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The site Pilgrimstad in central Sweden has often been cited as a key locality for discussions of ice-free/ice-covered
intervals during the Early and Middle Weichselian. Multi-proxy investigations of a recently excavated section at
Pilgrimstad now provide a revised picture of the climatic and environmental development between �80 and 36 ka
ago. The combination of sedimentology, geochemistry, OSL and 14C dating, and macrofossil, siliceous microfossil
and chironomid analyses shows: (i) a lower succession of glaciofluvial/fluvial, lacustrine and glaciolacustrine sedi-
ments; (ii) an upper lacustrine sediment sequence; and (iii) Last Glacial Maximum till cover. Microfossils in the
upper lacustrine sediments are initially characteristic for oligo- to mesotrophic lakes, and macrofossils indicate
arctic/sub-arctic environments and mean July temperatures481C. These conditions were, however, followed by a
return to a low-nutrient lake and a cold and dry climate. The sequence contains several hiatuses, as shown by the
often sharp contacts between individual units, which suggests that ice-free intervals alternated with possible ice
advances during certain parts of the Early and Middle Weichselian.
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The advance and retreat history of the Scandinavian Ice
Sheet during and after the Last Glacial Maximum
(LGM) is well established, but stratigraphic and
chronological information on ice-sheet evolution
during earlier stadials and interstadials of the last gla-
cial stage is still scarce (Wohlfarth 2010; Wohlfarth
& Näslund 2010). This is mainly as a result of the
restricted occurrence and accessibility of long strati-
graphic sequences in the centre of the former ice sheet,
many of which were eroded and reworked during the
LGM advance.

Organic sediments situated stratigraphically below
LGM till are known from a number of localities in
central and northern Sweden (J. Lundqvist 1967b,
1978; Lagerbäck & Robertsson 1988), but their age as-
signment has led to a long-standing debate (e.g. Man-
gerud 1991; Robertsson 1991; Robertsson & Garcı́a
Ambrosiani 1992). Recent investigations of glacial
stratigraphies in central (Alexanderson et al. 2010) and
northern (Hättestrand 2007; Hättestrand & Robertsson
2010) Sweden are now challenging the view that all of
these interstadial deposits belong to the Early Weich-
selian. Similarly, studies performed in northern (Hel-
mens et al. 2007, 2009; Helmens & Engels 2010) and
central (Lunkka et al. 2008; Salonen et al. 2008) Fin-
land, new 14C dates on Finnish and Swedish mammoth
remains (Ukkonen et al. 2007), an evaluation of pub-
lished and unpublished 14C dates from organic sedi-
ments underlying the LGM till (Wohlfarth 2010) and a

glacial rebound and inversion model for the Scandina-
vian Ice Sheet (Lambeck et al. 2010) suggest that large
parts of Sweden remained ice-free during parts of the
Middle Weichselian.

The site Pilgrimstad in central Sweden (Fig. 1A),
which has been the object of several previous in-
vestigations (e.g. Kulling 1945; J. Lundqvist 1967b;
Robertsson 1988a, b), occupies a key position with
respect to these hypotheses. The site is situated in an
abandoned gravel pit located on the edge of a valley
that connects the two lakes Svänglingen and Re-
vsundssjön (Fig. 1B). Most of the sections that were
described earlier have been mined or are covered by
colluvium or fill. Today only a small hill remains ac-
cessible, in the southern part of the pit. The multi-proxy
study of the Pilgrimstad sediments presented here is
based on new excavations in the margin of this hill.

Pilgrimstad – earlier investigations

Historical overview

The Pilgrimstad site was first described by Kulling
(1945), who interpreted a till-covered �1-m-thick series
of organic-bearing sediments (lenses of clay, silt-strati-
fied sand, weathered pebbly gravel, freshwater marl,
stratified sand with some layers of clay, unstratified
sand; see Fig. 2A) as belonging to the last interglacial.
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This view was also held by G. Lundqvist (1964), who
based his interpretation on an unpublished pollen dia-
gram by H. Flodkvist (J. Lundqvist, unpublished). La-
ter pollen-stratigraphic work, however, indicated an
interstadial (J. Lundqvist 1967a, b) rather than an in-
terglacial flora for the sub-till sediments. J. Lundqvist
(1967a, b) subsequently correlated these interstadial se-
diments with other till-covered deposits in central Swe-
den and named this stage the Jämtland Interstadial.

The Pilgrimstad section described by Kulling (1945)
showed also a clay unit rich in fossil leaves (‘sand-stra-
tified varved clay’) imbedded in ‘limestone-rich pebbly
gravel’ (Fig. 2A), which he included in his interglacial.
Later, J. Lundqvist (1967b) suggested that the fossil-
rich clay unit had been glaciotectonically displaced, but
agreed that it would belong to Kulling’s (1945) main
interglacial series. During repeated visits to the site,
clay fragments were frequently found in the gravel un-
derlying Kulling’s (1945) interglacial series. These clay
fragments were, however, totally devoid of plant re-
mains and pollen.

J. Lundqvist (1967b) proposed a correlation of the
Jämtland (Pilgrimstad) Interstadial with the Brørup
Interstadial in Denmark, which had been defined by
Andersen (1961) and 14C dated to c. 59 ka BP. Brørup
was the first main interstadial after the Eemian Inter-
glacial, which ended c. 70 ka (Emiliani 1958, 1971). The
correlation between Pilgrimstad and the Brørup Inter-
stadial seemed later indirectly confirmed by 14C dates
obtained at the site Tåsjö in Jämtland (J. Lundqvist &

Mook 1981) (Fig. 1A). However, new ages of c.
135–115 ka for the Eemian (Shackleton & Mattews
1977; Mangerud et al. 1979) and of c. 100 ka and 80 ka,
respectively, for the subsequent Early Weichselian in-
terstadials Brørup and Odderade meant that the 14C
dates for the Jämtland Interstadial had to be rejected if
the pollen-based correlation with Brørup were to be
maintained (J. Lundqvist 1978).

Detailed pollen-stratigraphic studies of the organic
sediments at Pilgrimstad by Robertsson (1988a, b) sug-
gested a division of the organic-bearing sediments into
two interstadials, separated by an aeolian sand layer
(unit 2c in Fig. 2B). The sparse tree flora (Betula pub-
escens, Picea) that had been reconstructed for these two
interstadials seemed to support a correlation with the
Early Weichselian interstadials Brørup and Odderade,
respectively (Robertsson 1991; Robertsson & Garcı́a
Ambrosiani 1992).

14C dates from the Pilgrimstad section

Radiocarbon dates that had been obtained in conjunc-
tion with the pollen-stratigraphic study by Robertsson
(1988b) (Table 1) provided ambiguous results and were
consequently regarded as unreliable. As a follow-up to
Robertsson’s (1988b) investigation, Lundqvist (un-
published) tried to explore the chronologic affinity of
the organic sediments at Pilgrimstad further and dated
different fractions of the same sample. This exercise

Fig. 1. A. Location map of Pilgrimstad and other sites mentioned in the text. The Last Glacial Maximum limit is according to Svendsen et al.
(2004), and a possible MIS3 minimum ice sheet is after Arnold et al. (2002). B. The location of the former gravel pit (filled circle) just west of
Pilgrimstad in the valley connecting Lakes Svänglingen and Revsundssjön.r Lantmäteriet Gävle 2010. Permission number I 2010/0053.
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provided finite ages, but resulted in strongly diverging
age estimates of several thousand years for different
fractions of the same sample (Table 1). Recently, Uk-
konen et al. (2007) re-dated a mammoth molar that had
been found by Kulling in 1944 in the ‘silt-stratified
sand’ (Fig. 2A), and Alexanderson et al. (2010) pre-
sented 14C ages on twigs extracted from organic layers
that might be correlative with Robertsson’s (1988b)

unit 2c (Fig. 2B). The new 14C ages of 25.9 ka BP and
39.2 ka BP, respectively (Table 1), as opposed to the
pollen-stratigraphic assignment of the organic layers to
the Early Weichselian (Robertsson 1988a, b), led to an
evaluation of all available 14C dates for Pilgrimstad
(Wohlfarth 2010). This assessment suggested that ac-
ceptable 14C ages (Table 1), that is, those derived from
in situ or reworked bulk organic sediments, the SOL/
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INS fraction of bulk organic material, and in situ and/
or reworked bones and terrestrial plant material, range
between �55 and 40 14C ka BP or �60 and 45 ka BP
and would thus give indications for ice-free conditions
during the Middle Weichselian.

Vegetation, fauna and climate reconstructions

Kulling’s (1945) ‘sand-stratified varved clay’ was rich in
plant macrofossils (Fig. 2A) and contained leaves of
Dryas octopetala, Salix and Betula. The fine preserva-
tion of the Dryas octopetala leaves, shown in the
photographs of his article, with the dentate margins
intact, clearly shows that the leaves are not reworked.
The common presence of Dryas octopetala leaves
led Kulling (1945) to conclude that the area around
Pilgrimstad was covered by Dryas octopetala heaths, a
common vegetation type in arctic regions today. In ad-
dition to Dryas, Kulling also illustrated elliptical leaves
of Salix, which were tentatively referred to as S. glauca
or S. phyllicifolia. The latter identification is the most
likely, because the leaves of S. glauca are thin and

usually do not preserve, whereas the leaves of S. phylli-
cifolia are thicker, somewhat leathery and are often
preserved. Finally, Kulling (1945) reported on a few
leaves of the dwarf birch Betula nana and a single leaf
that was identified as Salix herbacea. In a later study by
J. Lundqvist (1967b), finds of Salix lapponum were
mentioned. J. Lundqvist also described fragments of
the moss genera Drepanocladus and Cinclidium and
frequent wood fragments that were dominated by Ju-
niperus but also included Betula and Salix.

The pollen-stratigraphic study by Robertsson
(1988a, b) focused on the upper part of the Pilgrimstad
sequence (unit 2c in Fig. 2B) and distinguished two in-
terstadials (interstadial 1 and 2) separated by a cooler
phase. The pollen spectra in interstadial 1 indicated
open treeless vegetation with grasses and herbs, a tran-
sitional phase with the presence of Juniperus, herbs and
shrub communities (e.g. birch, willow), and a final
phase of sparse birch forest, which also contained Ju-
niperus, Artemisia, Thalictrum and other herbs (Fig.
2B). Interstadial 2 was also characterized by herb and
shrub vegetation, and may have contained some Betula
pubescens and Picea.

Table 1. Published and unpublished 14C dates for Pilgrimstad; �acceptable ages according to the evaluation by Wohlfarth (2010).

Laboratory ID Sample ID Sediment unit and sediments Dated material 14C age�error Reference

GrN-16053 Pil-A 2c sand; 5 cm below surface 4180m residue (INS) 43 100�1000 Lundqvist (unpublished)
GrN-16102 Pil-A 2c sand; 5 cm below surface o180m alkali extract (SOL) 42 700�1000 Lundqvist (unpublished)
GrN-16395 Pil-A 2c sand; 5 cm below surface 4180m residue 35 700�1900 Lundqvist (unpublished)
�GrN-12952 19120 2c sandy gyttja Bulk sediment 40 890�250 Robertsson (1988b)
�GrN-16054 Pil-B 2c sandy gyttja;

50 cm below surface
o180m residue 44 60011700/�1400 Lundqvist (unpublished)

�GrN-16103 Pil-B 2c sandy gyttja;
50 cm below surface

o180m alkali extract 43 100�1000 Lundqvist (unpublished)

�LuS-6957 PIL-C14_1 silty gyttja Twigs (indet.) 39 200�200 Alexanderson et al. (2010)
LuS-6958 PIL-C14-2 silty gyttja Twigs (indet.) 440 000 Alexanderson et al. (2010)
St-211 2c silty gyttja Drepanocladus 439 000 Robertsson (1988b)
— 2c silty gyttja Juniperus wood 440 000 Robertsson (1988b)
— 2c silty gyttja Drepanocladus 440 000 Robertsson (1988b)
St-1270 2c silty gyttja (?) Juniperus wood 439 000 Engstrand (1965)
�GrN-12991 819 2c silty gyttja Bulk sediment 51 650�850 Robertsson (1988b)
�GrN-12990 11112 2c silty gyttja Bulk sediment 46 200�550 Robertsson (1988b)
Ua-62 85:14 2c silty gyttja Bulk sediment (SOL) 440 000 Robertsson (1988b)
�GrN-16104 Pil-C11C2 2c sandy, silty gyttja;

150 cm below surface
o180m residue 46 80011800/�1400 Lundqvist (unpublished)

�GrN-16401 Pil-C11C2 2c sandy silty gyttja;
150 cm below surface

o180m alkali extract 49 70012000/�1600 Lundqvist (unpublished)

�GrN-16399 Pil-C11C2 2c sandy, silty gyttja;
150 cm below surface

4180m residue 48 00011400/�1200 Lundqvist (unpublished)

�GrN-12992 617 2c calcareous silt/silty gyttja Bulk sediment 47 950�600 Robertsson (1988b)
GrN-16056 Pil-D 2b silty sand;

250 cm below surface
o180m residue 33 900�700 Lundqvist (unpublished)

GrN-16105 Pil-D 2b silty sand;
250 cm below surface

o180m alkali extract 26 10012100/�1600 Lundqvist (unpublished)

GrN-16402 Pil-D 2b silty sand;
250 cm below surface

4180m residue 34 60011900/�1600 Lundqvist (unpublished)

St-205 2b silty sand with bones
of mammoth

Plant remains 435 000 Robertsson (1988b)

LuS-6330 1944 2b silty sand with bones
of mammoth

Mammoth molar 25 900�200 Ukkonen et al. (2007)
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In the first account of the Pilgrimstad site, Kulling
(1945) reported on bones and tusk fragments of mam-
moth (Mammuthus primigenius), a fragment of a cast
antler of a reindeer (Rangifer tarandus) and a fragmen-
tary left humerus of a musk-ox (Ovibos moschatus),
which were found in the ‘silt-stratified sand series’ (Fig.
2A). The initial mammoth finds from Pilgrimstad in-
cluded a femur, fragments of a humerus, tibia, rib and
two tusks, while two molars and more tusk fragments
were recovered a few years later (Kulling 1967). Al-
though numerous mammoth remains have been found
in Scandinavia, the find from Pilgrimstad still re-
presents the most complete specimen. Hence Kulling
(1945) concluded that the mammoth died near the lo-
cation of the find.

Insect and other invertebrate remains from the Pil-
grimstad site were mentioned by Lindroth (1948) and J.
Lundqvist (1967b), and a detailed study of remains of
beetles and other insects was conducted by Moseley
(1980) on Robertsson’s (1988a, b) section (unit 2c in
Fig. 2B). Moseley’s (1980) MSc study is only available
as an unpublished report, so we present here a summary
of his results together with data from previous studies
(Table 2). Moseley (1980) analysed a total of 10 sam-
ples, each weighing �5 kg. The insect fauna includes a
large number of remains from aquatic species, and
Moseley (1980) concluded that the fauna indicated that
the sediments were deposited in a large lake, near the
shore. The beetles Deronectes griseostriatus, Agabus
arcticus and Gyrinus opacus probably inhabited thickly
vegetated inlets in boggy and mossy areas; some of the
caddis fly larvae as well as larvae of Sialis fuliginosa
lived in rivers and streams, and their remains would
have been transported to the lake. Away from the lake,
dry tundra is indicated by the beetles Bembidion daur-
icum, Pterostichus brevicornis, Amara alpina andNebria
gyllenhali; the two latter species were recorded by Lin-
droth (1948). With respect to climate, Moseley (1980)

Table 2. Insect remains found during earlier investigations at Pil-
grimstad, after Lindroth (1948), Lundqvist (1967b) and Moseley
(1980).

Minimum
number of
individuals

Coleoptera
Carabidae
Carabus sp. 1
Notiophilus aquaticus L. 1
Notiophilus sp. 1
Diacheila arcticaGyll. 1
Dyschririus globosusHbst. 1
Bembidion hasti Sahlb. 3
Bembidion prasinumDft. 1
Bembidion dauricumMtsch. 1
Amara alpina (Paykull) 1

Amara spp. 2

Pterostichus cf. brevicornisKby. 2
Nebria gyllenhali Schönh. 1

Haliplidae
Haliplus sp. 1

Dytiscidae
Hydroporus sp. 1
Deronectes griseostriatus De G. 6
Agabus arcticus Payk. 1
Agabus bipustulatus L. 9
Agabus solieri Aubé 1

Agabus sp. 1
Colymbetes dolabratus (Payk.) 1
Colymbetes sp. 4
Dytiscus sp. 1

Gyrinidae
Gyrinus opacus Sahlb. 3
Gyrinus sp. 2

Hydrophilidae
Hydrobius fuscipes L. 1

Staphylinidae
Pycnoglypta luridaGyll. 5
Olophrum boreale Payk. 2
Olophrum consimileGyll. 3
Eucnecosum brachypterum (Grav.) group 73
Acidota quadrata Zett. 19
Geodromicus longipesMnh. 1
Omalinae indet. 5
Stenus sp. 2
Staphylininae indet. 2
Bolitobiinae indet. 10
Tachinus elongates Gyll. 11
Tachinus sp. 1
Aleocharinae indet. 23

Byrrhidae
Simplocaria metallica Sturm. 1
Simplocaria sp. 1
Byrrhus fasciatus Forst. 4

Lathridiidae indet. 1
Scarabaeidae
Aphodius lapponumGyll. 5

Curculionidae
Apion amethystinumMill. 1
Apion sp. 2
Otiorhynchus nodosusMüll. 2
Rhynchaenus foliorum (Müll.) group 6

Odonata indet. 1
Megaloptera
Sialidae
Sialis fuliginosa Pictet 42
Sialis lutaria L. 544

Trichoptera
Polycentropodidae
Cyrnus flavidusMc L. 1
Plectronemia sp. 1

Phryganeidae indet. 2
Limnephilidae
Apatania zonella Zett. 10
Apatania sp. 52
Limnephilus rhombicus L. group 13
Limnephilus griseus L. group 118
Asynarchus lapponicus Zett. 10

Molannidae
Molanna angustata Curtis 27

Hymenoptera
‘Parasitica’ indet. 10

Formicidae
Formica sp. 7

Hemithera
Corixa sp. 1
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concluded that the beetle fauna indicated a mean July
air temperature of 111C and a mean January air tem-
perature of �101C (Fig. 2B).

Pilgrimstad – new investigations

Field and laboratory methods

We studied and sampled a new section adjacent to and
perpendicular to Robertsson’s (1988a, b) original sec-
tion in order to facilitate stratigraphic correlations (Fig.
3A). The top part of the sediment sequence (including
the till cover) had been removed previously and the
section had for a short time been covered by blast stone.
The position of the investigated section is 62157.50N,
15101.10E, and its elevation is 300ma.s.l., as measured
by a Garmin GPS Vista C and checked against topo-
graphic maps. The section was excavated by a cater-
pillar tractor, cleaned, photographed, described in
detail and subsequently sampled. Based on distinct
changes in lithology, sedimentary units A–H were dis-
tinguished (Fig. 3B–F). Altogether, 39 contiguous
samples were collected with a thickness of between 5
and 10 cm, but only sample nos 1–36 were used for fur-
ther analyses (Fig. 4B; Table 3). In addition, 10 samples
were collected for OSL dating.

OSL samples (Table 4A) were taken in opaque plas-
tic tubes that were hammered into the section wall dur-
ing two fieldwork campaigns in September 2006 and
July 2007. Mechanical and chemical preparation in-
cluded sieving, heavy-liquid separation (2.62 g cm�3,

081318-22 only) and standard treatment with 10%
HCl, 10% H2O2 and 38% HF under darkroom condi-
tions. The samples were analysed at the Nordic La-
boratory for Luminescence Dating using large aliquots
of 180–250 mm quartz grains on Risø TL/OSL-readers
(Bøtter-Jensen et al. 2000). Post-IR blue SAR protocols
(Murray & Wintle 2000, 2003; Banerjee et al. 2001)
were adapted to suit the samples based on dose–r-
ecovery and preheat experiments (061344-48: preheat
2601C for 10 s, cut-heat 2201C; 081318-22: 240/2001C).
We calculated the dose rates from gamma spectrometry
data (Murray et al. 1987) and included the cosmic-ray
contribution (Prescott & Hutton 1994). Natural and
saturated water content was measured. To account for
water content changes through time (e.g. resulting from
compaction) we applied a simple three-stage model to
all samples (Alexanderson et al. 2010). Based on signal-
component analyses of dose–recovery measurements
we chose channels 1–2 (first 0.16 s) and channels 4–6
(0.32–0.56 s) as peak and background integration limits
for all aliquots. The equivalent doses were then calcu-
lated using Risø LUMINESCENCE ANALYST v. 3.24 (ex-
ponential curve-fitting). To be accepted, aliquots had to
pass the following rejection criteria: recycling ratio
within 20% of unity, recuperation o5% of the natural
signal, equivalent dose error o50% and signal more
than three sigma above the background. Decay and
growth curves also had to be regular. All OSL ages
stated in this paper were calculated using the mean of
the equivalent dose population of accepted aliquots for
each sample (Table 4A). For details on the OSL mea-
surements and analyses, see Alexanderson et al. (2010).
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Samples selected for radiocarbon dating were sieved
(0.5-mm mesh size) using running tap water. The sieve
residues were examined for plant macro remains, which
were picked out with tweezers and dried at 1051C
overnight in pre-cleaned glass bottles. Except for sam-
ple UBA-11541, which contained only Potamogeton
fruits, all samples submitted for AMS 14C dating con-

sisted of unidentified wood remains (Table 4B). Age
measurements were performed at the AMS 14C labora-
tory, Queen’s University in Belfast. Samples were pre-
treated using the ABOX method using 4% HCl (801C,
2 h), 0.5% NaOH (201C, 1 h) and 2M H2SO4 (201C,
2 h) as the oxidant (Hatté et al. 2001) followed by mul-
tiple rinses in Millapores water. Background samples
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Fig. 4. Stratigraphic log of the excavated section at Pilgrimstad, modified after Alexanderson et al. (2010). A. The various stratigraphic units
and their lithology. B. Locations of subsamples for geochemistry and biological indicators, as well as 14C and OSL samples. The scale relates to
the height of the section.

Table 3. Stratigraphic description of the new section at Pilgrimstad excavated in July 2007.

Unit Thickness (cm) Lithology Samples PIL-

H �40 Beige-orange medium coarse, well-sorted, homogeneous sand; wedge-like structure; rip-ups from
underlying gyttja

26, 27

G �100–150 Grey, yellow to rusty laminated and massive fine sand/silt; deformed in lower part 31–36

F �40 Brown ‘brecciated’ silty sandy gyttja, pockets of grey-blue and orange sand; occasional pebbles
(o15 cm)

28–30

D/E 60–4100 Dark-brown to grey compact and brecciated silty clay gyttja with visible macro-remains; smaller
brecciated pieces than below and sand in voids; grades into a silty sandy gyttja upwards

16–25

C 430–40 Dark-brown silty clay gyttja, visible macro-remains, compact and brecciated; layers dip,
are broken up, sand between the brecciated parts

11–15

B 10–60 Blueish-grey to orange laminated clayey silt/sand drapes the underlying gravel 8–10

A 4200 Grey and rusty sandy gravel (broken and strongly weathered clasts) with lenses of sand and silt. 0a–0b, 1–7
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consisting of either wood collected from along the
Queets River from a tree overridden by the glacial ad-
vance in the Pacific Northwest prior to MIS 5e
(Thackray 2001) or MIS 7 kauri wood (supplied by A.
Hogg, University of Waikato) were prepared in parallel
following the same ABOX pretreatment in order to
provide a more representative ‘chemical’ blank. The
samples were then dried at 801C, sealed under vacuum
in quartz tubes with an excess of pre-combusted CuO
and silver ribbon, and combusted at 8501C for 8h. The
CO2 generated was cryogenically purified and converted
to graphite on an iron catalyst using the zinc reduction
method (Slota et al. 1987), with the exception of sample
UBA-11541, which was converted to graphite on an iron
catalyst using the hydrogen reduction method (Vogel
et al. 1987) because it was expected to produce less than
1mg C. However, the carbon content of UBA-11541 was
greater than 50%, and the sample yielded �1mg of car-
bon. Radiocarbon ages, including non-finite ages, were
calculated using the Libby half-life of 5568 years follow-
ing the conventions of Stuiver & Polach (1977).

Subsamples were tightly packed in small plastic
boxes (2�2�2 cm) for saturation isothermal remnant
magnetization (SIRM) and mineral magnetic suscept-
ibility (w) measurements, which were performed at the
Paleomagnetic Laboratory at Lund University. Rem-
nant magnetism was measured with a Molspin ‘Minis-

pin’ magnetometer using a DC field of 1 T, with the
results expressed in mAm2kg�1. Susceptibility mea-
surements were made with a Digital Voltmeter Kop-
parbridge KLY-2 and are expressed in mm3kg�1. After
the measurements were made, the samples were dried at
451C to calculate mass-specific SI units.

For loss-on-ignition (LOI) analyses, the samples were
dried at 1051C and combusted at 5501C and 9251C, re-
spectively, to determine organic matter and carbonate
content. LOI is expressed as percentage loss of the dry
weight. Total organic carbon (TOC) and total nitrogen
(TN) elemental compositions were determined on a Carlo
Erba NC2500 elemental analyser. Samples were treated
with 2N HCl to remove carbonates prior to Corg ana-
lyses, while TNwas determined before carbonate removal.
The relative error for both measurements waso1%.

A total of 36 samples were analysed for their chir-
onomid content. On average, 5.5 g (range 1.96–15.0 g) of
sediment was immersed in cold KOH for a period of at
least 4 h in order to deflocculate the sediment. The sample
was subsequently rinsed through a 100-mm sieve, and
chironomid head capsules (hcs) as well as other insect
remains were picked from the residue using a Bogorov
sorting tray. After dehydration, the head capsules were
mounted on permanent slides using Euparal essence. The
work of Brooks et al. (2007) was used to identify the fossil
head capsules.

Samples for plant macrofossils were sieved (mesh size
0.5mm) under running water, and the sieve remains of
36 samples were analysed using a dissecting micro-
scope. Many of the samples did not contain any identi-
fiable macrofossils, whereas other samples were richer
in macrofossils.

A total of 31 samples (1 cm3) were prepared for dia-
tom analysis according to standard methods (Battarbee
et al. 2001). HCl (10%) was added to dissolve carbo-
nates, and organic matter was oxidized with H2O2

(17%). Clay particles were removed through a process
whereby the samples settled in distilled water in 100-ml
beakers for 2 h, after which the water with the sus-
pended clay was decanted. This process was repeated

Table 4A. Pilgrimstad (2007) OSL sample results and ages.

Sample Sampling
depth� (m)

Stratigraphic
unit

Lithofacies
code

Mean
age (ka)

Equivalent
dose (Gy)

n Dose rate (Gy/ka)

081318 0.5 H SiSm 38�3 101�7 28 2.69�0.10
061345 1.8 H SiSm 45�4 118�10 19 2.62�0.10
081320 2.1 H Sm 36�3 89�7 32 2.52�0.09
061347 2.9 H Sm/Sl 52�4 145�10 16 2.77�0.10
061348 3.0 H Sm/Sl 49�4 139�10 22 2.83�0.10
081319 0.5 G SiSl 39�3 97�7 31 2.51�0.09
061344 1.2 G Sm 43�5 116�12 18 2.72�0.10
061346 2.4 F SGy 48�8 134�23 18 2.82�0.09
081321 4.1 C GySb 46�3 143�6 30 3.10�0.13
081322 6.3 A Sm(ng) 74�5 202�9 30 2.74�0.11

�Depth used in calculation was sampling depth plus 1m to account for removed till cover.

Table 4B. Pilgrimstad (2007) new radiocarbon dates.

Sample
ID

Lab no. Stratigraphic
unit

14C age
(a BP)

14C age
error

Dated
material

PIL-30 UBA-9032 F 34 010 212 Wood
PIL-29 UBA-9803 F 463 454 Wood
PIL-23b UBA-9802 E 462 761 Wood
PIL-20 UBA-9031 E 47 587 485 Wood
PIL-19 UBA-11541 D 453 698 Potamogeton

fruits
PIL-17 UBA-9800 D 460 216 Wood
PIL-14a UBA-9799 C 461 642 Wood
PIL-10 UBA-9033 B 462 600 Wood
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until the water was transparent. Aliquots of the residue
were put on coverslips and allowed to air-dry before
being mounted onto microscope slides with Naphraxs.
Diatoms were identified and counted across transects
under 1000� magnification with oil immersion using a
Leica DMLP light microscope. Taxonomic identifica-
tions are based on Krammer & Lange-Bertalot (1997,
1999, 2004a, b). A minimum of 400 valves were identi-
fied in samples where fossil diatoms were abundant. At
levels where the concentration of diatoms was low at
least 15 transects were scanned. Other siliceous micro-
fossils (chrysophyte cysts, phytoliths and sponge spi-
cules) were also counted, and the relative proportion of
chrysophyte cysts to diatom frustules (2 valves=1
frustule) was calculated and expressed as a percentage
relative to the total number of cysts and diatoms (Smol
1985). Diatom species abundance is expressed as per-
centage relative to the total number of identified valves.
Only the most common taxa are shown in the diagram,
that is, those occurring in more than three samples or, if
fewer, having an abundance of 43% in one sample.
Samples with a diatom count lower than 40 were excluded
from the percentage calculations because these samples
result in over-exaggerated peaks in the relative abundance
bars. The number of identified valves at these levels is in-
stead shown by symbols. The species are grouped as

planktonic or benthic taxa and arranged in succession
order within the two groups. The diagram was con-
structed using the TILIA.GRAPH program (Grimm 1991).

Environmental and climatic reconstruction

Unit A. – The lowest unit is made up of sandy gravel
with sand pockets and lenses of fine-grained material.
The gravel is weakly stratified and generally matrix-sup-
ported (Figs 3C, 4A; Table 3). The clasts (up to �15 cm
in diameter) were composed of sedimentary rocks and
granites, many of which were broken and strongly
weathered, and to a minor extent included soft clayey silt
and calcareous gyttja. These latter show that underlying
lake sediments were eroded and reworked during the de-
position of the gravel. The upper boundary of unit A is
sharp and irregular. The sediments indicate a high-energy
depositional environment, which was probably glacio-
fluvial or fluvial, and the irregular upper boundary may
reflect the original surface of a stream-channel deposit.
Unit A probably correlates with the uppermost part of
the ‘limestone-rich pebbly gravel-series’ described by
Kulling (1945) and Robertsson (1988a, b) (Fig. 2A, B).

Mineral magnetic parameters and LOI/TOC have
low values (Fig. 5). The exceptionally high LOI value of
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30% in one sample is probably a measurement error,
because no equivalent rise in TOC is observed. The in-
crease in LOI/TOC values and in the C/N ratio in the
uppermost samples could represent infiltration of ma-
terial from the overlying laminated clayey silt, but, as
TOC and the C/N ratio drop at the transition between
units A and B, this seems rather unlikely. We therefore
speculate that organic productivity increased in the up-
per part (Fig. 5).

Macro-remains appear coincident with the increase in
LOI/TOC. The scarce plant macrofossils include Betula
nana, Juniperus communis, Carex sp. and Potamogenton
filiformis (Fig. 6). The latter find, together with the pre-
sence of Daphnia ephippia (Fig. 7), suggests the develop-
ment of a lake during the later part of unit A. Remains of
Carex sp. point to wet soils in the surroundings of the
former lake, and Cenococcum geophilum sclerotia in-

dicate soil erosion (Fig. 6). A mean July air temperature
of 481C (Isarin & Bohncke 1999) can be inferred based
on the presence of Juniperus communis.

Chironomid head capsules are poorly preserved and
only appear in the upper part of the unit. The assem-
blages are typical for lotic habitats and are initially
dominated by Microtendipes pedellus-type, a taxon
common in the littoral and sublittoral zones of lakes,
and most abundant in coarse minerogenic sediments
(Fig. 7). Its presence could indicate temperatures that
are best classified as intermediate to warm (Brooks &
Birks 2000; Bedford et al. 2004). Chironomus anthraci-
nus-type increases in abundance towards the top. This
taxon is often interpreted as being indicative of warm,
eutrophic lakes, but also occurs in arctic lakes, where it
can live in the littoral profundal zone. It has a bi-modal
distribution in the Norwegian training set, with a small
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abundance optimum at 8.51C and a large abundance
optimum around 14.61C (Brooks & Birks 2001). The
uppermost sample contains several Sialis mandibles.
Larvae of this genus typically occur in lentic habitats
and may be indicative of streams entering the former
lake. The absence of diatoms and the continuous pre-
sence of chrysophyte cysts (Fig. 8) could indicate dis-
solution, long winter lake ice cover, low nutrient
availability, low temperatures or a water column rich in
suspended clay (Smol 1988; Zeeb & Smol 2001).

While the sediments suggest a high-energy, glacio-
fluvial or fluvial depositional environment throughout
unit A, LOI/TOC values, plant macro-remains and
chironomids imply a change in depositional environ-
ment and the formation of a large, oligotrophic lake for
the upper part of unit A. Mean July temperatures as
reconstructed from plant remains and chironomids
seem to have been �8–141C.

Unit B. – Laminated clayey silt and sand of varying
thickness drape the underlying gravel and fill the de-
pression at its surface (Figs 3C, D, 4A; Table 3). The
clay/silt and sand couplets are between 0.5 and 3 cm
thick and resemble varves; that is, normally graded fine
sand layers are capped by a distinct layer of silty clay.
Cracks at the top of the unit are filled with fine sand.
Unit B may compare to Kulling’s (1945) ‘sand-stratified
varved clay series’, which in his transect seems to be
embedded in the limestone-rich pebbly gravel (Fig. 2A).

Mineral magnetic susceptibility and SIRM/w values
are low; LOI and TOC are less than 10% and 5%, re-
spectively, and the C/N ratio is o10 (Fig. 5). Overall
this indicates a low-productivity aquatic environment
and glaciolacustrine deposition, given the nature of the
fine-grained sediments.

Only a few remains of Betula nana are recorded in
the upper part (Fig. 6), where chironomids and other
invertebrate remains also re-appear (Fig. 7). The chir-
onomid assemblage is similar to unit A and dominated
by Tanytarsus lugens-type, M. pedellus-type, Micro-
psectra insignilobus-type and C. anthracinus-type. Mi-
cropsectra insignilobus-type and T. lugens-type are often
considered cold-stenothermic and typically inhabit the
profundal zone of oligotrophic lakes. However, they
also occur in the littoral zone of (sub-) arctic lakes
(Brooks et al. 2007). The co-occurrence of these taxa
might be indicative of a relatively deep lake and might
indicate summer temperatures of between 31 and 131C.
The presence of chrysophyte cysts (Fig. 8) and the ab-
sence of diatoms corroborate the general picture of a
glacial lake with a turbid water column, low nutrient
availability, low temperatures, long-lasting winter ice
cover and arctic/sub-arctic environmental conditions.
The sharp contact to the underlying unit A and the
complete disappearance of plant remains and chir-
onomids in the lower part of unit B could indicate a
hiatus between units A and B.

Units C–F. – Above a sharp, horizontal boundary fol-
lows a compact but brecciated silty clay gyttja with
sand between the brecciated parts and a few scattered
gravel-sized grains (units C, D) (Fig. 3C, D). This silty
clay gyttja is overlain by the silty sandy gyttja of unit E,
which has a partly gradual and partly sharp lower
boundary (Figs 3B, E, 4A; Table 3) and which contains
smaller brecciated pieces than below. Voids between the
brecciated parts of units C–E are filled with sand (Fig.
3E). In the NW part of the section, unit E grades into a
brown, brecciated silty sandy gyttja with intercalated
orange sand and pockets of grey-blue sand (unit F); in
the SE, the two units are separated by unit H (Fig. 3B,
F). Unit F also contains occasional clasts (415 cm).
Unit H, which is younger than units E and F, is prob-
ably connected to a later ice advance and is discussed
below. The strong compaction and brecciation of the
sediments in units C–F, which was probably caused by
deformation as a result of glacial overriding, makes it
difficult to separate the different units clearly. There-
fore, units C–F are in the following discussed together.
Units C–F are not exactly comparable to Kulling’s
(1945) stratigraphy, where ‘fresh-water marl’ and ‘stra-
tified sand with some layers of clay’ follow on top of the
‘limestone-rich pebbly gravel’ in the NE part of the
transect (Fig. 2A). Units C–F compare also only va-
guely with Robertsson’s (1988a, b) stratigraphy, where
‘calcareous silt and sand’ (unit 2c in Fig. 2B) overlies
the ‘silty sand with bones of reindeer and mammoth’ of
unit 2b. However, the interval with ‘sandy-silty gyttja’,
‘silt and sand with gyttja’ and ‘sandy gyttja’ (Ro-
bertsson 1988a, b) (unit 2c in Fig. 2B) seems to corre-
spond to our units C–F.

Mineral magnetic values are low throughout, while
LOI/TOC and the C/N ratio increase distinctly (Fig. 5).
The organic-rich and fairly fine-grained sediments in-
dicate deposition in a low-energy, aquatic environment;
aquatic and terrestrial organic matter contributed to
the organic carbon pool.

Nutlets and catkin scales of Betula nana are fairly
common, whereas Salix sp. is represented by a few
fruits, and Arctostaphylos alpina and Empetrum nigrum
each by one endocarp (Fig. 6). These plants are typical
of arctic and sub-arctic environments. Herbaceous land
plants are represented by Rumex acetosella (typical of
dry soils), Carex sp. and Eriophorum sp. (typical of
wet soils), Potentilla sp. and Viola sp. (typical of wet
and dry soils). The club moss Selaginella selaginoides
grows mainly on moist soil, and the mosses Distichium
sp. and Polytrichum s.l. sp. prefer dry soils.Cenococcum
geophilum sclerotia indicate soil erosion. The most
warmth-demanding plant found is S. selaginoides,
indicating low-arctic or warmer conditions and a
mean July temperature 4�81C (Isarin & Bohncke
1999). Aquatic plants are represented by many endo-
carps of Potamogeton filiformis, many achenes of
Batrachium confervoides and one fruit of Callitriche

222 Barbara Wohlfarth et al. BOREAS



02040608010
0

12
0

14
0

16
0

18
0

20
0

22
0

24
0

26
0

Height (cm)

20
20

40
20

40
20

20
40

20
40

20
20

40
60

80
10

0
20

40
60

80
10

0
50

10
0

50
0

20
20

00
40

00
60

80

P
la

nk
to

ni
c

di
at

om
 ta

xa
B

en
th

ic
 d

ia
to

m
 ta

xa
O

th
er

 s
ili

ce
ou

s 
m

ic
ro

fo
ss

ils

R
el

at
iv

e 
ab

u
n

d
an

ce
 (

%
)

Abso
lu

te
 co

unts
 

Abso
lu

te
 co

unts
 

Abso
lu

te
 co

unts
 

Abso
lu

te
 co

unts
 

Rela
tiv

e

ab
undan

ce
 (%

)

D
Z

-1

D
Z

-2

D
Z

-3

F
ig
.
8
.
D
ia
to
m

p
er
ce
n
ta
g
e
d
ia
g
ra
m

fo
r
P
il
g
ri
m
st
a
d
.
T
h
e
ta
x
a
a
re

g
ro
u
p
ed

a
s
p
la
n
k
to
n
ic
o
r
b
en
th
ic
a
n
d
a
re

a
rr
a
n
g
ed

a
cc
o
rd
in
g
to

th
ei
r
su
cc
es
si
o
n
o
rd
er

in
ea
ch

g
ro
u
p
.
T
h
e
n
u
m
b
er
s
o
f
ch
ry
so
p
h
y
te

cy
st
s,
p
h
y
to
li
th
s
a
n
d
sp
o
n
g
e
sp
ic
u
le
s
id
en
ti
fi
ed

a
t
ea
ch

le
v
el
a
re

a
ls
o
p
re
se
n
te
d
,
a
s
is
th
e
ch
ry
so
p
h
y
te

cy
st
to

d
ia
to
m

re
la
ti
v
e
a
b
u
n
d
a
n
ce

ra
ti
o
.
S
ee

F
ig
.
4
fo
r
d
et
a
il
s
o
n
th
e
li
th
o
lo
g
y
o
f
th
e
v
a
ri
o
u
s

u
n
it
s,
a
n
d
th
e
te
x
t
fo
r
ex
p
la
n
a
ti
o
n
s
o
n
u
n
it
H
.

BOREAS Pilgrimstad revisited – Early/Middle Weichselian environment in central Sweden 223



hermaphroditica (Fig. 6). The presence of ephippia of
the water fleaDaphnia sp. implies low-energy lacustrine
conditions, since running water would not have allowed
the deposition of these light-weight remains.

The lower part of unit C has the highest chironomid
concentrations of the sequence and a diverse assem-
blage (Fig. 7). The presence of different Cricotopus and
Psectrocladius taxa indicate shallow water conditions
and the local presence of aquatic macrophytes (e.g.
Lindegaard 1992; Brodersen et al. 2001). The lake was
probably oligo- to mesotrophic, as shown by, for ex-
ample, Micropsectra insignilobus-type and Tanytarsus
lugens-type. Chironomid concentrations decline again
in unit D/E, and assemblages similar to in units A and B
re-appear. Most notable is the continuous presence of
M. pedellus-type, C. anthracinus-type and M. in-
signilobus-type. The presence of cold-water taxa and
taxa typical of warmer environments in units C–E sug-
gests sub-arctic to more temperate climate conditions.
Other animal remains such as mites, Ephemeroptera
and Trichoptera are also most abundant in units C–E.
Typically, remains of Trichoptera (caddis-flies) and
Ephemeroptera (may-flies) are indicative of streams,
but they might inhabit the littoral of lakes as well
(e.g. Brooks et al. 2007). The presence of Chaoborus
(phantom midge) shows a lake without fish, as the
planktonic larvae of Chaoborus are prone to fish-pre-
dation (e.g. Walker 2001). No chironomids were found
in unit F.

Diatoms become abundant in the middle of unit C
and remain frequent up to the mid-part of unit D/E
(Fig. 8). Planktonic Cyclotella bodanica var. lemanica
dominate in unit C, and Pseudostaurosira brevistriata,
Staurosirella pinnata, Fragilaria construens f. venter and
Staurosira construens are the most common benthic
taxa. In the upper part of unit C and the lower part
of unit D/E, the abundance of planktonic species is
low, and the benthic species P. brevistriata, S. pinnata,
F. construens f. venter and S. constuens become the
dominant taxa. In contrast, planktonic species dom-
inate again in the middle part of unit D/E. Chrysophyte
cysts, which are common in arctic and alpine lakes
(Smol 1985, 1988; Zeeb & Smol 2001), occur with
high abundances in units C–F and are the most abun-
dant siliceous microfossils, with a chrysophyte cyst
to diatom ratio varying between 48 and 100%. The
low concentration of diatoms and lower chryso-
phyte counts in the lowermost part of unit C, in the
upper part of unit D/E and in unit F (Fig. 8) could in-
dicate increased dissolution, a process to which chry-
sophyte cysts have a better resistance because they
are more strongly silicified. Alternatively, environ-
mental conditions could have become too harsh to
allow diatom growth. A high abundance of chryso-
phyte cysts in relation to diatoms often indicates
low nutrient availability, low temperatures and in-
creased ice cover (Smol 1988; Zeeb & Smol 2001).

Many of the identified diatom species are presently
common in subalpine to alpine and arctic environments
and seem to prefer alkaline (pH �7 or higher) and
oligotrophic waters (Krammer & Lange-Bertalot 1997,
1999, 2004a). Together with the high chrystophyte
cyst to diatom ratio, this suggests that lake water con-
ditions were most likely oligotrophic, as chrysophyte
cysts are good competitors in waters with low nutrient
concentrations.

The distinct variation in the ratio between plank-
tonic and benthic species seen in units C–E (Fig. 8) may
indicate lake-level changes. High planktonic to benthic
(pl:be) ratios can reflect higher water levels; and low
pl:be ratios, low lake levels. The preference of C. boda-
nica var. lemanica for deep clear water lakes in alpine
regions would support this; however, the taxon has also
been associated with higher temperatures of�171–201C
(Wunsam et al. 1995) and stratified waters (Bradbury
1988; Bradbury et al. 2002). As the pl:be ratio is more
or less controlled by the change between a dominance
ofC. bodanica var. lemanica andP. brevistriata, S. pinnata,
F. construens f. venter and S. construens, this might also be
temperature-related. P. brevistriata, S. pinnata, F. con-
struens f. venter and S. construens are often described as
having broad ecological amplitudes and a high tolerance
for stress, and are usually common in alpine and arctic
lakes with long ice-cover seasons (Denys 1990; Douglas &
Smol 1999; Lotter et al. 1999). Thus, the middle of unit C
and the middle of unit D/E, with a higher occurrence of
C. bodanica var. lemanica, might be characterized by
higher temperatures and longer growing seasons. The up-
per part of unit C and the first part of unit D/E, which are
dominated by P. brevistriata, S. pinnata, F. construens
f. venter and S. construens, could indicate a return to lower
temperatures and longer ice-cover seasons.

Ellerbeckia arenaria is found as a rare species in the
upper part of unit D/E (Fig. 8). This species is common
in sediments from the Holocene Ancylus Lake stage
of the Baltic Sea but it also occurs in streams on a sandy
or stony substratum (Cleve-Euler 1951; Krammer &
Lange-Bertalot 2004a). The presence of E. arenaria
together with a slight increase in phytoliths could
therefore indicate increased river influence.

The combined proxy data for units C–F indicate an
oligo- to mesotrophic lake and an increase/decrease in
lake organic productivity at the start/end of units C/F.
The lake’s catchment was characterized by a mosaic of
wet and dry soils, and by erosion. Plant macrofossils
typical for arctic/sub-arctic environments would imply
mean July temperatures of 481C. Chironomid and
diatom assemblages suggest sub-arctic to possibly
temperate climate conditions throughout units C–E.
Distinct variations in the ratio between planktonic and
benthic diatoms in the upper part of unit C and the
lower part of unit D/E might indicate that higher
summer temperatures and longer growing seasons were
interrupted by a colder interval.
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Unit G. – Fine sand and silt follow above a sharp
boundary to unit F (Figs 3B, F, 4A). The sand is mas-
sive at the base and becomes gradually more clearly
stratified towards the top. It shows a clear change in
depositional environment when compared to the or-
ganic-rich sediments of units C–F. Unit G is probably
comparable to Kulling’s (1945) ‘unstratified sand’ (Fig.
2A) and to Robertsson’s (1988a, b) ‘sand with gyttja’
and ‘stratified sand’ (upper part of unit 2c in Fig. 2B),
which follow on top of the ‘sandy gyttja’.

The slight increase in mineral magnetic values, the
decrease in LOI and TOC, and a C/N ratio of �10
suggest low organic productivity in this aquatic en-
vironment and that most of the organic material is of
aquatic origin.

Plant remains are scarce (Fig. 6) and dominated by
mosses typical of dry soils (Distichium sp., Encalypta
sp., Polytrichum s.l. sp.). The find of one, non-species
diagnostic mandible of the tad-pole shrimp Lepidurus
(Fig. 6) could, by reference to J. Lundqvist (1967b), be
referred to Lepidurus arcticus. This crustacean is wide-
spread in Arctic regions, where it thrives in ponds and
small lakes without fish, but it can also live in larger
lakes. It suggests cold and oligotrophic conditions.

Several of the chironomid taxa that were present in
units C–E return to the site (e.g. T. lugens-type, M. in-
signilobus-type), but not taxa with a higher temperature
optimum. The presence of cold stenotherms [e.g. M.
radialis-type and Orthocladius type S (formerly O. con-
sobrinus-type)] and the absence of warm stenothermic
taxa indicate a colder environment than before. Only
very few chrysophyte cysts and some phytoliths were
observed in unit G (Fig. 8).

The sharp contact between the gyttja of unit F and the
fine sand/silt of unit G, and the distinct changes indicated
by the proxy datamay point to a hiatus. The low-nutrient,
oligotrophic lake reconstructed for unit G is characterized
by high sediment influx. Climatic conditions were cold
and dry, comparable to in present-day Arctic regions.

Unit H. – Well-sorted medium sand forms one large
and one smaller wedge-like structure, cross-cutting
units E–G and almost reaching the present disturbed
surface (Figs 3B, F, 4A). Rip-up gyttja clasts up to 7 cm
long, some of which form trails in the sand towards the
SE, were observed in the lower part. At the contact to
the underlying gyttja of unit E, a few rounded clasts
with a size of up to�15 cm occur. LOI and TOC values
are low, and mineral magnetic values increase dis-
tinctly. The coarse sands of unit H contain no micro-
scopic or macroscopic animal or plant remains.

Unit H displays features typical for clastic dykes,
which form subglacially during an ice advance (Larsen
& Mangerud 1992; Lindén et al. 2008; cf. J. Lundqvist
1967b). The wedge-like position of unit H suggests that
it formed after the deposition of units F and G and that
it is connected to a later ice advance over the site.

The age

One OSL sample from the base of unit A gave an age of
74�5 ka. Alexanderson et al. (2010) considered this a
maximum age, owing to the risk of incomplete bleach-
ing of the sediments. The four OSL dates derived from
units C–F show gradually older ages with depth and
range between 39�3 and 48�8 ka, and the five OSL
ages for unit H are between 36�3 and 52�4 ka (Table
4A; Fig. 4B). Errors in water content estimates or other
factors affecting the age calculation could shift these
ages by a few thousand years. The consistency in ages
from units C–H suggests that the samples do not suffer
from incomplete bleaching, which would make the ages
appear too old (Clarke et al. 1999), and that they can be
attributed to approximately the same time window.

Except for two finite AMS 14C dates of 34�0.2 ka BP
(UBA-9032) and 47.6�0.5 ka BP (UBA-9031), all
radiocarbon measurements resulted in infinite ages
(Table 4B; Fig. 4B). Because most of the samples con-
sisted of unidentified wood fragments, which could po-
tentially have been re-deposited (Warner & Barnett
1986), we also measured one sample (UBA-11541)
consisting of fruits of Potamogeton, as we assume that
this plant had been growing in the lake. UBA-11541,
however, also resulted in an infinite age of453.7 ka BP
(Table 4B). Two alternative scenarios are thus likely: (i)
the infinite ages on wood and fruits correspond to the
true age of the sediment, and the finite ages are a result
of contamination by younger organic material (bacter-
ia, fungi, etc.) that was not completely removed during
the pretreatment process; (ii) the infinite ages represent
reworked wood and seeds that have become in-
corporated in the sediment, and the finite ages on plant
material represent the true age of the sediment. The
observation that wood remains were fairly abundant in
the silty gyttja (units C–F) and the assumption that the
Potamogeton fruits derive from plants that had been
growing in the lake suggest that scenario (i) would be
the most likely and that the sediments are older than
�60 14C ka BP.

This assumption is in agreement with the OSL age of
74�5 ka for unit A, but is at odds with OSL ages for
units C–F and also with previous finite 14C dates for
Pilgrimstad that had been regarded as acceptable ages
(Wohlfarth 2010; Fig. 9; Table 1). According to the
OSL ages and previous 14C dates, units C–F would
have been deposited between c. 56 and c. 39 ka BP,
while the majority of the 14C dates from this study sug-
gest ages of 454 and 460 ka BP (Fig. 9). These dis-
crepancies make it difficult to establish a coherent
chronological framework for units C–F. The only con-
clusion that can be drawn from this array of different
age estimates is that units C–F could belong to the
Middle Weichselian. The sand and silt of unit G did not
provide material for 14C dating, but two OSL samples
give an age range of �48–36 ka, which more or less
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overlaps with units C–F. OSL ages for unit H, which is
interpreted as post-dating units A–G (see above), vary
between 33 and 56 ka. This wide age range could result
from a mixture of different ages (consistent with the
interpretation as a clastic dyke of reworked sediments;
see above), or from the low resolution of the OSL ages
(cf. Alexanderson & Murray, in press).

Discussion

Our multi-proxy study of the new section at Pilgrimstad
shows four distinct depositional environments: glacio-
fluvial/fluvial and shallow lacustrine (unit A), deep gla-
ciolacustrine (unit B), lacustrine (units C–G) (Fig. 9)
and glacial (unit H).

Glaciofluvial/fluvial, lacustrine and glaciolacustrine
phase (units A, B) – OSL and 14C: �80-60 ka BP

Sediments and proxies show that the glaciofluvial/fluvial
depositional environment of unit A gradually changed
into a larger lake with coarse minerogenic bottom sedi-
ments, nutrient-poor conditions and high energy levels.

Reworked clayey silt and calcareous gyttja fragments
moreover indicate that older soft sediments were eroded.
These sediments cannot have been transported very far
unless they were frozen, and are probably derived from
underlying layers. Reconstructed mean July tempera-
tures based on plant remains for the lake phase of unit A
are estimated to be above 81C, while chironomids could
indicate temperatures as high as 14.61C (Fig. 9).

The low-productive and deep glacial lake recon-
structed for unit B is characterized by long-lasting winter
ice cover and surrounded by arctic/sub-arctic vegetation.
Unit B may compare to Kulling’s (1945) ‘sand-stratified
varved clay series’ (Fig. 2A). However, in contrast to
Kulling, who found numerous plant remains of Dryas
octopetala, Betula nana and Salix herbacea in his varved
clay series, we found macro-remains to be scarce.

The approximate age assignment of �80–60 ka pla-
ces the deposition of the sediments in the later part of
the Early Weichselian/early part of the Middle Weich-
selian. The succession fluvioglacial/fluvial sediments,
lake phase, and glaciolacustrine conditions was prob-
ably not continuous and could originate from different
events; that is, from an ice advance/retreat, a warmer
interstadial, and a proglacial phase.
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Lake phase (units C–F) – OSL: �56-39 ka; 14C: 52-39
or 460 ka BP

The sharp contact between the glaciolacustrine clay/silt
and sands of unit B and the lacustrine silty clay gyttja of
unit C may indicate a hiatus, although this is not sup-
ported by chironomid and LOI/TOC data, which show
a rather gradual transition. It was not possible to
clearly separate the different lithological units C–F be-
cause the sediments were strongly brecciated, but chir-
onomids and diatoms suggest that units C–F may
contain indications for changing climatic and environ-
mental conditions. The diverse chironomid assem-
blages in units C–E suggest oligotrophic to mesotrophic
lake water, which is corroborated by the diatom as-
semblages (Fig. 9). Moreover, the distinct variation be-
tween planktonic and benthic diatoms could mean that
higher summer temperatures and longer growing sea-
sons were interrupted by an interval with lower summer
temperatures and longer ice-cover seasons. Very few
diatoms and no chironomids are present in the upper
part of unit D/E and in unit F, where, in addition, lake
organic productivity gradually decreased. This could
suggest a change in environmental conditions and low-
er temperatures. The plant remains throughout units
C–F imply a mosaic of wet and dry soils, with plants
typical of arctic and sub-arctic environments and re-
constructed mean July air temperatures higher than
81C (Fig. 9).

Robertsson (1988a, b) interpreted the succession of
calcareous silty gyttja/lake marl and brecciated silty/
sandy gyttja and sand with organic remains (unit 2c in
Fig. 2B) as two eutrophic–mesotrophic lake phases and
as two distinct interstadials, separated by a colder phase
with wind-blown sand and silt. According to Robertsson
(1988a, b), interstadial 1 started with an open treeless
vegetation with grasses and herbs, was followed by a
transitional phase with Juniperus, herbs and shrub com-
munities, and ended with a sparse birch forest, which
also contained Juniperus, Artemisia, Thalictrum and
other herbs. Coleoptera analysis on the sediments from
interstadial 1 suggested tundra vegetation with dwarf
willows and shrub birch close to the site, and mean tem-
peratures of the warmest and coldest months of 111 and
�101C, respectively (Moseley 1980). These temperature
estimates were used to infer that tree birch was present
and that the site was situated close to the arctic tree line
(Robertsson 1988a, b). The vegetation during interstadial
2 was, according to the pollen stratigraphy, open and
treeless and dominated by shrubs and herbs, although
Betula pubescens and Picea may have grown in the vici-
nity. Our new study shows the cold phase between inter-
stadials 1 and 2 to be an artifact, as the sand, which
obviously corresponds to our unit H, was formed during
the last glacial advance. As such, Robertsson’s (1988a, b)
two interstadials must now be viewed as one single inter-
stadial. Moreover, the presence of a sparse birch forest

cannot be corroborated by the new study, as the fairly
species-rich plant macrofossil assemblage gives no in-
dication for tree growth, but indicates a typical arctic
environment without trees. The Betula pubescens and Pi-
cea pollen present in Robertsson’s (1988a, b) pollen as-
semblages is thus long-distance-transported or reworked
from older layers. Furthermore, the interpretation of eu-
trophic to mesotrophic lake-water conditions during
Robertsson’s (1986) interstadials contrasts with our chir-
onomid- and diatom-based interpretation of an oligo-
trophic lake.

OSL ages suggest a Middle Weichselian age for units
C–F, in accordance with earlier obtained 14C dates on
the Pilgrimstad sequence (Wohlfarth 2010), while most
of the new 14C dates indicate infinite ages and that the
sediments are older than 60 ka BP.

Lake phase (unit G) – OSL: �48–36 ka
The sharp contact between the gyttja of unit F and
the fine sand/silt of unit G, and the distinct changes
indicated by the proxy data could point to a hiatus. Cold
stenotherm chironomids, the absence of diatoms and
the presence of only a few chysophyte cysts suggest a low-
nutrient lacustrine environment with high sediment
influx, dry catchment soils and considerably colder con-
ditions than those reconstructed for units C–F (Fig. 9).

Comparison with other records

The new record from Pilgrimstad suggests that ice-free
intervals prevailed in central Sweden during parts of the
Early and Middle Weichselian. Distinct changes in se-
diment lithology, proxy data and correlations with the
stratigraphies of Kulling (1945) and Robertsson
(1988a, b) indicate, however, the presence of several
hiatuses in the analysed sequence. A break in sedi-
mentation possibly occurred between units A and B,
between units B and C and between units F and G (Fig.
9). The ‘silt-stratified sand with remains of mammoth
and reindeer’ described by Kulling (1945) seems, for
example, only to be present in the SW part of the gravel
pit, while the ‘fresh-water marl’ only occurs in the NE
part of the pit (Fig. 2A), where Robertsson’s (1988a, b)
section was located. Although our new outcrop is si-
tuated close to Robertsson’s section and should there-
fore be comparable, the ‘calcareous silt and sand’ or
‘fresh-water marl’ was not exposed in 2007 (Fig. 2A, B).
This would suggest that these sediments were eroded
prior to the deposition of the silty sandy gyttja in our
unit C and/or that the spatial extent of these calcareous
sediments is very limited. Their occurrence below the
‘sandy silty gyttja’ in the sections of Kulling (1945) and
Robertsson (1988a, b) indicates a complex pattern of
sedimentation and possibly also that another lake-
phase interval was present between units B and C.
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Assuming that our new, albeit fragmentary record
from Pilgrimstad covers parts of the Early and Middle
Weichselian, we speculate that breaks in sedimentation
may represent erosion and as such possible ice ad-
vances. Tentatively, we could envisage the following
scenario (Fig. 9): (i) a glaciofluvial/fluvial environment
followed by the formation of a large shallow lake and
mean July temperatures of 81–141C and subsequent
erosion of the lake sediments (unit A); (ii) ice advance/
retreat, deposition of glaciolacustrine sediments and
arctic/sub-arctic environmental conditions (unit B); (iii)
glaciofluvial/fluvial phase with deposition of the ‘silt-
stratified sand’ (Kulling 1945) or ‘silty sand’ (Ro-
bertsson 1988a, b) (Fig. 2A, B); (iv) lake phase with de-
position of calcareous sediments (Kulling 1945;
Robertsson 1988a, b); (v) ?ice advance/retreat; (vi) lake-
phase and arctic/sub-arctic environmental conditions
and possibly varying summer temperatures (units
C–F); (vii) ice advance; (viii) lake phase, arctic en-
vironment (unit G); (ix) LGM ice advance (unit H).

Given the uncertain age assignments, the fragmen-
tary record and the tentative interpretation of the new
section at Pilgrimstad, it is difficult to compare the in-
ferred development with the few Early or Middle
Weichselian sites in northern Scandinavia. Sites such
as Sokli in northern Finland (Helmens et al. 2000, 2007)
or Riipiharju in northern Sweden (Hättestrand &
Robertsson 2010) (Fig. 1A), for example, contain Early
and possibly also Middle Weichselian sediments,
but have no or not very precise chronologies. However,
the stratigraphic succession of three interstadials after
the Eemian in Sokli suggests that these interstadials
represent two Early Weichselian interstadials and an
early Middle Weichselian interstadial (Helmens et al.
2000, 2007). Riipiharju, on the other hand, has only
two interstadials above Eemian sediments, which could
be of Early Weichselian and/or early Middle Weichse-
lian age (Hättestrand & Robertsson 2010). Attempts
to correlate the new stratigraphy from Riipiharju
with Sokli show how difficult it is to correlate between
sites based on pollen stratigraphy only, even though
these two sites are situated relatively close to each other
(Hättestrand & Robertsson 2010). Moreover, each
interstadial may contain a complex environmental
history, or fragments of this history, which is re-
constructed based on different types of proxies (pollen,
plant macro-remains, diatoms, chironomids, beetles,
etc.). Thus, trying to compare poorly dated and frag-
mented records, all relying on different environmental
variables, is an almost impossible task.

Conclusions

New investigations of the Pilgrimstad site in central
Sweden, a key locality for discussions of ice-free condi-
tions in Sweden during the Early and Middle Weichse-

lian, provide a revised picture of the climatic and
environmental development between �80 and 36 ka
ago. The lowermost succession (�80–60 ka) comprises
a glaciofluvial/fluvial environment, a lake phase during
which mean July temperatures were 81–141C, and a
glaciolacustrine phase with a return to arctic/sub-arctic
conditions. The middle part of the sequence is com-
posed of lacustrine sediments (OSL age: �56–36 ka),
which indicate the development of an oligo- to meso-
trophic lake, arctic/sub-arctic environments and mean
July temperatures of481C, and a subsequent return to
a low-nutrient lake and cold and dry climate. The suc-
cession of glaciofluvial/fluvial, lacustrine, glaciolacus-
trine and lacustrine sediments, which is overlain by a
LGM till, possibly contains several hiatuses, as shown
by the often sharp contacts between individual units.
The combination of sedimentology, geochemistry, OSL
and 14C dating, and macrofossil, siliceous microfossil
and chironomid analyses suggests that ice-free condi-
tions alternated with possible ice advances during parts
of the Early and Middle Weichselian.
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