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Zooming in on frozen-bed patches: scale-dependent controls
on Fennoscandian ice sheet basal thermal zonation
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ABSTRACT. In this paper, we explore geomorphological evidence allowing a first-
order reconstruction of the extent and pattern of frozen-bed conditions under the last
Fennoscandian ice sheet. We mapped relict landscapes, 1.e. glacial landforms and subaer-
1ally developed ground surfaces predating the last ice sheet and marking sustained frozen-
bed conditions, at four different spatial scales. At the ice-sheet scale, relict landscapes are
most abundant between the Last Glacial Maximum ice divide and the elevation axis of
the Scandinavian mountain range. The location of frozen-bed zones was mainly a function
of dispersal centre location (low surface temperatures and small strain heating) and small
ice thickness over the eastern flank of the mountain range. At the mesoscale (260 x 360 km
map area), the pattern of relict surfaces is governed by inward-cutting ice-stream erosion.
Topographical control was weak, but relation to flow pattern was strong, with the major
frozen-bed zone located where ice flow was strongly divergent. At the regional scale
(40 x 65 km map area) in hilly terrain, topographical control was strong with relict surfaces
only appearing above a plane dipping in the up-ice direction. At the local scale (12 x 14 km
map area), control by topography was likewise strong, but the detailed boundary pattern
was irregular, with specific landforms occurring both up- and down-ice of frozen patches.

INTRODUCTION

The present-day ice sheets in Greenland and Antarctica are
known to be polythermal and rest on beds that are partly
frozen and partly thawed (Paterson, 1994; Huybrechts, 1996;
Nislund and others, submitted). The bed conditions under
the central parts of the Fennoscandian and Laurentide pa-
laco-ice sheets have, however, remained elusive. It is now gra-
dually becoming recognized that the glacial-lineation record,
which dominates ice-sheet scale glacial geological and geo-
morphological maps (Prest and others, 1968; Kleman and
others, 1997), may be the cumulative result of the landform
production of ice sheets that, at any given moment, were
thawed over only a part of their area. A growing body of work
points to former frozen-bed conditions as the most likely can-
didate for preservation of relict glacial and non-glacial land-
forms and landscapes found in enclaves surrounded by young
(last deglaciation) landscapes (Kujansuu, 1975; Dyke and
Morris, 1988; Lagerbick, 1988a, b; Lagerbick and Roberts-
son, 1988; Rodhe, 1988; Sollid and Serbel, 1988; Kleman and
Borgstrom, 1990, 1994; Dyke and others, 1992; Kleman, 1992;
Hittestrand, 1997, 1998).

The factors controlling the location of the various thermal
zones are reasonably well understood in glaciological terms
(Hooke, 1977, Hughes, 1981), but only small parts of the former
ice-sheet beds of the Northern Hemisphere have been ana-
lyzed in this context, and only in a few areas (Kleman, 1992;
Dyke, 1993; Glasser, 1995) have efforts to discern the factors
controlling the layout of frozen/thawed-bed patchworks been
made. With a developed understanding of the factors govern-
ing such patterns, extrapolation to less-known regions can be
made and the problem of basal thermal zonation on ice-sheet
scale successfully approached. There is an increasing need to
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interpret the geological and geomorphological record of for-
mer ice-sheet beds in terms of basal thermal zonation, because
current numerical ice-sheet models include thermal calcula-
tions and predictions (Huybrechts and T’siobbel, 1995; Payne
and Dongelmans, 1997). Palaco-ice thickness and volume esti-
mates depend strongly on the assumed or modelled subglacial
and englacial temperatures. Ideally, such models should be
validated with some direct record of subglacial palacotem-
peratures. However, no such record is known, leaving only
the landform record which is assumed to result from funda-
mental differences in the magnitude of substratum reshaping
between thawed-bed areas and frozen-bed areas.

Frozen/thawed-bed boundaries represent important dis-
continuities in the glacial system and the spatial pattern and
stability of these boundaries is therefore an important ques-
tion. Through work onWest Antarctic ice streams (Shabtaie
and Bentley, 1987), sharp flow-parallel boundaries are
known and palaeo-boundaries of that type have also been
documented from the Laurentide and Fennoscandian areas
(Dyke and Morris, 1988; Kleman, 1992). Less has been
known about boundary patterns in sheet-flow areas. Hughes
(1981) depicted the transition between a frozen-bed core
area and an outer wet-bed zone as a mosaic of frozen-bed
“islands” fully enclosed by surrounding wet-bed areas.

The often subtle differences between relict landscapes
marking frozen-bed patches and wet-bed landscapes are
typically obscured in forested terrain, or have been de-
graded by Holocene active-layer processes in permafrost
regions. Detailed (local-scale) evidence is best preserved
on treeless, relatively dry uplands with coarse-grained soils,
making much of northern and western Scandinavia a
highly suitable area for study of such former bed patterns.
In this paper, we explore the bed-condition evidence in the
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Fennoscandian ice sheet area. We present nested maps at
four spatial scales and discuss the factors governing basal
temperature at the ice-sheet scale, the mesoscale, the re-
gional scale, and the local scale.

LANDFORM ASSEMBLAGES MARKING FORMER
FROZEN-BED CONDITIONS

There are abundant descriptions of pre-late Weichselian
landforms that have survived morphologically unaltered in
west-central and northern Fennoscandia (Kujansuu, 1975;
Lagerbidck, 1988a,b; Lagerbidck and Robertsson, 1988;
Rodhe, 1988; Sollid and Serbel, 1988; Kleman and Borgstrom,
1990, 1994; Kleman, 1992; Johansson and Kujansuu, 1995;
Hattestrand, 1997; Kleman and Stroeven, 1997; Clarhill and
Kleman, 1999). These accounts suggest that parts of the ice-
sheet bed experienced no erosional impact at all during one
complete ice-sheet cycle, with a probable duration of around
50000 years (Kleman and others, 1997). In most cases, frozen-
bed conditions lasting the entire duration of the last ice sheet
have been invoked as the probable cause of preservation. The
implicit assumption is that wet-bed conditions, even if they
prevailed only briefly, would have been associated with basal
sliding and the destruction of delicate pre-existing morphol-
ogy, such as patterned ground (Kleman and Borgstrom,
1994) or sharp-crested esker ridges (Lagerbick and Roberts-
son, 1988). Most important, these relict landforms and land-
scapes are fragmented, i.e. intervening areas display conven-
tional glacial landform assemblages of drumlins, eskers and
striated bedrock of, mostly, late-glacial age. This distinct
“patchiness” exists both on the local scale (Kleman and
Borgstrom, 1994) and the regional scale (Lagerbick, 1988a;
Hittestrand, 1997). On the local scale, the two landscape
types are often separated by exceedingly sharp boundaries
(<50 m), separating sliding zones from relict surfaces, and
specific subglacial boundary forms often occur (Kleman and
Borgstrom, 1990). We consider frozen-bed conditions as the
only reasonable explanation for the preservation of intact
pre-last ice-sheet ground surfaces and therefore rely on this
assumption in this paper.

MORPHOLOGICAL METHOD

In order to distinguish dry-bed/wet-bed patterns, we rely on
landforms and surfaces demonstrably older than the last ice
sheet. This is reasonably straightforward when the preserva-
tion of surfaces and landforms developed under subaerial
conditions is used as an indicator of subsequent frozen-bed
conditions, because these features can neither survive or
form under wet-bed subglacial conditions. It is far more dif-
ficult to trace frozen-bed patches that existed on older gla-
cial surfaces with abundant lineations and other sliding
traces. It can only be done in favourable circumstances,
with the best possibilities afforded by mosaic landscapes
where the flow traces from different glacial events differ
widely in direction. An excellent example of such analysis
1s presented in Dyke and others (1992).

Owing to the cumulative nature of subglacial reshaping,
estimates of the extent of frozen-bed conditions are minimum
estimates. Even if, at any given moment, only a tiny fraction
of the bed is thawed, a change in location of these patches can
theoretically consume entirely any frozen-bed marker sur-
face. Hence, our maps portraying the spatial arrangement of
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frozen-bed patches systematically overestimate the fraction of
sliding bed at any given time, and will show the sliding frac-
tion of bed integrated over some period. Nevertheless, im-
portant inferences about basal thermal patterns and factors
controlling the location of wet-bed and frozen-bed zones can
be made from those maps.

RESULTS: DISTRIBUTION OF RELICT LAND-
SCAPES AND INFERRED BASAL THERMAL PAT-
TERNS

Ice-sheet scale

On the ice-sheet scale, a picture of the overall distribution of
the relict landscapes marking frozen-bed conditions under
the late Weichselian ice sheet has emerged during the last
decade (Sollid and Serbel, 1988; Kleman and others, 1997).
The most important relict landforms are: (I) the Veiki mo-
raine, created by supraglacial and ice-marginal processes by
an early Weichselian ice sheet (Lagerbick, 1988a; Hattestrand,
1998). These moraines are partly covered by in-situ organic
sediments yielding non-finite radiocarbon ages. The mo-
raine plateaux were already observed by Hoppe (1952) to
be drumlinized from the southwest, but were at that time
thought to have formed subglacially under the same ice
sheet that drumlinized them; (2) till-covered, but morpho-
logically little-affected early Weichselian eskers (Kujansuu,
1975; Lagerbiack and Robertsson, 1988); (3) marginal chan-
nels and lateral moraines (Rodhe, 1988; Kleman, 1992,
Haittestrand, 1998) that are partially degraded and incom-
patible with the late Weichselian retreat pattern; and (4)
areas with regolith and/or patterned ground of pre-late
Weichselian age (Kleman and Borgstrom, 1990; Niemeld
and others, 1993). In Figure 1, black colour shows areas
thought not to have experienced wet-based conditions for
any geomorphologically significant length of time during the
late Weichselian. In these areas, the basic morphology of older
glacial or non-glacial landforms is preserved, although a
weak, mostly deglacial, fluting occasionally occurs. On topo-
graphic highs, preservation is often complete, with ground
surfaces from older ice-free periods having experienced
neither erosion nor deposition for the duration of the last gla-
cial event (Clarhill and Kleman, 1999). The relict surfaces are
common between the Last Glacial Maximum (LGM) ice
divide and the elevation axis of the Scandinavian mountain
range (Fig. 2) , with abundance and continuity increasing
northeastwards. Within high- to medium-relief terrain, the
relict surfaces mainly occur on topographic highs, but north
and east of the Gulf of Bothnia, relict landforms are found
down to sea level. The areas with light shading in Figure 1
show the inferred minimum extent of frozen-bed areas
during the LGM, based on the distribution of ribbed mo-
raine (Héttestrand and Kleman, 1999) which we consider
to have formed during transition from a frozen to a thawed
bed. Intermediate shading shows the inferred extent of
frozen-bed conditions for the Younger Dryas stage
(12 kyr BP), when headward propagation of ice streams in
Finland had started.

Mesoscale: northern Sweden

Figure 3 shows a sector of northern Fennoscandia that gener-
ally experienced divergent flow during the final stages of the
last deglaciation. The main features are a large central area
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Fig. 1. Ice=sheet scale distribution of relict landscapes reflecting

Srozen-bed conditions (black areas). These areas are inter-
preted not to have experienced wet-based conditions for any sig-
nificant length of time during the late Weichselian. The areas
with light shading show the inferred minimum extent of
frozen-bed areas during the LGM, based on the distribution
of ribbed moraines (Hittestrand and Kleman, 1999) which
we consider to have formed during conversion_from a frozen to
a thawed bed. Intermediate shading shows the inferred extent
of frozen bed for the Younger Dryas stage (12 kyr BP ), when ice
streams in Finland had developed.

with relict landforms, and areas to the north and south with
abundant late Weichselian deglacial landforms. From the
east, the proximal part of the Rovaniemi ice stream corridor,
of approximately Younger Dryas age, cuts into the preserved

400:km

Fig. 2. The LGM ice-sheet configuration in Fennoscandia
( slightly modified from Kleman and others (1997) ) and the

outline of the Scandinavian mountain range.
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Fig. 3. Mesoscale distribution of relict landscapes reflecting
Jrozen-bed conditions (shaded areas ). These areas display an
abundance of Early Weichselian glacial landforms ( Lager-
bick, 1988b; Hittstrand, 1998), in many cases with superim-
posed organic sediments of interstadial age (Lagerbick,
1988b; Lagerbdck and Robertsson, 1988).

area. The Kiruna lineation and esker swarm, that can be
traced from the northern Norwegian coast and southwest-
wards over Kiruna, i1s problematic. In contrast to typical
palaeo-ice-stream corridors, a clear convergence-divergence
pattern is lacking and deglacial meltwater traces (eskers and
meltwater channels) are aligned to flow traces for the entire
length of the lineation swarm. We suggest the Kiruna swarm
was not an ice stream in the glaciological sense, but instead
formed incrementally during deglaciation in a sector of the
ice margin where the wet-bed zone reached further up-gla-
cier than in adjacent areas. The smaller areas, with relict
landforms in the northwestern part of the map, are located
on topographic highs. Topography cannot, however, explain
the location of the main preserved area, which is located
where the deglacial ice flow was strongly divergent (Fig. 4).

Regional scale

Figure 5 shows relict surfaces in a 40 X 65 km area in hilly
terrain at the eastern boundary of the mountain range.
The gross morphology of the area is essentially non-glacial,
with rounded summits, gentle slopes and few lakes outside
the main valleys (Kleman and Stroeven, 1997). Fluting and
occasional minor drumlins form a coherent, strongly bend-
ing swarm indicating ice flow towards the northeast. We as-
sign this fluting to the late stages of deglaciation because its
pattern closely mimics the pattern of lateral meltwater
channels in the area. The flow pattern is incompatible with
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Iig. 4. The deglaciation pattern in northern Sweden and Fin-
land. Ages are in calendar years. Chronology is_from Kleman
and Stromberg (in press ). Grey tone shows zone of divergent
wce flow in northern Sweden.

the southeast-to-northwest flow that is inferred to have ex-
isted in the region during the LGM. Relict surfaces showing
no evidence of deglacial fluting occur on most hills reaching
over 800 m. Lee-side scarps (Kleman and Borgstrom, 1994;
Clarhdll and Kleman, 1999), which separate undisturbed
regolith or old till covers at the summits from bare bedrock
and fluted terrain, occur at the distal boundary of a majority
of the relict surfaces. A most striking feature of the map is the
extremely strong topographic control, with relict surfaces
only occurring over a plane dipping very gently in the up-ice
direction. We interpret the fluting to have formed in a narrow
inward-transgressive marginal zone during final deglacia-
tion, and consider the archipelago-like pattern of relict sur-
faces to form a snapshot of the location of frozen-bed areas
during the last deglaciation.

Local scale

Figure 6 shows part of the hilly area covered in Figure 5 in
greater detail. In addition to lee-side scarps, two other types
of boundary landforms are shown. Stoss-side moraines
(Kleman and Borgstrém, 1994) appear to mark inhibited
transport of subglacial material into frozen patches on hill
summits. The alternative explanation, that these moraines
formed as conventional marginal moraines, appears less
likely because no such moraines were found on otherwise
similar hills that were fluted and eroded by the last ice sheet.
We noted that the drift cover is occasionally unusually thick
on the proximal side of the relict surfaces, marking frozen
patches (dark shading in Fig. 6), although the distinctive
stoss-side moraine morphology is lacking.

Topographical control on the location of frozen patches
is very strong also at this scale level, but the boundaries are
irregular. An interesting feature is that the distal bound-
aries, often marked by lee-side scarps, are typically located
higher than the proximal boundaries, and are also often
located at along-flow knickpoints in the hill profiles.
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Fig. 5. Regional-scale patterns of relict surfaces marking
Jrozen-bed conditions. The figure shows relict surfaces in a
40 X 65 km area in hilly terrain at the eastern boundary of
the mountain range. Fluting and occasional minor drumlins
Jorm a coherent, strongly bending swarm indicating ice_flow
towards the northeast. We assign this fluting to late stages of
deglaciation, because its pattern closely mimics the pattern of
lateral meltwater channels in the area and forms a natural
proximal extension to the eskers found further to the northeast.
Relict surfaces showing no evidence of deglacial fluting occur
on most hills reaching over 800 m a.s.l., with an archipelago-
type transition to the completely fluted areas to the east.

DISCUSSION AND CONCLUSIONS

Subglacial landforms cannot be dated directly. However,
some temporal information can be gained through relating
the direction of flow traces to the dispersal-centre shifts that
occurred through the post-maximum stages of the late
Weichselian ice sheet (Kleman and others, 1997), and from
the ice-marginal moraines left by the major ice streams in
Finland (Punkari, 1989) for which chronological constraints
exist. In almost all areas we have investigated, the partial
erasure and destruction of older landforms was caused by
ice flow that, through its directional pattern, can be linked
to the decay phase and in most cases post-Younger Dryas
time (after 12kyrBP). The presence of ubiquitous early
Weichselian landforms, but a complete lack of flow traces
from the east (reflecting the Bothnian Bay-centred LGM
dispersal centre), suggests that northern Sweden had a fully
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Fig. 6. Local-scale patterns of relict surfaces marking frozen-
bed conditions. The figure shows part of the hilly area covered
wn Figure 5 in greater detail. Topographical control on the
location of frozen patches is very strong also at this scale, but
the boundaries are irregular. The distal boundaries of frozen
patches are typically located higher than the proximal bound-
aries and often at along-flow knickpoints in the hill profiles.

frozen bed throughout the LGM and temporally adjacent
phases. We believe that a marginal wet-bed zone trans-
gressed inward around most of the perimeter of the ice sheet
during deglaciation. On topographic highs or where flow
was strongly divergent, this marginal zone was very narrow
or nonexistent. In lower parts of the terrain, or where ice
flow was parallel or convergent, the wet-bed zone was wider
and created a classical deglacial landform assemblage
usually lacking relict elements. Only large pre-existing
landforms, such as very large crag-and-tails (Hattestrand
and others, 1999), survived in those areas. In hilly terrain,
the archipelago-type boundaries between frozen and
thawed bed developed, shown in Figures 5 and 6.
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The role of ice streams

In Figure 1, it is evident that ribbon-like indentations in the
frozen-bed area were caused by the headward propagation
of ice streams that developed in Finland at approximately
Younger-Dryas time. These probably indicate short-lived
rapid flow, which was terminated well before the retreating
ice margin had reached its proximal parts. In contrast to the
clear terrestrial record, conditions in the Baltic and Bothnian
basins, with topography and substratum conditions favour-
able for ice stream development, are poorly known. It islikely
ice streams developed there, but we cannot pinpoint their
exact location.

We have found evidence for three distinct types of
frozen/thawed-bed boundaries (Fig. 7); (1) true ice-stream
corridors cutting into frozen-bed areas. Rapid flow had shut
down well before final deglaciation; (2) wet-bed zone em-
bayments, which in the geomorphological record are seen
as a well-delineated zones of intense lineation development,
but lacking the convergence—divergence pattern of the true
ice-stream corridors. They probably represent the inward
transgression of a marginal wet-bed zone reaching deeper
in the up-glacier direction than in surrounding areas; and
(8) “archipelago-type” boundaries in hilly areas that experi-
enced sheet flow.

Factors controlling location of frozen-bed zones

At the ice-sheet scale, the relict surfaces are most abundant
between the easterly maximum-stage ice divide and the ele-
vation axis of the mountain range. The location of frozen-
bed zones was mainly a function of dispersal-centre
location, (low surface temperatures and small strain heat-
ing) and small ice thickness over the eastern flank of the
mountain range. At the mesoscale (260 x 360 km map area),
the pattern of relict surfaces is governed by inward-cutting
ice-stream erosion. Topographical control on the basal
thermal zonation was weak, but relation to flow pattern
strong, with major frozen-bed zones located where ice flow
was strongly divergent. At the regional scale (40 x 65 km
map area), in hilly terrain, topographical control was
strong, with relict surfaces only appearing over a plane dip-
ping in the up-ice direction. At the local scale (12 x 14 km
map area), overall control by topography was likewise
strong, but the detailed boundary pattern irregular.
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Fig. 7. Three distinct types of frozen/thawed-bed boundaries. Dark grey shows frozen-bed areas, and light grey shows wet-bed areas.
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