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a b s t r a c t

Ice Complex deposits (locally known as the Buchchagy Ice Complex) are exposed at both coasts of the
East Siberian Dmitry Laptev Strait and preserved below the Yedoma Ice Complex that formed during
MIS3 and MIS2 (Marine Isotope Stage) and lateglacial-Holocene thermokarst deposits (MIS1). Radio-
isotope disequilibria (230Th/U) of peaty horizons date the Buchchagy Ice Complex deposition to 126 þ 16/
�13 kyr and 117 þ 19/�14 kyr until 98 ± 5 kyr and 89 ± 5 kyr. The deposit is characterised by poorly-
sorted medium-to-coarse silts with cryogenic structures of horizontal ice bands, lens-like, and lens-
like reticulated segregation ice. Two peaty horizons within the Buchchagy Ice Complex and syngenetic
ice wedges (2e4 mwide, up to 10 m high) are striking. The isotopic composition (d18O, dD) of Buchchagy
ice-wedge ice indicates winter conditions colder than during the MIS3 interstadial and warmer than
during MIS2 stadial, and similar atmospheric winter moisture sources as during the MIS2 stadial.
Buchchagy Ice Complex pollen spectra reveal tundra-steppe vegetation and harsher summer conditions
than during the MIS3 interstadial and rather similar vegetation as during the MIS2 stadial. Short-term
climatic variability during MIS5 is reflected in the record. Even though the regional chronostrati-
graphic relationship of the Buchchagy Ice Complex to the Last Interglacial remains unclear because
numerical dating is widely lacking, the present study indicates permafrost (Ice Complex) formation
during MIS5 sensu lato, and its preservation afterwards. Palaeoenvironmental insights into past climate
and the periglacial landscape dynamics of arctic lowlands in eastern Siberia are deduced from the record.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Late Pleistocene ice-rich permafrost deposits with syngenetic
ice-wedges (Ice Complex, IC) are widespread in the East Siberian
Arctic (Schirrmeister et al., 2011a) and have analogues in forma-
tions found in north-western Siberia (e.g. Streletskaya et al., 2013),
Alaska (e.g. Kanevskiy et al., 2011), and Canada (e.g. Froese et al.,
etterich).
2009). An Ice Complex (ледовый коМплекс [ledovyi kompleks] in
Russian) as defined by Solov'ev (1959) includes syngenetic ice
wedges (IW, grown synchronously with sediment deposition), fine-
grained ice-rich sediments, and a considerable amount of organic
material (Strauss et al., 2012, 2013). Such deposits preserve late
Quaternary records of the Beringian tundra-steppe ecosystems that
maintained the Mammoth fauna. The most prominent IC type is
termed Yedoma. It formed during MIS3 and MIS2 between about
>55 and 13 kyr BP in eastern Siberia (Schirrmeister et al., 2011a).
Yedoma ICes have been extensively studied for their origin (for
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overview see Schirrmeister et al., 2013), distribution (Grosse et al.,
2013), cryolithological (e.g. Schirrmeister et al., 2011a) and palae-
oenvironmental inventories (e.g. Wetterich et al., 2008), biogeo-
chemical properties (Schirrmeister et al., 2011b; Strauss et al.,
2014), and fate under arctic warming (Zimov et al., 2006;
Schneider von Deimling et al., 2014). An IC pre-dating the
Yedoma type has rarely been found and investigated, although such
research is relevant for understanding how glacialeinterglacial
dynamics shape the geoecosystem response to climate variations.
The oldest known IC is named the Yukagir IC; it was studied at the
mainland coast of Cape Svyatoi Nos (Nikolsky et al., 1999; Nikolsky
and Basilyan, 2004) and at the southern coast of Bol'shoy Lya-
khovsky Island (New Siberian Archipelago; Fig. 1) (Arkhangelov
et al., 1996; Andreev et al., 2004). Here, coastal exposures are
considered to be one of the longest-spanning late Quaternary
permafrost archives in East Siberia (Andreev et al., 2011). Mid-
Pleistocene (MIS7a) peat of the Yukagir IC was dated by 230Th/U
(thorium-230/uranium-234) radioisotope disequilibria to
200.9 ± 3.4 kyr (Schirrmeister et al., 2002), and studied for its
palaeoecology (unit I, late Saalian IC deposits in Andreev et al.,
2004). Later investigations on the stratigraphy of Bol'shoy Lya-
khovsky Island found another IC older than the Yedoma type that
Fig. 1. Study region at the Dmitry Laptev Strait including (A) the southern coast of Bol'sho
outcrops on Bol'shoy Lyakhovsky Island exposing the Buchchagy Ice Complex below the Ye
Taymyr Peninsula is indicated by a white dotted line for MIS5d-5b, by a grey dotted line fo
was termed the Buchchagy IC (named after the Buchchagy River;
Tumskoy and Basilyan, 2006, 2009; Tumskoy, 2012).

The major aims of the present study are (1) to provide
geochronological evidence for the age of the Buchchagy IC by 230Th/
U radioisotope disequilibria dating, (2) to characterise the cry-
olithological properties of the Buchchagy IC and its palae-
oenvironmental indication, (3) to evaluate its stratigraphic position
along both coasts of the Dmitry Laptev Strait in regional context,
and (4) to deduce the formation and preservation conditions of the
Buchchagy IC in context of late Quaternary glacialeinterglacial
dynamics in western Beringia.
2. Study region

The Dmitry Laptev Strait connects the Laptev and the East Si-
berian seas south of the New Siberian Archipelago (Fig. 1). The re-
gion is in the continuous permafrost zone with permafrost depths
of 500e600 m and permafrost temperatures of �15 to �11 �C
(Zaitsev et al., 1989). The coastal interfaces between the Dmitry
Laptev Strait and both shores are characterised by rapid coastal
retreat. Pizhankova and Dobrynina (2010) estimated erosion rates
of 3.6 m per year for late Pleistocene Yedoma IC sections and of
y Lyakhovsky Island and the Oyogos Yar mainland coast, and (B) an image of coastal
doma Ice Complex. The ice marginal zones of the Barents-Kara Ice Sheet on northern
r MIS4 and by a white line for MIS2 redrawn from M€oller et al. (2015).
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3.4 m per year for Holocene thermokarst sections at the southern
coast of Bol'shoy Lyakhovsky Island. Similar estimates, although
obtained using a different approach, were given by Günther et al.
(2013) for the Oyogos Yar mainland coast, with coastal retreat
rates of 2.85 m per year for Yedoma IC sections and 3.38 m per year
for thermokarst sections. Rapidly retreating coastlines provide ac-
cess to the geological inventory of late Quaternary permafrost and
uncover frozen sediments, ground ice, and fossil remains dating
from the mid-Pleistocene (MIS7a) onward at the southern coast of
Bol'shoy Lyakhovsky Island (Schirrmeister et al., 2002; Andreev
et al., 2004). The opposite mainland coast, Oyogos Yar, offers a
similar stratigraphic composition at least from the Last Interglacial
onward (Tumskoy, 2012).

Numerous studies of different stratigraphic horizons exposed at
both coasts of the Dmitry Laptev Strait have been undertaken so far,
unfolding the natural history of north-eastern Siberia (e.g.
Romanovskii, 1958; Ivanov,1972; Konishchev and Kolesnikov,1981;
Kunitsky, 1998; Meyer et al., 2002; Andreev et al., 2004, 2009;
Ilyashuk et al., 2006; Kienast et al., 2011; Opel et al., 2011;
Wetterich et al., 2009, 2011, 2014).

The geological inventory of permafrost coasts at the Dmitry
Laptev Strait comprises at least three generations of stadial or
interstadial IC deposits intersected by deposits of the Last Inter-
glacial and covered by Holocene deposits (Tumskoy, 2012). The
preservation of single sections is spatially variable since the impact
of warm-stage ground ice melt and subsequent permafrost degra-
dation (i.e. thermokarst) is dictated by different palaeo-relief con-
ditions. As a result the modern landscape morphology is typically
characterised by uplands preserving late Pleistocene ice-rich
Yedoma IC, lateglacial-Holocene thermo-erosional valleys, and
thermokarst basins that formed when older permafrost degraded.

The Buchchagy IC is exposed in places along the southern coast
of Bol'shoy Lyakhovsky Island, east of the Zimov'e River mouth, and
at the Oyogos mainland coast, west of the Kondrateva River mouth
(Fig. 1). The Buchchagy IC is either preserved below the Yedoma IC
or below Holocene deposits (Fig. 2) if the Yedoma degraded during
the lateglacial-Holocene warming. Ice-poor sandy and silty de-
posits underlying the Buchchagy IC are termed the Kuchchugui
stratum (Ivanov, 1972). However, the stratigraphic position of the
Kuchchugui stratum is still in question due to a lack of appropriate
chronostratigraphic data (unit IIa, late Saalian [pre-Eemian] flood-
plain deposits and unit IV, early Weichselian [post-Eemian] flood-
plain deposits in Andreev et al., 2004).

The Buchchagy IC is considered to be stratigraphically signifi-
cant on the regional scale because similar structures have been
observed along both coasts of the Dmitry Laptev Strait, extending
over tens of kilometres (Tumskoy and Dobrynin, 2008).

3. Materials and methods

3.1. Fieldwork

The Buchchagy IC exposures were studied and sampled at the
southern coast of Bol'shoy Lyakhovsky Island (Fig. 2; 73.28661�N;
141.7052�E), and at the Oyogos Yar mainland (Fig. 3; 72.672�N;
143.63514�E) in summer 2007 during the joint RussianeGerman
‘Lena e New Siberian Islands’ expedition (Boike et al. [eds.], 2008).

The cryolithological features of the Buchchagy IC on Bol'shoy
Lyakhovsky Island (profile L7-15) were described and sampled
using climbing equipment on a steep wall between 3 and 13.5 m
above sea level (m a.s.l.). Fourteen frozen sediment samples of
profile L7-15 were taken every 0.5e1 m using knife and hammer in
one subprofile between two ice wedges; an additional of eight
samples of the underlying deposits were taken in a second sub-
profile (Fig. 2). The syngenetic ice wedge between both subprofiles
was sampled in a horizontal transect of nine samples using ice
screws at about 6 m a.s.l. (Fig. 2).

The studied exposure on Oyogos Yar (Oy7-10), which was only
accessible between 2 and 6.2 m a.s.l., was cryolithologically
described and probed in nine sediment samples (Fig. 3). Ice wedges
were not sampled here due to limited outcrop accessibility.

Both exposures include samples from two distinct (lower and
upper) peaty horizons that are considered as characteristic for the
Buchchagy IC (Tumskoy, 2012).

The gravimetric ice content of the frozen deposits was estimated
immediately after thawing by comparing the weight of the frozen
sample to the weight of the oven-dried sample, expressed as
weight percentage (wt%) (van Everdingen, 1998). Ice over-
saturation of the deposits is indicated by values higher than
100 wt%.
3.2. Sediment and ground ice studies

Upon return to the laboratory the sediment samples were
freeze-dried, carefully manually homogenised, and split into sub-
samples for sedimentological, geochemical, and palynological an-
alyses. Grain-size distribution was analysed using a laser-particle
analyser (Beckmann Coulter LS 200) and computed with GRADI-
STAT 4.0 software (Blott and Pye, 2001). A Bartington MS2 instru-
ment (MS2B sensor) was used to measure mass-specific magnetic
susceptibility (MS), given in SI units (Le Syst�eme International
d'Unit�es, 10�8 m3 kg�1). The total organic carbon (TOC) and total
nitrogen (TN) contents were measured by a carbon-
enitrogenesulphur (CNS) analyser (Elementar Vario EL III), and the
carbon to nitrogen ratio (C/N) was calculated as TOC/TN. Stable
carbon isotopes (d13C) in TOC were measured with a Finnigan
DELTA S mass spectrometer coupled to a FLASH element analyser
and a CONFLO III gas mixing system after removal of carbonates
with 10% HCl in Ag-cups and combustion to CO2. Accuracy of the
measurements was determined by parallel analysis of internal and
international standard reference material. The analyses were ac-
curate to ±0.2‰. The d13C values are expressed in delta per mil
notation (d, ‰) relative to the Vienna Pee Dee Belemnite (VPDB)
Standard.

Samples from the L7-15 ice wedge (Fig. 2) were analysed for
stable water isotope composition (d18O, dD). The deuterium (d)
excess, defined as d ¼ dD e 8*d18O, was calculated according to
Dansgaard (1964) and interpreted as an indicator of secondary ki-
netic fractionation processes during ice formation. Equilibration
technique was applied using a mass spectrometer (Finnigan MAT
Delta-S) with reproducibility derived from long-term standard
measurements of 1s better than ±0.1‰ for d18O and ±0.8‰ for dD
(Meyer et al., 2000). All samples were run at least in duplicate. The
values are given as d,‰ relative to the Vienna StandardMean Ocean
Water (VSMOW) Standard. Supernatant water from 20 sediment
samples (14 samples of L7-15 and 6 samples of Oy7-10), i.e. from
thawed segregation (texture) ice, was likewise analysed to study
past ground freezing conditions.
3.3. Radiocarbon dating

Botanically indeterminable fossil plant fragments from four
samples from the lower and upper peaty horizons of both studied
profiles were radiocarbon-dated using the accelerator mass spec-
trometry (AMS) facility of the Pozna�n Radiocarbon Laboratory
(Adam Mickiewicz University, Pozna�n, Poland). Details on labora-
tory procedures are given by Goslar et al. (2004), while a broad
discussion of radiocarbon dating of syngenetic permafrost is given
in Vasil'chuk and Vasil'chuk (2014) and Wetterich et al. (2014).



Fig. 2. Schematic (A) and photograph (B) of profile L7-15 (Buchchagy Ice Complex, Bol'shoy Lyakhovsky Island) indicating sampling positions (numerals) and main cryolithological
features.
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3.4. 230Th/U dating

Radiochemical analyses of 230Th/U disequilibria in the lower
peaty horizon from the L7-15 profile were performed at the
Radioisotope Geochronological Laboratory (K€oppen-Lab) of the St.
Petersburg State University using Alpha Spectrometry. The applied
isochronous approach combines analytical data obtained from five
subsamples of the dated probe. The isochronous approximation is
based on agreement with isochronous-corrected ages obtained for
the same coeval samples analysed using two different analytical
techniques based on (1) acidic extraction of a sample in leachate
alone (L/L model), and on (2) total sample dissolution (TSD model),
in order to improve the precision and reliability of the radioisotope
dating (Maksimov and Kuznetsov, 2010). Details of laboratory
procedures and sample processing are given in Maksimov and
Kuznetsov (2010), Maksimov et al. (2011), Kuznetsov and
Maksimov (2012) and B€orner et al. (2015). Alpha-spectrometric
measurements of the U and Th isotopes enabled to determine
238U, 234U, 232Th, and 230Th specific activities and their activity ra-
tios (ARs). The 230Th/U age of the peaty layer was calculated with
standard deviation error ±1s according to the isochronous
approximation (Geyh, 2001; Geyh and Müller, 2005), applying the
equation proposed by Kaufman and Broecker (1965).

3.5. Palynology

A total of 22 samples from profile L7-15 and nine samples from
profile Oy7-10, each consisting of two grams of dry sediment, were
prepared for pollen analysis using standard procedures including
treatment with HCl and KOH, sieving (250 mm), treatment with HF,
acetolysis, and mounting in glycerin (cf. Fægri and Iversen, 1989).
Two Lycopodium spore tablets were added to each sample in order
to calculate total pollen and spore concentrations (cf. Stockmarr,
1971). Pollen and spore residues mounted in glycerin were ana-
lysed under a Zeiss AxioImager D2 light microscope at 400�
magnification. Identification of pollen and spores was performed
using a reference pollen collection and pollen atlases (Beug, 2004;
Kuprianova and Alyoshina,1972). Non-pollen palynomorphs (NPPs)
were identified using descriptions, sketches, and photographs
published by Jankovska (1991) and van Geel (2001). Percentages of
all taxa were calculated based on setting the total of all pollen and
spore taxa equal to 100%. Results of pollen analysis are displayed in
the pollen diagrams produced with the Tilia/TiliaGraph software
(Grimm, 2004). The visual definition of the pollen zones (PZs) is
supported by CONISS software.

4. Results

4.1. Sediment and ground ice characteristics

The Buchchagy IC sediments are ice-rich poorly-sorted
medium-to-coarse silts (mean grain size of 25e56 mm; Figs. 4 and
5). The cryogenic structures are horizontal ice bands, lens-like
and lens-like-reticulated segregation ice. Syngenetic ice wedges
(2e4 m wide, up to 10 m high) with clearly expressed “shoulders”
as well as two distinct peaty horizons up to 1 m thick within the
frozen deposits define the Buchchagy IC (Fig. 2). The vertical dis-
tance between both peaty horizons is about 3m. The total thickness



Fig. 3. Schematic (A) and photograph (B) of profile Oy7-10 (Buchchagy Ice Complex, Oyogos Yar coast) indicating sampling positions (numerals) and main cryolithological features.
The legend is given in Fig. 2.

S. Wetterich et al. / Quaternary Science Reviews 147 (2016) 298e311302
of the Buchchagy IC reaches 6e8 m. The transformation to deposits
of the underlying ice-poor Kuchchugui stratum is mainly detect-
able by changes in the cryostructure from ice-rich banded and lens-
like to massive (meaning no visible ice) and micro-lensed.

The Kuchchugui stratum was sampled in the lower part of the
L7-15 profile between 2 m and 3.5 m a.s.l. (Fig. 2). It is composed of
light grey to brownish irregular laminated fine-grained sand con-
taining numerous grass roots. Platy organic inclusions (about
7 � 2 cm) were observed to be typical for the Kuchchugui stratum.
TOC content reaches 1.4 wt% and TN 0.15 wt% (TOC/TN¼ 9.6) in the
peat inclusions. The d13C varies between �28.3 and �26.1‰. The
cryostructure is massive, but the ice content of 99 wt% is however
relatively high (Fig. 4a). The deposits of the Kuchchugui stratum
below the lower peaty horizon resemble the units IIa and IV
described in Andreev et al. (2004). Upwards the ice content reaches
over 100wt% and exhibits maximumvalues of about 226wt% in the
lower peaty horizonwhere 3e4 cm thick ice bands and coarse lens-
like-reticulated cryostructures between the ice bands occur. The
lower peaty horizon (between about 6 and 7 m a.s.l.) consists of
dark-brown large peat inclusions (20e30 cm in diameter) and a
greyish silt matrix. Above the lower peaty horizon an ice-rich ho-
rizon about 3 m thick (between about 7 and 10 m a.s.l.) consists of
greyish silt with 1e3 cm thick ice bands and lens-like cry-
ostructures in between. Single ice veins are 1e1.5 mm thick and
occur 5e10 mm apart. The ice content varies between 69 and
106 wt%. Several small peat lenses (less than 10 cm in diameter) are
present at about 10 m a.s.l. and mark the transition into the upper
peaty horizon (between about 10 and 12m a.s.l.). The latter consists
of numerous dark-brown peat lenses in a matrix of greyish silt with
banded cryostructures (1.5e2 cm thick 5e10 cm apart). Brown
weakly-bedded silt (between about 12 and 14 m a.s.l.) overlies the
upper peaty horizon, and contains rare peat and small wood frag-
ments (2e3 mm in diameter). The cryostructure here exhibits
microlenses and the ice content is below 30 wt%. Single ice lenses
are 2 mm thick and 5e15 mm long. The sequence is capped by the
loamy deposits of a thermo-erosional valley (between about 14 and
15 m a.s.l.; not sampled).

The granulometrical properties of the Buchchagy IC vary widely
below the lower peaty horizon and then change gradually to
smaller grain size, while the sand fraction decreases. Poorly-sorted
silt comprises the entire profile (Fig. 5a). MS values are higher, >30
SI, in the lower peaty horizon, and lower in the upper peaty hori-
zon. MS values in the uppermost part (above the upper peaty ho-
rizon) increase again to>30 SI (Fig. 4a). The overall MS values range
between 19 and 37 SI, indicating changing magnetic properties in
the Buchchagy IC source material during formation. The TOC con-
tent is highest in both peaty horizons, reaching up to 9 wt% in the
upper peaty horizon. Furthermore, TOC/TN values are highest (up
to 22) while d13C values are lowest (�29.3 to�26.1‰) in both peaty
horizons. A smaller degree of organic matter decompositionwithin
the peaty horizons is indicated by these data. The stable isotope
composition of segregation ice ranges widely, between �32.3 and
�21.5‰ for d18O and between �246.3 and �178.6‰ for dD. The
d excess varies between �6.7 and 19.4 (Fig. 4a). Increasing (less
negative) values of d18O and dD are observed towards both peaty
horizons while d excess values decrease. The overall correlation as
expressed in a d18O-dD bi-plot is good (r2 ¼ 0.98); the slope is 5.9
(dD ¼ 5.92*d18O � 49.97) and the regression line crosses the Global
Meteoric Water Line (GMWL, Fig. 6).

Ice-wedge stable water isotopes are commonly used as a proxy
for winter air temperature (e.g. Meyer et al., 2010, 2015) where
more negative (isotopically depleted) values reflect colder condi-
tions and less negative values reflect warmer conditions. The mean
stable water isotope values of the L7-15 syngenetic ice wedge
transect (n ¼ 9) are �33.0‰ for d18O, �257.2‰ for dD, and 7‰ for
d excess. The respective minima and maxima vary little, between
�33.6 and�32.6‰ for d18O,�260.4 and�253.7‰ for dD, and 6 and
8‰ for d excess. The slope in a d18O-dD bi-plot is 6.9



Fig. 4. Cryolithological properties of (A) profile L7-15 (Bol'shoy Lyakhovsky Island) and (B) profile Oy7-10 (Oyogos Yar coast).
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(dD ¼ 6.9*d18O � 29) and the correlation coefficient r2 ¼ 0.99
(Fig. 6).

The Buchchagy IC profile on the Oyogos Yar mainland coast
(Oy7-10) is demarcated by two syngenetic ice wedges several
metres wide (Fig. 3). Below the lower peaty horizon (between
about 2 and 3m a.s.l.), the deposits are composed of brown silt with
ice bands (0.5e1 cm thick, 4e6 cm apart) and a lens-like layered
cryostructure. The ice content reaches 97 wt%. The lower peaty
horizon is represented by one sample at 3.3m a.s.l. (Fig. 3) of brown
peat in a matrix of grey silt with ice bands and lens-like reticulated
cryostructures. The ice content of 794 wt% indicates high ice
oversaturation. The deposits overlying the lower peaty horizon
(between 3.5 and 6 m a.s.l.) are grey-brown silts with lens-like and
reticulated cryostructures between ice bands (0.5e2 cm thick,
5e10 cm apart). The ice content varies between 61 and 112wt%. The
upper peaty horizon, sampled at 6.2 m a.s.l., represents the up-
permost sample of the Oy7-10 profile. Its cryostructures are the
same as those below and the ice content is 113 wt%. In general, the
Oy7-10 profile resembles the cryolithological properties of the L7-
15 profile on a smaller scale and at a lower sampling resolution
(Fig. 4b). The granulometrical composition of the Oy7-10 deposits is
almost the same at that of the L7-15 deposits (Fig. 5b). The MS is
highest (37.5 SI) in the lower peaty horizon and lowest (8.2 SI) in
the upper peaty horizon. The Oy7-10 organic matter properties are
comparable to those of the L7-15 profile with increased TOC and
TOC/TN and decreased d13C values, especially in the lower peaty
horizon.

The stable water isotope values of segregation ice of Oy7-10
show less variation if compared to L7-15 data, between �29.0
and�23.3‰ for d18O, and�223.3 and�184.7‰ for dD. The d excess



Fig. 5. Grain size distribution curves of (A) profile L7-15 (Bol'shoy Lyakhovsky Island)
and (B) profile Oy7-10 (Oyogos Yar coast).

Fig. 6. Co-isotopic cross plot (d18O, dD) of Buchchagy ground ice in profiles L7-15 and
Oy7-10.
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varies between �1.9 and 8‰ (Fig. 4b). However, increasing (less
negative) values of d18O and dD and decreasing d excess values are
again notable from the lower to the upper peaty horizons. The
overall correlation as expressed in a d18O-dD bi-plot is good
(r2 ¼ 0.98); the slope is 6.64 (dD ¼ 6.6*d18O � 33) (Fig. 6).
4.2. Dating

In order to provide a chronological evaluation of the Buchchagy
IC formation, AMS radiocarbon dating and 230Th/U radioisotope
dating were applied to material from both peaty horizons. Unde-
terminable fossil plant fragments from both peaty horizons of the
L7-15 and Oy7-10 profiles were radiocarbon dated. Samples of the
lower peaty horizons from both studied profiles gave non-finite
radiocarbon dates of >51 kyr BP, while samples from the upper
peaty horizons from both studied profiles gave non-finite radio-
carbon dates of >49 kyr BP (Table 1). The non-finite ages of the
dated peaty horizons clearly indicate pre-MIS3 formation of the
Buchchagy IC, which thus predates the Yedoma IC.

Both Buchchagy peaty horizons exposed at Bol'shoy Lyakhovsky
Island were radioisotopically dated by 230Th/U (Tumskoy, 2009).
The radioisotope disequilibria results from the lower peaty horizon
of profile L7-15 are given in Fig. 7 and Table 2. A linear dependence
with correlation coefficients of better than 0.99 in the isochronous
coordinates is found for three out of five sub-samples (LUU-341,
LUU-342, LUU-343). Two other samples (LUU-340, LUU-344) do not
fit on the isochronous lines and were excluded from age calculation
(Fig. 7). Based on the good agreement between isochronously cor-
rected ages, the lower peaty horizon of the L7-15 profile has been
dated according to a linear calculating technique (Maksimov and
Kuznetsov, 2010) by the L/L model to 117 þ 19/�14 kyr
(136e103 kyr), while the TSD model gave an age of 126 þ 16/
�13 kyr (142e113 kyr). The overlapping age interval and the
deduced formation age of the lower peaty horizon of the Buchch-
agy IC is 136 to 113 kyr. Because the upper peaty horizon of the L7-
15 profile could not be dated due to sample loss during trans-
portation from the field to the laboratory, previous 230Th/U radio-
isotope dating results of the upper peaty horizon are employed
here (Tumskoy, 2009; Tumskoy et al., under review). The upper
peaty horizon of the Buchchagy IC was sampled in 2004 at the
southern coast of Bol'shoy Lyakhovsky Island. Tumskoy et al. (under
review) describe further details on age deduction by linear and
non-linear approaches of 230Th/U analyses. The upper Buchchagy
peaty horizon of the Buchchagy IC (sample ID Л102) was dated by
the best-fitting non-linear approach to 93 þ 5/�5 kyr (98e88 kyr;
L/L model) and to 89 þ 5/�5 kyr (94e84 kyr; TSD model). The
overlapping age interval and the deduced formation age of the
upper peaty horizon of the Buchchagy IC is 94 to 88 kyr.

Based on these chronological data the formation of the
Buchchagy IC including both characteristic peaty horizons during
MIS5e-5b is assumed.

4.3. Pollen and NPP stratigraphy

The pollen assemblages of the L7-15 profile (Fig. 8) are sub-
divided into six PZs.

PZ-I (3e3.5 m a.s.l.) contains only two samples with very
distinct pollen spectra. Poaceae and Cyperaceae pollen dominate
the lowermost sample (3.0 m a.s.l.). Arboreal pollen (AP) is repre-
sented by non-identifiable Pinaceae, Pinus and Picea, but generally,
the AP percentages are very low (ca. 5%). Poaceae almost
completely dominate the upper spectrum of PZ-I at 3.3 m a.s.l. Both
samples belong to the Kuchchugui stratum (Fig. 2).

PZ-II (5e6.3 m a.s.l.) is notable for very high percentages of AP
(up to 48%) represented by the relatively well-preserved pollen of
conifers (mostly Picea with numerous Pinus, Abies, and Larix).
Pinaceae pollen appears to be partly redeposited (redep. in Figs. 8
and 9) from the older sediments and is marked in the diagram as
Pinaceae spp. These grains are mostly indeterminable and differ
from younger pollen grains by their darker colour, different auto-
fluorescence, and exine raptures. Pollen of Betula spp. and Alnus



Table 1
Radiocarbon dates of the upper and lower Buchchagy Ice Complex peaty horizons probed in profile L7-15 (Bol'shoy Lyakhovsky Island) and profile Oy7-10 (Oyogos Yar coast) on
Dmitry Laptev Strait coasts.

Sample N� Lab N� Material Height [m a.s.l.] Radiocarbon ages [14C yr BP] Remarks

Bol'shoy Lyakhovsky Island
L7-15-06 Poz-48075 Indeterminable plant fragments 10.5 >49,000 Upper peat
L7-15-15 Poz-48074 Indeterminable plant fragments 7 >51,000 Lower peat
Oyogos Yar mainland coast
Oy7-10-09 Poz-51638 Indeterminable plant fragments 6.2 >49,000 Upper peat
Oy7-10-04 Poz-51637 Indeterminable plant fragments 3.3 >51,000 Lower peat

Fig. 7. Radiochemical ratios (230Th/232Th vs. 234U/232Th) of five sub-samples from the lower peaty horizon of profile L7-15 (Buchchagy Ice Complex, Bol'shoy Lyakhovsky Island)
determined by applying the L/L model (left plot) and the TSD model (right plot). Grey diamonds indicate data not included in the radioisotope disequilibria age determination.

Table 2
Radiochemical properties of five sub-samples from the lower peaty horizon of profile L7-15 (Buchchagy Ice Complex, Bol'shoy Lyakhovsky Island) determined by applying the
leachate alone technique (L/L model) and the total sample dissolution technique (TSDmodel) afterMaksimov and Kuznetsov (2010). Units of dpm g�1 refer to decay perminute
per gram.

N� LUU Ash [%] 238U [dpm g�1] 234U [dpm g�1] 230Th [dpm g�1] 232Th [dpm g�1]
230Th
234U

234U
238U

230Th
232Th

234U
232Th

L/L-technique
340 86.9 0.275 ± 0.007 0.323 ± 0.008 0.246 ± 0.007 0.343 ± 0.008 0.761 ± 0.029 1.176 ± 0.039 0.717 ± 0.026 0.942 ± 0.032
341 62.8 0.648 ± 0.026 0.749 ± 0.028 0.529 ± 0.014 0.477 ± 0.013 0.706 ± 0.032 1.155 ± 0.051 1.109 ± 0.041 1.571 ± 0.072
342 51.1 0.777 ± 0.024 0.919 ± 0.027 0.655 ± 0.015 0.409 ± 0.012 0.712 ± 0.027 1.183 ± 0.038 1.600 ± 0.060 2.247 ± 0.094
343 66.1 0.708 ± 0.020 0.838 ± 0.022 0.628 ± 0.016 0.537 ± 0.015 0.749 ± 0.028 1.184 ± 0.035 1.170 ± 0.044 1.562 ± 0.059
344 54.1 0.695 ± 0.022 0.816 ± 0.024 0.682 ± 0.013 0.456 ± 0.010 0.836 ± 0.029 1.174 ± 0.039 1.495 ± 0.044 1.789 ± 0.067
TSD-technique
340t 86.9 1.411 ± 0.033 1.463 ± 0.034 1.470 ± 0.024 2.364 ± 0.032 1.005 ± 0.029 1.037 ± 0.029 0.622 ± 0.013 0.619 ± 0.017
341t 62.8 1.558 ± 0.050 1.614 ± 0.051 1.531 ± 0.028 1.902 ± 0.031 0.949 ± 0.035 1.035 ± 0.037 0.805 ± 0.019 0.848 ± 0.030
342t 51.1 1.459 ± 0.049 1.573 ± 0.052 1.389 ± 0.038 1.364 ± 0.038 0.883 ± 0.038 1.078 ± 0.040 1.018 ± 0.040 1.153 ± 0.050
343t 66.1 1.466 ± 0.054 1.579 ± 0.057 1.416 ± 0.042 1.614 ± 0.045 0.897 ± 0.042 1.077 ± 0.046 0.877 ± 0.036 0.978 ± 0.045
344t 54.1 1.358 ± 0.043 1.593 ± 0.048 1.297 ± 0.020 1.407 ± 0.021 0.814 ± 0.027 1.173 ± 0.040 0.922 ± 0.020 1.132 ± 0.038
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fruticosa type (also known as Duschekia fruticosa and Alnaster)
prevail among deciduous taxa. Ericales pollen is also constantly
present in PZ-II. Poaceae and Cyperaceae dominate the non-
arboreal pollen (NAP). Herbs are represented by Asteraceae, Arte-
misia, Ranunculaceae, Chenopodiaceae, Rosaceae, etc. Among
spores, Polypodiophyta, Sphagnum, and Lycopodium have signifi-
cant abundances. Selaginella rupestris and Huperzia are not abun-
dant, and occur only in this zone. Dominating NPPs are Zygnema,
Glomus, and remains of Botryococcus colonies.

PZ-III (6.3e7.1 m a.s.l.) is characterised by a sharp decrease of AP
contents (mostly conifers) and an increase in pollen concentration.
Ericales pollen is present in two samples. Among NAP, abundances
of Poaceae and Cyperaceae increase. Abundances of Asteroideae,
Ranunculaceae, and Papaveraceae also slightly increase in PZ-III.
Spores are represented by Polypodiophyta and Lycopodium. The
composition of NPPs is similar to that found in PZ-II. The PZ-III
composition corresponds to that of the lower peaty horizon of
profile L7-15.

The two samples of PZ-IV (7.1e8.1 m a.s.l.) are distinguished by
higher AP percentages (46 and 61%). Much of the AP consists of
coniferous pollen. Abundances of Picea, Pinus, Abies, and Larix
pollen are the highest in the profile. Other AP belongs to Betula, A.
fruticosa, and Salix. Single grains of cf. Carpinus were also found in
PZ-IV. Ericales percentages reach ca. 2% in this PZ. Cyperaceae and
Poaceae dominate the NAP. In the lower sample of PZ-IV at
7.3 m a.s.l., single pollen grains of aquatic plants (Typha, Nuphar)



Fig. 8. Palynological results from profile L7-15 (Bol'shoy Lyakhovsky Island).

Fig. 9. Palynological results from profile Oy7-10 (Oyogos Yar coast).
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were found. Spores are represented mostly by Polypodiophyta,
Sphagnum, and Lycopodium. Remains of Botryococcus and spores of
Zygnema are abundant among the NPPs.

The AP percentages sharply decrease in PZ-V (8.1e12.5 m a.s.l.),
while pollen concentration increases slightly. Cyperaceae and
Poaceae dominate among NAP; abundances of herbaceous pollen
like Brassicaceae, Asteraceae (including Artemisia), Ranunculaceae,
and Caryophyllaceae increase significantly. AP is represented by
conifers, Betula and Salix. Salix pollen content slightly increases in
this zone. Single pollen grains of probably redeposited cf. Carpinus
and cf. Ulmuswere found in several samples of PZ-V. Spore findings
belong to Polypodiophyta, Lycopodium sp., and S. rupestris. Zygnema
spores prevail in the NPPs. Three upper samples between 10.5 and
11.8 m a.s.l. represent the upper L7-15 peaty horizon. However, the
pollen spectra fit well in the PZ-V description and therefore the
upper peaty horizon is not distinguished from other PZ-V pollen
assemblages.

The PZ-VI pollen composition (12.5e13.5 m a.s.l.) is similar to
that found in PZ-V. Distinctive features of PZ-VI are the near
absence of Ericales, the presence of Huperzia, and single grains of
Larix and Larix-type stomata in one of the upper samples. Spores of
Sphagnum significantly increase in PZ-VI.



Fig. 10. Cross-plot compilation of stable-water isotope data (d18O, dD) in several
generations of syngenetic ice wedges (IW) exposed at the southern coast of Bol'shoy
Lyakhovsky Island. Ice-wedge data sources: Holocene (MIS1) (Meyer et al., 2002;
Wetterich et al., 2009); Yedoma Ice Complex (MIS2) (Wetterich et al., 2011); Yedoma
Ice Complex (MIS3) (Meyer et al., 2002; Wetterich et al., 2014); Buchchagy Ice Complex
(MIS5) (this study); Yukagir Ice Complex (MIS7a) (Meyer et al., 2002).
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The Oy7-10 pollen complex is characterised by the dominance
of Poaceae and Cyperaceae in linewith the L7-15 pollen record. Any
differentiation into single PZs is not obvious. Other dominant her-
baceous taxa are Brassicaceae, Ranunculaceae, Caryophyllaceae,
and Asteraceae. Betula and Salix pollen are significantly abundant in
the Oy7-10 pollen spectra. Among conifers, Picea and Pinus spp.
pollen is relativelywell preserved; however, most coniferous pollen
appear to have been reworked (Pinaceae spp. on the pollen dia-
gram; Fig. 9). The lower peat sample (3.3 m a.s.l.) shows very high
Poaceae pollen percentages, rare AP and conifers, and a relatively
high pollen concentration. The upper peat sample (6.2 m a.s.l.) is
not distinguished from other pollen spectra.

5. Discussion

5.1. Formation, degradation, and preservation of the MIS5
Buchchagy Ice Complex

Remnants of the Buchchagy IC are preserved, in places, over tens
of kilometres along both coastlines of the Dmitry Laptev Strait and
therefore assessed to be of regional stratigraphic relevance
(Tumskoy and Dobrynin, 2008). The formation of the Buchchagy IC
during MIS5 sensu lato and its persistence since then indicate non-
glacial environments in the study region at least during the last
glacial cycle (Fig.1a; M€oller et al., 2015). Late Pleistocene glaciations
never reached the East Siberian arctic lowlands and the adjacent
shelf (Elias and Brigham-Grette, 2013). The Buchchagy IC is recog-
nised by its stratigraphic position below the Yedoma IC and the
characteristic presence of large ice wedges and two peaty horizons
within the sediment (Fig. 1). Based on the records presented here,
the formation of Buchchagy IC deposits is assumed to be similar to
the Yedoma IC (Schirrmeister et al., 2011a, 2013). Past polygon
tundra environments with diverse sediment supply by alluvial and
aeolian transport as well as on-site peat growth promoted the
accumulation of the Buchchagy IC, which were then superimposed
by intense syngenetic ice-wedge growth. Typical cryostructures of
ice bands and lens-like ice between the bands point to long term
stable surface. Ice wedge dimensions and high ice contents indicate
that there was sufficient moisture supply by precipitation to feed
the ground ice. The large percentage of ground ice within the
Buchchagy IC, however, made it highly vulnerable to thaw during
warmer periods of possibly the MIS5 and the lateglacial-Holocene
warming.

5.2. Comparison of the MIS5 Buchchagy Ice Complex to the
MIS3eMIS2 Yedoma Ice Complex

The narrow range of the ice-wedge stable isotope data indicates
cold and stable winter conditions during ice-wedge formation. The
mean d18O values of �33‰ are about 2‰ lower than that of the
Molotkov interstadial (MIS3) ice wedges (Meyer et al., 2002;
Wetterich et al., 2014) and confirm colder winter temperatures
during formation of the Buchchagy IC (MIS5e-b) (Fig. 10). However,
the d18O values of the Sartan Stadial (MIS2) are about 4‰ more
depleted and represent the coldest winter conditions observed so
far in the study region (Wetterich et al., 2011). The slope of 6.9 in a
d18O-dD co-isotope plot (n ¼ 9) as well as the mean d excess value
of 6.7 fit well to that of theMIS2 stadial ice wedges (Wetterich et al.,
2011) and point to similar general atmospheric circulation dy-
namics that are slightly different than interstadial (i.e. MIS3) con-
ditions (Wetterich et al., 2014). Cold continental wintertime
conditions are assumed for the time of the Buchchagy IC formation.

The segregation ice stable water isotope data for both the Bol'-
shoy Lyakhovsky and Oyogos Yar study sites display a wide scatter
(Fig. 4), indicating that different water sources (e.g. rain, snow,
ground-ice melt water) and several fractionation processes (e.g.
freezeethaw cycles, evaporation) in the active layer were involved
prior to final ice formation. The slopes of 5.9 (n¼ 14) and 6.6 (n¼ 6)
for Bol'shoy Lyakhovsky and Oyogos Yar, respectively, in d18O-dD
co-isotope plots are comparable to those previously reported for
Yedoma IC segregation ice (5.2 and 6.5; Wetterich et al., 2014 and
Meyer et al., 2002, respectively), pointing to substantial secondary
fractionation processes. Hence, the stable water isotope composi-
tion indicates ice formation conditions rather than climate signals.
Distinct trends of isotopic enrichment (d18O and dD) and d excess
decrease towards the peaty horizons are the most remarkable
features in the records (Fig. 4). Together with the d18O-dD slopes
that are close to a freezing slope, this might point to isotopic frac-
tionation during downward directed sediment-freezing processes
under more-or-less closed-system conditions as interpreted also
for MIS3 segregation ice (Wetterich et al., 2014).

The palynological study of the L7-15 profile suggests that PZ-I
represents the Kuchchugui stratum. The upper part of L7-15 and
the entire Oy7-10 profiles are assigned to the Bychchagy IC that is
characterised by two distinct peaty horizons.

Generally, pollen records of the Kuchchugui stratum from the
Laptev Sea region are characterised by relatively low pollen con-
centration, high contents of Asteroideae and Cichorioideae, and
large amounts of reworked Pinaceae pollen (Andreev et al., 2011
and references therein). The presence of green algae and spores
of coprophilous Sordariales reflect the presence of freshwater pools
and large mammal grazers, respectively. Pollen assemblages of the
Kuchchugui stratum described by Barkova (1982) from Oyogos Yar
and by Andreev et al. (2004) from Bol'shoy Lyakhovsky Island are
rather similar (including the large amounts of coniferous pollen).
However, Barkova (1982) considers this pollen assemblage to be
evidence of forest vegetation development during the formation of
the Kuchchugui stratum, and Andreev et al. (2004) interpret this
conifer pollen as reworked. Following Andreev et al. (2004),
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numerous Pinaceae pollen (Pinaceae spp. in Figs. 8 and 9) in the L7-
15 and Oy7-10 spectra are considered to be reworked. The high
contents of reworked material probably indicate a scarce vegeta-
tion cover with low pollen production as well as active erosion in
the region (Andreev et al., 2011). In this case, the pollen concen-
tration is low in general and reworked pollen percentages are
higher in the total pollen sum. Coniferous pollen from mid- and
late-Pleistocene records of Bol'shoy Lyakhovsky Island and Oyogos
Yar is mostly redeposited from older Cenozoic sediments. This is
indirectly confirmed by the presence of broad-leaved tree pollen in
the L7-15 spectra. Thus, we suggest that high abundances of
coniferous pollen and low pollen concentration in the sediments
are evidence of scarce vegetation due to harsh climate and erosion
during the formation of the Kuchchugui stratum.

Pollen spectra of the Bychchagy IC deposits (PZ-II to PZ-VI of L7-
15 and Oy7-10 records) reflect environmental changes. Pollen as-
semblages coinciding with peat accumulation (lower and upper
peaty horizons) were formed under a milder climate, suggested by
higher pollen concentration, high abundances of grass and sedge
pollen, and the rare presence of reworked coniferous pollen. Sedi-
ments that accumulated before (PZ-II of L715) and after (PZ-IV of
L7-15) the formation of the lower Buchchagy IC are characterised
by high percentages of reworked conifers and low diversity of forbs
pollen taxa. Climate was presumably the harshest throughout the
time of accumulation. The significant increase in the remains of
algae (Botryoccoccus and Zygnema) reflects sedimentation in
shallow-water conditions (at least seasonally). The L7-15 PZ-V
pollen assemblages, with relatively high abundances of Artemisia
and high diversity of other herbaceous taxa, resemble tundra and
steppe vegetation. The high amounts of coprophilous Sordaria in
this PZ indirectly point to the presence of grazing animals, also
confirming more favourable environmental conditions. The up-
permost L7-15 PZ-VI resembles PZ-IV that overlies the lower peaty
horizon and could have been formed under similar harsh envi-
ronmental conditions. Remnants of Zygnema and Botryococcus that
appeared in significant amounts in PZ-IV, PZ-V, and PZ-VI of the L7-
15 profile can be interpreted as evidence for shallow-water habitats
(namely polygon ponds) at the studied site (de Klerk et al., 2014).

Generally, the pollen records of the Buchchagy IC are compa-
rable to previously studied pollen records from younger Yedoma IC
deposits on Bol'shoy Lyakhovsky Island (Andreev et al., 2009, 2011;
Wetterich et al., 2011, 2014). Changing vegetation of tundra-steppe
communities is recorded on millennial time scales. In this context,
the MIS5 Buchchagy pollen record documents harsher environ-
mental conditions than during the MIS3 interstadial and rather
similar conditions as during MIS2. This is reflected in a lower pollen
concentration and a small amount of redeposited arboreal tree
pollen (Pinaceae, Betula) in pollen records of the Buchchagy IC.
High percentages of Brassicaceae in the Buchchagy IC (MIS5) pollen
spectra are typical if compared to MIS3 pollen records, where
Caryophyllaceae ranks third in abundance of herbaceous taxa
(Wetterich et al., 2014). This feature indirectly confirms the
deduced harsher climate during MIS5 because Brassicaceae is more
typical today of high Arctic vegetation than Caryophyllaceae
(Tolmachev [ed.], 1971, 1975). A MIS2 pollen record from Bol'shoy
Lyakhovsky Island (Wetterich et al., 2011) reveals higher abun-
dances of Artemisia pollen than in MIS3 and MIS5 spectra. Inter-
preting Artemisia as indicating dry conditions, we assume more
humid climate conditions during MIS5 and MIS3 than during MIS2.

5.3. Chronostratigraphy and lithostratigraphy of the MIS5
Buchchagy Ice Complex

When using permafrost as a paleoenvironmental archive,
several limitations have to be taken into account. Most prominent
is the frequent lack of continuous permafrost sequences due to the
intense and varying landscape history of thermally-induced sedi-
ment erosion and relocation (thermokarst) during warm stages,
and other ongoing erosion processes. Consequently, local stratig-
raphy is sometimes difficult to correlate on regional scale. Despite
the wide use of different geochronological methods on permafrost
such as radiocarbon dating (e.g. Vasil'chuk and Vasil'chuk, 2014),
optically- and infrared-stimulated luminescence (OSL and IRSL; e.g.
Krbetschek et al., 2000; Andreev et al., 2004; Schirrmeister et al.,
2010, 2011c), thermo-luminescence (TL; e.g. Arkhangelov et al.,
1996), 230Th/U radioisotope disequilibria of frozen peat
(Schirrmeister et al., 2002; Wetterich et al., 2008), or ground ice
36Cl/Cl radionuclide ratios (Gilichinsky et al., 2007; Tikhomirov and
Blinov, 2009; Blinov et al., 2009), there are still large uncertainties
when comparing different geochronological results. Some un-
certainties are probably related to unknown influences of perma-
frost processes on chemical and physical parameters important to
the age determination techniques. Ewing et al. (2015) evaluated in a
novel approach the use of radioactive disequilibrium among ura-
nium isotopes in thaw water to estimate the age of intra-
sedimentary syngenetic ground ice in Alaskan loess. Developing
dating techniques and increasing understanding of controlling
periglacial processes allow for improved chronostratigraphies of
permafrost sequences.

The formation age and stratigraphic context of the Buchchagy IC
are deduced using several approaches. The stratigraphic position of
Buchchagy IC exposures below the Yedoma IC (Fig. 1) is in agree-
ment with non-finite radiocarbon dates of both peaty horizons of
profiles L7-15 and Oy7-10 (Table 1). A minimum deposition age for
the Buchchagy IC of older than MIS3 is therefore assumed. The
230Th/U dates of the Buchchagy IC peaty horizons of 126 þ 16/
�13 kyr and 117 þ 19/�14 kyr (lower peaty horizon) and of
98 ± 5 kyr and 89 ± 5 kyr (upper peaty horizon) confirm a for-
mation of this IC during MIS5e-5b.

Using cosmogenic nuclides preserved in ice-wedges of the
Buchchagy IC as a dating tool was first applied by Blinov et al.
(2009). The 36Cl/Cl dating failed at samples from profile L7-15,
but revealed ages for Oy7-03-101 IW of 68 ± 31 36Cl/Cl kyr and
Oy7-03-201 IW of 98 ± 31 36Cl/Cl kyr from ice wedges, which are
attributed to the Buchchagy IC (Blinov et al., 2009). The ice-wedge-
basedmedian base age in Oy7-03-101 IW is younger than expected,
but the rather broadminimumemaximum age range indicated falls
at least in the 230Th/U age range. Blinov et al. (2009) propose in-
fluences on the age determination by fractionation of the chlorine
isotope ratio in the water phase during transport from the surface
to ice wedges due to evaporation, condensation and/or chemical
binding. Post-depositional lateral ion exchange between ice and the
surrounding frozen sediment along concentration gradients, as
well as partial ground-ice melt, might also alter the 36Cl/Cl ages.
The 36Cl/Cl age of Oy7-03-201 IW coincides with the 230Th/U age of
the Buchchagy IC and is interpreted as additional evidence of the
assumed IC formation during MIS5 sensu lato.

Tumskoy (2009, 2012) proposes that the lithostratigraphic po-
sition of the Buchchagy IC is older than the Last Interglacial.
Consequently, the numerous exposures of Last Interglacial ice-
wedge casts along both coasts of the Dmitry Laptev Strait formed
by ground ice melt of ice wedges of the Buchchagy IC and promoted
further permafrost degradation (Ivanov, 1972). Several palae-
oecological studies on Last Interglacial lacustrine deposits (Andreev
et al., 2004; Ilyashuk et al., 2006; Kienast et al., 2008; Wetterich
et al., 2009) point to continental inland conditions and tempera-
tures in the warmest month that were 10 �C warmer than today
(TJuly > 13 �C, Kienast et al., 2011). Such warm summer conditions
explain widespread and intense thermokarst development that
degraded underlying ice-rich deposits. However, the
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chronostratigraphical context between the Last Interglacial and the
Buchchagy IC is still complicated by the lack of direct Last Inter-
glacial deposit age determinations. Two IRSL dates from taberite
deposits underlying a Last Interglacial ice wedge cast on Bol'shoy
Lyakhovsky Island (section R22_60 in Andreev et al., 2004) provide
ages of 99 ± 15 kyr and 102 ± 16 kyr. Andreev et al. (2004) assume a
“relatively good agreement with a suggested Eemian age for the
ice-wedge cast” and explain these young ages by thaw during
thermokarst formation and later re-freezing, which altered physical
and chemical properties of the material and consequently the
deduced IRSL ages. Hitherto, other than TL dating of lacustrine
deposits from Bol'shoy Lyakhovsky Island to 136 ± 34 kyr
(Arkhangelov et al., 1996), direct age indications for the Last
Interglacial are not available. Due to the uncertainties in chro-
nostratigraphy and regional timing of the Last Interglacial, the
lithostratigraphic contact between the Buchchagy IC and Last
Interglacial thermokarst still needs clarification. As proposed by
Tumskoy (2012), the ice-rich Buchchagy IC might have been the
material that degraded largely during the Last Interglacial. Based on
the Buchchagy IC 230Th/U dates presented here, it also seems
realistic that the MIS5 lacustrine thermokarst deposits with clear
warm-stage indicators (Andreev et al., 2004; Ilyashuk et al., 2006;
Kienast et al., 2008, 2011; Wetterich et al., 2009) and the Buchch-
agy IC developed both during the MIS5 sensu lato. If so, widespread
thermokarst promoted the formation of basins and lakes by surface
subsidence while the surroundings were shaped by polygon wet-
lands, which after the Last Interglacial developed further into the
Buchchagy IC. Under this scenario it remains unknown on which
ice-rich permafrost the Last Interglacial thermokarst took place.

The Last Interglacial, however, is scarcely represented in palae-
oenvironmental and palaeoclimatic records from the Arctic even
though northern latitudes are experiencing the strongest impact of
ongoing climate warming. The uncertainty of climate variations in
space and time during the Last Interglacial limits the potential of
the Last Interglacial as an analogue of Holocene climate change.
Hitherto, the best available palaeoclimatic record on regional scale,
including the Last Interglacial, was obtained from El'gygytgyn
impact crater lake sediments in Central Chukotka, Eastern Siberia
(Melles et al., 2007, 2012; Chapligin et al., 2012; Tarasov et al., 2013).
Geochemical proxy data from the El'gygytgyn record give insights
into climatic variability during the Last Interglacial (Cunningham
et al., 2013). These records indicate the warmest climatic condi-
tions occurred between ca.128 and 127 kyr ago andmild conditions
maintained until ca. 122 kyr ago, followed by climatic deterioration
at ca. 118 kyr ago and a return of glacial conditions afterwards. The
climatic instability during MIS5, which featured abrupt changes, is
preserved in the geocryological inventory of Bol'shoy Lyakhovsky
Island records, which mirror permafrost degradation, i.e. thermo-
karst (Andreev et al., 2004; Ilyashuk et al., 2006; Wetterich et al.,
2009), as well as permafrost aggradation, i.e. IC formation (this
study) during MIS5 sensu lato.

6. Conclusions

Palaeoenvironmental summer proxy data (pollen) of the MIS5
Buchchagy IC compare well to records from MIS3-2 Yedoma IC.
Tundra-steppe vegetation is inferred for all studied periods, and the
MIS5 pollen record documents drier and colder summer conditions
than during the.

MIS3 interstadial and rather similar conditions to those during
MIS2. MIS5 winter conditions as interpreted from the stable water
isotope composition of ice wedges were also colder than during
MIS3, but warmer than those during MIS2.

The unstable climatic setting of MIS5 led in non-glaciated
Beringia to both intense permafrost thaw but also permafrost
formation. In permafrost records of eastern Siberia, MIS5 is mainly
represented by thermokarst features like ice-wedge pseudomorphs
and thermokarst lake deposits aligned to the Last Interglacial, but
poorly constrained by numerical dating. The aggradation of ice-rich
permafrost during MIS5 is mirrored by remnants of the Buchchagy
IC firstly described in this study and dated by 230Th/U radioisotope
disequilibria techniques. Since convincing numerical dates of Last
Interglacial thermokarst deposits are still lacking, its chronostrati-
graphic relation to the studied Buchchagy IC remains unknown.
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