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Abstract

Reconstructions of the Late Quaternary glacial history of the Kara Sea area
show repeated build-up of ice-sheet domes over the shallow epicontinental
Kara Sea. Inferred ice divides were situated over the central Kara Sea, and the
ice sheet repeatedly inundated the surrounding coastal areas of western
Siberia. Geological fingerprinting of the Kara Sea ice sheet include end moraine
zones, raised beaches, tills, glaciotectonic deformations and coarsening-upward
sediment sequences, reflecting isostatic rebound cycles. This paper reviews
evidence from several areas along the perimeter of the Kara Sea, suggesting
that peripheral sites were critical for the initiation of the large Kara Sea ice
sheet. Ice-sheet inception progressed with the formation of local ice caps that
later coalesced on the adjacent shelf with globally falling sea levels, eventually
merging and growing into a large ice dome.
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The epicontinental Kara Sea, and coastal areas and islands
of western Siberia, were repeatedly glaciated by Kara Sea
ice sheets during the Late Quaternary (Forman et al.
2002; Svendsen et al. 2004; Möller et al. 2007). Although
contradicting hypotheses have been proposed for ice-
sheet geometries, including the location of ice divides,
limits and ages for various ice-sheet configurations (Veli-
chko et al. 1997; Grosswald & Hughes 2002; Svendsen
et al. 2004), there is a growing consensus around the
syntheses of spatial and temporal variations of past Eur-
asian High Arctic ice sheets, stemming from work carried
out under the Quaternary Environment of the Eurasian
North (QUEEN) programme (Svendsen et al. 2004;
Fig. 1). Svendsen et al. (2004) evaluated and summarized
data collected by a number of groups over the past 10–15
years, which resulted in a model where successively
smaller ice volumes are recognized in the Kara Sea basin
since marine oxygen isotope stage 6 (MIS 6) (Fig. 1).
Although the reconstructions of Larsen et al. (2006) and
Lambeck et al. (2006) differ in many respects from that of
Svendsen et al. (2004) on regional Barents Sea–Kara Sea
ice extent and timing of glacial and marine events, these
studies do not contradict the conclusion of Svendsen
et al. (2004) that earlier Kara Sea glaciations were more
extensive than later glaciations, and that the Kara Sea
shelf did not hold a major ice sheet during the Last Glacial

Maximum (LGM). Glaciological modelling has resulted in
reconstructions that simulate Barents Sea–Kara Sea ice-
sheet extent and volume on different time slices in fairly
good agreement with these field observations and chro-
nological constraints (Siegert et al. 2001; Forman et al.
2004; Lambeck et al. 2006).

An inherent problem when it comes to reconstructing
glacial oscillations over a full glacial–interglacial cycle is
that the geological evidence foremost reflects maximum
ice-sheet extent and volume, and subsequent deglaciation
and sea level changes (ice marginal features, tills, glacial
lineations [flutes and drumlins], glaciotectonic deforma-
tions, ice-rafted debris [IRD] records, raised beach
sequences). However, there is not much evidence for the
mechanics and dynamics of the build-up phase that led to
a maximum ice extent during a stadial in the glacial cycle.
One particular challenge is to understand and explain how
to build marine-based ice sheets like the former Barents
Sea and Kara Sea ice sheets. The purpose of this paper is
to review and summarize novel data collected under the
QUEEN programme field campaigns, but also includes
post-QUEEN research on the Taymyr Peninsula and in
Severnaya Zemlya, with an emphasis on data that high-
light the possible dynamics of marine-based ice-sheet
formation. These data come from four sites around the
Kara Sea: the Yamal Peninsula (Forman et al. 2002;
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Fig. 1 Reconstruction of ice extent in the

Barents–Kara Sea region, for selected time

slices, since 140 Kya; modified from Svendsen

et al. (2004). A more sophisticated and some-

what different reconstruction by Lambeck et al.

(2006), particularly regarding the Early–Middle

Weichselian ice extent, may prove more correct

when tested against new field data.

Fig. 2 Stratigraphy of the Marresale coastal cliffs, Yamal Peninsula. The blue arrow indicates ice movements from southerly directions across the site

>60 Kya, as reconstructed from structural and textural data. Stratigraphy modified from Forman et al. (1999) and Forman et al. (2002).
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Forman et al. 2004), the Yugorski Peninsula (Lokrantz
et al. 2003), October Revolution Island in Severnaya
Zemlya (Möller et al. 2006) and the Chelyuskin Peninsula
(Möller et al. 2008 [this issue]). In addition, data from the
north-western Taimyr Peninsula (Hjort et al. 2003; Hjort &
Funder 2008 [this issue]) are briefly discussed.

Field evidence

The Yamal Peninsula evidence

The stratigraphy and architecture of the Marresale sec-
tions, western Yamal Peninsula (Fig. 2), were described
and discussed by Gataullin (1988), Astakhov et al.
(1996), Forman et al. (1999) and Forman et al. (2002).
The stratigraphy of the Marresale coastal cliffs shows that
the south-eastern sector of the Kara Sea area was not
glaciated during the LGM. The Kara diamicton in the
Marresale sections relates to Kara Sea glaciation prior to
50 Kya. It is a complex unit containing large ice bodies,
and massive and stratified diamictons. The basal contact
of the Kara diamicton is erosive and tectonically discor-
dant, with ice pressure from the south resulting in
numerous large (>10 m), nearly isoclinal, recumbent to
gently inclined folds (Fig. 3). Large, overturned chevron
folds are very conspicuous, with uniform vergence
toward the north. Other deformation structures range
from tight, low-angle thrust faults and recumbent folds
to small-scale boudinage structures and shear bands.
Locally, the underlying Labsuyakha sand has been drawn
into the diamicton and sheared out along thrust faults.
Large chunks of the sand have also been dislocated and
rotated, with primary sedimentary structures preserved
in intraclasts with sharp contacts to the surrounding Kara
diamicton (Fig. 3). All glacial tectonic structures indicate
overriding ice-flow from the SSW.

Forman et al. (2002) tentatively dated the deposition of
the Kara diamicton and the accompanying glaciotectonic
displacements to 60–80 Kya, and it is correlated with the
Middle Weichselian (ca. 60 Kya) glaciation in the Svend-
sen et al. (2004) synthesis. This age interpretation is
supported by the observation that the Varjakha peat and
silt, overlying the Kara diamicton, and dated with 14C and
optically stimulated luminescence (OSL) to 28–45 Kya,
was partly formed in kettle holes in the diamicton surface.
The ice-movement direction is, however, problematic in
the perspective of an ice divide situated over the Kara Sea,
as implied by the Svendsen et al. (2004) reconstruction.

The Yugorski Peninsula evidence

A study by Lokrantz et al. (2003) focused on the Late
Quaternary glacial stratigraphy and glaciotectonic struc-

tures of the Cape Shpindler coastal cliffs on the Yugorski
Peninsula (Fig. 1). The Cape Shpindler site is situated at
the south coast of the Kara Sea, across the Baidarata Bay
from Marresale sections on the Yamal Peninsula (Fig. 4).
Lokrantz et al. (2003) recorded two glacier advances and
two ice-free periods older than the Holocene. Their oldest
stratigraphical units (A–C2, Fig. 4) form a sequence of
marine to fluvial sediments. The marine facies contain
foraminifera and subfossil mollusc fauna that together
suggest deposition under interglacial conditions. Subse-
quent to this interglacial followed a glacial event when
ice moved southwards from an ice divide over Novaya
Zemlya or the Kara Sea, overriding and disturbing
the interglacial sediments. At deglaciation this glacial
advance left a complex of till and buried massive glacier
ice (unit D, Fig. 4). The interpretation of age controls
suggests that glacial event D could possibly be MIS 8
(300–250 Kya; Lowe & Walker 1998), and that the

Fig. 3 Glaciotectonic structures in the Marresale coastal cliffs. (a) Large

chevron folds. The vergence is towards the north. (b) Large clast of sand

incorporated to the Kara diamicton from underlying sediments. (Photos

by Ó. Ingólfsson, 1996.)
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underlying interglacial sediments (units A–C2) thus
might be Holsteinian in age (MIS 9; >300 Kya). Following
this glaciation there was a second period of fluvial
deposition, during which unit E was deposited under
interstadial or interglacial conditions (Fig. 4). Unit E is
interpreted to represent delta sediments, deposited in a
lake setting rather than a marine environment. The
dating control suggests this unit to be older than 120 Kya.

Sometime later, the Cape Schpindler area was again
subject to glacial overriding, with the ice now moving
northward, towards the Kara Sea, from an inland ice
divide. The evidence for this glacial overriding is a compact
till (unit F, Fig. 4), as well as glaciotectonic deformation of
the underlying unit E sand and mud (Fig. 5). The age of
this youngest glacial event recognized in the Cape Shpin-

dler sections is poorly constrained, but Lokrantz et al.
(2003) interpreted its stratigraphical position as indicating
it to be of an Early to Middle Weichselian age (MIS 5d–4).
They correlated it to the glacial event that caused the
deposition of the Kara diamicton on Yamal Peninsula.
As with the Marresale record, the Cape Shpindler record
suggests more complex glacial dynamics than can be
explained by a concentric ice sheet located on the Kara Sea
shelf. Lokrantz et al. (2003) suggested that ice had moved
across the Cape Shpindler site from an ice divide situated
across the Pai Hoi uplands, which for the most part have an
altitude of about 200 m a.s.l., but reach almost 500 m a.s.l.
at the highest elevation (Fig. 4).

The October Revolution Island evidence

Recently, the glacial history of Severnaya Zemlya has
been addressed by Raab et al. (2003) and Möller et al.
(2006, 2007). Whereas Raab et al. (2003) studied envi-
ronmental proxies in a lake core from Changeable Lake
on October Revolution Island (Fig. 6), Möller et al. (2006,
2007) focused on glacial history evidence in the litho-
stratigraphical record of a number of sections along the
Ozernaya River on October Revolution Island (Fig. 6), as
well as the relative sea level history expressed in raised
beaches and marine sediments.

Möller et al. (2006, 2007) document at least four dis-
tinct sedimentologic and geochronologic glacial/deglacial
events, indicated by till sheets (till units I–IV, Fig. 6) inter-
bedded with marine sediments (marine units I–IV, Fig. 6).
Raised beach sequences were recognized at altitudes of
up to 140 m a.s.l., indicating repeated regional glacial

Fig. 4 Stratigraphy of the Cape Shpindler site, Yugorski Peninsula (modified from Lokrantz et al. 2003). The blue arrows indicate ice movements from

southerly directions across the Cape Shpindler and Marresale sites >60 Kya, as reconstructed from structural and textural data.

Fig. 5 Glaciotectonic structures in the Cape Shpindler coastal cliffs: drag-

fold below a thrust fault and till of unit F. (Photo by H. Lokrantz, 1999.)
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loading by Kara Sea-based ice sheets. The event chronol-
ogy was based on an extensive dating program including
accelerator mass spectrometry (AMS) 14C, electron spin
resonance (ESR), green-stimulated luminescence (GSL)
and aspartic acid geochronology (Fig. 6). The results
suggest major glaciations, followed by deglaciation and
marine inundation during MIS 10–9, MIS 8–7, MIS 6–5e
and MIS 5d–3. The most probable scenario for Severnaya
Zemlya during MIS 5d–4 (Möller et al. 2006) is that
there was continuous ice cover here, in contrast to the
Taymyr Peninsula, which experienced an Early Weichse-
lian deglaciation, followed by an MIS 4 readvance and
subsequent deglaciation (Hjort et al. 2004). No evidence
of a Late Weichselian glaciation of Severnaya Zemlya was
found, neither in the form of glacial deposits nor in the
form of raised beaches. This confirms other data indicat-
ing a restricted glaciation in the Kara Sea basin during
MIS 2 (Svendsen et al. 2004).

Directional data including glaciotectonic deformations
(Fig. 7), and clast fabric from tills and sub-till sediments,
on southern October Revolution Island suggest that ice
repeatedly advanced across the Ozernaya River sections
from the north. These data suggest that a wet-based local
ice cap on at least four occasions expanded towards the
Kara Sea. However, the raised beach evidence, together
with the highest altitude occurrences of the different
marine units, does not fingerprint only local (Severnaya
Zemlya) glaciations. A major regional ice sheet is needed
to produce such high raised beaches as those observed on
October Revolution Island, which represent the highest
marine limit described from anywhere on the islands in
the Barents Sea–Kara Sea region.

The Chelyuskin Peninsula evidence

The Chelyuskin Peninsula, the northernmost tip of
Eurasia, forms a coastal plain (0–80 m a.s.l.) towards the
Kara Sea and rises to about 300 m a.s.l. towards the
south. The Quaternary cover on Cretaceous sandstone is
usually thin, but at places thicker sequences are revealed,
lying as palaeo-valley/basin fills and exposed along some
of the major rivers. The glacial and palaeoenvironmental
history of this area (Fig. 8) is described by Möller et al.
(2008). Above marine sediments of Pliocene age and
fluvial braid-plain deposits of pre-Late Saalian age are
two marine units, intercalated with glacial diamicts
(marine units D and F, and till units C and E, Fig. 8),
which are suggested to represent two full glacial cycles of

Fig. 7 Dragfold below till in the Ozernaya River sections, October Revo-

lution Island. (Photo by Ó. Ingólfsson, 2002.)

Fig. 6 Stratigraphy of the Ozernaya River sites and southern October Revolution Island, Severnaya Zemlya (modified from Möller et al. 2007). The blue

arrow indicates repeated ice movement directions from land towards the Kara Sea during the Late Quaternary.
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isostatic compensation, coupled to marine inundation at
deglaciation. Both till units are associated with deep-
reaching deformation in underlying sediment, and
indicate wet-based thermal conditions and a deforming
bed zone. Both marine units, intercalated with the tills,
show sedimentary evidence of deeper-marine environ-
ments, gradually changing to foreshore, shoreface and
beachface environmental conditions as regression com-
mences. Sediments belonging to the upper marine units
(D and F) can be followed in the terrain up to an altitude
of ca. 80 m a.s.l., and have prominent regressional shore-
line scarps at 60–65 m a.s.l. Previous studies, e.g., by
Šnejder (1989), have indicated that interglacial marine
sediments (not dated, but most probably of Eemian/
MIS 5e age, as indicated from the mollusc fauna) reach as
high as ca. 140 m a.s.l., which is in line with the evidence
from Severnaya Zemlya (Möller et al. 2006). The event
chronology is based on an extensive dating programme
(14C AMS, OSL and ESR), with the 14C ages suggesting an
age of >40 Ky for both marine units. Whereas the OSL
ages are considerably scattered, the ESR ages form a dis-
tinct age grouping, suggesting an MIS 5e (i.e., Eemian)
age for marine unit D and an Early Weichselian age
(MIS 5d/C, ca. 90 Kya) for marine unit F.

Glaciotectonic deformational structures in sediments
below the unit-C till, the deformational structures in the
lower part of the diamict and clast fabric further up
(Fig. 9), imply an ice movement direction from the SSE,
i.e., towards the Kara Sea shelf. This suggests that a wet-
based local ice cap expanded at least once towards the

Kara Sea. However, the raised marine/beach sediments at
high altitudes suggest a glacial loading more substantial
than the effect from local glaciation(s).

The western Taymyr Peninsula evidence

Hjort et al. (2003) and Hjort & Funder (2008) document
two glacial events, where warm-based glaciers, originat-
ing in the mountainous inland of Taymyr, expanded
northwards. At least once during the Late Quaternary
did such inland-derived glaciers, after moving 50–60 km
over present land areas, cross today’s Kara Sea coastline.
Hjort & Funder (2008) suggest the younger of these
northward-expanding glacial events is related to the
Saalian glaciations (MIS 6). The last major glaciation to
affect south-western Taymyr did, however, come from
the Kara Sea shelf. According to OSL dates, its age was
Early or Middle Weichselian (MIS 5 or MIS 4), and most
probably was not younger than 70 Kya.

Discussion

Most morphological, stratigraphical and glacio-isostatic
data from coastal areas around the perimeter of the
Barents and Kara Seas suggest repeated Late Quaternary
build-up and expansion of marine-based ice sheets (see
discussions in Svendsen et al. 2004 and Forman et al.
2004). The dynamics of continental ice-sheet growth are
generally poorly understood: for a long time it was held
true that nucleus areas for ice-sheet growth were situated

Fig. 8 Generalized Late Quaternary stratigraphy from the Chelyuskin Peninsula (modified from Möller et al. 2008). The blue arrow indicates repeated ice

movement directions from land towards the Kara Sea during the Late Quaternary.
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in mountainous areas, and as the glaciation altitude
(the equilibrium line altitude [ELA]) was lowered with
increased cooling, glaciers expanded—moisture transfer
permitting—into lowland areas (Flint 1943). With the

present understanding, given by high-resolution ice core
and marine-sediment core data evidence, it has become
evident that large-scale climate changes have on occasions
in the past happened very rapidly (e.g., Johnsen et al.
1992; Grootes et al. 1993; Sachs & Lehman 1999). It has
been proposed that rapid climate cooling can lead to a
sudden lowering of glaciation thresholds, causing glaciers
to start growing over large lowland areas (Ives et al. 1975).
We also now know that the basal thermal regime, bedrock
topography and rheologic conditions of the subglacial
sediments and bedrock are critical for ice-sheet expansion
and retreat, and that marine-based ice sheets are instable
and prone to massive ice-discharge events (Heinrich 1988;
Broecker & Denton 1989; Siegert & Dowdeswell 1996;
Kjær et al. 2006). Geological data suggest that the LGM
Barents Sea ice-sheet built up, reached its maximum
extent, and subsequently retreated and disintegrated in
about 10 Ky, between 22 and 12 Kya (Landvik et al.
1998). But how do marine-based ice sheets grow?

This puzzle was addressed by Hughes (1987), where he
developed ideas previously published by, e.g., Mercer
(1970), Hughes et al. (1977) and Grosswald (1980). He
proposed that a marine-based ice sheet could form when
permanent sea ice thickened into an ice shelf, and sub-
sequently, as the ice shelf thickened, it could eventually
become a grounded ice sheet. Siegert et al. (2002) devel-
oped these ideas further when they modelled the LGM
build-up of a marine-based Barents Sea ice sheet. They
suggested that ice might initially have accumulated on
the archipelagos located across the northern edge of the
Eurasian continental shelf (Fig. 1) and in northern Scan-
dinavia. The weight of the ice caused crustal depression,
resulting in an upward bulging of the shallow central
regions of the Barents Sea. The resultant uplift, combined
with the lowering of global sea levels caused by continen-
tal ice-sheet build-up, may have allowed ice to flow in
from ice caps on the Arctic islands and the adjacent Scan-
dinavian ice sheet, or it may have formed in situ from
thickening sea ice, as proposed by Hughes (1987). Möller
et al. (2007) suggested a similar model for the repeated
build-up of ice sheets in the Kara Sea area, based on field
evidence from coastal October Revolution Island, Sever-
naya Zemlya.

The simplest explanation for the structural, lithostrati-
graphical and relative sea level data from Marresale (the
Yamal Peninsula), Cape Shpindler (the Yugorski Penin-
sula), Ozernaya River (October Revolution Island in
Severnaya Zemlya) and the Chelyuskin Peninsula is that
land areas in the perimeter of the Kara Sea repeatedly
acted as ice-sheet nucleation centres, with ice flowing
from land to sea (Fig. 10). We propose a simple model,
based on the ideas of Hughes (1987) and Siegert et al.
(2002) for stepwise ice-sheet build-up in the Kara Sea.

Fig. 9 Glaciotectonic structures in sections on the Chelyuskin Peninsula.

(a) Marine sand incorporated in the lower par of a deforming bed diamict,

showing glaciotectonic shear lamination and Z folding. (b) Contact zone

between fluvial sand (Fluvial I) and diamict (Till I). The sand is folded and

thrusted, and upwards is incorporated into the lower part of the diamict,

here being isoclinally folded, and higher up forming subhorizontal shear

lamination in the stratified diamict. (Photos by P. Möller, 1999.)
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1 At the onset of glaciations, ice caps start to grow on
mountainous areas surrounding the Kara Sea (the Pai Hoi
and northernmost Polar Urals, and the Byrranga Moun-
tains on the Taymyr Peninsula). Existing ice caps and
glaciers in the Severnaya Zemlya and Novaya Zemlya
archipelagos expand.
2 As global sea levels fall and isostatic load around the
perimeter of the Kara Sea increases, water depths
decrease over large areas on the shallow Kara Sea shelf.
This facilitates the formation of a stable thick sea-ice
cover and later ice-shelf formation. Ice flows into the
Kara Sea basin from the surrounding highlands
(Fig. 10). The field evidence suggests that the expanding
ice was predominantly warm-based, as it deposited
tills and caused ductile deformation of underlying
sediments.
3 A Kara Sea ice-sheet dome forms as a result of a com-
bination of ice flowing into the Kara Sea basin and
snow accumulation on the grounded ice shelf. Possibly
the build-up of a Kara Sea ice sheet during each glacia-
tion event led to the build-up of a Barents Sea ice sheet;
if so, Kara Sea ice sheets developed before the passage
of moist air from the west across the Barents Sea was
blocked.

4 As the ice sheet thickens, ice flow is reversed and the
ice sheet starts to infringe on the surrounding land
areas. The field evidence suggests that at this stage the
ice sheet was cold-based towards its margins and over
inception areas, and it did not deposit tills or cause sig-
nificant glaciotectonic deformations in these areas any
more.
The marine-based ice sheet was probably unstable and
sensitive to sea level changes. As global sea levels rose,
when continental ice sheets disintegrated and melted
during deglaciation events (terminations), the Kara Sea
ice sheet rapidly lost mass through calving. This resulted
in marine inundation and deposition of marine strata in
the geological record in areas surrounding the Kara Sea.
High raised beaches (e.g., up to 140 m a.s.l. in Severnaya
Zemlya) formed as a consequence of rapid deglaciation
and heavy crustal depression by the ice sheet.

There are a number of aspects to this simple model that
might be addressed and tested.
• Is it possible to simulate scenarios that fit the field
observations on the directions of ice movement during
ice-sheet build-up, and reversing the ice flow as the
ice dome grows, using state-of-the-art glaciological
models?

Fig. 10 Overview of palaeo-ice directions from

the perimeter of the Kara Sea.
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• How do we produce warm-based glaciers at the onset of
glaciations in High-Arctic settings like Severnaya Zemlya,
where present-day glaciers are predominantly cold-based?
Is it possibly a consequence of an increase in flow rate as ice
entered the Kara Sea sedimentary basin?
• Why did an ice sheet not form over the Kara Sea basin
during the last (MIS 2) glaciation? Does the answer lie in
a very strong palaeoclimatic gradient across the Barents
Sea–Kara Sea region, and because this area was in a
precipitation shadow during the Scandinavian ice-sheet
LGM?
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