rapid
cooling (Jansen and Koc¢ 2000) (Fig. 18). In zone I,
grain size significantly increases, which could be an
explanation for the lower H,O contents which would
have been affected by the fine sandy layers.

From the end of zone I upward a strong oxygen
depletion was established in the deep water, of the
lake, as inferred from the high concentrations of
specific carotenoids from sulphur photosynthetic
bacteria (Fig. 15). Changes in elemental composition
might be due to changes in the source region because
most of the sediment is of detrital origin. Two major
rivulets, one formerly from the glacier and one
slightly west, run through different bedrock and could
have changed their course through time. Such chan-
ges in sediment source can be induced by changes in
the catchment configuration through glacier activity
(Bennet et al. 1999). Such activity might have also
dammed the rivulets which presently bring sulphur
into the lake. Variable carbonates/silicates and cal-
cite/dolomite ratios occur throughout the core and
this suggests changing sediment supply through time
(Fig. 11). Oxic conditions and allochthonous input
during the earlier part of the record (54.5-38 cm)
might also explain the higher susceptibility values
because dissolution of magnetic particles is reduced
under less anoxic conditions.

The coarser grain sizes in combination with the
more frequent sandy event layers in zone I (cf. Fig. 3)
clearly indicates a higher energy deposition mode.
This could be either related to summer rains on
deeper thawed permafrost or to stronger glacial melt
water fluxes from a glacier closer to the coring site
(more proximal position).

The bi-partition of the clastic part of the Kon-
gressvatnet sediments with a gradual transition be-
tween 38 and 18 cm (core K99-3; zone II) is well
expressed in the appearance of varves only in the
upper part (Figs. 3 and 5). Thus, a change in the
limnological state of the lake with favourable con-
ditions for varve formation is inferred, which proba-
bly reflects the transition from the Medieval Warm
Period to the LIA in this region. Varve preservation is
favoured by chemical stratification of the lake indi-
cating meromictic conditions (vertical water circula-
tion does not extend to the bottom of water column).
The development of meromixis is coincident with

high concentrations of carotenoids (okenone and
isorenieratene) of strictly anaerobic sulphur photo-
synthetic bacteria (zones II-III, Figs. 15 and 18). The
hypolimnion of the lake became anoxic because of
salty input from streams (Bgyum and Kjensmo 1970)
and climate deterioration (longer ice cover periods).
Marine water influx can be excluded as cause for
meromictic conditions (Svendsen et al. 1987). Stable
meromictic conditions were established from ca. AD
1370-1400 (onset of LIA) when varves became
continuously preserved.

Prior to the 8th century extremely low algal pig-
ments were detected as well as fossil diatoms
(Figs. 15, 16, 18: zone I). This was probably caused
by shorter ice cover and resulting longer periods of
water circulation. Higher water turbulence, associated
with high turbidity, are supported by the coarser
grained sediments representing higher energy depo-
sition modes. In contrast to the phytoplankton com-
munity, relatively abundant Cladocera remains
(mainly Chydorus spp.) were found in this oldest part
of the core (Figs. 17, 18). Anoxic conditions might
have influenced such an abundance from approx.
32 cm upward, as Chydorus spp. are confined to the
littoral zone.

The continuous presence of varves between AD
1350-1880 (zone III; Figs. 3 and 18) could be likely
associated with the presence of glaciers in the
catchment of Lake Kongressvatnet during the LIA
and related meltwater input (Svendsen and Mangerud
1987) in combination with longer periods of lake
freezing in winter. Thus, the main period of glacier
advance lasted for about five centuries. In particular,
thicker varves in the early part of LIA are likely
associated with relatively warm summers, which
might be related to a more continental climate as
reported for northern Europe (Jones and Bradley
1992). Lower summer temperatures between AD
1800 and 1850 are indicated by thin varves (reduced
summer snow-melt). Following this interpretation the
coldest summers occurred between AD 1815-1817
(Fig. 6) when the eruption of Tambora affected the
short-term global climate.

In conclusion, this study, using many sources of
proxy data, has shown that Kongressvatnet has
undergone significant environmental and climatic
changes during the last 1800 years. The Dark Age
Cold Period (zone 1), the MWP (base of zone II) as
well as the LIA (LIA; zone III) had major environ-
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mental impacts on the biological and geochemical
lake evolution. Compared to central Europe, a rather
earlier onset and later end of LIA (ca. AD 1350 and
1880, respectively) is shown, which correlates well
with ice-core studies from Svalbard (Isaksson et al.
2001, 2003) and the GISP2 Greenland ice core
(Fig. 18). The sedimentation rates and increase in LOI
during the past 40 years were similar to those found
elsewhere on Svalbard (unpublished data; Birks et al.
2004b) and in other studies in the Canadian and
Finnish Arctic (Smol et al. 2005). All of these studies
interpreted the changes as responses to climate
changes. The general significance of this study lies in
the documentation of the sensitivity of this Arctic lake
to environmental change, the qualitative documenta-
tion of a high level of climatically forced variability in
the late Holocene and the detailed analysis of this
variability which includes elements that are compa-
rable with the GISP2 ice core. However, since there is
very limited knowledge of high arctic limnological
and sedimentary processes, further studies of a com-
plex of factors including catchment geology, mor-
phology and aeolian process are necessary to
investigate the source and/or the processes leading to
these changes. This is particularly important in view
of the fact that Svalbard lakes are environmentally and
biologically diverse (Birks et al. 2004b).
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