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Cryolithological, ground ice and fossil bioindicator (pollen, diatoms, plant macrofossils, rhizopods, insects,
mammal bones) records from Bol’shoy Lyakhovsky Island permafrost sequences (73°20'N, 141°30'E) document
the environmental history in the region for the past ¢. 115kyr. Vegetation similar to modern subarctic tundra
communities prevailed during the Eemian/Early Weichselian transition with a climate warmer than the present.
Sparse tundra-like vegetation and harsher climate conditions were predominant during the Early Weichselian. The
Middle Weichselian deposits contain peat and peaty soil horizons with bioindicators documenting climate ameli-
oration. Although dwarf willows grew in more protected places, tundra and steppe vegetation prevailed. Climate
conditions became colder and drier ¢. 30 kyr BP. No sediments dated between c. 28.5 and 12.05 '*C kyr BP were
found, which may reflect active erosion during that time. Herb and shrubby vegetation were predominant
11.6-11.3 "Ckyr BP. Summer temperatures were ¢. 4°C higher than today. Typical arctic environments prevailed
around 10.5 '"*Ckyr BP. Shrub alder and dwarf birch tundra were predominant between ¢. 9 and 7.6 kyr BP. Re-
constructed summer temperatures were at least 4°C higher than present. However, insect remains reflect that
steppe-like habitats existed until ¢. 8 kyr BP. After 7.6 kyr BP, shrubs gradually disappeared and the vegetation
cover became similar to that of modern tundra. Pollen and beetles indicate a severe arctic environment c¢. 3.7 kyr
BP. However, Betula nana, absent on the island today, was still present. Together with our previous study on
Bol’shoy Lyakhovsky Island covering the period between about 200 and 115kyr, a comprehensive terrestrial pa-
laecoenvironmental data set from this area in western Beringia is now available for the past two glacial-interglacial
cycles.
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The importance of understanding and predicting the
environmental dynamics of the high latitudes is under-
lined by global climate models predicting a pro-
portionally stronger increase in air temperatures for the
Arctic over upcoming decades (ACIA 2005). To assess
such dynamics and the manifold global impacts on var-
ious time scales, a sound knowledge of the high Arctic
past environments is necessary. Glacial or lacustrine re-
cords are widely used to reconstruct Quaternary Arctic
palaeoenvironments, but the vast regions of the NE
Siberian lowlands are still poorly investigated because
of a lack of such long-ranging archives. During the late
Quaternary, this region was part of Beringia — the lar-
gely unglaciated landmass stretching from NE Siberia
to Alaska. Thick permafrost deposits that accumulated
in the western Beringian lowlands are excellent pa-

lacoecological archives and in recent years have been
used increasingly in palacoecological studies (e.g.
Andreev et al. 2002a, 2004a; Schirrmeister et al. 2002a,
2003; Ilyashuk et al. 2006; Kienast et al. 2007 and
references therein). Detailed investigations of the late
Quaternary palaeoenvironment of western Beringia not
only complement the understanding of Beringia eco-
systems but also deliver highly desirable data on the
past environmental dynamics in a poorly studied part
of the Arctic.

Since its discovery in the 18th century, Bol’shoy
Lyakhovsky Island (73°20'N, 141°30’E; Fig. 1), situated
in the western part of Beringia, has been known for its
abundance of fossil mammal bones. Almost 2000 bones
were collected during the New Siberian Islands Expedi-
tion of 1886 (Bunge 1887; von Toll 1897). Many species

DOI 10.1111/5.1502-3885.2008.00039.x © 2008 The Authors, Journal compilation © 2008 The Boreas Collegium



BOREAS

TN

W00°E

B8N 10°E

Palaeoenvironmental history of the Bol’shoy Lyakhovsky Island, Arctic Siberia

73

TIFE

1°E

Fig. 1. A. Map of the Arctic. B. Map of the
Laptev Sea—Bol’shoy Lyakhovsky Island
region. Study sites mentioned in the article:
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1 = Bykovsky Peninsula (Andreev et al. 2002a;
Schirrmeister et al. 2002b); 2 = Nikolay Lake
(Andreev et al. 2004b); 3 = Dolgoe Lake
(Pisaric et al. 2001); 4 = Kurungnakh Island,
Buor-Khaya section (Schirrmeister ez al. 2003);
5 = Levaya Kutta River (Ukraintseva et al.
1989); 6 = Kotelny Island (Makeyev et al.
2003). C. Study area around Zimov’e River on
the Bol’shoy Lyakhovsky Island.
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of fossil mammals, such as saiga antelope, large lion-like
panther, woolly rhinoceros and others previously not
known in the Arctic, were discovered on the island
(Chersky 1891; Kuznetsova et al. 2004), which subse-
quently became one of the most important Pleistocene
mammal sites in Siberia. The deposits of the south coast
of Bol’shoy Lyakhovsky Island were first studied in
the 19th century (Bunge 1887; von Toll 1897). How-
ever, detailed geocryological and palaeoenvironmental
studies began much later (Romanovskii 1958a—c;
Pirumova 1968; Igarashi et al. 1995; Nagaoka et al.
1995; Arkhangelov et al. 1996; Kunitsky 1998).

In continuation of our studies of the island’s pre-
Weichselian environments (Schirrmeister et al. 2002a;
Andreev et al. 2004a; Ilyashuk et al. 2006; Kienast et al.
2007), this article presents new radiocarbon and infra-
red stimulated luminescence (IRSL) dated records doc-

1410'0"N

142°00N 14F00"N

umenting the environmental changes in this region
since the Early Weichselian to Holocene. We relate
these records to both the Siberian and Eurasian Qua-
ternary stratigraphy as well as the marine isotope stages
(MIS) as an overarching chronological framework
(Table 1). Our approach is based on a number of prox-
ies, including cryolithological structure of the sediments,
hydrochemistry of ground ice and fossil bioindicators
(pollen, diatoms, plant remains, rhizopods, insects,
mammal bones).

Within the joint German—Russian project ‘System
Laptev Sea’, the late Quaternary terrestrial palacoenvir-
onment of other locations in the Laptev Sea region has
already been accessed with comparable comprehensive
and multidisciplinary studies (e.g. Andreev et al. 2002a,
b, 2004a, b; Meyer et al. 2002a, b; Schirrmeister et al.
2002a—c, 2003; Kienast et al. 2005, 2008; Sher et al.



74 Andrei A. Andreev et al.

BOREAS

Table 1. Correlation of the Pleistocene regional stratigraphic schemes used in the article (based on Astakhov 2001, 2004, 2006; Anderson &
Lozhkin 2001; Svendsen et al. 2004; Arkhipov et al. 2005; Lambeck ez al. 2006; Lozhkin et al. 2007).

Ages (kyr) West European Siberian North American Marine Isotope Stages
c. 30-10.5 Late Weichselian Sartan Late Wisconsinan MIS2

¢. 50-30 Middle Weichselian Karginsky Middle Wisconsinan MIS3/MIS4

c. 110-50 Early Weichselian Ermakovo, Zyryan Early Wisconsinan MIS4/MIS5a-d

c. 130-115 Eemian Kazantsevo Sangamonan MISS5e

¢.200-130 Saalian Tazovsky Illinoian MIS6

2005; Ilyashuk er al. 2006; Kuzmina & Sher 2006;
Grosse et al. 2007). Based on these efforts, we provide
an additional piece of the palacoenvironmental record
— from a still poorly understood part of the Laptev
Sea region — that is of great importance for our under-
standing of the late Quaternary history of western
Beringia. The key goals for this study are therefore the
establishment of a geochronology for the late Qua-
ternary deposits of Bol’shoy Lyakhovsky, the extrac-
tion and analysis of a wide variety of palaco-ecological
indicators from permafrost deposits and the character-
ization of environmental changes and their broader
relevance during the late Quaternary based on our
palaeo-ecological indicators and geochronology.

Regional setting and geological situation

Bol’shoy Lyakhovsky Island is the southernmost island
of the New Siberian Archipelago (Fig. 1). It is located
east of the recently active Gackel-Ust Lena Rift Zone,
which represents the boundary between the North
American and the Eurasian lithosphere plates. The
island has a few heavily weathered bedrock elevations
up to about 300m a.s.l., but consists otherwise of a
generally smooth relief intersected by thermokarst ba-
sins and thermo-erosional valleys. Large parts of its
southern coast consist of exposures formed by coastal
abrasion of 30-40m thick Quaternary permafrost de-
posits. A number of thermo-erosional cirques (TZ)
were formed by melting of the ice-rich sediments,
resulting in retrogressive coastal cliffs. According to
reconstructions of the Eurasian glaciations (Hubberten
et al. 2004 and references therein), as well as our data
(Andreev et al. 2004a; and this article), the region has
remained unglaciated at least since the late Saalian.
These conditions preserved local permafrost deposits
and hence provide palacoenvironmental records cover-
ing a time period of more than 200 kyr. Neotectonic
activity in the study area has been important for the
general geological situation and sedimentary processes.
Bol’shoy Lyakhovsky Island is situated not far east of
the Laptev Rift, protruding onto the Laptev Shelf.
Generally, the New Siberian Islands consist of horst
and graben structures influenced by the rift system.
Many works describe the impact of neotectonics on
local geology (e.g. Drachev et al. 1998), the palaeo-

environment during the late Quaternary (Kienast et al.
2008) and permafrost degradation and shelf inundation
during the early Holocene (Romanovskii et al. 2004).

In summer 1999, we carried out a multidisciplinary
study of the sediment sequences (Fig. 2) along a coastal
bluff stretching several kilometres to the east and west
of the Zimov’e River mouth (Schirrmeister et al. 2000).
The studied exposures in the bluff were labelled ac-
cording to their position relative to the Zimov’e River
mouth (sections R and TZ to the west and L to the
east). The hinterland of the study area is formed by
gradually sloping terrain intersected by rivers and ther-
mo-erosional valleys. Approximately 26 km to the NE,
bedrock hills up to 200m a.s.l. are characterized by
cryoplanation terraces important as a source of local
sediment (Kunitsky et al. 2002).

In the lower part (up to 15m a.s.l.), the studied
sequences consist of Saalian Ice Complex (unit I) and
floodplain/lacustrine (unit Ila/b) deposits covered by
Eemian lacustrine (unit III) and Early Weichselian
floodplain (unit IV) deposits (Fig. 2). Detailed descrip-
tions of these sequences and palacoenvironmental re-
constructions have been published by Meyer et al.
(2002b), Schirrmeister et al. (2002a), Andreev et al.
(20044a), Ilyashuk et al. (2006) and Kienast et al. (2008).
This study focuses on post-Eemian palacoenviron-
ments reconstructed from the late Pleistocene Ice
Complex (unit Va) and Holocene deposits (unit VI).

The Ice Complex consists of ice-rich silty fine sand
with peaty palacosol horizons. Large syngenetic ice
wedges and high contents of segregated ground ice are
also characteristic. The deposits are intersected by deep
thermo-erosive valleys and thermokarst depressions
that formed due to strong surface subsidence of thaw-
ing ice-rich deposits. Subaquatic and subaerial deposits
accumulated in these depressions during the Holocene.
Younger epigenetic ice wedges are common in these
deposits.

Methods

This article is the continuation of our studies of pre-
Weichselian environments on the island, and all meth-
ods applied are the same as used in Andreev et al.
(2004a). We do not therefore describe them again, but
instead refer the reader to previous publications for
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Fig. 2. Coastal section around Zimov’e River mouth and locations of studied profiles.

detailed descriptions of the methods and techniques
used (Schirrmeister et al. 2002a; Meyer et al. 2002b;
Andreev et al. 2004a; Sher et al. 2005; Tarasov et al.
2005; Ilyashuk et al. 2006; Kienast et al. 2008). We
report all palacoenvironmental indicators as found in
individual outcrop situations, except for the rich fossil
mammal bone collection and the isotopic compositions
of ice wedges. Both are described in a more general way
for the entire coastal bluff, since these indicators are
rarely bound to the same small outcrops investigated
for the other (sedimentary and palaeoecological) in-
dicators. Radiocarbon dates are reported throughout
the text as uncalibrated ages. Calibrated ages for dates
younger than 13 kyr are given in Table 2. IRSL dates
are reported as absolute ages.

Results

Sections west of the Zimov’e River

Section R23+40. — This section is situated 2.34 km west
of the Zimov’e River mouth (Fig. 2). The lower 300 cm
consists of laminated, graded and ripple bedded sandy to
clayish lacustrine sediments (unit IIb/unit III) and con-
tains shells of freshwater Pissidium sp. The upper hor-
izons of peaty-sandy bedding belong to unit Va. The
pollen spectra were divided into two pollen zones (PZ)
dominated by Cyperaceae and Poaceae (Fig. 3). The
presence of Alnus fruticosa, Betula sect. Nanae and Eri-
cales pollen is characteristic of the PZ-1. PZ-II is notable
for large amounts of Equisetum spores. There are three
infinite '*C dates from the section (Table 2). Two ther-
moluminescence (TL) ages (114+28 (200cm a.s.l.) and
9626 (500cm a.s.l.)) of samples collected at the section
during previous studies (Andreev et al. 2004a) and the
PZ-1 pollen assemblage indicate a late Eemian/Early
Weichselian sedimentation for the section.

Sections of the third thermo-erosion cirque (3TZ). — Three
subprofiles (Fig. 4A—C) studied between 2.3 and 2.5km
east of the Zimov’e River belong to the Ice Complex (unit
Va) and consist of silty fine sand alternating with peaty
palaeosols. The exposure is characterized by 2-4m wide
ice wedges enclosing the intra-polygonal sediment accu-
mulations. The ice-rich (gravimetric ice content 60—160
wt%) sediments have cryostructure saturated by lens-like
reticulated and small ice bands. Five '*C ages (Table 2)
suggest that the deposits were accumulated during the
Early/Middle Weichselian.

PZ-1 of the section 3TZ1 (Fig. 4A) is characterized by
relatively low pollen concentration and dominated by
Poaceae, Cyperaceac and Caryophyllaceae. The lower-
most spectrum (PZ-Ia) contains large amounts of re-
worked Pinaceae and remains of Pediastrum colonies. The
pollen concentration is much higher in PZ-II. The PZ-11a
spectra consist mostly of Cyperaceae and Poaceae, with
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Table 2. AMS and conventional (%) radiocarbon dates from the upper units of the Zimov’e River study site. Calibrated ages according to

CALIB rev. 4.3 (Stuiver et al. 1998).

Sample ID Elevation Dated material Age (yr BP) Age (cal. yr Lab. no
(ma.s.l) BP 26 95%)
R23+40-S-8 5.75 Peat 48 340+2860/—2110 KIA12543
R23+40-S-5 4.75 Plant remains >52020 KIA12542
R23+40-S-2 2.75 Plant remains >51 640 KIA12541
3TZ1-S-7 17.8 Plant remains >40 880 KIA25710
3TZ1-S-5 17.3 Twigs 54 050+3130/—2250 KIA9889
3TZ2-S-8 19.3 Plant remains >43 690 KIA25708
3TZ2-S-1 16.6 Plant remains >45 940 KIA25709
3TZ5-S-3 16.6 Plant remains 48 560+1670/—1100 KIA9890
R18+50-S-15 16.8 Plant remains 44 660+2220/—1740 KIA12539
R18+50-S-12 15,0 Plant remains 47 940+5150/— 3110 KIA12538
R18+50-S-8 13.5 Plant remains >44 160 KIA12537
R18-0S-41 17.1 Plant remains >51820 KIA32442
R18-0S-48 16.8 Plant remains 34 480+870/—780 KIA32443
2TZ1-S-4 21.35 Plant remains >36 140 KIA25711
2TZ1-S-1 20.3 Plant remains 51950+2310/—1790 KIA11444
2TZ3-S-3 24.4 Plant remains 52900+4570/—2890 KIA11445
R6-0OS-16 4.3 Plant remains >50610 KIA32441
1TZ1-S-5 23.4 Peat 35 680+400/—390 KIA12548
1TZ1-S-3 22.35 Peat 41 150+2390/—1840 KIA25707
1TZ3-S-1 13.0 Plant detritus >43990 KIA12549
R4-0S-35 21.4 Plant remains 40 160+670/—620 KI1A32444
R33-A1-S-22 14.3 Peat 3705445 4155-3894 KI-4849%
R33-A1-S-23 14.1 Peat 10 570+110 12 955-11 965 KI1-4850%%
R33-A1-S-20 13.7 Twigs 7960450 9010-9704 KIA11476
R33-A1-S-17 12.0 Moss peat 8410+70 9533-9625 KIA11448
R33-A1-S-12a 10.12 Gastropod 12 485460 14 940-14 215 KIA11447
R33-A1-S-9a 9.52 Plant detritus 12 085+50 15356-14 645 KIA9894
R33-A1-S-6 8.5 Wood 8170105 9425-8815 KI1-4847%
R33-A1-S-6 8.5 Wood fragment 8310+40 9470-9447 KIA12552
R33-A1-S-5 8.2 Plant detritus 9320460 10 688-10 588 KIA12551
R33-A1-S-3 8.0 Peat 45240 + 3710/-2530 KIA12550
R33-A1-S-1 7.0 Small plant remains 51 160 +4730/—2960 KIA11446
R33-A2-2 14.0 Twigs 8865+50 10 275-9704 KIA9893
R33-A2-1 13.5 Twigs 8350450 9490-9252 KIA9892
R24-Ho IC top Alder wood 906045 10 365-10 155 KI-4855%
L21+50-S-14 10.4 Peat 8400460 9535-9155 KI-4853%
L21+50-S-12 9.5 Twigs 8940+45 10 214-10 095 KIA11477
L21+50-S-11 8.5 Bulk sediment 8770+70 10 150-10 050 KIA12547
L21+50-S-10 8.2 Plant remains 38 080+2270/—1770 KIA25705
L21+50-S-9 7.5 Plant remains 10 500+50 12 874-12 289 KIA25704
L21+50-S-7 6.2 Twigs 11 325450 13779-13 675 KIA11451
L21+50-S-5 5.0 Peat and twigs 11 570490 13 845-13 175 KI-4851%
L21+50-S-4 4.3 Bulk sediment 33020+290/—-280 KIA12546
L21+50-S-4 4.3 Plant detritus 39 960+2640/—1980 KIA12554
L21+50-S-1 2.5 Plant remains 49 840+2700/—2020 KIA11450
L17-0S-63 13.5 Peat 3700+30 41484111 KIA12545
L17-0S-62 8.5 Wood 8020+35 9014-8926 KIA12544
AMS radiocarbon dates from ice wedges.
LYA-L6-14C-1 9 Plant remains 39 730+1290/—1110 KIA14733
TZ2-4-14C-1 15.8 Salix leaves 34 970+2080/—1650 KIA9886
TZ2-2-129/30 8.2 Plant remains near ice 3435430 3826-3791 KIA9885
wedge
L21-1-Be-9 9.5 Plant remains 855450 1035-1144 KIA9883
L21-1-Be-5 9.5 Plant remains 135430 1669-1780 KIA9882
LYA-R9-1-11 9 Lemming dropping 49 200+2400/—1850 KIA9881

few Caryophyllacecae. PZ-IIb is dominated mostly by
Poaceae and contains larger amounts of Pediastrum re-
mains and reworked Pinaceae. Relatively rich rhizopod
palaeocoenoses found in both peat layers (Appendix 1)
point to mesotrophic soil conditions. Hydrophilic Cen-

tropyxis elongata and Difflugia lucida reflect rather wet
habitats. The presence of Arcella arenaria v. compressa,
Euglypha sp. and changes in the Nebela complex in the
upper peat points to more oligotrophic conditions and
lower water table.
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The sediments also contain diatom valves (Appendix
2). The lowermost sample is characterized by a relatively
low abundance of valves, but high species diversity (mostly
benthic, periphytic and littoral taxa). A few reworked
valves were also found. The upper samples (with the ex-
ception of the uppermost one) contain high amounts of
diatoms, but the species diversity is lower. Soil taxa are
more abundant in the upper sediments.

Pollen spectra of section 3TZ2 are mostly dominated
by Poaceae, Cyperaceae and Caryophyllaceae and can be
subdivided into two PZ (Fig. 4B). PZ-1 is characterized by
a high pollen concentration. The concentration is much
lower in PZ-11. PZ-11b is distinguishable from PZ-Ila by
a lower content of Caryophyllaceae pollen and higher
presence of Pediastrum colonies. Eurybiotic rhizopods
(Appendix 1) were found within the second palaeosol.
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The pollen spectra of section 3TZ5 (Fig. 4C) are domi-
nated mostly by Poaceae, Cyperaceae, Caryophyllaceae
and Cichoriaceae, as well as by large amounts of reworked
Pinaceae. Rhizopod palaeocoenoses show a low diversity
of species (Appendix 1). Soil Centropyxis species (mostly
minor and minima forms) point to the xerophytic soil
environment.

Sections of the second thermo-cirque (2TZ). — The
2TZ subprofiles situated 1.7—1.9 km west of the Zimov’e
River mouth (Fig. 2) consist of ice-rich (40-160 wt%)
silty fine sand containing numerous grass roots inter-
bedded with peaty palacosols (Fig. 6). The cryos-
tructures are lens-like reticulated and banded. Three
14C dates (Table 2) point to the Middle Weichselian age
of the sediments.

Pollen spectra of section 2TZ1 are dominated by
Poaceae, Cyperaceae and Caryophyllaceae (Fig. 6A).
PZ-1 is notable for large amounts of reworked Pinaceae
and relatively low pollen concentration. The con-
centration is much higher in PZ-II containing few re-
worked Pinaceae.

Profile 2TZ2 was subdivided into two PZ dominated
by Poaceae, Caryophyllaceae, Cyperaceae and Cichor-
iaceae (Fig. 6B). PZ-1I is characterized by large
amounts of reworked Pinaceae.

A nearby thermokarst mound (an erosional remnant
with undisturbed still frozen sediments) was studied for
insects (sample B9), pollen and plant remains (sample
0OS-37). The sediments are quite rich in fossil insects
(Appendix 3) with dominating xerophilous tundra taxa
(43%). However, mesophilous species are also numer-
ous (38%). These species are cold adapted and live or
could live on the island today. The finding of Notiophilus
aquaticus, now living on dry habitats from the deciduous
forest to the arctic tundra, is especially notable. This
beetle (the most thermophilous from the assemblage)
was common in Pleistocene tundra-steppe habitats.
Another tundra-steppe indicator is Poecilus nearcticus,
a relict Holarctic species found in a few isolated tundra
habitats in North America and Siberia (Lindroth 1966;
Kiselyov 1981). The sediments also contain numerous
remains of arctic pioneer plants (Draba, Minuartia
rubella, Papaver sect. Scapiflora), abundant fruits of
Potentilla stipularis (a dryness indicator), but few Poaceae
remains (Appendix 4). The rarity of grass remains
might be a result of taphonomic biases. The pollen
spectrum is dominated by Poaceae, Artemisia, Cyper-
aceae, Brassicaceae and Caryophyllaceae, confirming
the tundra-steppe environment reconstructed from
beetle and plant remains. Large amounts of Podospora
and Sordaria spores (dung-inhabiting fungi) suggest the
presence of numerous grazing mammals, such as mam-
moths, bison and horses.

Another nearby thermokarst mound in the same
stratigraphical position was studied for insects (sample
B12), pollen (samples OS-46 and OS-48) and plant
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remains (sample OS-48). The only tundra beetles were
found here (Appendix 3). Pollen spectrum OS-46 domi-
nated by Poaceae and Cyperaceae with few Berula sect.
Nanae pollen confirms a tundra-like environment, but
also reflects the presence of dwarf birch. The macrofossil
composition of sample OS-48 resembles sample OS-37,
but contains numerous Poaceae remains (Appendix
4). Despite their poor preservation, Festuca, Poa and
Elytrigial Elymus were identified. As well as numerous
Potentilla stipularis remains, these indicate a cold and
dry environment. Puccinellia sp., an indicator of fluc-
tuating moisture and salt accumulation due to high
evaporation, was also found. The pollen spectrum is
dominated by Poaceae and Cyperaceae with a few
Brassicaceae and Caryophyllaceae confirming cold and
dry conditions.

Section RI18+50. — This section was located close to
the 2TZ, about 1.85km west of the Zimov’e River
mouth (Fig. 2). The profile consists of ice-rich (45-120
wt%) grey fine sand with some small pebbles and two
cryoturbated brownish palacosols (Fig. 5). Depending
on the ice content, the cryostructures were either mas-
sive or banded. The sediments are bracketed by four
14C dates from this outcrop (Table 2) and underlying
deposits, and thus an Early to Middle Weichselian
age is indicated. The pollen spectra dominated by Poa-
ceae and Cyperaceae with some Caryophyllaceae and
Cichoriaceae contain large amounts of reworked Pina-
ceae. They can be subdivided into 2 PZ. PZ-II is char-
acterized by a higher presence of green algae colonies.

The upper part of the section was studied for insect
and plant remains. Sample B10 contains few insect re-
mains (Appendix 3), but remarkably, Morychus viridis,
a good indicator of tundra-steppe environment, has
been found there. Samples OS-39, OS-41 and OS-43
were analysed for plant macrofossils (Appendix 4).
Their assemblages are mainly composed of arctic pio-
neer plants (mostly Draba sp.), a few tundra steppe in-
dicators (e.g. Potentilla stipularis) and numerous
Poaceae (including Puccinellia sp.). The remains are
poorly preserved, thus impeding a more detailed iden-
tification of grasses.

Section R6. — Located 0.6km west of the Zimov’e
River mouth (Fig. 2), this section was composed of
loess-like fine-grained sediment (unit IV) and ice-rich
deposits of the Ice Complex (unit Va). An infinite *C
date (Table 2) suggests the Early Weichselian age of the
sediments.

Samples B3, B5 and B4 from the section (Fig. 7) were
studied for insects. The few remains found belong
mostly to typical tundra—steppe beetles, some of which
are cold-resistant (Appendix 3). Sample OS-16 contains
numerous well-preserved flowers, leaf fragments and
fruits of Artemisia frigida, Koeleria sp. and Festuca sp.
(Appendix 4). The proportion of steppe plants in this
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Fig. 6. Profiles, age determinations and pollen data of the Ice Complex within the second thermo-erosional cirque (2TZ). A. Profile and pollen
percentage diagram of section 2TZ1. B. Profile and pollen percentage diagram of section 2TZ2. For legend, see Fig. 3.

assemblage is the highest of all the studied samples,
possibly reflecting particular taphonomic conditions.
However, the lower number of arctic pioneers, despite
an equal sample mass, is not in line with a taphonomic
bias. Besides steppe plants indicating dryness, the ha-
lophytes Monolepis asiatica and Puccinellia reflect high
evaporation. Pollen spectrum of sample OS-20 domi-
nated by Cyperaceae, Poaceae and Artemisia also re-
flects a steppe-like environment. Samples OS-21 and
0OS-22 are dominated by Poaceae and Cyperaceae pol-
len and characterized by large amounts of reworked
Pinaceae and low pollen concentration. Sample OS-23
contains very poorly preserved plant remains excluding
species identification.

Sections of the first thermo-cirque (1TZ). — Several
subprofiles from 1TZ (0.4-1.0 km west of the Zimov’e
River mouth) were studied. The ice-rich sequences
showed lens-like reticulated cryostructures and consist

of brownish peaty palaeosols alternating with greyish-
brown silty fine sands (Fig. 8).

Pollen spectra of section 1TZ1 can be subdivided
into 3 PZ (Fig. 8C). PZ-I is dominated by Poaceae and
Cyperaceae. Pollen concentration is high, but lower in
PZ-I1 dominated by Poaceae, Cyperaceae and Car-
yophyllaceae. Reworked Pinaceae are also present. A
higher pollen concentration is a characteristic of PZ-
III. According to "C dates (Table 2), the deposits were
accumulated during the Middle Weichselian.

Subprofiles R5 and R4 were studied for insects, pol-
len and plant macrofossils. Sample B6 (section RS;
Fig. 8A) contains only a few remains of tundra beetles
(Appendix 3). Xerophilous taxa (mostly Curtonotus
alpinus) are dominant. Arctic species are also fairly
numerous. A single fossil of a relatively thermophilous
Eucnecosum cf. tenue (now living under leaf litter in
southern tundra and northern forest and rare in the
typical tundra) was found. The plant macrofossil
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assemblage (sample OS-25) is dominated by arctic pio-
neers (>1500 seeds of Draba sp., Minuartia rubella,
Papaver sect. Scapiflora, Cerastium beeringianum) in-
dicative of frequent surface disturbance due to deflation
and lacking protection of snow cover in winter. Other
plant remains are rare (a few remains of Androsace
septentrionalis and Puccinellia sp. indicate low or in-
stable moisture). The pollen spectrum (sample OS-26)
is dominated by Poaceae, with some Caryophyllaceae
and a few Cyperaceae, Valeriana, Artemisia and Bras-
sicaceae. Remains of Pediastrum and Botryococcus
colonies point to a shallow (at least periodically) aqua-
tic environment during sedimentation.

The insect assemblage of sample B7 is similar to
that of B6, but number of fossils and species diversity
are lower. The pollen spectrum (sample OS-31) is
dominated by Poaceae with some Cyperaceae and a few
Cichoriaceae, Artemisia and Brassicaceae. There are
numerous remains of Pediastrum and Botryococcus.
The beetle and pollen assemblages indicate more severe
climate conditions than in the B6 sample. The macro-
fossil assemblage (sample OS-34) is mainly composed
of arctic pioneer plants (Appendix 4).

Sample B8 (section R4, Fig. 8B) was screened for
insect fossils and studied for plant macrofossil and
pollen. The insect assemblage is similar to that of sec-
tion RS, but the role of the hygro-mesophilous group is
higher. The xerophilous group consists of Curtonotus
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alpinus, Pterostichus sublaevis, Stereocerus haematopus
and Hypera sp., which are absent on the island today.
Two species of Hypera are tundra—steppe relicts and
nowadays live in shrub tundra in the driest and warmest
habitats. Typical arctic insects are represented by
Chrysolina tolli. The pollen spectrum is dominated by
Poaceae with some Artemisia and a few Cyperaceae,
Valeriana and Brassicaceae. Pollen and beetles in-
dicate climate a little warmer than reflected in the
R5 samples. The species diversity of plant remains is
poor and, like today’s polar desert, consists of few
arctic pioneer plants (Appendix 4). '*C dated plant
remains (Table 2) suggest a Middle Weichselian age of
the sediments.

Section R33-A1. — An additional section exposing a
thermokarst depression (unit VI) underlain by Ice
Complex deposits (unit Va) was studied 3.3 km west of
the Zimov’e River (Figs 2, 9). The sequence was pene-
trated by various wide and thin ice wedges. The cryos-
tructure was massive or banded depending on the ice
content, which varies between 35 and 160 wt%.

According to '*C ages (Table 1), the lower part of
the section was formed during the Middle Weichselian.
The general stratigraphic situation is similar to that of
section R33 (Fig. 9). The upper subaquatic and sub-
aerial sediments containing mussels, snails and thin
layers with leaves, accumulated during the Lateglacial
and early Holocene (12-8 '*C kyr BP). 3.7kyr BP old
deposits covered the section. Woody remains '*C dated
between 8.4 and 8.9 kyr BP (Table 1) were found in an
ice wedge cast exposed by a steep ravine cutting the
studied sediments.

Owing to a number of age inversions (Table 1), the
sequence was not used for detailed palaecoecological
studies. Nevertheless, the general stratigraphic in-
formation of this section is important for our under-
standing of environmental changes at the Lateglacial/
Holocene transition.

Sediments bearing woody remains were observed
in some places on top of the steep Ice Complex cliff.
Unfortunately, they could not be studied because of
dangerous outcrop conditions, although an eroded
piece of wood was collected, its age (9.06+0.045 "*C kyr
BP; Table 1) confirming that alder shrubs grew on top
of the Ice Complex hills during the early Holocene.

Sections east of the Zimov’e River

Section L11+40. — This lowermost subprofile of the
east part of the outcrop is located 1.14 km east of the
Zimov’e River mouth (Fig. 2) and consists mainly of
bluish-grey lacustrine deposits with occasional twigs
and peat inclusions (unit III) with low ice contents
(c. 25 wt%) and massive cryostructures (Fig. 10). The
lacustrine deposits are covered by a palaeosol horizon
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and by Ice Complex deposits (unit Va) containing more
ice (c. 70 wt%).

Pollen spectra can be subdivided into 2 PZ. Cyper-
aceae, Poaceae and Caryophyllaceae pollen are pre-
dominant in PZ-I. The presence of Alnus fruticosa,
Betula sect. Nanae, Salix and Ericales, large amounts
of reworked Pinaceae, Glomus spores, Botryococcus
and Pediastrum colonies is also characteristic. PZ-II is
notable for a higher presence of Salix and very low
presence of Pinaceae and Glomus. Pollen concentration
is much higher than in PZ-1.

Rhizopods are rare (Appendix 1). However, their
good preservation points to stable accumulation en-
vironments. The lower, lacustrine samples contain hy-
drobiotic Pontigulasia elisa and Difflugia brevicola.
Aquatic D. cratera was previously found in the Arctic
only in lake sediments from the Polar Urals (Bobrov,
unpublished). The upper lacustrine samples contain few
eurybiotic and soil taxa. Rhizopods from all ecological
groups were found in the silty-sandy oxidized horizon.
Sphagnophilic Arcella discoides and large forms of Cen-
tropyxis sp. point to boggy habitats. Rhizopods from
the Ice Complex sediments reflect meso-oligotrophic

conditions. Eurybiotic and soil taxa (mostly minima,
minuta and minor forms) from the uppermost sample
reflect a rather unfavourable dry and cold environment.

The IRSL date (3746.5 kyr) suggests that the upper
deposits (PZ-II) accumulated during the Middle Weich-
selian, which is in good agreement with the pollen data.
Sediments below the strongly oxidized palaeosol horizon
are probably much older. A pollen correlation (presence
of Alnus, Betula and Ericales) with previously studied
sediments (Andreev et al. 2004a; Ilyashuk et al. 2006)
points to the possible late Eemian/Early Weichselian age
of the sediments, which is in a good agreement with their
geological position.

Section L9. — This profile (Fig. 11) is located 0.9 km
east of the Zimov’e River and exposes a transition from
light-brown fine sandy floodplain deposits with a
massive cryostructure (unit IV) to grey Ice Complex
deposits with peat and root inclusions, ice bands and
lens-like reticulated cryostructure (unit Va). Strati-
graphy and three '*C ages (Table 2) suggest that the
deposits accumulated after the Eemian and before
about 40 kyr. The TL age of 61+15kyr (410cm a.s.l.) of
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Fig. 9. Stratigraphic profile of outcrop R33-Al. For legend, see Fig. 3.
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a sample collected in approximately the same outcrop
position during previous studies is in a good agreement
with the '*C ages. Pollen spectra dominated mostly by
Poaceae and Cyperaceae can be subdivided into 3 PZ.
Pollen concentration is extremely low in PZ-I. The
concentration is much higher in PZ-II, characterized by
large numbers of Pediastrum colonies and reworked
Pinaceae. PZ-11I can be subdivided into two subzones.
High amounts of Equisetum, Sordariaceae spores and
algae remains (Cosmarim) are characteristic of PZ-IIIa.

A total of 51 rhizopod species, varieties and forms
were found in the section (Appendix 1). The species

2 PO 20 200400800800 50100 150 200

Analyst: A.A. Andreev

0 0 &0 2

legend, see Fig. 3.

diversity is low in the transition horizon between units
IV and Va, where soil and eurybiotic taxa dominate.
Rhizopods show a higher species diversity (mostly
hydrophilic and sphagnophilic taxa) in the upper peaty
layers, reflecting stable and rhizopod-favourable boggy
environments. The higher presence of hydrophilic
Difflugia and finding of Centropyxis cassis v. spinifera
in the upper peat reflect a higher water table.

Section Lya97. — Several subprofiles of closely situated
thermokarst mounds located 1km east of the Zimov’e
River mouth (Fig. 2) were collected by V. V. Kunitsky
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in 1997 and represent the longest profile of relatively
homogeneous silty to sandy Ice Complex sediments
covered by Holocene deposits. Eight '*C dates (Table 2)
show that the deposits accumulated during the Weich-
selian and early Holocene. The pollen spectra studied
can be divided into 4 PZ (Fig. 12). PZ-1 dominated
by Poaceae with Cyperaceae and some other herb pol-
len is notable for its low pollen concentration and
large amounts of reworked Pinaceae. PZ-I1, dominated
by Cyperaceae, Poaceae and Caryophyllaceae, is char-
acterized by higher pollen concentration and very
low presence of Pinaceae. PZ-III, mainly composed of
Cyperaceae, Poaceae, Caryophyllaceae, Brassicaceae
and Valeriana, is notable for its low pollen concentra-
tion. The concentration is higher in PZ-IV, where
Betula, Alnus, Salix, Ericales, Poaceae and Cyperaceae
pollen is dominant.

Section L21+50. — This section (Fig. 13) is located in a
large thermokarst depression of about 5 km in diameter
¢. 2km east of the Zimov’e River mouth (Fig. 2). The
general stratigraphic situation is similar to that of sec-
tion R33 (Fig. 9). The section is composed mostly
of Lateglacial/early Holocene thermokarst deposits ac-
cumulated on top of remains of Middle Weichselian
(**C dates range between ¢. 50 and 33 kyr BP) (Table 2)
bluish-grey, laminated, fine-grained deposits (unit Vb)
with peat inclusions, mollusc shells and a massive
cryostructure (ice content 25-30 wt%). The thermo-
karst deposits consist of dark-grey lacustrine sedi-
ments containing shells, peat inclusions and twig
fragments '*C dated between c¢. 11.3 and 7.6kyr BP
(Table 2). The cryostructures of these partly ice-rich
(30—115 wt%) deposits were lens-like reticulated. Large
ice wedges penetrated the entire sequence. The top was
covered by cryoturbated peaty palacosols and recent
peaty soil.

Pollen spectra can be divided into 5 PZ. PZ-I is
notable for its relatively low pollen concentration
and large amounts of reworked Pinaceae. Poaceae with
Cyperaceae and some other herb pollens are domi-
nant. PZ-II dominated by Cyperaceae, Poaceae and
Caryophyllaceae is characterized by a higher pollen
concentration and low presence of reworked Pinaceae.
The presence of Salix pollen is also notable. PZ-II1 is
characterized by a lower pollen concentration and
higher presence of reworked Pinaceae. The pollen con-
centration is much higher in PZ-IV dominated by Cy-
peraceae, Alnus fruticosa, Betula and Poaceae. Salix
and Ericales are also present. The pollen concentration
is highest in PZ-V dominated by Cyperaceae, Poaceae,
Alnus fruticosa, Betula and Salix.

The best modern analogue (BMA) method (Guiot
1990) was used to reconstruct past climate variables
from the pollen (Fig. 14). This approach relies on the
representative reference pollen/climate data set, which
includes 1173 pollen spectra from northern Eurasia

BOREAS

(Tarasov et al. 2005). The results indicate that the
climate was warmer than present around 13.5-12.5 and
10.5-8.3 cal. kyr BP, when the mean temperature of the
warmest month reached 8-12°C and accumulated
mean daily temperatures above 5°C (growing-degree-
days, GDDS5) reached 200-350°C. Reconstructed an-
nual precipitation values vary from c. 250 to 350 mm,
suggesting precipitation similar or slightly higher than
present during the Allergd and early Holocene.

Rhizopod palaeocoenoses show high species
diversity (Fig. 15). Lacustrine sediments (rhizopod
zone I, (RZ-I)) contain mostly meso-oligotrophic Cen-
tropyxis and mesotrophic Cyclopyxis kahli. Although
soil and eurybiotic species are dominant, taxa typical of
moss bogs (sphagnophilic Trigonopyxis and Heleopera)
occurred as well. It is interesting to note the finding of
Argynnia sp., a rare genus previously found in the
Laptev Sea region only in sediments older than 42 kyr
BP (Bobrov et al. 2004).

Species diversity and their abundance are very low in
the Younger Dryas sediments (RZ-II). Centropyxis
constricta v. minima and C. sylvatica v. minor are espe-
cially indicative of unfavourable soil conditions. Sedi-
ments from the Lateglacial/early Holocene transition
(RZ-III) contain no rhizopods, probably indicating the
reworked character of the sediments.

Rhizopods from all ecological groups were found in
the lower part of RZ-IV. However, eurybiotic and soil
taxa dominate. Hydrophilic Centropyxis platystoma,
C. gibbosa and Difflugia limnetica point to a high water
table and mesotrophic conditions. Bog Centropyxis and
hydrophilic Difflugia dominate in the upper part of RZ-
IV, pointing to mesotrophic conditions and a higher
water table.

RZ-V is characterized by high species diversity, re-
flecting the favourable soil environment. Hydrophilic
Centropyxis and Difflugia show a high water table.
Sphagnophilic Nebela and Arcella are also noticeable.
Mesotrophic Centropyxis are much less abundant in the
upper part of the zone, reflecting more oligotrophic
conditions.

Species diversity is low in RZ-VI. The taxa point
to meso-oligotrophic conditions. A rare taxon, Cen-
tropyxis gasparella v. corniculata, previously found
only in modern bogs of Victoria Island, Canada
(Beyens & Chardez 1997) was found there.

The sediments have also been analysed for diatoms
(Appendix 2). An Allergd dated sample (S-6) contains
mostly lacustrine and bog taxa (55%), but soil species
are common as well (34%). The sample above (S-7)
contains more benthic (53%), littoral (20%) and less
soil (7.5%) taxa. Benthic diatoms (76.5%) dominated
in sample S-8. No diatoms have been found in sedi-
ments accumulated during Lateglacial/early Holocene
transition. Early Holocene samples (S-12 and S-14)
have the highest species diversity, with a dominance
of benthic taxa (up to 59%). Lacustrine-bog species
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are also abundant (up to 35%). Eunotia valida, a taxon
typical of bog environment, was dominant in sample
S-15.

Section L17. — This section belongs in the same ther-
mokarst depression as section L21+50. The deposits
vary from sandy lacustrine sediments full of plant det-
ritus and fresh water mollusc shells to silt and sand with
peat inclusions, which are covered by a peat bed (Fig.
16). The section was studied for insects and pollen. The
lowest sample (B22) was collected in a layer between the
older sandy-silt deposits and the Holocene alas sedi-
ments. Its pollen spectrum is mostly dominated by
herbs, but contains numerous Salix, Betula nana and
some Alnus fruticosa pollen as well. Similar deposits in
section L21+450 were dated to Allergd. The numerous
water predaceous diving beetles (Appendix 3) confirm
the lacustrine origin of the sediments. Other beetles are
represented by tundra species, mostly mesophilous taxa
(39%); arctic species (15%) are present as well. The
xerophilous Notiophilus aquaticus and Dicheirotrichus
mannerheimi indicate climate conditions less severe
than today.

The upper sample (B20) was collected in a layer rich
of woody remains (mostly Alnus fruticosa) '*C dated to
8.024+0.035kyr BP. The pollen concentration is very
high and Alnus fruticosa pollen dominates. The rich in-
sect assemblage includes species of tundra, steppe,
shrubs, water and riparian environments (Appendix 3).
The tundra mesophilous group dominates (50%). The
tundra xerophilous group is less abundant (17%),
but its species diversity is higher. Arctic insects are

represented only by Isochnus arcticus. Curiously, typi-
cal tundra-steppe insects Morychus viridis and Stepha-
nocleonus eruditus were found. The assemblage includes
a number of insects more common in the southern
shrub tundra and forest-tundra zones (e.g. an ant,
Leptothorax acervorum, now living in taiga and occa-
sionally in southern tundra).

The uppermost sample (B21) taken from peaty de-
posits was'*C dated to 3.740.03kyr BP. Its pollen
spectrum is mostly composed of Poaceae with a few
Cyperaceae, Valeriana and Epilobium, but also numer-
ous Betula nana. The number of fossil insects and their
diversity is low (Table 3, Appendix). Only species living
on the island nowadays were found. Arctic (59%) and
tundra mesophilous (36%) species dominate. A few
remains of a xerophilous ground beetle and water beetle
were also found. The insect assemblage indicates a severe
Arctic environment similar to the recent one. Many
specimens have aberrations, such as additional wrinkles
on the chitin surface and irregularly shaped elytra,
which are probably the result of frost influence.

Large mammal fossils

More than 1100 bones or bone fragments were col-
lected along the south coast during the 1999 expedition.
When possible, bone finds were correlated with sedi-
ment units and stratigraphic position. However, the
major part of the collection consists of relocated bones
found at the shore.

The bone collection was divided into groups based
on the locations where the bones were found. Two
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bone groups could be used for direct stratigraphic
interpretation. The first group consists of 33 bones dis-
covered in situ. The second group consists of 54 bones
deposited in several ‘bone fields’ beneath the vertically
exposed Ice Complex (predominantly in the first, sec-
ond and third TZ). For these, it was possible to define
the bone source area with a certain probability. The
altitude of their lower boundaries was instrumentally
defined as the level of minimum height of the original
bone position.

The taxonomic composition of the collected bones is
typical of the ‘mammoth fauna’ in NE Siberia. Bones
of Mammuthus primigenius (25.8%), Equus sp. (25%),
Bison priscus (19.8%) and Rangifer tarandus (18.3%)
are predominant (Kuznetsova et al. 2001). Other bones
belong to Ovibos moschatus (7.2%), Lepus sp. (2.4%),
Coelodonta antiquitatis (0.7%), carnivores (0.7%) and
Saiga sp. (0.2%). A total of 86 '*C dates were obtained
from bone collagen (Fig. 17). Despite the identified se-
dimentary gap between 30 and 12kyr BP, the finite
bone ages group predominantly between 44 and 20 kyr
BP with no large temporal gaps. The bones '*C dated in
the period of the sedimentary gap are those of Mam-
muthus primigenius, Coelodonta antiquitatis, Equus sp.
and Ovibos moschatus. The largest number of dated
bones falls within the period between 44 and 32 kyr BP.
Most of the infinite dated bones probably originate
from the lower parts of the outcrops, which are older
than 45 kyr BP.

About half of the mammal bone collection consists
of woolly mammoth and horse remains; correspond-
ingly, the bulk of 'C ages belong to woolly mammoth
(35 dates) and horse (21 dates). The youngest mam-
moth bone is "*C dated to 12.03+0.06 kyr BP and the
youngest horse bone to 2.24+0.05kyr BP. This horse
bone date is currently the youngest horse age from the
Arctic and supports the results of our previous studies
(Schirrmeister et al. 2002b) suggesting that horses lived
in the east Siberian Arctic during the late Holocene. A
single find of a saiga bone was dated to 46.79+1.18 kyr
BP. This antelope is a good indicator of firm and dry
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soil surface in summer and very thin snow cover in
winter (typical cold steppe conditions).

Isotope signatures of ice wedges and palaeoclimatic
implications

The isotopic composition of ice wedges enhances the
stratigraphic subdivision of the sediments into geo-
cryological units (Meyer et al. 2002b) and is used for
reconstructing palaeoclimatic fluctuations. Snow is the
main agent for ice-wedge growth. Thus, the stable iso-
topic composition of ice wedges is interpreted as being
indicative of mean winter temperatures. For more
detail on the relation between snow and ground ice
isotopic compositions, see Meyer et al. (2002b).

Direct '*C dating of organic matter inclusions in the
ice was possible for a number of ice wedges (Table 1).
These dates are generally in good accordance with ages
of the surrounding sediments for the Ice Complex (unit
Va). Beyond the typical late Pleistocene syngenetic ice
wedges of the Ice Complex, Holocene development of
ice wedges in a thermo-erosional valley was confirmed
with an age of 3.4440.03 '“Ckyr BP. Epigenetic ice
wedges in a thermokarst depression were formed dur-
ing the last 1 kyr, as indicated by two '*C dates (Table
2). Additionally, trittum analyses reveal recent ice
wedge growth in alas and fluvial deposits (Dereviagin
et al. 2002).

A clear chronological development of the stable iso-
topic composition of ice wedges from different periods
is depicted in 8'*0/5D diagrams (Fig. 18). Ice wedges
of unit I'V show a very light mean isotopic composition
with 8'®0 of —35.5%0 and 8D of —280%. (Meyer et al.
2002b), indicating very low winter temperatures. The
mean 8'%0 and 8D values of Ice Complex ice wedges
range from —32.5%o to —28.5%0 and from —250%. to
—220%o, respectively (Fig. 18A), and are similar to
those of the Saalian Ice Complex of age (unit I) showing
a mean isotopic composition around —32%. for §'*0
and —250%o for 0D (Meyer et al. 2002b). Therefore,
winter temperatures were probably relatively cold and
stable between about 50 and 28.7 kyr BP. Compared to
previous studies (Meyer et al. 2002b), an additional ice
wedge was analysed for stable isotopes. Plant remains
found there were '*C dated to 39.7+1.3/—1.1kyr BP.

The Holocene ice wedges reflect much warmer winter
temperatures: ice wedges from two alases (unit VI)
show a mean 3'0 of 24.5%o and 3D of —190%. (Fig.
18B), reflecting much heavier isotopic composition
than in the older units; wedges in thermo-erosional
valley deposits (unit VI) show a mean 8'30 of —27.5%o
and 3D and —200%. (Fig. 18C). Climate amelioration
at the Pleistocene/Holocene boundary is reflected in
a rise of about 6%o in 5'%0 and of about 40%o in SD.
Ice-wedge growth in alas and thermo-erosional val-
leys probably started with the late Holocene climate
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Fig. 17. Radiocarbon dated mammal bones from Bol’shoy Lyakhovsky Island.

deterioration. Alas ice wedges indicate slightly warmer
winter conditions when compared to those of thermo-
erosional valleys. A subrecent ice wedge in fluvial de-
posits of the Zimov’e River indicates even warmer
winter temperatures (Fig. 18D) with mean 3'*0 of
—23%0 and 8D of —180%., respectively. Recent ice

wedges sampled in the active layer of thermo-erosional
valleys, alases and fluvial deposits, and identified by
their high tritium concentrations (Dereviagin et al.
2002), show the heaviest isotopic composition (—20.4%o
in '"%0 and —160%o in 3D), indicating that winter tem-
peratures reached the highest values at the present time.



BOREAS

Discussion: palaecoenvironmental
reconstructions

Transition from the Eemian interglacial to the post-
Eemian stadial ( Early Weichselian, Zyryan)

The oldest pollen spectra are presented in the lower
parts of sections R23+40 (PZ-I; Fig. 3) and L11+40
(PZ-I; Fig. 10). Similar pollen spectra were found in the
upper part of the section R22+60 (Andreev et al.
2004a). The geological position of the sections and their
pollen assemblages (presence of Alnus fruticosa, Betula
sect Nanae and Ericales) suggest the late Eemian age
and/or transition to Early Weichselian. The vegetation
during this interval was similar to modern subarctic
tundra. The pollen-based climate reconstruction sug-
gests similar to present-day conditions (Andreev et al.
2004a).

Obligate hydrobiotic rhizopods (Difflugia species
and Pontigulasia elisa) found in the lower part of
section L11 confirm a lacustrine sedimentation en-
vironment. Well-preserved shells point to stable accu-
mulation conditions. The upper lacustrine sediments
contain mostly eurybiotic and soil taxa, pointing to
changes in the sedimentation (larger terrestrial input).

It is difficult to estimate the time of the beginning and
of the duration of this transition interval, but the TL
ages (114428 and 96426 kyr) from the R23+40 section
and IRSL dates from the R22+60 section (102+16 and
99+15kyr) are in a good agreement with late Eemian
and/or Early Weichselian age of the sediments. We date
this interval to ¢. 115-100 kyr BP.

Early Weichselian (Zyryan Stadial)

Early Weichselian sediments are abundant in the area.
Their pollen spectra (3TZ5 (Fig. 4A), PZ-1 of 3TZ1
(Fig. 4C), PZ-1 of R18+50 (Fig. 5), PZ-1 of 2TZ1 (Fig.
6a), PZ-I-1I of L9 (Fig. 11), PZ-I of Lya97 (Fig. 12))
reflect harsh environmental conditions; sparse vegeta-
tion (mostly grass and sedge communities) during this
time and/or low pollen production. Relatively high
contents of reworked pollen mirror the erosion of older
deposits confirming sparse vegetation. The dominance
of arctic pioneer plants clearly indicates a thin snow
cover in winter. Numerous steppe indicators, e.g. Arte-
misia frigida and Potentilla stipularis, and the constant
occurrence of Puccinellia (characteristic of fluctuating
moisture and salt accumulation due to high evaporation)
also point to low precipitation. Only a few cold-adapted
beetles (including Morychus viridis, a good indicator of
tundra-steppe environment) were found.

However, the relatively high contents of green algae
colonies found in many samples suggest an at least
periodically aquatic sedimentation. Numerous benthic,
periphytic and littoral diatoms from the 3TZ1 sedi-
ments confirm that freshwater basins existed during the
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Early Weichselian. Generally, the diatom palaeocoe-
noses are similar to those previously found in late
Pleistocene sediments in the Zimov’e region (Pirumova
1968; Pirumova & Rybakova 1984). Although rhizo-
pods are rare in the Early Weichselian sediments (only
in L9 section, where soil and eurybiotic species are pre-
dominant), the presence of typical hydrophilic Difflugia
taxa points to wet habitats as well. We assume that
sediment accumulation during the Early Weichselian oc-
curred in small ponds in a polygonal tundra landscape.

As with the earlier interval, the duration of the Early
Weichselian stadial is difficult to determine because of
the infinite character of radiocarbon dates. Considering
the suggested duration of the interval described above,
it is estimated that the stadial began ¢. 100kyr and
ended ¢. 50kyr BP with the beginning of the Middle
Weichselian (Karginsky) interstadial.

Middle Weichselian ( Karginsky Interstadial)

Middle Weichselian records are also numerous (3TZ2
(Fig. 4B), PZ-11 of 3TZ1 (Fig. 4C), PZ-11 of 2TZ1 (Fig.
6A), PZ-1 of 2TZ2 (Fig. 6B), 1TZ1 (Fig. 7), PZ-11 of
L11+40 (Fig. 10), PZ-III of L9 (Fig. 11) and PZ-II of
Lya97 (Fig. 12)). They reflect some amelioration of the
harsh environmental conditions predominant during
the previous interval. The higher pollen concentrations
reflect a denser grass-sedge-dominated vegetation and/
or an increase of pollen production. Lower amounts of
reworked Pinaceae and the presence of Salix are also
characteristic of the Middle Weichselian spectra. Simi-
lar pollen spectra are common for the Middle Weich-
selian sediments from other sites in the Laptev Sea
region (Andreev et al. 2002a; Schirrmeister et al. 2002b,
2003 and references therein). Open vegetation domi-
nated, although willow shrubs occurred possibly in
more protected places.

Middle Weichselian plant macrofossil assemblages
do not differ much from Early Weichselian assem-
blages. Arctic pioneer plants dominate the spectra with
a small admixture of steppe plants and Puccinellia
(a good indicator of fluctuating moisture and salt accu-
mulation due to high evaporation). Sparse tundra-steppe
vegetation can be reconstructed from such assemblages.
However, it must be noted that the studied plant remains
are poorly preserved, possibly resulting in biases due to
selective decay.

The deposits often contain peat and peaty soils rela-
tively rich in rhizopods (eurybiotic taxa in second pa-
lacosol of the 3TZ2 profile; relatively rich rhizopod
palacocoenoses in both peaty layers of the 3TZ1 pro-
file). The ecological structure of 3TZ1 communities is
similar to that of modern mesotrophic/oligotrophic
bogs with hydrophilic taxa pointing to rather wet habi-
tats. The 3TZ1 samples also contain large amounts of
freshwater diatom valves, confirming that water bodies
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existed. However, relatively high contents of soil taxa
show that such small basins or polygonal ponds were
periodically dried up and soil formation processes star-
ted. It is likely that these shallow ponds and basins were
just seasonal or perennial water bodies and not related
to thermokarst formation.

Rhizopods from all ecological groups were found in
the oxidized horizon of the L11 profile. Sphagnophilic
Arcella discoides points to boggy habitats. Rhizopods
from the upper sediments reflect meso-oligotrophic
boggy conditions. Very rich rhizopod palaeocoenoses
(51 taxa) were found in the peat horizon of profile L9.
Hydrophilic and sphagnophilic taxa mostly reflect a
rather stable boggy environment. The higher presence
of hydrophilic taxa in the upper peat points to a higher
water table.

Middle Weichselian insect assemblages (sections
R18, R5 and R4) consist of few tundra species remains,
indicating a severe environment similar to the modern.
The role of the hygro-mesophilous group is higher in
R4, where remains of Hypera sp. (absent on the island
today) were found. Their presence may indicate rather
dry and warm summer conditions. Generally, the R4
assemblage indicates a slightly warmer climate than re-
flected in the RS and R18 assemblages.

The largest part of '*C-dated mammal bones belongs
to the 44-32kyr BP interval, reflecting that grazing
herds were more numerous during this interval.

Thus, all biological remains (except of plant macro-
fossils, which do not reflect changes compared to the
Early Weichselian) point to climate amelioration dur-
ing the Middle Weichselian. The relatively moderate
interval ¢. 50-30 kyr BP is also evident at other loca-
tions in northern Siberia (e.g. Anderson & Lozhkin
2001; Andreev et al. 2002a, b, 2006 and references
therein). Climate conditions became colder and drier
after ¢. 30 kyr BP, according to the Lya97 record.

Stable isotopes from the Middle Weichselian ice
wedges reflect severe conditions, but although winter
temperatures were assumed as being relatively cold and
stable between about 50 and 28.7 kyr BP, they were
warmer than in the previous interval, indicating a slight
decrease in seasonality.

Late Weichselian (Sartan)

Despite a few, probably reworked, plant and shell
remains in thermokarst depressions dated to about
12kyr BP (Table 2), no sediments '*C dated between
¢. 28.5 and 12 kyr BP were found. Most likely this re-
flects active erosion processes during or at the end of
the interval. Bones of Mammuthus primigenius, Coelo-
donta antiquitatis, Ovibos moschatus and Equus sp.
dated between 26.5 and 12.5kyr BP (Fig. 17) are the
only evidence of the Sartan environment documenting
that these herbivores lived there during this time. It is
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unclear whether the Sartan sediments were destroyed
widely or only locally at specific outcrops like Lya97
(Fig. 12). Unfortunately, many of the sections in higher
elevations of the steep Ice Complex bluffs that might
include Sartan sediments could not be studied for safety
reasons.

Lateglacial and Holocene

Generally, Lateglacial terrestrial palacoenvironmental
records are rare in the Laptev Sea region because of the
active, thermokarst-related, landscape dynamics. In the
area studied, Lateglacial and Holocene sediments are
preserved in some thermokarst depressions and as a
thin cover on top of the Ice Complex. Section L21+50
(Fig. 13) is the most representative. Its PZ-II spectra
(two 'C dates: 11.57+0.09 and 11.32540.05kyr BP
confirm the Allerpd age) are dominated mostly by
Cyperaceae and Poaceae. However, the presence of
Salix and Betula sect. Nanae pollen points to a rela-
tively warm climate (dwarf birch is absent in the mod-
ern vegetation). Similarly dated pollen spectra from the
Tiksi area (11.8-11.2'"*Ckyr BP; Grosse et al. 2007)
and Kotelny Island ("*C bulk date is 12.29+0.13 kyr
BP; Makeyev et al. 2003) are also characterized by large
amounts of birch. Thus, shrubby tundra vegetation
pointing to a relatively warm climate dominated in the
Laptev Sea region during the Allergd. Pollen-based
climate reconstructions (Fig. 14) show that the summer
temperature reached 8-12°C and GDDS5 values of
200-350°C. Annual precipitation was similar to that
of the present (250-350mm). A strong warming of
winter temperatures at the Pleistocene/Holocene tran-
sition is also evident in a sharp increase of 8'*0 and 6D
values in Holocene ice wedges (Fig. 18).

The Allergd sediments also contain rhizopods and
diatoms. Although soil and eurybiotic rhizopods, in-
dicating mesotrophic conditions, are dominant, sphag-
nophilic taxa typical of moss bogs occurred as well.
Lacustrine and bog diatoms are dominant ¢. 11.5kyr
BP, but some soil species point to periodic drying
events. The sediments accumulated ¢. 11.3 kyr BP con-
tain more benthic and littoral taxa reflecting a rather
shallow water environment in the palaeolake.

The insect record (section L17), with a number of
water predaceous diving beetles, also confirms the la-
custrine origin of the sediments. Other fossil beetles are
represented by tundra species, with mesophilous taxa
dominating. The remains of xerophilous Notiophilus
aquaticus and Dicheirotrichus mannerheimi indicate cli-
mate conditions less severe than now. Thus, both pollen
and beetles reflect a climate warmer than modern.

Pollen concentration is significantly lower in the se-
diments '*C dated to 10.5kyr BP (PZ-III of Fig. 13),
reflecting a climate deterioration possibly correlating
with the Younger Dryas. Similar dated pollen records
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from more southwest-situated sites near the Lena Delta
(Pisaric et al. 2001; Grosse et al. 2007) are also char-
acterized by a significant decrease of pollen concentra-
tion compared to the Allergd. Deposits from Kotelny
Island accumulated just prior to 10 kyr BP also reflect
climate deterioration (Makeyev et al. 2003).

lake deposits Ice Complex deposits

Numerous benthic diatoms in the sediment dated
¢. 11"Ckyr BP point to shallower water conditions.
Rhizopod species diversity and abundance are very low
in Younger Dryas sediments. Two taxa, Centropyxis
constricta v. minima and C. sylvatica v. minor, are espe-
cially indicative of unfavourable conditions.
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Hence, a typical arctic environment existed in the
region during the Younger Dryas. However, pollen
records '*C dated to 10.54+0.17 and 10.08+0.21 kyr
BP from the northern part of the island reflect the
dominance of shrub alder and dwarf birch communities
in the Levaya Kutta River valley (Ukraintseva et al.
1989). Such a difference in similar dated records may
reflect that different palacoenvironments existed in
well-protected valleys. Alternatively, and more likely,
the bulk '*C samples from the Kutta River might con-
tain reworked organics, resulting in older ages for early
Holocene sediments. Such age inversions are fairly
common for Lateglacial and early Holocene sediments
(Andreev et al. 2002a, b, 2003).

There are numerous dates from early Holocene
sediments (sections R33, Lya97, L17 and L21+50).
Their spectra are dominated by Alnus fruticosa, Betula,
Poaceae and Cyperaceae pollen. The presence of
Salix and Ericales and higher pollen concentration is
also notable. Similar spectra are mentioned for the
8.8kyr BP old alas sediments studied by Igarashi
et al. (1995) and undated alas sediments studied by
Pirumova & Rybakova (1984). Birch-, alder- and
Ericales-dominated pollen spectra dated between
9 and 7kyr BP are numerous in northern and arctic
Yakutia (Pisaric et al. 2001; Andreev et al. 2002a;
Schirrmeister et al. 2002b, 2003; Makeyev et al. 2003
and references therein).

Thus, shrub associations dominated the area be-
tween ¢. 9 and 7.6 '*C kyr BP. Pollen-based climate re-
construction inferred a temperature substantially
warmer than present (Fig. 14). Precipitation was similar
or slightly higher than present. After 7.6 '*Ckyr BP,
shrubs gradually disappeared from the area and vege-
tation cover began to resemble that of modern tundra.

A very rich insect assemblage (tundra, steppe,
shrubs, water and riparian species) found in the ¢. 8 kyr
BP old sediments reflects a mosaic landscape under
warm climate. Although tundra taxa are dominant,
typical tundra—steppe taxa (e.g. Morychus viridis) and
taxa more common today in shrub tundra, forest-
tundra and/or even in taiga were found.

Rhizopods from all ecological groups are present in
early Holocene sediments. Eurybiotic and soil taxa are
dominant in 8.8 to 8.5kyr BP '*C-dated sediments;
however, hydrophilic taxa point to a high water table
and mesotrophic conditions. The sediments contain
diatoms showing high species diversity and dominance
of benthic taxa, but the lacustrine and bog species are
also abundant. Eunotia valida, a taxon typical of boggy
environment, dominates in sediments dated c. 8.5kyr
BP (no diatoms found in younger sediments). High
species diversity of rhizopod communities in the
¢. 8.5-7.7"Ckyr BP old sediments points to a favour-
able soil environment. Hydrophilic and sphagnophilic
taxa reflect high water table and more oligotrophic soil
conditions. Rhizopod diversity is significantly lower in
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sediments accumulated after c. 7.5 "*C kyr BP, pointing
to a deterioration of environment conditions.

The late-Holocene pollen spectra (R33 and L17 sec-
tions) '*C dated to 3.7 kyr BP reflect how herb tundra
dominated the vegetation in the area. However, a fairly
high content of Betula nana documents that dwarf birch
grew on the island at least until 3.7 kyr BP. Arctic and
tundra mesophilous species living on the island nowa-
days dominate the insect assemblage. Thus, pollen and
beetles indicate severe but a slightly warmer climate
than today at 3.7 kyr BP.

Relatively high winter temperatures during the last
millennium are inferred from the stable isotopic com-
position of ice wedges. The warmest winter tempera-
tures were derived from recent ice wedges (Fig. 18D).

Bol’shoy Lyakhovsky Island
palacoenvironmental records in regional
context

The permafrost deposits from the Zimov’e key site on
Bol’shoy Lyakhovsky Island (Andreev et al. 2004a, and
this article) provide a unique palaeoenvironmental ar-
chive covering two glacial-interglacial cycles in this
non-glaciated region between the west Eurasian and
North American glaciation centres. Here, we synthesize
the results of both these extensive studies in a wider
context. In general, the studied deposits reveal a com-
plex Quaternary stratigraphy that is strongly influenced
by long-lasting accumulation periods during glacial
episodes or stadials, as well as permafrost degradation
during interglaciations.

Four typical stratigraphic sequences can be dis-
tinguished in the study area (Fig. 19) characterized by
sharp erosive discordances and chronological gaps or
by gradual transitions between individual stratigraphic
units making the interpretation difficult. Our multi-
proxy studies reveal different periods and processes of
the landscape history and reflect the importance of lo-
cal-scale processes and events during periods of accu-
mulation or erosion. This underlines the necessity to
investigate large coastal outcrops rather than just a few
single sections for a correct general interpretation.

The identified pre-Eemian cold period (>200 to
130 kyr) correlates well with the Tazovsky stage in West
Siberia (Astakhov 2004; Arkhipov et al. 2005) and the
Eurasian Saalian stage. The local stratigraphy of this
stage was subdivided into a stadial-interstadial alter-
nation and is characterized by ice-rich deposits with
thick syngenetic ice wedges (unit 1) as well as loess-like
floodplain and lake deposits (units Ila/b) (Andreev
et al. 2004a). The Eurasian ice sheet reached its largest
extension around 140 kyr ago (Svendsen et al. 2004).
The southern rim of Beringia was influenced by local
mountain glaciers in the Verkhoyansk and Chersky
Ranges and the Anadyr Highland (Glushkova &
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Smirnov 2007; Stauch et al. 2007), although these gla-
ciers never reached the lowlands in the North.

The following Eemian warming, correlating in Si-
beria with the Kazantsevo, resulted in thawing of ice-
rich deposits and the formation of ice-wedge casts and
thermokarst depressions filled with lacustrine deposits
(unit III) containing numerous bioindicators. Pollen-
based reconstructions show that summer temperatures
were at least 4-5°C higher than today during the
warmest time (Andreev et al. 2004a). However, plant
macrofossils point to summer temperatures even 10°C
higher (Kienast er al. 2008). The vegetation changed
from open steppe-like associations at the beginning of
the Eemian to shrub tundra during the optimum, and
to tundra-like associations at the transition to the fol-
lowing glacial stage.

The Eemian marine transgression resulted in a global
sea level about 5-6 m higher than that of today (Lam-
beck & Chappell 2001). This transgression flooded the
shelves of the Kara and Barents seas (Svendsen et al.
2004), but despite a higher sea level than present did not
inundate the lowland plains of the Laptev Sea region.
Kienast et al. (2008) conclude that only a post-Eemian
neotectonic subsidence of several tens of metres, to-
gether with massive early Holocene thermokarst for-
mation, could have led to the wide shelf inundation
during the Holocene. Clear signs for the Eemian cli-
mate optimum are also evident in other Beringian
regions, as indicated by widespread formation of ice-
wedge casts, thermokarst lakes and peaty palaeosols,
higher bioproductivity and the increased woody vege-
tation in northern latitudes (e.g. Glushkova & Smirnov
2007; Lozhkin et al. 2007).

During the Early Weichselian, correlating with the
Zyryan glaciation in the Verkhoyansk Mountains and
the Ermakovo stage in West Siberia (Astakhov 2004;
Arkhipov et al. 2005), loess-like floodplain accumula-
tion (unit IV), shallow water bodies and very sparse
vegetation were characteristic features. In that period,
two glacial advances (c. 100-80 and 60-50kyr BP)
formed large ice sheets in northern Eurasia west of the
Laptev Sea (Svendsen et al. 2004). Polygenetic ice-rich
permafrost deposits accumulated in the west Beringian
lowlands of NE Siberia, while the surrounding moun-
tains were locally glaciated (Fradkina et al. 2005a, b;
Stauch et al. 2007). After these Early Weichselian gla-
cial stages, a relatively moderate environment char-
acterized by strong seasonal differences developed
during the Middle Weichselian, as indicated by the pa-
lacoecological and geochronological data. During this
time, the cryolithologically rather uniform deposition
of the Ice Complex (unit Va), occurred at the study site
and at many other regions of Siberian Beringia (e.g.
Sher et al. 1997, 2005; Schirrmeister et al. 2002b, 2003).
Freshwater diatom valves and hydrophilic rhizopod
taxa found in the Ice Complex sediments confirm that
water bodies existed during the late Pleistocene. How-
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ever, relatively high contents of soil diatom taxa show
that such small basins or low centre polygonal ponds
periodically dried up.

Scientific discussion of the stratigraphic significance
of this rather moderate period in Siberia has been long.
According to Sher et al. (2005), the traditional view of
a Karginsky Interglacial should be considered invalid
for northeast Siberia. However, our environmental
records from Bol’shoy Lyakhovsky Island '*C dated
between ¢. 50 and 25 kyr BP distinctly indicate climate
amelioration between two severe periods. Similar in-
dicators are also evident for numerous other sites in the
Laptev Sea region (Andreev et al. 2002a; Schirrmeister
et al. 2002b, 2003; Kienast et al. 2005 and references
therein). According to other palaeobotanical analyses
(e.g. Anderson & Lozhkin 2001), Beringia was more
forested during this period, with maximal warmth oc-
curring around 35-33 '*C kyr BP (Elias 2001). All these
records strengthen the concept of a Middle Weichselian
Interstadial.

The accumulation of Late Weichselian (Sartan)
deposits on the island is evident only by '*C-dated
mammal bones, which were obviously relocated.
Thermokarst processes during the Lateglacial/early
Holocene transition most likely resulted in widespread
erosion of the Late Weichselian deposits (Romanovskii
et al. 2004; Grosse et al. 2007; Walter et al. 2007). The
Late Weichselian was characterized by a new advance
of the Eurasian and North American ice sheets, culmi-
nating in the Last Glacial Maximum (c. 21 kyr BP),
although not reaching the Early Weichselian ice extent.
Once more, Beringia was bordered by large ice sheets
and large parts of the NE Siberian shelves were ex-
posed, controlling regional climatic and environmental
conditions. Owing to the sedimentary gap in the Bol’-
shoy Lyakhovsky record, no firm conclusion can be
made for the local palaeoclimate. However, multiple
palaecoenvironmental proxies from other sites in the
Laptev Sea region indicate a very severe climate in NE
Siberia during that period (e.g. Andreev et al. 2002a,
2003; Meyer et al. 2002a; Schirrmeister et al. 2002b,
2003; Kienast et al. 2005; Grosse et al. 2007 and refer-
ences therein), in good agreement with other Beringian
records (Sher 1997; Anderson & Lozhkin 2001; Elias
2001; Fradkina et al. 2005a, b).

With postglacial decay of the ice sheets, the regional
climatic conditions ameliorated. The marine transgres-
sion has significantly advanced on the NE Siberian
shelves since about 15 kyr BP (Bauch et al. 2001). In the
study area, the early Holocene warming has resulted
in widespread thermo-erosion and some lacustrine se-
dimentation in thermokarst basins (unit VI) since
c. 12kyr BP, correlating with the widespread thermo-
karst development in other regions of the Laptev Sea
region (Romanovskii et al. 2004). The early Holocene
climate optimum on the island (¢. 9-7.5kyr BP) is
in good accord with that of other multiple regional
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palacoecological records in the Laptev Sea region (e.g.
Andreev et al. 2002a, b, 2003, 2004a, b; Schirrmeister
et al. 2002b, 2003; Bobrov et al. 2004 and references
therein). Later environmental changes, e.g. the late
Holocene climate deterioration, were strongly influ-
enced by the ongoing postglacial transgression and the
increase in marine climatic influences after Bol’shoy
Lyakhovsky became an island around 6-7 kyr BP.

Conclusions

The palacoenvironmental history of the Bol’shoy Lya-
khovsky Island for the last c. 115 kyr was reconstructed
from permafrost sequences based on palaco-ecological
indicators (Table 3). The new data complete the results
of our previous studies at this island covering the period
between 200 and 115 kyr BP (Andreev et al. 2004a) and
greatly extend the environmental record of this region
in providing a palaeoenvironmental archive for the past
two glacial-interglacial cycles in western Beringia.

The environmental conditions of the late Pleistocene
period are clearly related to major events in the ad-
jacent regions of the northern hemisphere; namely, the
dynamics of the glaciation centres in Northwest Siberia
and North America. The general cooling trend during
the Eemian/Early Weichselian transition results in a
change from modern-like subarctic tundra conditions
to a harsher climate with sparse vegetation in the Early
Weichselian, correlating well with temporary maxima
in the expansion of the Eurasian ice sheet around 90
and 60 kyr ago. Stable isotope records from ground ice
reflect the coldest winter temperatures of the studied
period. Beginning with the Middle Weichselian, inter-
stadial climate conditions result in formation of the
characteristic ice-rich and fossil-rich Ice Complex
deposits. Isotope and vegetation records indicate an
increased continentality in this shelf region, with cold
winters but warm summers. Herb-dominated vegeta-
tion prevailed, although dwarf willows grew in pro-
tected places, pointing to climate amelioration. This
was also the most favourable period for the mammoth
fauna. The climate became colder and drier again after
¢. 30 kyr BP, correlating well with the new expansion of
the Eurasian Ice Sheet climaxing in the Last Glacial
Maximum. No Late Weichselian sediments were found,
possibly reflecting active erosion processes during or
most likely after that time. During the Lateglacial, cor-
relating with the Allergd, herb and shrubby vegetation
became dominant when July temperatures were c. 4°C
higher than those of today. Typical arctic environments
prevailed during the following Younger Dryas, point-
ing to climate deterioration. Shrub alder and dwarf
birch tundra became dominant between c. 9 and 7.6 kyr
BP, when summer temperatures were at least 4°C
higher than those of present. After ¢. 7.6 kyr BP, shrubs
gradually disappeared and the vegetation cover began
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to resemble that of modern tundra. A strong
rise in winter temperatures during the middle and late
Holocene is evident by the heavier isotope signature of
ice wedges, and clearly shows the decrease in season-
ality and the growing marine influence due to south-
ward directed Holocene transgression.

Based on our investigations, the study area is con-
sidered important for faunal and floral migration and a
main refuge area in Eurasia during glacial stages. The
reconstructed environmental changes correlate well
with other regional and global climate fluctuations.
Further investigation of the key sequences, including
the application of new geochronological methods with
larger age range and higher dating precision, will help
to complete and extend the existing palaeoenviron-
mental data.
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Appendix 4. List of identified vascular plant macrofossils with their abundance in the Early and Middle Weichselian samples and their classifi-
cation into plant communities (syntaxa).

aoion |2 lz|s S8l ElE1E 2| 2|z
<+ o | & — | = =i — N X [ i
m a.s.l. . . : . ° = . > . . -
N slgl3lelal 3|59 5| 7|9
v | v v | » %) %) %) ) ; .
3181181818 [S|S| 8| 8|8
clglezlelel2l22 2| |3
Taxa ElR e 22| 2| 2| x| %] %=
Syntaxa
Alopecurus sp. 1
Snowh:f[?;cisail)lcnea Juncus biglumis 3 3 1 1 8 3 5
Salix sp. 6
I Androsace cf. gorodkovii | | | || L [ [ 141 "1~
Cerastium beeringianum 5 1 5 54 62 1 13
Cochlearia arctica 6
Gastrolychnis involucrata 3
cf. Braya purpurascens 2
Arctic pioneer vegetation | Draba sp. 9 |55 |5 [223 |76 | 119 6 340 | 254 [ 177 | 9
(Thlaspitea rotundifolii) | Ainuartia rubella 1 194 | 6 3 5 622 |
Papaver sect. Scapiflora 1 1 2 1 9 584
Potentilla hyparctica 12 54 |11
Minuartia arctica 1 1
Potentilla nivea 3 6
Kobresia bellardii 1
Dry tundra meadows Selaginella rupestris 2
(Kobresietea) Ranunculus affinis/
monophyllus 5
" Potentillasp. ENE RN
Artemisia sp. 1
Artemisia frigida 90
cf. Campanula rotundifolia | o 1
Androsace septentrionalis 10
Festuca sp. 40 16
Steppe (Koelerio- cf. Koeleria sp. 9
Corynephoretea, Potentilla arenosa
Festuco-Brometea) 2 2
Potentilla stipularis 232 | 7 5 224
Rumex acetosella s.1. 1 1 1
Veronica incana 1
Elytrigia/Elymus sp. 7
| Floodplain meadows _| "0 __ NI <IN R - 0 SR P A Y S
Allium schoenoprasum 1
(Juncetea maritimii) Puccinelli
uccinedia sp. 66 129 |6 | 2 |48 |63 | 6 [74 | 17 | 26
Halophytic pioneers at moist | Monolepis asiatica 1
shore sites (Bidentetea) Descurainia sophioides 1
Poaceae indet. 9 |11 [ 1 | 4 [38]107 [ 2 [30 | 5 |4
Caryophyllaceae indet. 5 1 18
Ranunculus sp. 1




