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Stratigraphic records from coastal cliff sections near the
Marresale Station on the Yamal Peninsula, Russia, yield new insight
on ice-sheet dynamics and paleoenvironments for northern Eurasia.
Field studies identify nine informal stratigraphic units from oldest
to youngest (the Marresale formation, Labsuyakha sand, Kara diamicton, Varjakha peat and silt, Oleny sand, Baidarata sand, Betula
horizon, Nenets peat, and Chum sand) that show a single glaciation and a varied terrestrial environment during the late Pleistocene.
The Kara diamicton reflects regional glaciation and is associated
with glaciotectonic deformation from the southwest of the underlying Labsuyakha sand and Marresale formation. Finite radiocarbon
and luminescence ages of ca. 35,000 to 45,000 yr from Varjakha
peat and silt that immediately overlies Kara diamicton place the
glaciation >40,000 yr ago. Eolian and fluvial deposition ensued
with concomitant cryogenesis between ca. 35,000 and 12,000 cal
yr B.P. associated with the Oleny and the Baidarata sands. There
is no geomorphic or stratigraphic evidence of coverage or proximity of the Yamal Peninsula to a Late Weichselian ice sheet. The
Nenets peat accumulated over the Baidarata sand during much of
the past 10,000 yr, with local additions of the eolian Chum sand
starting ca. 1000 yr ago. A prominent Betula horizon at the base of
the Nenets peat contains rooted birch trees ca. 10,000 to 9000 cal yr
old and indicates a >200-km shift northward of the treeline from
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the present limits, corresponding to a 2◦ to 4◦ C summer warming
across northern Eurasia.  2002 University of Washington.
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INTRODUCTION

The formation of high-latitude ice sheets in the Quaternary
has led to fundamental shifts in the climate system. Continentalscale glaciation increases planetary albedo and globally alters
planetary wave structure (e.g., Kutzbach et al., 1994). In turn,
ice-sheet freshwater inputs and associated isostatic and eustatic
driven changes of the bathymetry of continental shelf seas that
border northern Eurasia can significantly alter global ocean
circulation (Forman et al., 2000). The Eurasian ice sheet which
terminated in the Siberian lowland or adjacent shallow
continental shelf modulated fresh water flux into the global
ocean through direct input and potential blockage of 2 of the
10 largest river systems in the world, the Ob and Yenisei rivers
(Rudoy and Baker, 1993). Continental-scale proglacial lakes
that may have formed with ice-sheet damming of drainages
in northern Siberia would have rerouted fresh water from the
Arctic Ocean to lower latitude seas, potentially impacting North
Atlantic deep-water formation (Weaver, 1995). Thus, the
eastern limit of the Eurasian ice sheet and associated deglacial
chronology is critical to assess whether the last glaciation
0033-5894/02 $35.00
C 2002 by the University of Washington.
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FIG. 1. (A) Late Weichselian and early/middle Weichselian–inferred ice-sheet limits in northern Eurasia from Svendsen et al. (1999), Forman et al. (1999),
and Polyak et al. (2000a). (B) Yamal Peninsula showing major rivers and spot elevations (meters). (C) Enlargement of Corona Satellite image 054 050 and 054
051 taken on September 8, 1964, of western Yamal Peninsula, Russia. Kilometer-scale bar shows location of studied sections.
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resulted in continental-scale reorganization of Arctic hydrology.
Recent field-based research suggests that the maximum
Eurasian ice-sheet limit in the Pechora Lowland was reached
> 40,000 yr B.P., with the last glacial maximum position 10 s
to 100 km seaward in the southern Barents Sea (Polyak et al.,
2000a; Svendsen et al., 1999). The presence of glacial flutes
and till in the central Barents Sea is a definitive indicator that an
ice sheet was grounded at the seabed during the Late Weichselian
(Gataullin et al., 1993). This ice sheet inundated adjacent
Svalbard, expanded northward to the edge of the continental
shelf (Landvik et al., 1998), and filled the >500-m-deep Franz
Victoria and Santa Anna troughs (Lubinski et al., 1996; Polyak
et al., 1997). Studies of the postglacial emergence on Franz Josef
Land and Novaya Zemlya indicate maximum ice-sheet loading
over the central Barents Sea and eastern Svalbard (Forman et al.,
1997). This isostatic response within prescribed glacier limits
and coupled with refinements in modeling Earth rheology is the
basis for reconstructing a 2-km-thick ice sheet over the Barents
Sea, with limited coverage over the Kara Sea (Lambeck, 1995;
Peltier, 1996). Recent studies have identified deposits on lowlands adjacent to the southern Kara Sea that antedate the Late
Weichselian and are one basis for inferring Late Weichselian
ice limits seaward of northern Siberia (Astakhov et al., 1996;
Forman et al., 1999; Mangerud et al., 2001). One marine geologic study places the Late Weichselian ice-sheet limit in the
Kara Sea east of the Novaya Zemlya Trough (Polyak et al.,
2000b). Few observations constrain the eastern limit of late
Quaternary ice sheets in northern Eurasia (e.g., Forman et al.,
1999; Moller et al., 1999). Thus, we present a detailed lithostratigraphic record and associated radiocarbon and luminescence
ages for western Yamal Peninsula (Fig. 1). This contribution expands on a previous report (Forman et al., 1999) and gives new
insights on glacier coverage and changing paleoenvironments
during the past ca. 60,000 yr.
CHRONOLOGIC CONTROL

Primary age control is provided by accelerator mass spectrometry (AMS) radiocarbon dating of terrestrial organics (Table 1)
and thermoluminescence and optically stimulated luminescence
ages on fine-grained (4–11 µm) and coarse-grained (100–
150 µm) extracts from sediment (Table 2). For many stratigraphic units, the Varjakha peat and silt, the Oleny sand, the
Baidarata sand, the Nenets peat, and the Chum sand plant material dated is in situ and often collected from growth position.
Organic remains in the Marresale formation, the Labsuyakha
sand, and the Kara diamicton are allochthonous and predate the
deposit.
Infrared-stimulated luminescence (IRSL) and thermoluminescence (TL) ages are determined on the polymineral finegrained fraction from the Varjakha peat and silt, the Oleny sand,
and the Baidarata sand by multiple aliquot additive dose procedures (Forman, 1999). One coarse-grained quartz aliquot from
the Baidarata sand (UIC656) was dated by green-stimulated lu-
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minescence (Table 2). IRSL and TL ages are nearly identical
for samples UIC649, UIC650, UIC652, and UIC653 (Table 2),
indicating that the luminescence signal of the Oleny sand and
Varjakha peat and silt is fully solar reset prior to deposition. The
concordance between luminescence ages and corresponding calibrated (“calendar”) radiocarbon ages gives added confidence in
the concluded chronology (Table 2).
THE STRATIGRAPHIC RECORD

Most of the Yamal Peninsula is covered by Quaternary sediments, which overlie Mesozoic and Cenozoic deposits, exceeding 4 km in thickness (Rostovtsev, 1982). The pre-Quaternary
deposits are largely unlithified silts and clays. Lithified
Paleozoic rocks occur south and west of the Yamal Peninsula
in the Polar Ural Mountains and adjacent highlands, Vaygach
Island, and the Novaya Zemlya archipelago.
The coastal cliff sections of western Yamal Peninsula contain a rich record of late Quaternary environmental change.
Previous studies have documented the continuity of lithostratigraphic units and investigated the origin of ground ice (Astakhov
et al., 1996; Kaplyanskaya and Tarnogradsky, 1986). Other studies (Arslanov et al., 1986; Bolihovsky et al., 1989; Gataullin,
1988; Krapivner, 1986) have included part of the Yamal
Peninsula sequence in regional stratigraphic assessments and
provide supportive stratigraphic observations and 14 C ages
(Table 1). Our field studies concentrated on the well-exposed
Quaternary stratigraphic sections in coastal cliffs 10 to 25 m high
within 5 km south of the Marresale Station (Fig. 1). The location
of sections (e.g., “2.51-km” section) was determined in kilometers measured from the south bank of Marresale River at the coast
(N69◦ 43.27 E66◦ 48.80 ). We define nine informal stratigraphic
units, from oldest to youngest, which are presented below: the
Marresale formation, Labsuyakha sand, Kara diamicton,
Varjakha peat and silt, Oleny sand, Baidarata sand, Nenets peat,
Betula horizon, and Chum sand (Fig. 2).
Marresale Formation
The Marresale formation underlies all other exposed strata on
the west coast of Yamal Peninsula. This formation is composed
of >300-m-thick, rhythmically bedded, stratified and massive
clay silt and silty sands. Lithology and bedding characteristics
together with remains of foraminifera, diatoms, pollen, and plant
macrofossils indicate that it was deposited in a prodeltaic marine
environment (Gataullin, 1988). The thickness of the unit indicates that it was deposited during a period of subsidence. The
source of sediments may be a prograding delta of the Ob River
sometime in the middle to late Pleistocene (Gataullin, 1988).
The most complete section of the Marresale formation is exposed in coastal cliffs that are 20 to 35 m high, extending 20 km
north and 3 km south of the Marresale Station (Fig. 1). The exposed strata are folded here into a large, complex anticline with
a northwest–southeast strike over 150–200 m in amplitude and a
15-km folding wavelength (Gataullin, 1988). In the center of this
structure, there are abundant low-angle folds with amplitudes
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TABLE 1
Radiocarbon Ages for Quaternary Stratigraphic Units on Western Yamal Peninsula, Russia

Section location

Reference

Material dated

This study
Gataullin, 1988
Gataullin, 1988
Gataullin, 1988
Gataullin, 1988
Krapivner, 1986
Krapivner, 1986
Zubakov, 1972
Bolihovsky et al., 1989
Bolihovsky et al., 1989

Labsuyakha sand
Abraded wood
Plant remains
Peat
Peat
Peat
Peat
Peat
Wood
Wood
Wood

Kharasavey River mouth
Maresalle Station

Gataullin, 1988
Arslanov et al., 1986

Kara diamicton
Wood
Log

4.1 km site

This study
This study
This study
This study
This study
This study

Labsuyakha River mouth
Yarayakha River mouth
Station Ust’-Yuribei
Kharasavey River mouth
Kharasavey borings
Maresalle Station

4.5 km site
4.70 km site

4.73 km site
5.1 km site
4.70 km site
4.73 km site

1.61 km site

2.04 km site

2.51 km site
3.39 km site
Marresale Station

Marresale Station

This study
This study
This study
This study
This study

Varjakha peat and silt
Peat plant
Peat plant
Peat plant
Peat plant
Peat plant
Plant fragment
from ice wedge
Peat plant
Peat plant
Peat plant
Peat plant
Peat plant

This study
This study
This study
This study
This study

Oleny sand
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Gataullin, 1988
Gataullin, 1988
Gataullin, 1988
Gataullin, 1988
Bolihovsky et al., 1989
Bolihovsky et al., 1989
Gataullin & Forman, unpub.
Gataullin & Forman, unpub.
Gataullin & Forman, unpub.
Gataullin & Forman, unpub.

Baidarata sand
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Vascular plant
Moss
Vascular plant
Moss
Vascular plant
Moss
Moss
Vascular plant
Vascular plant
Vascular plant
Vascular plant

Weight
(mg)

Depth
(m)

27,000

Laboratory
numbera

Age,
yr B.P.

14 C

GX-21800
LU-285
LU-1166
Ri-284
Ri-281
GIN-2810
GIN-2811
LU-11
GIN-5199
GIN-5198

>41,910
33,160 ± 550
40,930 ± 1580
35,404 ± 340
>31,520
35,100 ± 1000
>26,000
>55,500
31,100 ± 400
42,000 ± 100

Ri-299
LU-1270

35,973 ± 370
43,110 ± 1540

50
250
106
237
105
6

9.6
9.3
8.1
6.5
5.7
7.1

NSRL-10307
AA-26940
NSRL-10308
NSRL-10309
AA-26939
AA-26937

32,800 ± 390
32,700 ± 580
33,400 ± 450
32,400 ± 440
32,400 ± 500
29,860 ± 720

120
1000
750
292
400

9.0
8.0
7.0
5.7
8.8

NSRL-10310
AA-26941
AA-26942
AA-26945
AA-26944

30,100 ± 260
27,980 ± 380
28,560 ± 360
28,233 ± 362
28,359 ± 327

49
34
27
18
6

6.4
5.7
5.5
4.9
3.9

NSRL-10312
NSRL-10311
AA-26946
AA-26947
AA-26948

25,100 ± 560
27,300 ± 430
28,280 ± 421
27,450 ± 320
26,230 ± 260

42
104
1540
378
15.3
20.0
18.0
15.9
9.3
26.1
9.4
27

5.2
4.7
2.6
1.9
6.7
6.6
6.3
4.0
2.7
3.8
3.8
3.2

47
27
50
40

4.5
3.8
2.6
1.6

AA-26949
AA-26950
AA-26951
AA-26952
AA-26962
AA-26961
AA-26960
AA-26959
AA-26958
AA-26965
AA-26964
AA-26966
Tln-1059
Tln-1026
Tln-1059
Tln-1026
GIN-5197
GIN-5196
AA-20496
AA-20495
AA-20494
AA-20493

15,025 ± 95
14,280 ± 90
13,225 ± 85
12,220 ± 75
16,360 ± 120
15,020 ± 120
14,140 ± 100
13,845 ± 80
12,980 ± 80
13,975 ± 95
13,060 ± 100
13,990 ± 100
13,830 ± 260
13,970 ± 140
13,830 ± 260
13,970 ± 140
13,280 ± 150
13,340 ± 200
14,160 ± 120
13,780 ± 190
13,750 ± 110
13,265 ± 150
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TABLE 1—Continued

Section location

1.61 km site
2.04 km site

Kharasavey River mouth
Marresale Station

Reference

Material dated

This study
This study
This study
This study
This study
This study
Gataullin & Forman, unpub.
Gataullin & Forman, unpub.
Bolihovsky et al., 1989
Arslanov et al., 1986

Betula horizon
Betula bark
Betula wood
Betula twig
Betula bark
Betula bark
Betula bark
Betula wood
Betula bark
Betula wood
Betula wood

1.29
1.00
1.80
1.20
1.15
0.70
1.20
1.05

AA-26967
GX-23496
AA-26957
GX-23495
GX-23943
GX-23494
GX-21799
GX-21801
RUH-5204
LU-1266

8865 ± 65
7990 ± 65
8345 ± 60
8050 ± 80
8620 ± 70
8110 ± 90
8780 ± 150
8610 ± 150
8240 ± 70
7820 ± 70

0.20
1.25
0.25
1.85

P980087121
AA-26956
AA-26955
AA-26938

1153 ± 11
8195 ± 60
1015 ± 40
7165 ± 75
4640 ± 150
7820 ± 70
9010 ± 100
6400 ± 250
9365 ± 100
8945 ± 80
5980 ± 80
5785 ± 80
Post-bomb
80 ± 40
620 ± 6

28
31.6
306
38

4.0
3.4
1.7
1.1

Ri-362
LU-1266
LU-1267
LU-1268
AA-20490
AA-20489
AA-20488
AA-20487

This study
This study
This study

Chum sand
Vascular plant
Vascular plant
Vascular plant

14.4
11.2
57

0.20
0.10
0.95

AA-26954
AA-26953
P98-08692A

Marresale Station

2.90 km site

Laboratory
numbera

Gataullin, 1988
Arslanov et al., 1989
Arslanov et al., 1989
Arslanov et al., 1989
Gataullin & Forman, unpub.
Gataullin & Forman, unpub.
Gataullin & Forman, unpub.
Gataullin & Forman, unpub.

This study
This study
This study
This study

2.04 km site

487
70900
532
17000
25900
14000
21900
20700

Depth
(m)

Nenets peat
Peat plant
Peat plant
Peat plant
Peat fragment
in ice wedge
Peat
Peat
Peat
Peat
Peat plant
Peat plant
Peat plant
Peat plant

1.61km site
2.04 km site

Kharasavey River mouth

Weight
(mg)

14
127
17.5
250

Age,
yr B.P.

14 C

a Radiocarbon laboratories abbreviations: AA: NSF-Arizona AMS Facility, Univ. of Arizona, Tucson, AZ; GIN: Geological Institute. Russian Academy of
Sciences, Moscow; GX: Geochron Laboratories, Cambridge, MA; LU Geographical Research Institute, St. Petersburg State University; NRSL: INSTAAR, Univ.
of Colorado, P: PRIME AMS Laboratory; Purdue University. Tln: Radiocarbon Laboratory, Institute of Geology at Tallinn Technical University, Estonia; Ri:
Institute of Science—Application Research, Riga, Latvia.

of 10–50 m and wavelengths of 100–500 m (Fig. 3). Sharply
asymmetrical, commonly strongly compressed anticlinal folds
occur, with overturning to the northeast. The magnitude of folding and brecciation increases substantially near the contact with
the overlying Kara diamicton.
Labsuyakha Sand
The Labsuyakha sand occurs as shallow paleochannel fills
on top of the Marresale formation. The infillings vary in width
from a few meters to ∼1 km and thicknesses range from a few
meters to ∼50 m. Labsuyakha sand consists of two major lithofacies. A lower facies of predominantly planar and trough crossbedded fine-to-medium sand and an upper facies of ripple and
horizontally bedded fine sand and silt. The lower facies contains abundant plant detritus including twigs and tree trunks;
coal particles, granules of amber, occasional reindeer antlers
(Rangifer sp.), shell fragments, and pebble gravel also occur.
This facies constitutes a basal and point bar sand of a braided
fluvial environment. The upper facies is characterized by rip-

pled and horizontally bedded sand, with localized occurrence of
centimeter-scale silt beds, some containing allochthonous clastsized pieces of gytja and peat. This facies is interpreted as a
floodplain deposit with overbank silts.
The age of the Labsuyakha sand is not well known; a number
of 14 C analyses on preserved tree logs and other plant detritus
yielded ages between >26,000 and 42,000 14 C yr B.P. (Table 1).
The occurrence of Rangifer sp. antlers in the Labsuyakha sand
provides additional, but broad age control. In the European
biostratigraphic record, Rangifer sp. is a younger steppe fauna
from the Middle Pleistocene record at Sussenborn, Germany
(Kahlke, 1969), and a correlative age for the Labsuyakha sand
is <500,000 yr.
Kara Diamicton
The Kara diamicton is a complex unit containing large ice bodies and massive and stratified diamictons. Most notably, there are
a variety of m-to-km-scale glacial tectonic structures associated
with the Kara diamicton that extensively deform the underlying

4.73
Oleny sand
4.2
0.39 ± 0.02
4.93 ± 0.60
1.70 ± 0.24
1.02 ± 0.07
2.07 ± 0.02
0.03 ± 0.001
0.03 ± 0.001
20 ± 5

99.45 ± 2.20
45.1 ± 3.8

92.40 ± 3.62
95.30 ± 3.38
41.3 ± 3.6
40.5 ± 3.7
33.9 to 34.1
(NSRL-10309)
34.2 to 36.8
(NSRL-10308)

2.20 ± 0.10

30 ± 5

4.1
Varjakha peat & silt
8.7
0.40 ± 0.02
5.03 ± 0.77
1.80 ± 0.28
1.00 ± 0.07
2.09 ± 0.02
0.020 ± 0.01

UIC651

2.24 ± 0.10
2.35 ± 0.11

4.1
Varjakha peat & silt
7.3
0.35 ± 0.02
3.93 ± 0.60
1.72 ± 0.21
0.96 ± 0.06
2.01 ± 0.02
0.02 ± 0.01
0.03 ± 0.01
25 ± 5

UIC650

33.0 ± 2.9
33.6 ± 4.0
30.2 to 30.8
(AA-26947)

89.81 ± 3.18
92.21 ± 9.01

2.72 ± 0.14
2.78 ± 0.14

4.73
Oleny sand
5.0
0.43 ± 0.02
5.03 ± 0.67
2.00 ± 0.26
1.02 ± 0.07
2.10 ± 0.02
0.04 ± 0.002
0.04 ± 0.001
20 ± 5

UIC652

29.9 ± 2.9
31.0 ± 3.1
27.8 to 30.
(AA-26948)

79.36 ± 4.11
77.81 ± 4.61

2.65 ± 0.11
2.52 ± 0.11

4.73
Oleny sand
4.0
0.46 ± 0.02
5.27 ± 0.63
2.70 ± 0.24
1.02 ± 0.07
2.07 ± 0.02
0.03 ± 0.001
0.03 ± 0.001
20 ± 5

UIC653

15.8 to 15.3
(AA-26958)

13.2 ± 1.0

27.46 ± 0.20

20 ± 5
2.08 ± 0.10

2.04
Baidarata sand
2.6
0.33 ± 0.02
3.93 ± 0.50
1.52 ± 0.20
1.03 ± 0.08
1.87 ± 0.02

UIC656

16.6 to 17.2
(AA-26960)

18.8 ± 1.4

53.58 ± 0.20

2.85 ± 0.12

20 ± 5

2.04
Baidarata sand
6.3
0.40 ± 0.02
5.67 ± 0.72
1.59 ± 0.27
1.00 ± 0.07
2.15 ± 0.02
0.035 ± 0.01

UIC657

33.9 to 34.1
(NSRL-10309)

35.7 ± 3.1

75.45 ± 0.60

2.11 ± 0.09

30 ± 5

4.1
Varjakha peat & silt
6.4
0.37 ± 0.02
5.42 ± 0.71
1.38 ± 0.26
1.0 ± 0.07
2.16 ± 0.02
0.03 ± 0.01

UIC673

b

a

Thick-source α-count rate; U and Th concentrations calculated from alpha count rate, assuming secular equilibrium.
Ratio of bulk α-count rate under unsealed and sealed counting conditions. A ratio of >0.94 indicates little or no radon loss.
c Percent K determined by ICP-MS at Activation Laboratories, Ontario, Canada.
d Measured alpha efficiency factor (a) as defined by Aitken and Bowman (1975).
e Dose rate includes a contribution from cosmic radiation of 0.15 ± 0.01 Gy/(103 yr) from Prescott and Hutton (1994).
f Optical stimulation was by infrared emissions (880 ± 80 nm) from a ring of 30 diodes (Spooner et al., 1990) with an estimated energy delivery of 17 mW/cm2 . The resultant blue emissions (with three
1-mm-thick Schott BG-39 and three 1-mm-thick Corning 7-59 glass filters that transmit; <10% transmission below 390 nm and <10% above 490 nm) from the sediments were measured. The background
count rate for measuring blue emissions was (80 counts/s, with a signal to noise ratio of >20. Sampleswere excited for 90 s, and the resulting IRSL signal was recorded in 1-s increments. The IRSL
signal was measured at least 1 day after preheating at 160◦ C for 5 h. Tests for anomalous fading of the laboratory-induced and preheated IRSL signal, after >32 days storage, revealed insignificant (<5%)
reduction in signal, indicating stability of the laboratory and natural infrared emissions. Errors are at ±1σ and calculated by averaging the errors across the temperature or time range.
g Calendar ages calculated from Stuiver et al. (1998) and Kitigawa and Van der Plicht (2000).

α counta (ks/cm)b
Th (ppm)
U (ppm)
Unsealed/sealedb
K2 O (%)c
IRSL A valued
TL A valued
Moisture content (%)
GSL dose rate (Gy/(103 yr))e
2.53 ± 0.11
IRSL dose rate (Gy/(103 yr))e
TL dose rate (Gy/(103 yr))e
2.52 ± 0.11
GSL equivalent dose (Gy) f
75.45 ± 0.63
IRSL equivalent dose (Gy) f
TL equivalent dose (Gy)
77.81 ± 4.61
GSL age (103 yr)
IRSL age (103 yr) f
30.0 ± 2.6
TL age (103 yr)
31.0 ± 3.1
Corresponding “calendar” or
30.2 to 30.9
calibrated 14 C age (103 cal yr)g (AA-26948)

Stratigraphic section (km)
Unit and depth (m)

UIC649

TABLE 2
Thermoluminescence (TL) and Green (GSL) and Infrared (IRSL) Stimulated Luminescence Data and Ages for Lacustrine and Eolian Sediments for Quaternary Sediments
from Marasalle Sections, Yamal Peninsula, Russia
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FIG. 2. Summary of stratigraphic sections for a 4-km length of coastal cliff exposures immediately south of the Marresale Station. Shown are associated
radiocarbon (103 14 C yr B.P.) and luminescence ages (103 yr B.P.).

Labsuyakha sand and Marresale formation (Fig. 3). Coastal surveys indicate that the Kara diamicton is widespread on western
Yamal Peninsula, but has yet to be identified north of 70◦ 50 N.
The diamicton ranges in thickness from <1 to >20 m in the sections north of the Marresale Station. The diamicton is commonly
frozen, containing ≤80% ice. The enclosed ice contains debris
bands, deformed sandy intraclasts, recumbent folds, and fine plication of thin ice within bodies of massive ice. We concur with
previous interpretations that the ice structures indicate burial of
glacier ice originally associated with deformation of underlying
sediments and deposition of the Kara diamicton (Astakhov et al.,
1996; Kaplyanskaya and Tarnogradsky, 1986). The basal contact
of the Kara diamicton is highly erosive and tectonically discordant, with thrusts from the southwest forming numerous large
(>10 m) nearly isoclinal, recumbent to gently inclined folds.
Parallel and harmonic folds occur but large, overturned chevron
folds are most conspicuous. Close to the Marresale Station, the
folds are highly asymmetrical, with uniform vergence toward the
northeast, indicating deforming thrusts from the southwest. The
orientation of glaciotectonic structures indicates ice-sheet flow
from the southwest emplaced the Kara diamicton and deformed
sediments on Yamal Peninsula.

The Kara diamicton is a complex heterogeneous unit and is
subdivided into three facies: stratified diamicton, massive-ice
diamicton, and clayey-silt diamicton. The lowermost facies is
a stratified diamicton formed largely by intense shearing, folding, and dislocation of underlying sediments, such that primary
sedimentary structures are destroyed. A variety of deformation
occurs ranging from tight, low-angle thrust faults and recumbent folds to small-scale boudinage structures, shear bands, and
disharmonic and intrafolial folds. Intense shearing is indicated
by truncation and brecciation of silt and sand beds. Locally, the
underlying Labsuyakha sand is drawn upward and sheared out
along thrust faults. Large chunks of the sand are also dislocated
and rotated, with primary sedimentary structures preserved and
deposited as intraclasts, with sharp contacts with the surrounding diamicton (Fig. 4). This facies is interpreted as a subglacial
deformation till.
A dark, massive, debris-containing ice characterizes the Kara
diamicton above the stratified facies. This massive-ice diamicton facies is composed up to 80% of ice, but it often has a
layered appearance due to alternating debris-bands and ice. Recumbent folds and low-angle thrusts defined by debris bands
in the ice indicate flow towards the northeast, consistent with
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FIG. 3. Large-scale glaciotectonic overturning of the Marresale formation with asymmetrical compression and overturning of folds to the northeast. People in
the foreground are about 1.7 m tall.

subdiamicton deformations. The massive-ice diamicton facies
shows subhorizontal fissility defining lens-shaped centimeterthick plates. The diamicton is a mixture of clay, silt, and sand
fractions, but the most prominent feature is the random occurrence of pebbles and rare clasts in the sediment. Most clasts are
angular or subangular and frequently show bullet-nosed forms
and carry glacial striae. Pebbles occur also singularly in the ice.
The stratified- and massive-ice diamicton facies contain sparse
forams and shell fragments, indicating that the glacier may
have advanced over the seafloor (Gataullin, 1988). The provenance of the diamicton matrix and pebble clasts shows enrichment in Paleozoic shale, sandstone, and limestone originating
from Ural Mountain sources and Cretaceous and Paleogene silts
and clays derived from the Kara Sea. The ice–diamicton facies
is interpreted as being derived from debris-rich glacier ice with
glaciodynamic structures preserved.
The massive diamicton–ice facies is capped by up to 5-m-thick
massive to crudely stratified clayey silty diamicton. It differs
from the underlying diamicton–ice facies with glaciotectonic
structures absent. Random pebbles and occasional sand horizons
<1 cm thick occur. This facies also shows vertical jointing and
small-scale normal and reverse high-angle faults. This facies is
interpreted as a supraglacial meltout till formed by the release of

glacial debris from stagnant glacier ice. Alloctchonous terrestrial
organic matter from the Kara diamicton gave radiocarbon ages
>36,000 14 C yr B.P. (Table 1).
Varjakha Peat and Silt
The Varjakha peat and silt overlies the Kara diamicton in the
southern part of the study area (Fig. 5). This deposit is most conspicuous infilling of basins 5–20 m wide and 4–5 m deep in the
Kara diamicton. However, this unit, mostly composed of peat
is also traced for nearly a kilometer, draping the paleosurface
of the Kara diamicton. The sediment is thickest in basins and
is characterized by subhorizontal centimeter-scale alternating
beds of sandy silt and peat layers. Peat beds are more prevalent in the basal 1–2 m of the deposits, with sandy-silt beds
dominant in the upper 1 m. The peat is well preserved, fibrous,
and dominated by Sphagnum sp. moss with <20% mineralogenic component. The sandy-silt beds can contain up to 20%
peat and are traced laterally for 10 s of meters. Individual peat
plants from the Varjakha peat and silt yielded radiocarbon ages of
ca. 33,000–28,000 14 C yr (Table 1). Corresponding fine-grained
polymineral extracts from the Varjakha peat and silt yielded
IRSL ages of ca. 36,000–45,000 yr (Table 2).
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Stratified facies of the Kara diamicton containing a large intraclast of Labsuyakha sand, with 1.7-m tall figure for scale.

FIG. 5. Stratigraphic sections immediately north and south of the Varjakha River. The Kara diamicton occurs at section location between 4.0 and 4.3 km and
is overlain by the Varjakha peat and silt. The Oleny sand occurs over the Varjakha peat and silt with ice wedges penetrating both units. The fluvial facies of the
Baidarata sand caps the sequence. asl, above sea level.
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Oleny Sand
Conformably overlying the Varjakha peat and silt is the Oleny
sand (Fig. 5), a well-sorted fine sand to fine sandy silt with
mm- to cm-scale subhorizontal and undulatory stratification of
eolian origin. Bedding in the Oleny sand is graded, with top
finer grained laminae exhibiting a diffusive lower boundary and
containing in situ rooted vascular plant remains that indicate
repeated brief periods of subaerial exposure and subsequent
burial by eolian sand (Fig. 6). Coarser beds are composed of
>95% fine and very fine sand with finer beds containing 65–
85% sand and the balance dominated by fine and medium silt.
Syngenetic and en echelon stacked frost-crack pseudomorphs
occur in locally deformed and truncated beds and terminate
at the top of fine beds attest to active cryogenesis with eolian deposition (Fig. 6). Near the top of the Oleny sand, abundant meter-scale cryogenic convolutions are associated with a
horizon of buried 1- to 2-m-wide ice wedges that represents a

significant period of subaerial exposure. Well-preserved vascular plant fragments from the Oleny sand yielded radiocarbon
ages of ca. 25,100–28,300 14 C yr (Table 1) and corresponding IRSL ages of ca. 30,000–33,000 yr (Table 2). A radiocarbon age of 29,860 ± 720 14 C yr B.P. (AA-26937) on plant remains from the base of an ice wedge indicates initial formation
ca. 30,000 14 C yr B.P. (Table 1; Fig. 2).
Baidarata Sand
The uppermost part of the stratigraphic sequence contains
interfingering eolian and fluvial sediments, referred to as the
Baidarata sand (Figs. 5 and 7). The eolian facies contains
millimeter- to centimeter-scale subhorizontal and undulatory
stratified fine sand to a fine sandy silt (Fig. 7). Beds pinch and
swell and are graded with abundant rooted vascular plant remains in the finer grained beds. Granulometry of four bed couplets shows that coarser beds are composed of >85% fine and
very fine sand, whereas finer beds are 75 to 70% sand and the
remaining particles are predominantly silt. En echelon stacked
1- to 3-cm-wide syngenetic frost-crack psedomorphs are common and vertically displace beds by 1 to 20 cm. Ice wedges from
the surface or overlying sediments penetrate the Baidarata sand
and deform the sediment. Well-preserved shoots and rhizomes
of European beach grass (Ammophila arenaria) occur densely
throughout this unit.
Fluvial interbeds vary in thickness from <1 to 4 m and usually
exhibit horizontal to low-angle stratification, contain pebble- to
cobble-sized silty intraclasts, and have an erosive wavy basal
contact with eolian sediments. Higher energy fluvial facies
dominate at section elevations approximately >12 m above sea
level (asl) and are characterized by cross-bedded strata with
climbing ripples and trough stratification with erosive lower
contact. Vascular plant remains from the eolian facies of the
Baidarata sand yielded radiocarbon ages between ca. 15,100
and 12,200 14 C yr B.P. from the base to the unit top. Greenstimulated luminescence on quartz grains from the top of
Baidarata sand yielded an age of 12,500 ± 1000 yr (UIC656);
a fine-grained polymineral fraction from the unit base gave
19,300 ± 1600 yr (UIC657). Reworked plant remains from fluvial facies yielded a radiocarbon age of 13,060 ± 100 14 C yr B.P.
(AA-26965).
Nenets Peat and Betula Horizon

FIG. 6. Photograph of the Oleny sand showing fine sand and very fine sand–
silt beds and associated cryogenic deformation. Well-preserved vascular plants
are associated with the finer beds. Grey and white bars are 10 cm long.

The Nenets peat caps the section in many localities (Fig. 2).
This fibrous peat- and sphagnum-dominated unit is thickest
where it fills basins 1 to 4 m deep in the Baidarata sand and
thins to <1 m on higher landscape positions (Fig. 7). The peat
largely remains frozen and hosts ice wedges 1 to 2 m wide,
and, during the summer, the upper 1–1.5 m thaws. In the lower
10 cm of peat in filled basins well-preserved Betula sp. tree
remnants are rooted. These trees are rooted into the subjacent
Baidarata sand, occur in clusters of three or more, and have a
krumholtz form with heights of 1–2 m and diameters of 5–12 cm.
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The Baidarata sand and the overlying Nenets peat, topped by the Chum sand at 2.1-km section.

Birch leaves and bark are abundant in the surrounding peat. Radiocarbon ages indicate that the Nenets peat accumulated from
ca. 9400 to 1000 14 C yr B.P. Trees from the Betula horizon,
which overlap with early peat accumulation in some localities,
date from ca. 8900 to 7800 14 C yr B.P. (Table 1). In many places,
0.5- to 1.0-m-wide ice wedges have formed from the top surface
of the Nenets peat. A radiocarbon age of 7165 ± 75 14 C yr B.P.
(AA-26938; Table 1) on a peat fragment from the center of the
ice wedge indicates formation after 7200 14 C yr B.P.
Chum Sand
Well-sorted fine to very fine sand often occurs on hilltops and
slopes (Fig. 8). This sand noticeably thickens to >1 m at the
upper edge of the coastal cliff. This unit contains millimeterto centimeter-scale laminations disrupted by massive zones 5 to
30 cm thick with abundant organics and secondary accumulations of pedogenic silt and/or clay. The coarsest beds contain
over 92% fine and very fine sand, with finer and organic rich
beds containing 75 to 85% sand. This eolian sand is derived
locally from cliff faces, fluvial channels, and denuded hilltops
associated with overgrazing by reindeer. Radiocarbon dating of
buried vascular plant remains places deposition of this sand in
the past ca. 1000 14 C yr (Table 1; Fig. 2).
Late Quaternary Paleoenvironments on Yamal Peninsula
The pervasive and broad scale of glacial tectonism associated with the Kara diamicton indicates basally erosive and sub-

glacially deforming ice-sheet flow from the southwest. The presence of Paleozoic shale, sandstone, and limestone erratics in the
Kara diamicton reflects ice-sheet flow onto the Yamal Peninsula
from source areas from Novaya Zemlya or near the Ural Mountains. However, the configuration and limit of the ice sheet that
deposited the Kara diamicton is unresolved. Gataullin (1988) favored that the north–northeast paleoglacier motion inferred from
the Kara diamicton reflects lateral expansion of a southwardmoving lobate glacier margin into the southern Kara Sea from a
source area on Novaya Zemlya. This hypothesized lobate margin is inferred to have terminated on central Yamal Peninsula,
although landforms associated with it have yet to be identified
(Gataullin, 1988), Recent field studies along the southwestern
coast of the Kara Sea, however, indicate that there was glacier
flow prior to the late Weichselian into the Kara Sea from northern
(Manley et al., 2001) and southern sources (personal communication, H. Lokrantz, 2001), potentially from highlands immediately southwest of the Ural Mountains. A lack of chronologic
definition for diamictons on the Yamal and Yugorsky Peninsulas
precludes correlation of glacial events.
Radiocarbon ages of ca. 33,000 14 C yr and corresponding luminescence ages of ca. 41,000 yr for the Varjakha silt and peat
overlying the Kara diamicton provide minimum limiting ages
for this glacial event (Fig. 9). We infer an early Weichselian age
of 60,000 to 70,000 yr or more for the Kara diamicton. This
glaciation of Yamal Peninsula may be broadly correlative with
the Markhida limit in the Pechora Lowland dated at ca. 60,000 yr
(Mangerud et al., 2001). Alternatively, the Kara diamicton may
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FIG. 8. The Chum sand, which accumulated during the past 1000 yr, reflects eolian sand contributions from cliff, fluvial, and hilltop sources. Pocketknife is
9 cm long.

be penecontemporaneous with an even more extensive glaciation in Eurasia that formed a proglacial lake system, impounding numerous rivers west of the Ural Mountains ca. 100,000 yr
ago (Mangerud et al., 2001). Glacio-isostatically raised littoral
deposits on Novaya Zemlya that are >35,000 yr old and are
traced to at least 36 m asl reflect regional glaciation that ex-

ceeded ice-sheet loading associated with the Late Weichselian
glaciation (Forman et al., 1999). A similar raised-marine sequence was identified up to 12 m asl on Vaygach Island where
in situ shells yielded radiocarbon ages of ca. >40,00014 C yr
and luminescence ages on quartz grains of 45,000 yr provide
closer constraining ages on deglaciation (Zeeberg, 2001). At the
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FIG. 9. Composite stratigraphy, associated radiocarbon and luminescence chronologic control, inferred paleoenvironments and concluded calibrated ages
(Stuiver et al., 1998; Kitigawa and van der Plicht, 2000) for western Yamal Peninsula, Russia.

western margin of the Barents Sea ice sheet on Spitsbergen, the
penultimate glacial event(s) occurred ca. 60,000 to 80,000 yr B.P.
and exceeded Late Weichselian limits and glacioistatic response
(Mangerud et al., 1998; Forman, 1999). The Kara diamicton reflects regional glaciation of the Barents and Kara seas with icesheet advance across Yamal Peninsula probably late in marine
oxygen isotope stage 5, stage 4, or earlier, with limits potentially compatible with maximum ice-sheet reconstructions (e.g.,
Svendsen et al., 1999).
The accumulation of the Varjakha peat and silt over the Kara
diamicton surface reflects landscape stability and ameliorated
climatic conditions ca. 45,000 to 30,000 yr ago (Fig. 9). Similar
peat deposits spanning ca. 50,000–30,000 yr B.P. and containing
an abundance of boreal pollen are identified in the northern lowlands of the Lena, Ob, and Yenisei Rivers (Ukraintseva, 1993;
pp. 172–221). These peat deposits may demark the Karginsky

Interstade, a distinct warm period (ca. 50,000–25,000) in central north Siberia between the Late Weichselian and an earlier
glaciation characterized by pollen and diatom taxa similar to the
Holocene with inferred summer temperatures warmer than today
(Ukraintseva, 1993; pp. 172–221). Evidence for this warming
extends to the Bering Strait, where trees expanded to or beyond
current limits, with peak warming registered between 35,000
and 33,000 yr B.P. (Anderson et al., 2001).
The occurrence of fluvial facies of the Baidarata sand up to
16 m asl elevation in coastal cliffs indicates this river system was
graded to higher level during the Late Weichselian. The Yamal
Peninsula during the last glacial maximum was ∼200 km from
the ice margin, and thus local sea level was primarily controlled by the eustatic fall in sea level of about 115 m (Fairbanks
et al., 1989), exposing large areas of the Kara Sea. Rivers prograded across the shelf with reaches on Yamal Peninsula
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aggrading. The eastern expansion of the ice sheet may have
been limited by focused river discharge at the margin (Lammers
et al., 2000). The intercalation of fluvial and eolian deposits
in the Baidarata sand indicates that fluvial sediments exposed
on bars or abundant channels were the prime source of eolian
clastics. Eolian deposition was episodic with vascular plants
inhabiting stabilized surfaces and the rhizomes and shoots of
the European beach grass enhancing the accumulation of eolian
sand.
Our analysis of the stratigraphic record on western Yamal
Peninsula indicates active ice-wedge growth, eolian, and fluvial
deposition occurred during the Late Weichselian, ca. 25,000 to
11,000 yr B.P. We found no geomorphic or stratigraphic evidence for glacier coverage or proximity to an ice sheet during
the past 30,000 yr along the west coast of the Yamal Peninsula.
Other chronologically controlled geomorphic and stratigraphic
observations constrained late Weichselian glaciation largely to
the Barents Sea with limited extension of the ice sheet into
the Kara Sea (e.g., Forman et al., 1997; Landvik et al., 1998;
Mangerud et al., 2001; Zeeberg et al., 2001). Recent marine geologic studies infer a limit of the Late Weichselian ice sheet of
east of Novaya Zemlya Trough (Polyak et al., 2000b) (Fig. 1).
Thus, we contend that Yamal Peninsula and much of Siberia
east of the Ural Mountains was distal to moisture sources, as
shown by the prevalence of sand sheets ca. 30,000–11,000 yr ago
in the Marresale area. Other studies along the lowlands of the
eastern Kara Sea support the nonglaciation of large areas, with
Pleistocene flora, mammals, and humans surviving throughout
the Late Weichselian into the Holocene (e.g., Andreev et al.,
1997; Ukraintseva, 1993; Sulerzhitsky and Romanenko, 1999).
Thus, Late Weichselian glacier extent is characterized by
diminutive valley glaciers in the Ural Mountains (Astakhov,
1997) and probably limited expansion of ice caps on Svernaya
Zemlya (Alexanderson et al., 2001), rather than by the largescale continental glaciation of western Siberia envisioned in
many ice-sheet models (e.g., Peltier, 1996).
The occurrence of rooted birch trees in the uppermost
Baidarata Sand that yielded radiocarbon ages between ca. 8800
and 8200 14 C yr B.P. indicates substantial warming on Yamal
Peninsula in the early Holocene (Fig. 9). This warming resulted
in permafrost degradation and deepening of the active layer to
permit the rooting of trees. This degradation in permafrost is recognized across Eurasia and associated with substantially warmer
summer temperatures (Anisimov and Nelson, 1996). The birch
trees recovered from the Nenets peat on Yamal Peninsula attained heights of 1 to 3 m, with a distinct krumholz form and
demarcate the northern extension treeline, which is presently
200 km to the south. However, the Marresale area is probably
not the northern limit of early Holocene treeline, with one birch
tree from 110 km north at the Kharasavey River mouth yielding a radiocarbon age of 8780 ± 150 14 C yr B.P. (GX-21799;
Table 1). This northward extension of treeline has been documented across Eurasia, reflecting a poleward shift of the boreal
forest and associated summer warming of 2 to 4◦ C (MacDonald

et al., 1999). Subsequently, the birch trees were subsumed by
peat starting at ca. 8200 14 C yr B.P., reflecting a rising water
table with permafrost aggradation. Peat accumulation occurred
throughout the Holocene in 1- to 2-m-deep depressions in the
Baidarata sand. Eolian sand accumulated on top of the Nenets
peat starting at ca. 1000 14 C yr B.P. and continues today. Denuded hilltops from reindeer overgrazing, cliff erosion, and fluvial surfaces are the current sources for eolian sand.
CONCLUSIONS

1. The Kara diamicton reflects regional glaciation of the
Kara and Barents seas with the ice sheet overriding the Yamal
Peninsula >40,000 yr ago, possibly during the early
Weichselian 80,000–60,000 yr ago, or possibly earlier. The icesheet configuration and limit associated with the deposition of
the Kara diamicton remains unresolved but may approximate
maximum reconstructions. The Varjakha peat and silt accumulated on top of the Kara diamicton ca. 45,000–35,000 14 C yr B.P.
and reflects regional warming.
2. The Oleny and Baidarata sands on Yamal Peninsula reveal
eolian and fluvial deposition and ice wedge formation
ca. 30,000–12,000 14 C yr B.P., during the Late Weichselian.
There is no geomorphic or stratigraphic evidence to indicate
coverage or proximity of Yamal Peninsula to a Late Weichselian
ice sheet. The Late Weichselian ice-sheet margins lie between
Novaya Zemlya and the Yamal Peninsula, with eastern expansion possibly limited by the 400-m-deep East Novaya Zemlya
Trough and concentrated river flow at the margin.
3. The discovery of birch trees 10,000–9000 cal yr old, rooted
in the upper Baidarata sand, indicates at least a 200-km shift
northward of treeline from present limits, which reflects a 2–4◦ C
summer warming across Eurasia (MacDonald et al., 1999). This
warming resulted in permafrost degradation and deepening of
the active layer that permitted the rooting of the birch trees.
4. Peat accumulation occurred throughout most of the Holocene, with eolian sand deposition more conspicuous after
ca. 1000 14 C yr B.P., reflecting abundant sand sources from
denuded hilltops associated with reindeer overgrazing, cliff erosion, and fluvial activity.
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