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A relict landscape in the centre of Fennoscandian glaciation:
Geomorphological evidence of minimal Quaternary glacial erosion
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Abstract

The Parkajoki area in northeastern Sweden is situated near the central area of Fennoscandian glaciation. Despite its location,
the area is dominated by landforms induced by subaerial weathering and erosion processes, such as well-developed tors and
associated saprolites, boulder fields, and boulder depressions. The glacial geomorphology is dominated by lateral and proglacial
meltwater channels. Subglacial imprints indicative of thawed-bed conditions and reshaping by glacier sliding (e.g., fluting,
drumlins, striae) are lacking. Hence, most of the landscape still exhibits a preglacial appearance. Because of its location, near
the central area of glaciation, we attribute preservation to frozen-bed conditions of overriding ice sheets. The widespread
distribution of well-developed tors and boulder fields, and the degree of chemical weathering of the bedrock, indicate that the
area has been protected from glacial erosion during all glacial cycles since ice sheet initiation in the late Cenozoic. Unlike most
other areas with tors in glaciated regions, the Parkajoki area is uniquely situated in the lowlands at 150—400 m.a.s.l. Moreover,
this relict landscape is surrounded by glacial landscapes (including drumlins, ribbed moraine, and eskers) of varying age and at
similar elevation. Hence, topographical reasons for this area being persistently cold-based cannot be invoked. By inference, we
conclude that strain heat release never managed to cancel the initial subglacial permafrost conditions. We attribute this to
divergent ice flow towards the convex outline of the ice sheet margin during deglaciations and to the relative roughness of the
area compared to its surroundings. The implication is that to explain preservation throughout the Quaternary, all large-scale
glaciations must have had a similar evolution concerning ice sheet configuration and internal dynamics as the last glaciation for
which good constraints on evolution and outline are available. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction years ago)], are now available for most former ice
sheets (e.g., Dyke and Prest, 1987; Kleman et al,,

Reliable reconstructions of ice sheet extent for the 1997; Dyke, 1999; England, 1999). However, esti-

Last Glacial Maximum (LGM) through the Late
Glacial time period [ ~ 20—8 ka (thousand calendar
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mates of LGM ice thickness and volume have varied
widely even for the quite thoroughly studied Lauren-
tide and Fennoscandian ice sheets (e.g., Denton and
Hughes, 1981; Peltier, 1994; Lambeck et al., 1998;
Tarasov and Peltier, 1999).

For General Circulation Modellers, it is pertinent
that the third dimension of ice sheets (thickness) also

0169-555X/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0169-555X(01)00149-0



128 C. Hittestrand, A.P. Stroeven / Geomorphology 44 (2002) 127-143

be specified reliably. The most direct method is by
calculating the ice thickness in time-dependent three-
dimensional thermomechanic model runs for ice mar-
gins of known age. For this procedure to be success-
ful, it is necessary that the subglacial temperature
evolution during the course of a glaciation for the
glaciated region is specified. This type of information
has only recently been emerging for the Laurentide
and Fennoscandian ice sheets (Kleman et al., 1997,
1999). These reconstructions of the subglacial temper-
ature distribution since the LGM show, for example,
that former centres of glaciation, comprising 25—-35%
of the total glaciated area, were cold-based during the
LGM.

In Fennoscandia and North America, the ice sheets
advanced during marine isotope stages 4—2 (70-20
ka) over surfaces with permafrost conditions and,
initially, were characterised by overall cold-based
subglacial conditions (Kleman et al., 1997; Hittes-
trand, 1998). Because ice thickness steadily grew and
effective ice discharge patterns were slowly estab-
lished, warm-based subglacial conditions developed,
especially in the outer parts of the ice sheet. However,
cold-based conditions were maintained throughout the
last glacial cycle in core areas and in high elevation
areas with thin ice (Kleman et al., 1999). The presence
of ribbed moraines can be used to identify parts of the
ice sheet bed that underwent a transition from frozen
to thawed during the deglaciation (Héttestrand, 1997,
1998; Hittestrand and Kleman, 1999). In principle,
these traces reflect the behaviour of the ice sheets
since the LGM. A few ribbed moraine traces at odds
with the last deglaciation ice flow exist (cf. Kleman et
al., 1994), but these older traces are too few and too
far apart to permit reconstructions of pre-LGM sub-
glacial conditions.

Areas of persistent frozen-bed conditions are usu-
ally identified by the presence of relict landforms and
landscapes (e.g., Dyke, 1993; Kleman, 1994; Kleman
and Borgstrom, 1994). Most relict landscapes consist
of older glacial landforms, directionally incompatible
with an inferred younger ice flow (Lagerbdck and
Robertsson, 1988; Dyke et al., 1992; Hittestrand,
1998), or periglacial landforms which require longer
and colder periods of formation than was available
during the Holocene (Lagerbick, 1988a; Kleman and
Borgstrom, 1990; Dyke, 1993). In general, these types
of data reflect basal ice sheet conditions during the

last glaciation or the last stadial. To reconstruct the
subglacial conditions of older ice sheets, we need
complete pre-Late Weichselian glacial landscapes
indicating polythermal basal conditions, including,
for example, ice sheet zones that display only lateral
meltwater channels, which are indicative of cold-
based conditions during a deglaciation (Dyke, 1993;
Sollid and Serbel, 1994), or ribbed moraines. Such
polythermal pre-Late Weichselian landscapes have
seldom been described (e.g., Kleman et al., 1994).

An alternative means of reconstructing subglacial
conditions of consecutive glaciations is to use land-
forms and landscapes formed before the onset of
Quaternary glaciation, and that could not have sur-
vived erosion by warm-based ice flow. The presence
of such landforms and landscapes in formerly glaci-
ated terrain, for example in passive margin mountains
bordering the North Atlantic (e.g., Ahlmann, 1919;
Gjessing, 1967; Sugden and Watts, 1977; Hall and
Sugden, 1987; Rea et al., 1996; Kleman and Stroeven,
1997), delineates areas where the cumulative effect of
Quaternary glaciations has been negligible. However,
it is pertinent that data become available also for areas
other than mountains, which can illuminate the sub-
glacial temperature evolution during periods of ice
sheet growth and for pre-Weichselian glaciations. In
this paper, we present an intact relict landscape,
essentially of preglacial origin, that was preserved
throughout many consecutive Fennoscandian ice sheet
glaciations. The evidence allows constraints to be put
on the basal temperature conditions of pre-LGM ice
sheets for this location.

2. Area description
2.1. Physiography

The Parkajoki area, named after its most prominent
river, measures c. 1450 km? and is situated in north-
eastern Sweden at the Finnish border (Fig. 1). The
bedrock geology of the area is typical of northern
Fennoscandia and consists of Archean/Proterozoic
gneiss bodies with an age of ~ 2.5 Ga. These com-
plexes have been intruded by Proterozoic granite,
granodiorite, diorite, and gabbro at ~ 1.8 Ga (Nord-
kalott Project, 1987). No correlation between bedrock
type and relief can be seen.
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Fig. 1. Geographical and palaeoglaciological setting of the Parkajoki area. The warm-based ice flow patterns and age assignments depicted in (a)
are based on the distribution of warm-based ice flow indicators (Nordkalott Project, 1986b,c; Kleman et al., 1997; Héttestrand, 1998). In this
region, the Weichselian ice sheet was either absent or cold-based during the time periods between these partly warm-based ice flow events. The
two LGM ice flow systems east of the Parkajoki area could not have been formed simultaneously. However, because both are associated with a
very easterly location of the ice divide, both are interpreted to have formed near the LGM (Kleman et al., 1997). LGM ice margin in (b) from

Denton and Hughes (1981).

The relief of northern Sweden, east of the Scandi-
navian mountain chain, consists of vast plains with
residual hills (Rudberg, 1960; Lidmar-Bergstrom,
1995). The plains are arranged in a stepwise manner
along the major rivers and are thought to reflect
changes in the general base level, probably due to
repeated Tertiary uplift leading to polycyclic events of
etching, stripping and pedimentation (Wrak, 1908;
Rudberg, 1954; Lidmar-Bergstrom, 1996).

The Parkajoki area is characterised by a gently
undulating terrain with a typical local relief of 50—
200 m (Figs. 2 and 3). Most hills are more or less
circular with gentle slopes and those that are elon-
gated have no preferred orientation. The drainage
pattern of the Parkajoki area appears to be a palimps-
est of a typical dendritic fluvial drainage pattern (e.g.,
the Parkajoki River; Fig. 2), crosscut by large linear
glaciofluvial canyons.
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Fig. 2. Geomorphological map of the Parkajoki area. The numbered areas refer to the location of Figs. 4a—d, 6 and 7.
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Fig. 3. The gently undulating landscape in central Parkajoki area,
looking east. On the low hill in the central part of the photo is a tor,
also shown in Fig. 4a. The higher hills, which extend above the tree-
limit in the background, are located in Finland, east of the Parkajoki
area.

2.2. Glacial geomorphology and glaciation history

The Parkajoki area was located near the former ice
divide of large late Quaternary Fennoscandian ice
sheets, for example during the LGM (Kleman et al.,
1997). However, more restricted Quaternary glacia-
tions, such as during the early Weichselian (70—110
ka) and during periods of the late Tertiary and the
early Quaternary (>700 ka), were centred over the
elevation axis of the Scandinavian mountain range, c.
200 km west of the Parkajoki area (cf. Porter, 1989;
Kleman and Stroeven, 1997). During many of these
more restricted glaciations, the Parkajoki area was
glaciated as well, but was situated closer to the ice
margin.

Northern Fennoscandia holds an abundance of
subglacial landform systems of varying age and
direction, formed during different parts of the Weich-
selian glaciation (e.g., Kujansuu, 1967; Lagerbick,
1988b; Lagerbdack and Robertsson, 1988; Johansson,
1995; Kleman et al., 1997, Hattestrand, 1998). Three
major glacial landform systems can be identified in
the region around Parkajoki (Fig. 1). The oldest
landform system consists of drumlins, eskers, and
hummocky moraine, formed by ice flow from the
northwest during the early Weichselian (marine iso-
tope stage 5d; Lagerbick and Robertsson, 1988;
Hattestrand, 1998). The early Weichselian drumlins
and hummocky moraine are crosscut by swarms of
drumlins and flutings, indicating an ice flow from the

south and south—southeast (Fig. 1). This system, the
Pajala fan of Kleman (1992), probably indicates LGM
ice flow (Kleman et al., 1997) because it emanated
from the most easterly ice spreading centre of the last
glaciation. The youngest landform system occurs in a
wide but laterally constrained zone from Gillivare
towards the northeast (Héttestrand et al., 1999). This
landform system, formed during the last deglaciation,
consists of drumlins, eskers, and ribbed moraine.
These three landform systems are spatially restricted
and partly crosscut because most of the ice sheet in
this region was frozen to its bed (Héttestrand et al.,
1999; Kleman et al., 1999). Only during relatively
short periods did the ice sheet bed appear to have
thawed in patches to create subglacial landforms.

2.3. Surficial deposits

The Quaternary geology of the Parkajoki area was
studied by Fagerlind (1981). Most of the area is
covered by till. In general, the stratigraphy comprises
several beds of decimetres to a few metres thick till, in
places bracketing sorted sediments. Till fabric analy-
ses reveal fairly weak fabrics and inconsistent direc-
tions for individual till beds. The clasts in the tills
exhibit a wide range of provenance and indicate
glacial transport from surrounding regions with differ-
ent bedrock, although mainly from the northwest. The
tills are sandy to gravely and show an obvious
deficiency of fines (Fagerlind, 1981).

Tills were observed to cover saprolites wherever
they were penetrated by loggings (Nordkalott Project,
1986a). Because the contact between the chemically
weathered and fresh bedrock was never recorded,
observed saprolite thicknesses (1—3-m thick) must
be considered a minimum.

Large areas in the northern part of the Parkajoki
area are covered by sandy sediments, deposited in
extensive ice-dammed lakes during the last deglacia-
tion (Kujansuu, 1967; Fagerlind, 1981). Bedrock out-
crops are very rare in the area (Fagerlind, 1981).

3. Methods and terminology
The geomorphology was mapped by interpretation

of aerial photographs and field-checked in September
1998, August 1999, and September 2000. The aerial
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photographs used were colour infrared photographs at
the scale of 1:60,000 and panchromatic photographs
at the scale of 1:150,000. Using two scales ensured
that both small- and large-scale objects could be
identified. Glacial landforms were easily identified
in aerial photographs because their size is much larger
than the geometric resolution of both image types (2.4
and 4.5 m, respectively). Hence, the quality of the
glacial geomorphological mapping is regarded as
good. Boulder fields and boulder depressions (see
description below) can also be mapped with high
accuracy in colour infrared photographs because they
have a distinctly blue tone, are larger than the reso-
lution limit, and carry a limited canopy cover.

Tors are generally larger than the resolution of the
images. However, because they are usually situated in
forested terrain, many cannot be identified in aerial
photographs. Of the 39 tors or tor-like features found
in the area, only nine were mapped from aerial photo-
graphs. The others were encountered during field
work, during which most hills in the area were visited.

3.1. Glacial landforms

The flow-parallel glacial lineations mapped are
drumlins and flutings. Drumlins constitute large-scale
landforms, while flutings are defined here as striations
superimposed on the land surface topography. Drum-
lins in this area have typical size values; length: 1-2
km, width: 300—400 m, height: 30—40 m. Both
drumlins and flutings are interpreted as indicators of
warm-based subglacial conditions.

Lee-side scarps (Kleman and Borgstrom, 1994;
Clarhdll and Kleman, 1999) are transverse scarps,
located mostly across or just down-ice of hill sum-
mits; where the till sheet is absent and bedrock is
exposed on the lee-side of the scarp. Kleman and
Borgstrom (1994) concluded that these scarps were
diagnostic landforms for a subglacial temperature
change from up-ice frozen to down-ice thawed con-
ditions.

Eskers in the area are generally small, discontin-
uous and winding. A few eskers located in the north-
western sector of the mapped area are larger and
signify typically wet-bed ice flow during deglaciation.
However, the small eskers (mostly only a few metres
high) can likely form under cold-based conditions (cf.
Kleman et al., 1997), as crevasse or channel fills.

The glacial meltwater channels in the area are of
two categories; lateral channels and proglacial chan-
nels. Lateral channels run obliquely to contour lines
and normally occur in series on till covered hillslopes.
They are relatively short (<500 m) and shallow (<10
m). Series of lateral channels are interpreted to be
formed along the ice margin during deglaciation of
cold-based ice sheets (cf. Dyke, 1993; Sollid and
Serbel, 1994). Strictly, series of lateral channels
indicate only that the surface of the glacier was
impermeable (cold). However, because series of lat-
eral channels occur from the summits to the valley
floors, it can be assumed that the ice mass was below
the pressure melting point throughout. The proglacial
channels are located in the lowest parts of the terrain
and are often canyons. In this area, many are excep-
tionally large and well developed (Olvmo, 1989).
Some channels exceed 20 km in length, are 30—40-
m deep, and can be as much as 1-km wide. These
channels may have formed both subglacially and
proglacially. However, because some channels have
outwash fans at their mouths, we support the latter
interpretation and, hence, they neither indicate frozen
nor thawed bed conditions.

3.2. Nonglacial landforms

The nonglacial landforms mapped in this area
include tors, semi-tors, boulder fields, and boulder
depressions. A for is defined here as a bedrock out-
crop exhibiting extensively weathered joints and
which protrudes with vertical faces above its imme-
diate surrounding (Fig. 4). The tors in the Parkajoki
area are typically 4—20 m across, 1—7-m high, and
occur in summit positions in gneiss or slightly gneis-
sic granite bedrock. Grus covers the base of the tors,
which, upon excavation, reveals that vertical cliff
faces and extensively weathered joints extend at least
0.5 m below the ground surface. Transport of the
weathered material away from the tors seems to be
dominated by mass movement, as solifluction lobes
and ploughing boulders are frequent on slopes sur-
rounding the tors. Semi-fors are similar to the tors
except that the outcrops do not fully protrude through
the till, saprolite, or colluvium. Semi-tors occur typ-
ically on the slopes of hills, and show a down-slope
1-3-m vertical cliff-face with weathered joints, but
up-slope are covered by regolith. For cartographic
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Fig. 4. Tors of the Parkajoki area (cf. Fig. 2). (a) Tor about 5-m high and 25-m wide. (b) Semi-tor partly covered by solifluction-transported
sediments. (c) Close-up of a well-developed tor in summit position. (d) Deeply weathered joints. Knife (c. 15-cm long) for scale.

reasons, restricted areas with several individual tors
(or semi-tors) were represented by one tor symbol on
the map (Fig. 2).

Boulder fields are surfaces where boulders com-
pletely cover the underlying material (Dahl, 1966;
White, 1976; Kleman and Borgstrom, 1990; Rea et
al., 1996). In the Parkajoki area, they range from 10 to
200 m across and are usually located around or on hill
crests. The boulder fields comprise in situ frost-
shattered bedrock (especially when in summit posi-
tions), talus slopes, and possibly aggregations of core
stones, exhumed from a saprolite cover by slope,
fluvial, and periglacial processes.

Boulder depressions are local topographic lows,
where the surface is completely covered by boulders,
and exhibits a characteristic flat appearance (Lund-
qvist, 1951; Kleman and Borgstrdm, 1990; Haittes-
trand, 1994). They are formed by frost-sorting of
diamict parent material, usually till, in positions near
the ground-water table (e.g., Lundqvist and Hjelmqv-

ist, 1937; Lundqvist, 1962). This process creates a top
layer of boulders and results in a decreasing grain size
with depth down to c¢. 1.5—-2 m. Boulder depressions
are fairly common features in Fennoscandia but most
appear to be inactive today (e.g., S6derman, 1982).
The size of the boulder depressions in the Parkajoki
area generally ranges from 10 to 300 m across.

4. Distribution of landforms and landscape
zonation

4.1. Glacial landforms

Glacial landforms occur throughout the area,
although with a highly selective distribution. In gen-
eral, subglacial landforms (drumlins, flutings, eskers)
are confined to the southern and northern sector,
whereas glacial meltwater channels dominate in the
central section (Fig. 2). From the directional character-
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Fig. 5. Glacial landform systems in the area. The ages of the glacial landforms systems are based on the directions of, and cross-cutting
relationships between, individual glacial landforms and their relation to known glacial ice flow systems shown in Fig. 1. For symbol legend, see
Fig. 2. Based on the distribution of the subglacial landforms in (a)—(c), the area is divided into subareas (d), showing zones where basal melting
and subglacial erosion was present during at least some period of time during the three stages indicated, and a central nonglacial zone. Note that
this nonglacial zone is delineated by the absence of subglacial landforms and not by the distribution of nonglacial landforms.
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istics of the glacial landforms, three glacial landform
systems, formed during different events, can readily be
distinguished, and there is a clear tendency towards
specific landform assemblages for each ice flow event
(Fig. 5a—c).

Flutings are widespread in the northern sector of
the area. These flutings can be separated into two
systems, indicating ice flow from SSW and WSW,
respectively. Wherever these two systems crosscut (at
a ~ 45° angle), the SSW system is the oldest. There
are also meltwater landforms indicating ice flow from
the SW sector; such as eskers, numerous series of
lateral meltwater channels and some large pro-glacial
channels.

A third system, formed by ice flow from the NW,
consists of large (1 —3-km long) drumlins, often with a
clear crag-and-tail shape indicating ice flow direction,
and a few slightly fragmented eskers. These subglacial
landforms are widespread in the southern part of the
area. In addition, glacial meltwater channels indicat-
ing ice flow from the NW sector occur throughout the
area. These channels consist of both lateral channel
series and large pro-glacial channels.

All three landform systems in the Parkajoki area
are well documented in neighbouring areas of north-
ern Fennoscandia, where their absolute age is rela-
tively well established (cf. Fig. 1 and Section 2.2).
Hence, we can use existing chronologies to put

tentative ages to the ice flow events creating these
glacial landform systems.

The NW-system (Figs. 1 and 5a) is an integral part
of the extensive early Weichselian NW-landscape
covering large parts of northern Sweden. This NW-
ice flow event formed the large drumlins and eskers in
the southern sector of the area under warm-based
conditions. The central and northern sectors of the
area appear to have been deglaciated under cold-based
conditions during this event because there are com-
patible NW-oriented lateral and proglacial meltwater
channels. The intermediate ice flow event creating the
SSW-system (Figs. 1 and 5b) is of inferred LGM age
and is solely represented by small-scale flutings and
lee-side scarps.

The youngest flow event, creating the WSW-sys-
tem, is aligned with the late Weichselian deglaciation
(Figs. 1 and 5c) and is represented particularly by
small-scale flutings, but also by lateral and proglacial
channels, and a prominent SW—NE oriented esker
system. The central part of the area also displays a few
small and winding eskers of inferred last deglaciation
age.

The proglacial meltwater channels may have been
used more than once. This is because once formed,
they constitute natural lows in the terrain, where
proglacial meltwater of each deglaciation added to
channel incision and widening. Some channels are

Fig. 6. Stereogram of a lee-side scarp on Mt. Palo-Marjavaara (432 m.a.s.l), formed during the LGM-ice flow event. Ice flow was from SSW and
the scarp (saw-toothed line) is oriented transverse to that ice flow, right across the hill summit. The two light-grey areas in the centre of the photo
are exposed bedrock, other parts are forest-covered till (dark) or peat bogs (greyish-white). Note also the small-scale fluting down-ice of the

scarp (thin black lines). North to the top. For location, see Fig. 2.
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therefore assigned to both the early and late Weichse-
lian deglaciations.

From the distribution of subglacial landforms indi-
cative of warm-based conditions (drumlins, flutings,
and large eskers, in Fig. 5a—c), it was possible to
divide the Parkajoki area in zones that are dominated
by one particular ice flow event or by no ice flow
event at all (Fig. 5d).

Three lee-side scarps were found in the Parkajoki
area (Fig. 2). They seem to be associated with the
SSW—NNE-trending LGM-ice flow because they are
oriented transverse (WNW—ESE) to this ice flow
direction. The two scarps in the north are largest, about
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1 km in length (Fig. 6), while the third, at Manalainen
hill, is considerably smaller (Fig. 7). At Manalainen,
semi-tors are located both on the up-ice (stoss-) and the
down-ice (lee-)side of the hill summit (Fig. 7a). Bed-
rock is widely exposed on the lee-side of the scarp in-
between the tors. Angular and rectilinear boulders are
scattered over the exposed bedrock surface of the
summit area and occur predominantly in association
with (and just down-ice of) small steps in the horizon-
tal unloading joints of the bedrock (Fig. 7b). The semi-
tors are characterised by degraded bedrock knobs with
extensively weathered joints and are surrounded by
rounded or spherical boulders (Fig. 7c).

Fig. 7. (a) Geomorphology of the hill Manalainen. (b) Photograph of the exposed bedrock in the front and the lee-side scarp denoted by the
forest limit in the background. Note the angular boulders. Photograph taken from “b” towards the south. (c) Photograph of a semi-tor with
deeply weathered joints and rounded boulders to the south of the lee-side scarp. Photograph taken from “c”” towards the north. (d) Profile across
Manalainen, roughly parallel with the LGM ice flow direction. Note that the glacially eroded exposed bedrock area (shaded) is located near the

hill summit while the semi-tors are located on the flanks of the hill.
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4.2. Nonglacial landforms

Nonglacial landforms predominantly occur in the
zone that lacks signs of wet-bed ice flow in the central
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Parkajoki area (Fig. 5d) although the different types of
landforms have slightly differing distributions (Fig. 8,
Table 1). In total, 17 tors and 22 semi-tors were
mapped, which is the largest concentration of tors in
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Fig. 8. Distribution of weathering-and periglacial landforms with respect to the subglacial zones outlined in Fig. 5d, where d is the surface

density (d=n/A) of a particular landform in each zone (Table 1).
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Table 1
Number (n), percentage, and surface density (d) of nonglacial landforms in given landscape zones (Figs. 5d and 8)
Zone® Area (4) Tors Boulder fields Boulder depressions

km? Percentage n Percentage d (n/d) n Percentage d (n/A) n Percentage d (n/A)
LGM+D 203 14 0 0 0.00 8 1 0.04 8 3 0.04
D 203 14 0 0 0.00 21 3 0.10 9 3 0.04
NG 769 53 38 97 0.05 669 88 0.87 231 75 0.30
EW 275 19 1 3 0.00 62 8 0.23 58 19 0.21
Total area 1450 - 39 - 0.03 760 - 0.52 306 - 0.21

# LGM—Last Glacial Maximum; D—Deglaciation; NG—Nonglacial; EW—Early Weichselian.

Sweden. The tors are found exclusively within the
nonglacial zone, except for the southwesternmost tor,
which is situated on the border to the early Weichse-
lian zone. Boulder fields are most common in the
nonglacial zone but occur (less frequently) also in the
early Weichselian zone. Only a few boulder fields are
located in the deglaciation zone, which are talus
deposits below bedrock walls of proglacial canyons
formed during the last deglaciation. Boulder depres-
sions occur equally frequently in the nonglacial zone
and the early Weichselian zone. Again, a few boulder
depressions occur in the deglaciation zone.

The selective distribution of the nonglacial land-
forms (Fig. 8, Table 1) allows some constraints to be
advanced regarding their age of formation. This is
because variables other than time since subglacial
erosion, such as bedrock geology, topography, and
elevation, vary insignificantly over the Parkajoki area.
Hence, time since glacial erosion is the only variable
that can account for the observed selective spatial
distribution.

Tors are located almost exclusively in the non-
glacial zone. The implication is that the tors predate
the oldest recorded ice flow in the area because they
are not resistant to glacial erosion. That is, they must
be older than the early Weichselian.

The predominant occurrence of boulder fields in
the nonglacial zone, and to some extent in the early
Weichselian zone (Table 1), indicate that most have an
early or pre-Weichselian age. A few boulder fields
occur in the deglaciation zone and, hence, must have
formed since the last deglaciation. However, these are
exclusively talus forms. In contrast, the boulder fields
in the early Weichselian zone contain also those
derived from frost-shattered bedrock, and those in

the nonglacial zone in addition include those exhumed
from saprolites. The boulder fields of these latter
origins seem to have required longer time for forma-
tion and/or demanded a more severe climate than
occurred during the Holocene.

The equal density of boulder depressions in both
the nonglacial and the early Weichselian zones (Table
1) indicates that the Weichselian interstadials had a
climate that was favourable enough, and was of
sufficient duration, to account for all the boulder
depressions. However, the boulder depressions within
the nonglacial zone may have been in existence
already at the onset of the Weichselian glaciation. It
also seems that the formation of boulder depressions
is a “finite” process. That is, once a number of
boulder depressions have formed in an area, longer
time of favourable formative conditions does not
produce more boulder depressions. If so, one would
expect more boulder depressions in the nonglacial
zone compared with the early Weichselian zone. The
implication is that the formation of boulder depres-
sions halted because of other restrictions, such as lack
of favourable locations (all depressions already filled-
up), or exhaustion of boulders in the parent material.
The “finite” formation of boulder depressions con-
trasts to the formation of boulder fields, which appears
to be a much longer process where time is the
constraining factor.

5. Discussion
The presence of tors in formerly glaciated terrain is

not unique for this particular area. There are many
examples of well-developed tors in formerly glaciated
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areas, such as in Fennoscandia (Kaitanen, 1969), on
the British Isles (Sugden, 1970; Ballantyne, 1994), in
Canada (Sugden and Watts, 1977), and in Greenland
(Sugden, 1974). However, in contrast to the Parkajoki
area, these other tor areas are located in high-relief
terrain. In mountainous regions, a polythermal ice
sheet has a tendency to establish cold-based zones
over high ground, thus preserving high-elevation
landscapes, and warm-based erosional zones in topo-
graphical lows, where the ice is thickest (e.g., Sugden,
1974; Glasser, 1995; Stroeven and Kleman, 1999,
Nislund et al., 2000). This subglacial thermal zona-
tion is stable, almost regardless of ice sheet size and
configuration (Kleman and Stroeven, 1997) because
the ice sheet is thickest and flows fastest through
valleys, optimising the conditions for pressure melting
of ice.

However, because the Parkajoki area is situated in
lowland terrain, other reasons for landscape preserva-
tion must be sought. Very low ice flow velocities
underneath ice divide positions could favour landform
preservation, even under warm-based ice sheets.
However, for the Parkajoki area, this explanation does
not hold because over the course of a single glacial
cycle, this region will have experienced a range of ice
flow conditions; from ice marginal conditions during
ice sheet advance and retreat to ice divide conditions
at the time of maximum glaciation. Hence, it appears
that sustained frozen-bed conditions after initial for-
mation of the tors is the only reasonable explanation
for their preservation.

The basal temperature of ice sheets is a function of
several parameters, of which the most important are
ice thickness (basal topography), ice surface temper-
ature and accumulation rate, geothermal heat flux, and
strain heat release from ice deformation (e.g., Sugden,
1974; Robin, 1977). Of these, only strain heat and
basal topography have the ability to vary significantly
within a limited area such as within the Parkajoki area
or between this area and its nearest surroundings. For
example, in high-relief areas with tors, these two
parameters combine to yield cold-based conditions
and, hence, preservation at high elevations in the land-
scape. However, in the Parkajoki area, basal topogra-
phy is probably not the key condition controlling the
distribution of cold-based zones. For example, the
Parkajoki area is lower in elevation than the neighbour-
ing area to the northwest. Yet, only the latter (higher)

area was reshaped by warm-based ice flow during the
last deglaciation (Fig. 1). Also within the Parkajoki
area, one can argue that the outline of the preserved
nonglacial zone has no consistent relation to topogra-
phy (Fig. 2). This is because the nonglacial zone is
higher in elevation than the southern early Weichselian
zone but lower in elevation than the northwestern
deglaciation and LGM zones (Figs. 2 and 5d).

The lee-side scarp erosion at Manalainen (Fig. 7)
illustrates that the distribution of thermal zones at the
ice sheet bed was more complicated than the conven-
tional view of cold-based summits and warm-based
depressions (e.g., Hughes, 1981) also on a local scale.
The preservation of semi-tors at lower elevation (Fig.
7d) indicates that pressure melting and refreezing
occurred only at the summit but not lower down.
These reversed conditions remain to be explained
properly but we expect that strain heating around
the summit was decisively important. In general, the
subglacial temperature regime across the area was
such that the ice sheet was frozen to the substrate.
However, during the LGM, and possibly during ear-
lier glaciations with a similar configuration, the sub-
glacial temperature regime across the Parkajoki area
was probably close to the pressure melting point. This
is a reasonable assumption because warm-based LGM
ice flow affected the Parkajoki area in its northwestern
sector (Fig. 5b), and because the LGM Pajala fan wet-
bed flow traces nudge the area to the southeast (Fig.
1). If true, local pressure melting could occur given an
additional source of heat. Because, as argued above,
basal topography was insufficient to establish the
conventional subglacial temperature distribution, only
strain heat release from ice deformation could have
been this source. This effect increases with the volume
of the object it flows across and increases in the down-
ice flow direction across the stoss-side towards the
crest, and the effect is predictably the largest right at
the summit. We argue that at Manalainen, it was only
at the summit that the added heat was able to raise the
subglacial temperature to the pressure melting point
and generate meltwater. However, a very short dis-
tance down-ice from the summit, the pressure drop-
ped, resulting in refreezing of water and plucking of
regolith and slightly weathered-bedrock with closely
spaced joints. Hence, the upper jointed part of the
relatively fresh bedrock and angular boulders became
exposed (Fig. 7b).
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In analogy with the example from Manalainen, and
given that local and regional basal topographies are
not clearly related to the distribution of cold-based
areas, we infer that variations in strain heat release
from ice deformation are decisively important. Hence,
it appears that the preservation of the nonglacial
landscape in the Parkajoki area was due to regionally
low values of strain heating. Kleman et al. (1999)
suggested that the key explanation for the distribution
of large cold-based areas in this part of northeastern
Sweden during the last deglaciation was the location
of areas with divergent ice flow. In surrounding areas,
where warm-based conditions prevailed, ice flow was
parallel or slightly convergent. Divergent ice flow
results in decelerating ice flow velocities and, hence,
decreasing values of strain heat release at the ice sheet
base. We concur with Kleman et al. (1999) concerning
the importance of divergent ice flow in maintaining
subglacial freezing conditions, and infer that this also
holds true for the preservation of the nonglacial land-
forms in the Parkajoki area during the last deglacia-
tion. In addition, small-scale variations in strain heat
release were probably responsible for small-scale
differences in thermal conditions (e.g., Manalainen).

In contrast to the divergent deglaciation ice flow in
this region, strictly parallel ice flow prevailed during
the early Weichselian (Fig. 1). Hence, explanations
other than “low strain heat due to divergence” must be
sought for the location of cold-based conditions in the
Parkajoki area during this ice flow event. We attribute
this pattern of cold-based and warm-based regions to
the amount of relief obstructing basal ice flow. To the
southeast, south, and southwest of the Parkajoki area,
early Weichselian ice flow was across a plain with
residual hills. Here, basal ice flow encountered less
topographical roughness, which promoted faster ice
flow and warm-based conditions. Once sliding oc-
curred on either side of the study area, a slightly diver-
gent ice flow towards these areas of faster flow would
have kept the Parkajoki area frozen to its substrate.

The following questions need to be addressed when
exploring the potential age of this landscape with tors
and boulder fields and, hence, how long this landscape
escaped glacial erosion due to frozen-bed conditions of
overriding ice sheets prior to the Weichselian:

1. How was the nonglacial landscape formed
(particularly the tors)?

2. When did the erosion/exhumation of the
saprolite from the tors occur?
3. How long did it take to produce these tors?

The presence of saprolite beneath till (Nordkalott
Project, 1986a) and in situ weathered materials sur-
rounding the subsurface root of the tors, indicate that
the tors in this area were developed by chemical deep-
weathering of the bedrock, followed by stripping and
exhumation of the weathering front (Thomas, 1994).
We dismiss subaerial weathering formation processes
by frost-shattering or grain-by-grain disintegration of
the bedrock (Palmer and Neilson, 1962). This is
because such processes would produce angular debris
around the tors. In contrast, rounded boulders occur
ubiquitously and tor outcrops themselves are rounded
rather than angular. In addition, the tors exhibit
weathered joints that occur below the ground surface.
These could not have formed by subaerial weathering
processes.

An assessment of the minimum age of the tors is
gained from a comparison of the tor-height (hence,
weathering depth) with known rates of bedrock weath-
ering. Considering the ~ 10 m relief of the tors in the
Parkajoki area, we estimate that a comparable amount
of weathering and subsequent saprolite removal would
be required. Estimated deep-weathering rates in trop-
ical and subtropical environments range between 2 and
48 m/10° years (see Thomas, 1994). Bedrock weath-
ering rates for northern Fennoscandia during the late
Tertiary and the Quaternary were likely in the lower
part of that range. A hypothetical rate of 10 m/10°
years would thus yield a minimum time of 10° years
for the formation of the weathering features in the
Parkajoki area. Even an unrealistically high rate of 48
m/10° years yields a minimum of 200,000 years of
weathering. Because chemical deep-weathering could
occur only during ice-free conditions in interglacials
and interstadials, the time periods with ice cover must
be added to get an age of the initiation of the tor
formation. An estimate of the time of ice cover in
northern Sweden based on marine oxygen isotope data
was given by Kleman and Stroeven (1997). Following
this, we estimate that the Parkajoki area was covered
by ice during 60—80% of the last 700,000 years and
during 40—50% of the time before 700 ka in the early
Quaternary. The strength of these figures (however
crude) is to convey the message that the formation of



C. Hittestrand, A.P. Stroeven / Geomorphology 44 (2002) 127-143 141

the tors in the Parkajoki area took, at the very least, all
of the Quaternary.

If the Holocene climate can be regarded represen-
tative for other Quaternary ice-free periods, then
Holocene weathering rates can help in evaluating
the total Quaternary weathering that has occurred.
Observations by the authors of thousands of striated
outcrops in Sweden yield that Holocene surface
weathering rates on exposed granite outcrops gener-
ally amounts to less than 20 mm (equivalent to 2 m/
10° years). Striated outcrops recently exposed in
gravel pits and road sections have rarely (if ever)
weathering imprints. The implication is that Quater-
nary deep-weathering was insignificant. More prob-
ably, the deep-weathering dates to the late Tertiary, as
suggested by Lidmar-Bergstrom et al. (1997). In
summary, we argue that the chemical deep-weathering
of the bedrock is preglacial and, hence, that the
erosional effect of Quaternary glaciations was negli-
gible due to cold-bed conditions.

The conclusion of persistent cold-based conditions
in the Parkajoki area throughout the Quaternary
appears at odds with the presence of tills in the area.

However, a till sheet in general is not by necessity
evidence of former warm-based conditions. The tills
in the Parkajoki area may be of a melt-out origin; for
example as a supraglacial ablation till. This interpre-
tation is supported by the deficiency of fines, the weak
and inconsistent fabrics, and the lack of subglacially
formed landforms in the till. If true, the presence of till
is compatible with the observation of preserved tors in
the area and, hence, is consistent with cold-based
deglaciations across this region.

The most likely explanation for persistent cold-
based conditions during the entire history of late
Cenozoic glaciation is that consecutive ice sheets
must have had essentially similar evolution patterns
(Fig. 9). These would be comparable to the patterns
that occurred during the last glaciation: (i) mountain-
centred ice sheets (e.g., early Weichselian) with per-
sistent and pervasive flow from the northwest. We
infer that the Parkajoki area remained cold-based
during these configurations because it displayed a
rougher terrain, retarding ice flow relative to sur-
rounding areas in the southern sector, which drained
ice more effectively; (ii) continental ice sheets (e.g.,

Average Quaternary
mountain centred
ice sheets

Fennoscandian ice sheets
- Maximum stages

Fennoscandian ice sheets
- Deglaciation stages

Cold based and landscape

and bed roughness
ice divide

Cold based and landscape
preservation by topography | preservation due to cold ice | preservation by divergent

advection close to the

Cold based and landscape

ice flow

Fig. 9. Palaeoglaciological parameters controlling landscape preservation in the Parkajoki area (black box) during different glaciation modes. Ice
sheet configurations with inferred ice divide positions (broken grey line) and ice flow lines from Kleman et al. (1997).
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LGM) with generally cold-based conditions, because
of initial permafrost and cold ice advection in near-ice
divide positions; and (iii) ice sheet retreat (e.g., last
deglaciation) with cold-based conditions due to diver-
gent ice flow towards the convex margin.

6. Conclusions

The Parkajoki area displays a nonglacial morphol-
ogy, including tors and extensive boulder fields, that
appears to have escaped glacial erosion throughout, at
least, the Quaternary. We argue that all overriding ice
sheets were nonerosive due to cold-based subglacial
conditions over this area. For the last glacial cycle,
these conditions can be related to specific ice sheet
configurations, with respect to margin outline and ice
divide position, and we suggest that most Plio—
Pleistocene ice sheets had similar evolution patterns
and, therefore, similar basal thermal conditions. We
also show that for restricted regions, it is possible to
delineate the distribution of cold- and warm-based
zones for pre-LGM polythermal ice sheets.

Acknowledgements

This work was funded by grants from the Swedish
Natural Science Research Council (Grant numbers GU
12410-300/GU 12034-301), Carl Mannerfelts Fund,
Swedish Society for Anthropology and Geography, and
Ahlmanns Fund. We want to thank Michael Thomas,
Johan Kleman, Karna Lidmar-Bergstrom, Jens-Ove
Néslund, Gunhild Rosqvist, and one anonymous
referee for constructive comments on the manuscript,
and Ola Fredin for fieldwork assistance.

References

Ahlmann, H.W., 1919. Geomorphological studies in Norway. Geo-
grafiska Annaler 1, 1—148.

Ballantyne, C.K., 1994. Scottish landform examples— 10. The tors
of the Cairngorms. Scottish Geographical Magazine 110, 54—59.

Clarhill, A., Kleman, J., 1999. Distribution and glaciological im-
plications of relict surfaces on the Ultevis plateau, northwestern
Sweden. Annals of Glaciology 28, 202—208.

Dahl, R., 1966. Blockfields, weathering pits and tor-like forms in
Narvik mountains, Norway. Geografiska Annaler 48A, 55-85.

Denton, G.H., Hughes, T.J. (Eds.), 1981. The Last Great Ice Sheets.
Wiley-Interscience, New York.

Dyke, A.S., 1993. Landscapes of cold-centered late Wisconsinan
ice caps, Arctic Canada. Progress in Physical Geography 17,
223-247.

Dyke, A.S., 1999. Last glacial maximum and deglaciation of Devon
Island, Arctic Canada: support for an Innuitian ice sheet. Qua-
ternary Science Reviews 18, 393—420.

Dyke, A.S., Prest, K., 1987. Late Wisconsinan and Holocene history
of the Laurentide Ice Sheet. Géographie Physique et Quaternaire
41, 237-263.

Dyke, A.S., Morris, T.F., Green, D.E.C., England, J., 1992. Quater-
nary geology of Prince of Wales Island, Arctic Canada. Geo-
logical Survey of Canada, Memoir 433, 1-42.

England, J., 1999. Coalescent Greenland and Innuitian ice during
the Last Glacial Maximum: revising the Quaternary of the Cana-
dian High Arctic. Quaternary Science Reviews 18, 421-456.

Fagerlind, T., 1981. Glacial development in the Pajala district of
northern Sweden. Sveriges Geologiska Undersokning Ba 27,
1-85.

Gjessing, J., 1967. Norways paleic surface. Norsk Geografisk Tids-
skrift 21, 69—132.

Glasser, N.F., 1995. Modeling the effect of topography on ice sheet
erosion, Scotland. Geografiska Annaler 77A, 67—-82.

Hall, A.M., Sugden, D.E., 1987. Limited modification of mid-lat-
itude landscapes by ice sheets: the case of northern Scotland.
Earth Surface Processes and Landforms 12, 531-542.

Hattestrand, C., 1994. Boulder depressions in central Sweden—
remnants of a pre-late Weichselian landscape? Geografiska An-
naler 76A, 153-160.

Hittestrand, C., 1997. Ribbed moraines in Sweden—distribution
pattern and paleoglaciological implications. Sedimentary Geol-
ogy 111, 41-56.

Hittestrand, C., 1998. The glacial geomorphology of central and
northern Sweden. Sveriges Geologiska Undersokning Ca 85,
1-47.

Hittestrand, C., Kleman, J., 1999. Ribbed moraine formation. Qua-
ternary Science Reviews 18, 43—-61.

Hittestrand, C., Goodwillie, D., Kleman, J., 1999. Size distribution
of two cross-cutting drumlin systems in northern Sweden: a
measure of selective erosion and formation time length. Annals
of Glaciology 28, 146—152.

Hughes, T.J., 1981. Numerical reconstruction of paleo-ice sheets.
In: Denton, G.H., Hughes, T.J. (Eds.), The Last Great Ice
Sheets. Wiley, New York, pp. 211-261.

Johansson, P., 1995. The deglaciation in the eastern part of the
Weichselian ice divide in western Finnish Lapland. Geological
Survey of Finland Bulletin 393, 1-72.

Kaitanen, V., 1969. A geographical study of the morphogenesis of
northern Lapland. Fennia 99, 1-85.

Kleman, J., 1992. The palimpsest glacial landscape in northwestern
Sweden—Late Weichselian deglaciation landforms and traces of
older west-centered ice sheets. Geografiska Annaler 74A, 305—
325.

Kleman, J., 1994. Preservation of landforms under ice sheets and ice
caps. Geomorphology 9, 19-32.

Kleman, J., Borgstrom, 1., 1990. The boulder fields of Mt. Fulufjal-



C. Hdttestrand, A.P. Stroeven / Geomorphology 44 (2002) 127-143 143

let, west-central Sweden—Late Weichselian boulder blankets
and interstadial periglacial phenomena. Geografiska Annaler
72A, 63-78.

Kleman, J., Borgstrom, I., 1994. Glacial land forms indicative of a
partly frozen bed. Journal of Glaciology 40, 255—264.

Kleman, J., Stroeven, A.P., 1997. Preglacial surface remnants and
Quaternary glacial regimes in northwestern Sweden. Geomor-
phology 19, 35-54.

Kleman, J., Borgstrom, I., Héttestrand, C., 1994. Evidence for a
relict glacial landscape in Quebec—Labrador. Palacogeography,
Palaeoclimatology, Palacoecology 111, 217—-228.

Kleman, J., Hattestrand, C., Borgstrom, 1., Stroeven, A.P., 1997.
Fennoscandian paleoglaciology reconstructed using a glacial
geological inversion model. Journal of Glaciology 43, 283 -299.

Kleman, J., Héttestrand, C., Clarhdll, A., 1999. Zooming in on
frozen-bed patches—scale-dependent controls on Fennoscan-
dian Ice Sheet basal thermal zonation. Annals of Glaciology
28, 189—194.

Kujansuu, R., 1967. On the deglaciation of western Finnish Lap-
land. Bulletin de la Commission Géologique de Finlande 232,
1-98.

Lagerbéck, R., 1988a. Periglacial phenomena in the wooded areas
of north Sweden—relicts from the Tarendo Interstadial. Boreas
17, 487—-499.

Lagerback, R., 1988b. The Veiki moraines in northern Sweden—
widespread evidence of an early Weichselian deglaciation. Bor-
eas 17, 469—-486.

Lagerbick, R., Robertsson, A.-M., 1988. Kettle holes—stratigraph-
ical archives for Weichselian geology and palacoenvironment in
northernmost Sweden. Boreas 17, 439—468.

Lambeck, K., Smither, C., Johnston, P., 1998. Sea-level change,
glacial rebound and mantle viscosity for northern Europe. Geo-
physical Journal International 134, 102—144.

Lidmar-Bergstrom, K., 1995. Relief and saprolites through time on
the Baltic Shield. Geomorphology 12, 45—61.

Lidmar-Bergstrom, K., 1996. Long term morphotectonic evolution
in Sweden. Geomorphology 16, 33—59.

Lidmar-Bergstrom, K., Olsson, S., Olvmo, M., 1997. Palaecosurfaces
and associated saprolites in southern Sweden. In: Widdowson,
M. (Ed.), Palacosurfaces: Recognition, Reconstruction and Pa-
laeoenvironmental Interpretation. Geological Society Special
Publication, Geological Society, London, pp. 95—124.

Lundqvist, G., 1951. Blocksédnkor och nagra andra frostfenomen.
Geologiska Foreningens i Stockholm Forhandlingar 73, 504—
511.

Lundqvist, J., 1962. Patterned ground and related frost phenomena
in Sweden. Sveriges Geologiska Undersoekning C 583, 1-101.

Lundqvist, G., Hjelmqvist, S., 1937. Beskrivning till kartbladet
Smedjebacken. Sveriges Geologiska Undersokning Aa 181,
1-129.

Nislund, J.O., Fastook, J.L, Holmlund, P., 2000. Numerical mod-
elling of the ice sheet in western Dronning Maud Land, East
Antarctica—impacts of present, past, and future climates. Jour-
nal of Glaciology 152, 54—66.

Nordkalott Project, 1986a. Map of Quaternary Geology, sheet 4:
Quaternary stratigraphy, Northern Fennoscandia, 1:1 mill. Geo-
logical Surveys of Finland, Norway and Sweden.

Nordkalott Project, 1986b. Map of Quaternary Geology, sheet 2:
Glacial geomorphology and paleohydrology, Northern Fenno-
scandia, 1:1 mill. Geological Surveys of Finland, Norway and
Sweden.

Nordkalott Project, 1986c. Map of Quaternary Geology, sheet 3, Ice
Flow Indicators, Northern Fennoscandia, 1:1 mill. Geological
Surveys of Finland, Norway and Sweden.

Nordkalott Project, 1987. Geological map, 1:1 mill. Geological
Surveys of Finland, Norway and Sweden.

Olvmo, M., 1989. Meltwater canyons in Sweden—a study of can-
yons of the “kursu”-, “skura”- and “grav”’-type. Department of
Physical Geography, Gothenburg University, Report 27, 134 pp.

Palmer, J.A., Neilson, R.A., 1962. The origin of granite tors on
Dartmoor, Devonshire. Proceedings of the Yorkshire Geological
Society 33, 315-339.

Peltier, W.R., 1994. Ice age paleotopography. Science 265, 195—
201.

Porter, S.C., 1989. Some geological implications of average Qua-
ternary glacial conditions. Quaternary Research 32, 245-261.

Rea, B.R., Whalley, W.B., Rainey, M.M., Gordon, J.E., 1996.
Blockfields, old or new? Evidence and implications from some
plateaus in northern Norway. Geomorphology 15, 109—121.

Robin, G.deQ. (Ed.), 1977. The Climatic Record in Polar Ice
Sheets. Cambridge Univ. Press, Cambridge.

Rudberg, S., 1954. Visterbottens geomorfologi. Geographica 25,
1-457.

Rudberg, S., 1960. Geology and morphology. In: Semme, A. (Ed.),
A Geography of Norden. Cappelens, Oslo, pp. 27—40.

Soderman, G., 1982. Sédra Finlands blocksénkor. Geografisk Tids-
skrift 82, 77—-81.

Sollid, J.L., Serbel, L., 1994. Distribution of glacial landforms in
southern Norway in relation to the thermal regime of the last
continental ice sheet. Geografiska Annaler 76A, 25-35.

Stroeven, A.P., Kleman, J., 1999. Age of Sirius Group on Mount
Feather, McMurdo Dry Valleys, Antarctica, based on glaciolog-
ical inferences from the overridden mountain range of Scandi-
navia. Global and Planetary Change 23, 231-247.

Sugden, D.E., 1970. Landforms of deglaciation in Cairngorm
mountains, Scotland. Institute of British Geographers Transac-
tions 51, 201-219.

Sugden, D.E., 1974. Landscapes of glacial erosion in Greenland and
their relationship to ice, topographic and bedrock conditions.
Institute of British Geographers Special Publication 7, 177—
195.

Sugden, D.E., Watts, S.H., 1977. Tors, felsenmeer, and glaciation in
northern Cumberland Peninsula, Baffin Island. Canadian Jour-
nal of Earth Sciences 14, 2817-2823.

Tarasov, L., Peltier, W.R., 1999. Impact of thermomechanical ice
sheet coupling on a model of the 100 kyr ice age cycle. Journal
of Geophysical Research, [Atmospheres] 104, 9517—-9545.

Thomas, M., 1994. Geomorphology in the Tropics. A Study of
Weathering and Denudation in Low Latitudes. Wiley, Chiches-
ter, 472 pp.

White, S.E., 1976. Rock glaciers and block fields, review and new
data. Quaternary Research 6, 77—97.

Wrak, W., 1908. Bidrag till Skandinaviens reliefkronologi. Ymer
28, 141-191.



	A relict landscape in the centre of Fennoscandian glaciation: Geomorphological evidence of minimal Quaternary glacial erosion
	Introduction
	Area description
	Physiography
	Glacial geomorphology and glaciation history
	Surficial deposits

	Methods and terminology
	Glacial landforms
	Nonglacial landforms

	Distribution of landforms and landscape zonation
	Glacial landforms
	Nonglacial landforms

	Discussion
	Conclusions
	Acknowledgements
	References


