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Late Pleistocene and Holocene winter air temperatures in Kotelny Island, northeastern Russian Arctic, 
have been reconstructed using oxygen isotope compositions of ice wedges and correlated with evidence of Late 
Pleistocene and Holocene climate variations inferred from pollen data. The δ18О values range exceeds 6 ‰ in 
Late Pleistocene ice wedges but is only 1.5 ‰ in the Holocene ones (–30.6 ‰ to –24.0 ‰ against –23.1 ‰ to 
–21.6 ‰, respectively). The Late Pleistocene mean January air temperatures in Kotelny Island were 10–12 °С 
lower than the respective present temperature. On the other hand, mean winter temperatures in cold substages 
during the Karga interstadial were colder than those during the Sartan glacial event. The Late Pleistocene– 
Holocene climate history included several warm intervals when air temperatures were high enough to maintain 
the existence of low canopy tree patches in Kotelny Island. Mean January air temperatures in the early Holocene 
were only 1.0–1.5 °С lower than now. The early Holocene vegetation conditions were favorable for prolifi c growth 
of shrubs and fast peat accumulation. 

Holocene, Late Pleistocene, ice complex, yedoma, winter paleotemperature, ice wedge, oxygen and hydrogen 
stable isotopes, radiocarbon age, Arctic islands

INTRODUCTION 

The aim of this study is to investigate the oxygen 
and hydrogen isotope compositions of Late Pleisto-
cene and Holocene ice wedges in Kotelny Island in 
the northeastern Russian Arctic during key climate 
events, with implications for winter air temperatures 
and climate conditions, including vegetation. 

Kotelny Island was presumably discovered in 
1773 by a merchant Ivan Lakhov while he was ob-
serving migrating herds of rein deer. The island is 
called Kotelny after the word kotel (Russian for Ket-
tle) as the pioneers who explored the island left there 
a big copper kettle [Ship History in Russia, 2018]. 
E. Toll [1897] was the fi rst geologist to visit the island 
and A. Lozhkin [1977] was the fi rst to obtain 14С ages 
for its ice-rich permafrost (ice complex or yedoma 
 deposits). V. Makeev et al. [1989] studied thick ice 
wedges in outcrops along the Balyktakh River, where 
they found many mammoth bones, and performed 
high-resolution radiocarbon dating of the ice complex 
deposits. In 1999 a group of German and Russian Sci-
entists visited Kotelny Island and sampled two ice 
complex sections in its northern part near Cape Anisii 
and in the Khomurgannakh River mouth in the 
southwest [Schirrmeister et al., 2003, 2011]. Gravelly 
sand with ice wedges was sampled in the southern 
coast of the island, at 2.5–3.5 m above the sea level 
[Dereviagin et al., 2007]. In 2012 N. Belova and a 
team from Moscow University [Belova et al., 2015] 
studied two small ice complex outcrops in the south-
ern part of the island. 

Study area
Kotelny Island (74–76° N, 136–145° E) belongs 

to the Anjou group of islands in the New Siberian Ar-
chipelago between the Laptev and East Siberian seas. 
The island landscapes are mostly low Late Quater-
nary plains, ≤50 m asl, composed of ice-rich perma-
frost with tundra vegetation (Fig. 1), as well as fl at or 
gently sloping lowlands (from 50 to 300 m asl), often 
with a rugged surface topography and with mountain 
Arctic desert vegetation.

Climate and vegetation
The island lies in the zone of Arctic climate, with 

a mean annual air temperature of –14.3  °C and a 
mean monthly July temperature of +2.9 °C. February 
is the coldest month, with a monthly air temperature 
mean of –29.7 °С. The lowest temperature (–49.5 °С) 
was recorded in the February of 2002 and the highest 
(+25.1 °С) in the July of 1991. Temperatures below 
–30 °С may occur from October to April. Mean dai-
ly  temperatures become positive and negative on 
13 June and 18 September, respectively [Dobrowols-
ka, 2014; Climate of Kotelny Island, 2018]. 

According to geobotanic regional division, veg-
etation in the island belongs to the zone of shrub-
moss Arctic deserts [Gorodkov, 1956]. The tundra 
vegetation on relatively elevated areas consists main-
ly of Salix polaris Wahlenb., Alopecurus alpinus Sm., 
Saxifraga oppositifolia L., Saxifraga nivalis L., Papa-
ver radicatum Rottb., Dryas octopetala L., Cassiope 
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Fig. 1. Location of reference sections with ice wedg-
es in the landscape map of Kotelny Island, simplifi ed 
after [Troshko, 2018].
1 – tidal drain areas; 2 – lowland plains (within 50 m asl) com-
posed of moderately eroded ice complex deposits with thermo-
karst and tundra vegetation; 3 – river valleys with palustrine 
vegetation; 4 – bottoms and sides of thermokarst depressions 
(alases); 5 – fl at and gently sloping low plains (50–100 m asl); 
plateau-like elevated plains (100–300 m asl) with Arctic desert 
vegetation; 6 – heavily eroded undulated surfaces; 7 – weakly 
eroded fl at and low-angle surfaces; 8 – rounded-top ridges, 
higher than 300 m asl, almost devoid of vegetation; 9 – coastal 
plain, within 8 m high, with thermokarst erosion and palustrine 
vegetation; 10 – marine terrace I, within 10 m high, with Arctic 
desert vegetation and Aeolian micro-scale surface topography, 
within 3 m; 11 – marine terrace I, <10 m high, with Arctic 
desert vegetation and Aeolian micro-scale surface topography, 
within 3–10 m; 12 – marine terrace II, 10–25 m high, mainly 
eroded, with Arctic desert vegetation; 13 – eroded marine ter-
race II, 10–25 m high, mainly with tundra vegetation. M-1, 
M-2–4, 15-M are sampling sites.

tetragona (L.) D. Don, Luzula confusa Lindeb., Ra-
nunculus hyperboreus Rottb., Endocellion glaciale 
(Ledeb.) J. Toman and the mosses Ditrichum fl exicaule 
(Schwägr.) Hampe, D. capillaceum (Hedw.) Bruch et 
al. [Gorodkov, 1956]. 

Subfossil pollen spectra in Kotelny Island con-
tain 22–44 % shrub pollen on average (willow, alder, 
and dwarf birch). The herb pollen taxonomy (mostly 
Роасеае, Роlуgоnасеае, Caryophyllaceae, and As-
teraceae) records the features of local phytocenoses. 
Many pollen spectra from the northern part of the 
island contain some single dominant component, of-
ten the spores of Bryales or Selaginella sibirica, which 
may reach 70–90 %. Such pollen spectra occur in ice 
complex sections and are interpreted as representa-
tive of polar deserts. The subfossil spectra have high 
percentages (20 to 90 %) of pollen and spores rede-
posited from Neogene sediments [Lozhkin, 1977, 
2002]. 

Geocryology 
The fi rst evidence of geocryological conditions 

in the New Siberian Islands can be found in [Gorod-
kov, 1948]. The thaw season lasts no longer than 
75 days, with thawing at a slow rate of 0.3–0.5 cm/day 
[Kachinskii, 2014] to depths from 10–28 cm in de-
pressions between mounds to 48 cm on tops of ther-
mokarst mounds (locally called baydzherakh). 

The ice complex deposits occur at elevations of 
15–30 m [Schirrmeister et al., 2011]. They have ther-
mokarst depressions and thermal erosion gullies on 
their tops and thermokarst mounds on the slopes. The 
Late Pleistocene and Holocene deposits comprise the 
stratigraphic units [Makeev et al.,  1989] of 
(1) Dragotsennaya (QIII dr) deposited mainly during 
the Kazantsevo and Zyryanka periods; (2) Balyktakh 
(QIII bl) similar in volume to the Karga and a large 
part of the Sartan events; (3) Srednyaya (QIII–IV sr), 
consisting of upper Late Pleistocene and lower Holo-
cene deposits; and (4) Middle-Late Holocene Tu-
gutakh (QIV  tg). The total sediment thickness is 
within 50–60 m [Makeev et al., 1989]. 

Structure of ice wedges and sampling 
Syncryogenic ice complex deposits were studied 

previously [Makeev et al., 1989] in the southern coast 
of Kotelny island, in the Balyktakh River valley, and 
in the northwestern island part (Fig. 2, a). 

Sampling site M-1 (Fig. 3, a) is located in the 
southern coast near the Karga River mouth (Fig. 1), 
where layered permafrost composed of bluish-grayish 
silt with inclusions of brown peat rolls or less often 
fi ne pebbles, as well as thin or thick ice lenses, is ex-
posed in the bluff . A peat lens occurs about 5 m above 
the water table and silt encloses an ice wedge, ~3.5 m 
wide on top and ~5 m high. Silt and clay silt layers 
warp up at the contact with the ice. The ice is colum-
nar, with alternated turbid and transparent layers. 
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Ten ice samples were collected at every 30 cm for iso-
tope analysis (Fig. 3, a). Peat from the peat lens was 
sampled for radiocarbon dating. 

Sites M-2–4 (Fig. 3, b) are located in the Balyk-
takh middle reaches, in the right side of the valley 
(Fig. 1). Horizontally layered silt with lenses of detri-
tal peat and ice wedges crop out discontinuously in 
the bluff , over a distance of >50 m. Most of exposed 
ice wedges are 3.0–3.5 m wide and up to 4 m high. Ice 
wedge 4, at the top of a thermokarst mound, is about 
1 m wide and 1.5 m high. Ice is columnar in all wedg-
es. The sediments are cut by 2.5 m of younger layered 
dark-gray alluvial silt with intercalations of detrital 
peat. Samples for stable isotopes were taken from ice 
wedges 2–4, as well as from ice lenses that host ice 
wedges 2 and 3 (wedge 2 may enclose Holocene ice). 
Peat was sampled for radiocarbon analysis.

Site 15-M is located in the northwestern part of 
the island where A. Maslakov sampled Holocene ice 
wedges in 2015 (Fig. 4, a, b), on a gently sloping sur-
face (24–38 m asl). Permafrost at the site is composed 
of gray or less often light-brown clay silt, locally with 
abundant debris, and has massive or sometimes re-
ticulate cryostructures. Clay silt encloses lenses and 
nests of ice-bonded black or dark brown peat with 
plant rootlets. A 5–10 cm thick peat layer crops out 
near the top of the clay silt layer. The ice wedge has 
sharp and smooth sides and top. The 1 cm thick top 
layer of transparent ice with up to 5 mm vertical elon-
gated air bubbles lies 0.4 m below the ground surface. 
The wedge consists of columnar ice with vertically 
alternated light and dark turbid and transparent lay-
ers that enlcose abundant 0.5 to 3.0 mm air bubbles. 
Ice was sampled for stable isotope analysis at every 
0.2 m along a horizontal profi le, 0.6 m below the sur-
face (Fig. 4, c). 

Methods
Holocene organic matter from the ice complex 

deposits was dated by the radiocarbon method (14С) 
at the Institute of Material Culture History, St. Pe-
tersburg (laboratory ID of samples LE). Stable iso-
topes (oxygen and hydrogen) were measured in the 
ice wedge at site 15-M sampled in 2015, at the Iso-
tope Laboratory of the Faculty of Geography of Mos-
cow University. The analysis was performed on a 
Finnigan Delta-V Plus mass spectrometer with a stan-
dard gas-bench option and the results were calibrated 
against international (V-SMOW and SLAP) and 
laboratory standards, with internal 1σ errors of 
±0.6 ‰ for δ2Н and ±0.1 ‰ for δ18O. Oxygen isotope 
ratios in ice wedges were determined on a Finnigan 
Delta-E mass spectrometer at the Isotope Laboratory 
of the Institute of Geology of Estonia.

RESULTS
Radiocarbon dating of permafrost

Holocene syncryogenic sediments in the north-
western part of Kotelny Island (Fig. 4, c) have 14С 
ages of 8660 ± 35 yr BP for peat sampled at a depth of 
0.7 m 0.5 m left of the ice wedge (LE-11256) and 

Fig. 2. Ice complex deposits and Late Pleistocene 
ice wedges.
Photographs are by V. Makeev (a), and courtesy N. Belova 
(b–d).
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9310 ± 66 yr BP for that from a depth of 1.4 m, sam-
pled 4 m left of the wedge (LE-11258). 

The available ages of Late Pleistocene syn-
cryogenic ice complex deposits are, respectively, 
24 230 ± 220 yr BP (LU-1809) and 10 000 yr BP 
(LU-1773) for autochthonous peat below and above 
an ice wedge in the Balyktakh valley (Fig. 3, b) [Ma-
keev et al., 1989, 2003], and 36 040 ± 990 yr BP for a 
peat layer (LU-1808) bent toward an ice wedge in the 
southern coast (Fig. 3, a). 

Oxygen and hydrogen isotope compositions 
of ice wedges

The obtained stable isotope ratios for Late Pleis-
tocene ice wedges in Kotelny Island have more nega-
tive values than their Holocene counterparts.

The δ18O values range in Late Pleistocene ice 
wedge 3 (Fig. 3) is from –30.0 to –27.4 ‰ (–28.5 ‰ 
on ave rage), and that in adjacent lenses of segregated 
ice is –27.4 to –24.6 ‰ δ18O values (–25.5 ‰ on 
ave rage). Two ice wedges (2 and 4) located slightly 
higher stratigraphically, near the unit top, have the 
respective ranges of –26.2 to –22.9 ‰ and –27.1 to 

–24.9  ‰ δ18O values (–25.9  ‰ on average); ice 
wedge 2 encloses apparently Holocene ice with –22.9 
to –23.9 ‰ δ18O values.

The δ18O and δ2H values in the Holocene ice 
wedge from the northwestern island part are, respec-
tively, –23.14 to –21.64 ‰ (average –22.5 ‰) and 
–174.1 to –163.1 ‰ (average –169.3 ‰); deuterium 
excess (dexc) is from 6.9 to 12.8 ‰, average 10.4 ‰ 
(Tables 1, 2).

The Holocene ice wedge composition plots close 
to the global meteoric water line (GMWL) in the 
δ18O–δ2H diagram (Fig. 5). This indicates the mete-
oric origin of water and equilibrium isotope fraction-
ation during the formation of the water and the re-
spective ice wedges. 

A linearly approximated δ18O–δ2H diagram 
shows a slope of 6.7 and an intercept of –18.7 (equa-
tion у  =  6.7х  –  18.7; approximation reliability 
R2 = 0.7), with narrow δ18O and δ2H ranges (1.5 and 
11 ‰, respectively). The proximity of the Holocene 
ice wedge δ18O values to GMWL allows using them 
for paleotemperature reconstructions. The δ18O and 
δ2H values obtained for the Holocene ice wedge agree 

Fig. 3. Radiocarbon ages and sampling sites for isotope analysis in Late Pleistocene ice complex deposits 
with ice wedges.
Ice wedges in the southern coast of Kotelny Island (a) and in the Balyktakh valley (b). 1 – silt; 2 – peat; 3 – ice wedges; 4 – peat pat-
ches; 5 – mud slides and talus; 6 – sampling sites of ice wedges for isotope analysis; 7 – sampling sites for AMS 14С dating and ages.
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with those for the ice wedge top reported by Belova et 
al. [2015] (Fig. 2, b–d): –29 to –24 ‰ in the lower 
part (depth 2.5 m) and –25 to –20 ‰ in the upper 
part. According to Belova et al. [2015], Late Pleisto-
cene wedges may enclose Holocene ice wedges in their 
upper part (Fig. 2, d), judging by δ18О values uncom-
mon for Late Pleistocene ice and by the presence of a 
younger and narrower ice wedge inside the older one 
(a very rare cryological phenomenon). Such relations 
of Late Pleistocene and Holocene ice wedges were re-
ported from the Bykov Peninsula [Vasil’chuk, 1988], 
as well as from the Oygos Yar coast of the Dmitry 
Laptev strait and Bolshoy Lyakhovsky Island, where 

air bubble methane from the upper wedge part shows 
a Holocene age [Morizumi et al., 1995]. 

Late Pleistocene and Holocene climate 
and environment 

The available ages of permafrost in Kotelny Is-
land vary from 55 Kyr BP in its northwestern part 
and in the Khomurgannakh River mouth (Fig. 1) to 
27.8–11.0 Kyr BP in the northern part, at Cape Anisii 
[Schirrmeister et al., 2011], and to 11.9 Kyr BP in the 
Balytakh River valley [Pavlova et al., 2009]. The ages 
of ice wedges in the southern island coast have been 
constrained by two AMS 14С dates for plant detritus 

Fig. 4. Outcrop of Holocene ice wedges in the northwestern coast of Kotelny Island (a, b) and sampling 
sites for radiocarbon dating (c).
1 – clay silt; 2 – ice wedge; 3 – peat lenses and nests; 4 – mud slides and talus; 5 – debris; 6 – sampling sites of ice wedges for isotope 
analysis; 7 – 14С ages. Photograph by A. Maslakov.
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Ta b l e  1. δ18О, δ2Н and dexc in Holocene ice wedges in northwestern part of Kotelny Island (site 15-M)

Sample ID Depth, m Distance from left mar-
gin of ice wedge, m δ18О, ‰ δ2Н, ‰ dexc, ‰

15-M-02 0.57 0.3 –22.64 –174.1 7.02
15-M-03 0.57 0.5 –21.64 –166.2 6.92
15-M-04 0.57 0.7 –22.12 –164.8 12.16
15-M-05 0.57 0.9 –22.80 –171.4 11.0
15-M-06 0.57 1.1 –22.76 –169.3 12.78
15-M-07 0.57 1.3 –22.98 –172.4 11.44
15-M-08 0.57 1.5 –22.25 –166.2 11.8
15-M-09 0.57 1.7 –21.95 –165.2 10.4
15-M-10 0.57 1.9 –22.85 –173.8 9.0
15-M-11 0.57 2.1 –22.69 –169.6 11.92
15-M-12 0.57 2.3 –23.14 –173.4 11.72
15-M-13 0.57 2.5 –21.81 –163.1 11.38
15-M-14 0.57 2.7 –22.64 –168.3 12.82
15-M-15 0.57 2.9 –22.64 –170.0 11.12
15-M-16 0.57 3.1 –22.71 –172.4 9.28
15-M-17 0.57 3.3 –22.18 –167.8 9.64
15-M-18 0.57 3.5 –22.35 –170.6 8.2
15-M-19 0.77 1.7 –22.30 –169.2 9.2

Ta b l e  2. δ18О (‰ relative to V-SMOW) in Late Pleistocene ice wedges and segregated ice
 in Balyktakh River valley and in Sopochnaya Karga Peninsula

Sample ID Ice type Elevation*, m δ18О, ‰ Sample ID Ice type Elevation*, m δ18О, ‰

Balyktakh Valley
M-2/1  Ice wedge 6.5 (0.3) –22.9 M-4/1 Segreg. 6.0 –25.6
M-2/2 Ice wedge 6.5 (0.7) –23.3 M-4/2 Segreg. 6.5 –24.2
M-2/3 Ice wedge 6.5 (1.1) –23.9 M-4/3 Segreg. 6.8 –26.4
M-2/4 Ice wedge 6.5 (1.5) –26.3 M-3/1 Ice wedge 3.8 (0.2) –29.7
M-2/5 Ice wedge 6.5 (1.8) –24.8 M-3/2 Ice wedge 3.8 (0.6) –30.0
M-2/6 Ice wedge 6.5 (2.1) –24.8 M-3/4 Ice wedge 3.8 (1.0) –28.2
M-2/7 Ice wedge 6.5 (2.5) –25.1 M-3/5 Ice wedge 3.8 (1.5) –27.4
M-2/8 Ice wedge 6.5 (2.8) –24.5 M-3/6 Ice wedge 3.8 (1.9) –27.4
M-2/9 Ice wedge 6.5 (3.1) –24.9 M-3/7(1) Segreg. 2.0 –27.4

M-2/10 Ice wedge 6.5 (4.0) –26.2 M-3/8(2) Segreg. 2.5 –24.6
M-2/11 Ice wedge 6.5 (4.5) –24.0 M-3/9(3) Segreg. 3.3 –24.6
M-2/12 Segreg. 5.0 –26.7 M-4/1 Ice wedge 6.8 (0.2) –26.1
M-2/13 Segreg. 5.5 –27.7 M-4/2 Ice wedge 6.8 (0.5) –25.7
M-2/14 Segreg. 6.4 –28.6 M-4/3 Ice wedge 6.8 (0.8) –24.9
M-2/15 Segreg. 7.3 –29.9 M-4/4 Ice wedge 6.8 (1.2) –27.1

Sopochnaya Karga Peninsula, coast of Sannikov Strait
M-1/1 Ice wedge +5 (0.1) –30.1 M-1/5 Ice wedge +5 (1.3) –30.6
M-1/2 Ice wedge +5 (0.4) –30.5 M-1/8 Ice wedge +5 (1.9) –30.5
M-1/3 Ice wedge +5 (0.7) –30.3 M-1/8 Ice wedge +5 (2.0) –30.2
M-1/4 Ice wedge +5 (1.0) –29.9 M-1/9 Ice wedge +5 (2.3) –30.4

* Elevations above river level (from right wedge side) for Balyktakh Valley and above sea level for Sannikov Strait.

and moss: 45 960 + 2460/ – 1880 yr BP (KIA-25741) 
and 52  790  +  4110/  –  2710  yr BP (KIA-25743) 
[Meyer et al., 2002; Dereviagin et al., 2007]. The old-
est reliable AMS 14С ages of plant detritus and peat 
samples from the Khomurgannakh mouth [Schir-

rmeister et al., 2011] record the onset of deposition 
about 55 Kyr BP (Fig. 6). As shown by published 
evidence [Makeev et al., 1989, 2003; Schirrmeister et 
al., 2003, 2011; Pavlova et al., 2009; Vasil’chuk et al., 
2016, 2018] and this study, ice wedges formed rapidly 
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during the 50–45, 35–25, 22–12 and 9–2 Kyr BP 
cold spells.

Samples from northwestern Kotelny Island have 
AMS 14C ages of 29 750 ± 1100 yr (MAG-144) and 
28 220 ± 1000 yr BP (MAG-174) for the middle and 
top parts of the peat layer, respectively [Lozhkin, 
1977]. Pollen spectra of peat samples record mosaic 
patterns of taxonomically diverse plant communities 
with predominant grass pollen (53 %), among which 
abundant Poaceae (50 %), moderate percentages of 
Cyperасеае (17 %), Artemisia (18 %), and minor Li-
liaceae (3 %), Polygonaceae (2 %), Caryophyllaceae 
(13 %), Ranunculaceae (2 %), Fabaceae, Ericales, 
Compositae etc., as well as dwarf birch, willow, and 
alder (14 % in total), Siberian dwarf pine, and spruce. 
The presence of lily-fl owered species and willow indi-
cates favorable conditions for pollen preservation 
and, hence, rather rapid transition to the perennially 
frozen state. Carpological analysis of peat (by V. Niki-
tin) reveals Eriophorum sp., Carex sp. and С. cf. pauci-
fl ora Lightf., the species occurring much farther to 
the south in the Aldan and Upper Vilyui catchments, 
as well as three species of moss spread over a large 
area from the forest zone to the Arctic. Thus, the pol-
len spectra of the 34 to 29 cal. Kyr BP time span be-
long to typical tundra-steppe vegetation with predo-
minant Poaceae and Artemisia [Lozhkin, 1977]. 

The ice complex (yedoma) with syngenetic ice 
wedges on the right side of the Balyktakh River 
(75°15′ N, 139°54′ E) forms marine terrace II and is 

covered with peat-bearing palustrine deposits. Pre-
vious AMS 14С dating of the section gave nine 
ages  from 20  840  ±  100  yr BP (Beta-190097) to 
9090 ± 40 yr BP (LE-6368) [Pavlova et al., 2009]. 
Well preserved wood samples from a thermokarst 
mound at 75°21′32″ N, 139°15′05″ E showed an age of 
40 200 ± 2400 yr BP (IM-55) (sampled by Protopo-
pov [Galanin et al., 2015]), and the oldest dates for 
Kotelny Island are bracketed between 47 641 and 
39 528 cal. yr BP (Fig. 6). More ages obtained for 
plant and bone fossils from the Khomurgannakh Ri-
ver mouth and the Balyktakh valley give a range of 
40 400–36 100 cal. yr BP (Fig. 6). As Makeev et al. 
[1989] concluded from pollen spectra, forest patches 
existed along river valleys during the Balyktakh de-
position (>54–28 Kyr BP) while steppe and tundra-
steppe landscapes still predominated on watersheds.

Plant remnants, wood, and bones from ice com-
plex sections in the northwestern coast of Kotelny 
Island, as well as in the Balyktakh valley and Cape 
Anisii, have AMS 14С ages in the range 36 to 22 cal. 
Kyr BP. A. Prototopov found larch remnants in a 
thermokarst mound at 75°23′17″ N, 139°18′42″ E, 
which presumably occurred in situ about 530  km 
north of the present northern larch tree line. Peat 
from that site also stores needles and bark pieces of 
larch and birch remnants. High-resolution pollen 
spectra of 36 583–35 469 cal. yr BP sediments that 
host a larch trunk (Fig. 6) record mosaic meadow-
steppe vegetation with forest patches [van Geel et al., 
2017]. Both samples contain Larix pollen, which pro-
vides solid evidence for the presence of Larix in the 
respective plant communities, as its pollen is fragile 
and hardly can travel long distances [Vasil’chuk and 
Vasil’chuk, 2018]. Larch also grew earlier in the area, 
judging by 47 641–39 528 cal. yr 14C ages of wood 
samples [Galanin et al., 2015].

There are no AMS 14C ages of plant remnants 
available for the 22.7 to 17.0 cal. Kyr BP interval, but 
Sulerzhitsky and Romanenko [1997] obtained 22.4 to 
20.9 cal. Kyr BP radiocarbon ages for collagen from 
mammoth teeth and horse bones (Fig. 6). We infer 
that the vegetation of the island between 20 and 
17 cal. Kyr BP was insuffi  cient to feed large mammals, 
which migrated to areas with more favorable condi-
tions; after that period, the vegetation recovered. 
Plant and bone remnants from the Balyktakh valley 
bracket the age of their host sediments between 16.9 
and 10.9 cal. Kyr BP. Pollen spectra [Makeev et al., 
2003] record predominant xerophytes (mostly Arte-
misia) in the 15.4–12.5  cal. Kyr BP interval and 
marked vegetation change at 12.5–12.2 cal. Kyr BP, 
with high percentages of shrub pollen (45 %): Betula 
sect. Fruticosa and Betula sect. Nanae; Alnus fruticosа, 
and Salix sp. The latest Pleistocene pollen spectra 
(12.2–10.0 cal. Kyr BP) contain within 20 % of tree 
and shrub pollen, and abundant xerophytes [Makeev 
et al., 2003]. 

Fig. 5. δ2Н–δ18О diagram (dotted line) for Holocene 
ice wedges in the northwestern coast of Kotelny 
Island (site 15-M) and δ2Н– δ18О diagram for Late 
Pleistocene ice wedges. 
1 – δ18O and δ2H values in ice; 2 – global meteoric water line 
(GMWL); 3 – δ18O and δ2H ranges in Late Pleistocene ice 
wedges after [Dereviagin et al., 2007]; 4 – δ18O range in upper 
part of an ice wedge after [Belova et al., 2015]; 5 – δ18O range 
in lower part of an ice wedge after [Belova et al., 2015].
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Radiocarbon ages of Holocene peatlands in a 
range of 10 to 7 cal. Kyr BP (Fig. 6) were obtained for 
samples from the northwestern island coast: the 
Khomurgannakh River mouth and the Dragotsenna-

ya and Balyktakh valleys. The respective pollen spec-
tra do not show dramatic changes and are generally 
similar to the present subfossil spectra [Makeev et al., 
1989], except for high percentages of dwarf birch, al-

Fig. 6. Calendar age of ice complex deposits that enclose ice wedges in Kotelny Island.
a: Late Pleistocene ages of plant detritus and wood; b: Late Pleistocene ages of bone fossils; c: Holocene ages of plant detritus.
14С ages were calibrated using the Oxcal 4.2 software [Bronk Ramsey, 2009] based on IntCal13 calibration database [Reimer et al., 
2013], according to radiocarbon dating [Lozhkin, 1977; Makeev et al., 1989; Sulerzhitsky and Romanenko, 1997; Pavlova et al., 2009; 
Schirrmeister et al., 2011; Galanin et al., 2015; van Geel et al., 2017; this study].
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der, and willow in the 10–9 cal. Kyr BP interval. It 
was a time of active thermokarst processes that pro-
duced thaw lakes (which later dried out to form alas 
depressions) and maintained peat deposition at 0.4–
0.5 cm/yr; tall shrubs appeared in river valleys. As 
reported by D. Ponomareva [Makeev et al., 2003], the 
spectra for the 8–7 cal. Kyr BP interval show high 
percentages of tree and shrub pollen (up to 40 %), 
mainly Betula sect. Fruticosa, B. sect. Nanae, and Sa-
lix, while peat contains detritus of tall shrubs. Shrub 
pollen reaches especially high percentages at 7.5–
7.0 cal. Kyr BP, which supports the hypothesis of 
Gorodkov [1956] that thick peatlands formed in the 
island in the earliest Holocene. Peat deposition in the 
island continued also later. Samples from the base and 
top of a large peatland from the lowermost section 
of  terrace I of the Balyktakh River have ages 
of 5460 ± 100 yr BP (LE-6433) and 3040 ± 100 yr BP 
(LE-6429), respectively [Anisimov, 2010]. A series of 
dates for samples from the terrace top reported by 
Anisimov [2010] constrains the onset of river incision, 
which changed the base level of erosion, between 
3870 ± 90 yr BP (LE-6408) and 3480 ± 100 yr BP 
(LE-6422). Analysis of plant remnants revealed pe-
riodic slight changes in humidity that repeated eve-
ry tens to hundreds of years [Anisimov, 2010]. A 1.1 m 
thick lens of dark brown poorly degraded layered 
sedge-grass peat with up to 2 cm thick lens-like ice 
layers showed ages of 1530 ± 80 yr BP (LU-1473) 
from a depth of 0.3 m and 6250 ± 390 yr BP (LU-1470) 
from 1.0–1.1 m below the peat top [Makeev et al., 
1989].

As shown by paleotemperature reconstructions 
from various analytical data [Vasil’chuk A.C., 2003; 
Kienast et al., 2011; Zimmermann et al., 2017], the 
Late Pleistocene history of Arctic Northeastern Sibe-
ria included warm spells with rather high summer 
temperatures and long vegetation periods, which 
maintained patch growth of trees and tall shrubs far 
beyond the Arctic Circle. Specifi cally, they were the 
spells between 48–35 Kyr BP in Kotelny Island (ac-
cording to plant detritus ages) and between 48 and 
38 Kyr BP in Bolshoy Lyakhovsky Island [Wetterich 
et al., 2014]. Ice complex deposition in Kotelny Is-
land lasted from no later than 55 Kyr BP (in the 
northwestern part of the island and in the Khomur-
gannakh mouth) [Schirrmeister et al., 2011] to 11–
10 Kyr BP [Makeev et al., 2003].

Ice complex deposits were studied in fi ve out-
crops during the joint Russian-German trip to the 
New Siberian Islands in 2002 [Schirrmeister et al., 
2002]. L. Schirrmeister and T. Kuznetsova, with col-
leagues, found more than 30 mammoth and horse 
bones in situ in Cape Anisii [Schirrmeister et al., 2003]. 
Especially important was the fi nding of two Holocene 
(3000 ± 45 and 2800 ± 120 yr BP) horse bones re-
ported by Kuznetsova [Schirrmeister et al., 2003] 

which indicate that the local landscapes of that time 
were productive enough to provide food for horse 
populations. In the summer of 2018, A. Protopopov 
and his colleagues found remnants of an adult dwarf 
mammoth (a fragment of a front leg and a shoulder 
blade) in the tidal zone of Kotelny Island [Remnants 
of a Small Mammoth Discovered in Kotelny Island, 
2018]. Analysis and dating of these samples will shed 
light on the Late Pleistocene–Holocene history of 
mammoths. 

The fi rst palynological analysis of ground ice in 
Kotelny Island, based on 664 pollen grains from a 
>20 kg ice sample, showed spectra with 4 % tree pol-
len, 80 % grass and shrub pollen, and 16 % spores 
(sampling by B. Gorodkov; analysis by R. Fedorova) 
[Grichuk and Fedorova, 1956]. Some pollen was rede-
posited from pre-Quaternary rocks. The tree pollen 
mainly belongs to Pinus sibirica vs. P. sylvestris and 
some Picea, Betula and Alnus; grasses and shrubs 
comprise 52 % Artemisia and 35 % Poaceae. The spec-
tra contain immature trisulcate pollen unidentifi able 
to family, as well as pollen of Chenopodiaceae, Caryo-
phyllaceae, and Ericaceae, but lack willow, sedge, and 
larch, although ice ensures good preservation condi-
tions [Grichuk and Fedorova, 1956]. B. Gorodkov in-
terpreted the sample as massive ice [Grichuk and Fe-
dorova, 1956] but it rather appears to be a Late Pleis-
tocene ice wedge with a generalized record of spring 
pollen rain. 

Oxygen and hydrogen isotope compositions 
of Late Pleistocene ice wedges 

The δ18O values we revealed in Late Pleistocene 
ice wedges from the Balyktakh valley in Kotelny Is-
land (from –30.0 to –27.4 ‰ and –22.9 to –27.1 ‰ 
in lower and upper wedges, respectively) are 3–5 ‰ 
less negative from 23 to 10 Kyr BP than in earlier 
times. These results are consistent with the published 
evidence cited above. 

Similar δ18O variations were obtained for other 
Late Pleistocene ice wedges from the New Siberian 
Islands. They are –32.5 to –28.5 ‰ δ18O near the Zi-
movye River and –26.5 to –21.0 ‰ δ18O (–24.5 ‰ 
on average) in alas depressions in Bolshoy Lyak-
hovsky Island, which are more depleted than the ave-
rage δ18O value for modern ice wedges from the Zi-
movye fl oodplain (–20.4 ‰) [Meyer et al., 2002; Wet-
terich et al., 2014]; from –28.65 to –27.85  ‰ 
(–28.5 ‰ on average) and –22.02 to –19.97 ‰ for 
Late Pleistocene and Holocene samples, respectively, 
in Zhokhov Island [Pavlova et al., 2015]; average va-
lu es of –31 δ18O and –240 ‰ δ2H in ice complex 
samples from the coast and less negative values in 
Holocene (11.5–3.6 cal. Kyr BP) ice wedges of a ther-
mokarst depression at the Oygos Yar site, which en-
close a ~9.3 cal. Kyr BP peat layer: –25 to –26 ‰ 
δ18O and –190 to –200 ‰ δ2H [Opel et al., 2017]. 
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The oldest ages 45 960 + 2460/ – 1880 yr BP 
(KIA-25741) and 52  790  +  4110/  –  2710  yr BP 
(KIA-25743) were obtained for plant detritus and 
moss from gravelly sands in the southern coast of 
 Kotelny Island. These sediments enclose ice wedges 
with rounded heads (Fig.  7) [Schirrmeister et al., 
2011], which have –31.0 to –26.2 ‰ δ18О (–29.5 ‰ 
on average) and –240.9 to –208.4 ‰ δ2H (–229.9 ‰ 
on average), with dexc from 1.5 to 8.0 ‰ (an average 
of 5.9 ‰) [Dereviagin et al., 2007]. The Holocene ice 
wedges show generally higher dexc values (an average 
of 10.4 ‰) than those reported by Dereviagin et al. 
[2007]. This misfi t may result from variations caused 
by the Atlantic Ocean and distant air transport ef-
fects on snow and atmospheric precipitation in Ko-
telny Island in the Holocene. 

Late Pleistocene and Holocene mean January 
and mean winter air temperatures 

in Kotelny Island 
The oxygen isotope composition of ice wedges 

has implications for air temperatures during their for-
mation. Mean winter (tmw) and mean January (tJ) air 
temperatures in Kotelny Island can be found using 
the t–δ18Oiw relationships [Vasil’chuk, 1991]:

 mwt�  = δ18Оiw (±2 °C); Jt�  = 1.5δ18Оiw (±3 °C).

These equations originally derived for recent ice 
veinlets in the present permafrost of northern Russia 
approximate well the data on such ice wedges in the 
Arctic islands (Table 3). 

The δ18O variations exceed 6 ‰ (from –30.6 to 
–24.0 ‰) in Late Pleistocene syngenetic ice wedges 
in Kotelny Island but are minor (within 1.5 ‰: –23.1 
to –21.6 ‰) in their Holocene counterparts. The in-
ferred mean January air temperatures were 5–8 °С 
colder and more variable (with a diff erence of 10–
12 °C) in the Late Pleistocene but relatively stable 
(within 2 °C) in the Holocene; the respective Late 

Fig. 7. Late Pleistocene ice wedges in the southern 
coast of Kotelny Island sampled for isotope analysis 
[Schirrmeister et al., 2003, 2011; Dereviagin et al., 
2007].
1 – ice complex deposits; 2 – buried syngenetic ice wedge (1–6 
are sampling sites); 3 – sand with gravel; 4 – sampling sites for 
radiocarbon dating and ages in yr BP; 5 – mud slides. 

Pleistocene mean winter air temperatures were 
3–5 °С lower than the Holocene values. 

Through the Late Pleistocene and Holocene his-
tory, the air temperatures and geocryological param-
eters inferred from δ18O in syngenetic ice wedges in 
Kotelny Island were either more or less similar to 
those in other East Arctic islands (Table 4); this dis-
similarity is interesting but not quite clear. The ice 
wedges of Kotelny and Ayon islands had similar oxy-
gen isotope compositions between 35 and 25 Kyr BP 
and from 9 to 2 Kyr BP but δ18O values in the Ko-
telny ice wedges were less negative than their Ayon 

Ta b l e  3. δ18O values in modern incipient syngenetic ice wedges in islands of Russian East Arctic, 
 modifi ed and complemented after [Vasil’chuk, 1992]

Location Coordinates δ18O, ‰ Σtw tmw tJ ts

Henrietta Island 77°06′ N, 156°30′ E –15.3 –5330 –17 –27 –12
Zhokhov Island 76°09′ N, 152°43′ E –20.0 –5363 –18 –29 –13
Kotelny Island 75°27′ N, 140°50′ E –18.1 –5408 –19 –29 –14
Bunge Land* 75°24′ N, 141°16′ E –17.6 –5989 –21 –28 –14
Maly Lyakhovsky Island 74°07′ N, 140°40′ E –18.0 –5408 –20 –31 –14
Bolshoy Lyakhovsky Island* 74°07′ N, 140°40′ E –20.4 –5400 –20 –31 –14
New Siberia Island 75°03′ N, 148°28′ E –18.0 –5500 –20 –30 –14
Chetyrekhstolbovoy Island 70°47′ N, 161°36′ E –20.0 –5143 –19 –30 –13
Ayon Island 69°47′ N, 168°39′ E –21.0 –5047 –20 –29 –12

N o t e. Σtw is the sum of winter air temperatures, °C⋅day (annual freezing index); tmw and tJ are mean winter and mean Janu-
ary air temperatures, °С; ts is mean annual soil temperature without snow and vegetation cover, °C.

* After [Dereviagin et al., 2007].
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counterparts from 22–12 Kyr BP suggesting less se-
vere winters, which was also reported for several re-
ference permafrost sections in Siberia [Vasil’chuk, 
1992, 2006]. The Holocene ice wedges show more 
positive δ18O values than the Late Pleistocene ones in 
the New Siberian Islands and in the Lena mouth and, 
correspondingly, 5–7  °С warmer mean winter air 
temperatures than in Kotelny. The 50–45 Kyr BP 
Kotelny ice wedges have the most negative δ18О va-
lues (–29.5 ‰) of the whole data series for the island. 

The pollen spectra in 36.6–35.5 cal. Kyr BP sam-
ples indicate vegetation conditions favorable for the 
growth of larch and birch. Taking into account the 
available 47.6–39.5 cal. Kyr BP 14C ages of wood 
from Kotelny Island [Galanin et al., 2015], we may 
infer that there were at least two warm excursions 
with better vegetation conditions in the area: from 47 
to 39 and from 36.6 to 35.5 Kyr BP. Such spells of cli-
mate optimum existed during MIS-3 between 48 and 
38 cal. Kyr BP in Bolshoy Lyakhovsky Island and 
from 40 to 32 cal. Kyr BP in the Lena Delta [Wetterich 
et al., 2014]. The 35–25 Kyr BP ice wedge samples 
show –29.0 ‰ δ18О on average. 

The pollen spectra of peatland that formed from 
34 to 29 cal. Kyr BP [Lozhkin, 1977] record mosaic 
patterns of vegetation including shrubs. Determina-
tions for seed remnants show much better conditions 
for vegetation than at present. The island was grown 
with lowland grass-hypnum communities in the 28–

26 cal. Kyr BP interval and eutrophic herb-hypnum 
and hypnum tundra vegetation grew from 26 to 
23 cal. Kyr B at high or periodically excess moisture 
[Pavlova et al., 2009]. In 22–12 Kyr BP, average δ18О 
was –25.0 ‰. Drier conditions from 23 to 19 cal. Kyr 
BP in Kotelny Island are recorded in pollen spectra 
with predominant Poaceae and Poaceae-Artemisia 
pollen and some species of open stony landscapes 
[Makeev et al., 1989; Pavlova et al., 2009]. The respec-
tive spectra for 19.0–14.5 cal. Kyr BP containing Ar-
temisia and Poaceae pollen easily transported by 
wind show patchy vegetation patterns and very low 
pollen productivity of plants; Artemisia-Poaceae and 
Artemisia communities may have predominated lo-
cally. After 14.5–12.5 ca. Kyr BP, the vegetation of 
the island consisted of sedge-herb communities [Ma-
keev et al., 1989, 2003], with open stony patches. In 
the Late Pleistocene (11.0–2.5 cal. Kyr BP), the Ar-
temisia-Poaceae and Poaceae phytocenoses gave way 
to Poaceae-Cyperaceae-grass tundra vegetation with 
more abundant shrub-grass and grass-shrub tundra 
communities.

In the 9–2 Kyr BP interval, ice wedge samples 
show an average δ18О value of –22.5 ‰, while the 
pollen spectra reveal three events in the vegetation 
history [Makeev et al., 2003]. The division suggested 
by D. Ponomareva [Makeev et al., 2003] is as follows: 
low summer air temperatures and lesser percentages 
of shrubs in 9–8 Kyr BP; better conditions favorable 

Ta b l e  4.  Paleoreconstructions based on δ18Oiw data for Late Pleistocene and Holocene syngenetic ice wedges 
 in islands of Russian East Arctic, modifi ed and complemented after [Vasil’chuk, 1992]*

Reference section
Paleoreconstructions Modern values

δ18Oiw, ‰ Σt°w t°mw t°J ts δ18Oiw, ‰ Σt°w t°mw t°J ts

50–45 Kyr BP
Kotelny Island** –29.5 –7400 –30 –44 –18 –18 –5408 –19 –29 –13
Bolshoy Lyakhovsky Island –30.0 –7500 –30 –45 –18 –20 –5400 –20 –31 –14

35–25 Kyr BP
Kotelny Island –29.0 –7250 –29 –43 –19 –18 –5408 –19 –29 –13
Zhokhov Island –28.5 –7150 –28 –43 –19 –20 –5363 –18 –29 –13
Bolshoy Lyakhovsky Island –31.5 –7870 –32 –48 –20 –20 –5400 –20 –31 –13
Ayon Island –31.0 –7750 –31 –46 –19 –21 –5047 –20 –29 –12

22–12 Kyr BP
Kotelny Island –25.0 –6250 –25 –37 –16 –18 –5408 –19 –29 –13
Ayon Island –29.5 –7400 –30 –44 –18 –21 –5047 –20 –29 –12

9–2 Kyr BP
Kotelny Island –22.5 –5600 –22 –34 –13 –18 –5408 –19 –29 –13
Bolshoy Lyakhovsky Island –24.5 –6100 –24 –36 –15 –20 –5400 –20 –31 –14
Maly Lyakhovsky Island –21.0 –5500 –21 –32 –13 –18 –5408 –20 –31 –14
Zhokhov Island –21.0 –5300 –21 –32 –11 –20 –5363 –18 –29 –13
Ayon Island –22.0 –5400 –22 –33 –12 –21 –5047 –20 –29 –12

* Isotope data on ice wedges are complemented by data from [Meyer et al., 2002] for Bolshoy Lyakhovsky Island and from 
[Pavlova et al., 2009] for Zhokhov Island.

** After [Schirrmeister et al., 2003; Dereviagin et al., 2007].
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for tall shrubs followed by summer cooling and spread 
of Artemisia-Poaceae communities with dwarf birch 
from 8 to 5 Kyr BP; and vegetation similar to the 
present one, with patches of dwarf birch among Poa-
ceae-Cyperaceae tundra communities after 5 Kyr BP. 

CONCLUSIONS

1. δ18О value variations in Late Pleistocene ice 
wedges in Kotelny Island exceed 6 ‰, which is evi-
dence of large variability of winter air temperatures 
of that time. Mean monthly January temperature 
variations were above 10 °C.

2. A Late Pleistocene ice wedge encloses a Holo-
cene ice wedge intruded from above, which is a very 
rare phenomenon.

3. Relatively stable oxygen isotope compositions 
of Holocene ice wedges (ranges not exceeding 2 ‰ 
δ18О) indicate stable winter air temperatures in the 
island area: long-term mean January air temperature 
variations in the Holocene were within 3 °C. 

4. The Late Pleistocene climate history included 
several excursions with quite high summer tempera-
tures and long vegetation periods, which maintained 
patchy growth of trees and tall shrubs in the island 
from 47 to 39 and from 36.6 to 35.5 Kyr BP.

5. In the earliest Holocene (10–7 Kyr BP), the 
conditions in the island were favorable for tall shrub 
growth and rapid peat deposition. 

6. Winters during the cold spells of the Karga pe-
riod were markedly colder but the vegetation period 
was more favorable than those during the Sartan pe-
riod. 
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