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Abstract

Mountain centered glaciers have played a major role throughout the last three million years in the Scandinavian moun-
tains. The climatic extremes, like the present warm interglacial or cold glacial maxima, are very short-lived compared to 
the periods of intermediate climate conditions, characterized by the persistence of mountain based glaciers and ice fi elds 
of regional size. These have persisted in the Scandinavian mountains for about 65% of the Quaternary. Mountain based 
glaciers thus had a profound impact on large-scale geomorphology, which is manifested in large-scale glacial landforms 
such as fjords, glacial lakes and U-shaped valleys in and close to the mountain range. 

Through a mapping of glacial landforms in the northern Scandinavian mountain range, in particular a striking set of 
lateral moraines, this thesis offers new insights into Weichselian stages predating the last glacial maximum. The aerial 
photograph mapping and fi eld evidence yield evidence that these lateral moraines were overridden by glacier ice sub-
sequent to their formation. The lateral moraines were dated using terrestrial cosmogenic nuclide techniques. Although 
the terrestrial cosmogenic nuclide signature of the moraines is inconclusive, an early Weichselian age is tentatively sug-
gested through correlations with other landforms and stratigraphical archives in the region. The abundance and coher-
ent spatial pattern of the lateral moraines also allow a spatial reconstruction of this ice fi eld. The ice fi eld was controlled 
by topography and had nunataks protruding also where it was thickest close to the elevation axis of the Scandinavian 
mountain range. Outlet glaciers discharged into the Norwegian fjords and major valleys in Sweden. 

The process by which mountain based glaciers grow into an ice sheet is a matter of debate. In this thesis, a feedback 
mechanism between debris on the ice surface and ice sheet growth is presented. In essence, the growth of glaciers and 
ice sheets may be accelerated by an abundance of debris in their ablation areas. This may occur when the debris cover 
on the glacier surface inhibits ablation, effectively increasing the glaciers mass balance. It is thus possible that a dirty 
ablation area may cause the glacier to advance further than a clean glacier under similar conditions. An ice free period of 
signifi cant length allows soil production through weathering, frost shattering, and slope processes. As glaciers advance 
through this assemblage of sediments, signifi cant amounts of debris end up on the surface due to both mass wastage 
and subglacial entrainment. Evidence that this chain of events may occur, is given by large expanses of hummocky 
moraine (local name Veiki moraine) in the northern Swedish lowlands. Because the Veiki moraine has been correlated 
with the fi rst Weichselian advance following the Eemian, it implies a heavily debris charged ice sheet emanating from 
the mountain range and terminating in a stagnant fashion in the lowlands.
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INTRODUCTION
The retreat pattern and confi guration of the last glacial 
maximum (LGM) and deglaciation in Scandinavia is 
rather well known at present. In areas below the highest 
coastline, it is possible to trace the retreating ice mar-
gin almost with annual resolution using varved clays 
( Strömberg, 1989; Lundqvist, 1994). In areas above the 
highest coastline, morphological traces such as chan-
nels and eskers used in conjunction with radiocarbon 
dating, provides a substantial database for deglaciation 
reconstruction (Kleman and Strömberg, in press). How-
ever, much less is known about ice sheet confi gurations 
from stages pre-dating the last glacial maximum. This is 
largely because subsequent glacial events eroded many 
landforms and deposits such that only glimpses of the 
past history can be discerned (Kleman and Borgström, 
1996). However, it was recognised early-on that some 
landforms exist which predate the LGM in northern Fen-
noscandia through work in northern Finland ( Kaitanen, 
1969;  Kujansuu, 1975). Not until the completion of the 
Nordkalott project was this commonly accepted through 
the fi ndings of a large number of interstadial and inter-
glacial localities (Hirvas et al., 1988; Lagerbäck, 1988a; 
Lagerbäck and Robertsson, 1988; Olsen, 1988). In the 
wake of the Nordkalott project many investigations were 
carried out, confi rming the antiquity of many landforms 
and deposits (Hirvas, 1991; Kleman, 1992; Olsen et al., 
1996; Kleman and Stroeven, 1997; Kleman et al., 1997; 
Helmens et al., 2000). It certainly appears as if northern 
Fennoscandia has several archives spanning the last gla-
cial cycle or even further back in time. In fact, evidence is 
mounting that Quaternary ice sheets have had a patchy 
and limited erosive power in the region (Kleman, 1992, 
1994; Kleman and Stroeven, 1997; Hättestrand and 
Stroeven, 2002; Stroeven et al., 2002; Stroeven et al., 
2004). Also, studies from the southern part of the moun-
tain range confi rmed the existence of relict landforms 
(Borgström, 1989; Kleman and Borgström, 1990; Sollid 
and Sørbel, 1994). 

Except for large tracts of pre-Quaternary “relict” land-
scapes of great antiquity, there are fi ve commonly occur-
ring major glacial landform groups in northern Sweden 
predating the last deglaciation; these are lateral moraines, 
lateral channels, hummocky melt-out till (Veiki mo-
raine), eskers and drumlins. The lateral moraines (which 
has been the main focus of this thesis) and lateral chan-
nels have previously been discussed by  Kleman (1992) 
and Hättestrand (1998). The Veiki moraine, eskers and 
drumlins occupy a large portion of the northern Swed-
ish lowland and were described early by Fromm (1965) 
and Hoppe (1952, 1967). In the early descriptions it 
was generally assumed that glacial erosion had erased all 

previous landforms such that only last deglaciation traces 
remained. All landforms then must be of last deglacia-
tion origin which, we now know, sometimes led to er-
roneous conclusion. In contrast, Lagerbäck (1988a) and 
Rodhe (1988), suggested an early-Weichselian origin of 
many northern Swedish landforms and connected their 
age to the stratigraphical framework of Korpela (1969) 
and  Lagerbäck and Robertsson (1988). Following these 
studies Kleman (1992) and Hättestrand (1998) further 
mapped and deciphered the glacial landscape in northern 
Sweden. This work was subsequently used to reconstruct 
the last glacial cycle in Fennoscandia (Kleman et al., 1997), 
also incorporating evidence from Quaternary deposits 
in the region (e.g. Larsen and  Sejrup, 1990;  Mangerud, 
1991; Lundqvist, 1992). A similar reconstruction of the 
Weichselian ice sheet was done by Boulton et al. (2001), 
and numerical modelling of the Weichselian ice sheet in 
Fennoscandia also support this general model of the last 
glaciation (Holmlund and Fastook, 1995;  Näslund et al., 
2003).

In order to perform such paleoglaciological recon-
structions, there is a need for well dated landforms and 
sediment sequences. Since there is a lack of knowledge 
about glacial stages preceding LGM, it is crucial to in-
crease our understanding of these stages in order to un-
derstand the glacial cycle as a whole. The overall objective 
of this doctoral thesis is to increase our knowledge of the 
mountain based glaciers that characterized the pre-LGM 
glacial. In this thesis these ice confi gurations are denoted 
as ice fi elds, since reconstructions show them to be sub-
stantially larger than valley glaciers, but still constrained 
by topography (Sugden and John, 1976). 

The fi rst issue addressed is to defi ne the most ro-
bust suite of landforms indicative of mountain centered 
ice fi elds. These landforms allow a fi rst order inference 
about the confi guration and behaviour of the glaciers 
that deposited them using an inversion model (Kleman 
and Borgström, 1996). Second, limit the likely forma-
tion age of these landforms using contemporary dating 
techniques. Third, the geomorphological implications 
of mountain-centered glaciations are assessed. Fourth, 
the dynamics of ice sheet growth following an ice free 
period is analysed, and a possible feedback mechanism 
is presented which links the dynamical behaviour of the 
proto-ice sheet to the presence of a debris cover in the 
ablation area. 
The methodologies used to reach these objectives were;
1. Mapping of landforms using aerial photos, satellite 

imagery, and literature. The landform group of great-
est importance in this regard is the lateral moraines.
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2. Terrestrial cosmogenic nuclide dating of the afore-
mentioned lateral moraines to limit their likely age 
span of formation.

3. A fl owline model to calculate ice surface profi les 
based on the spatial distribution of the lateral mo-
raines. A 3-D reconstruction of a mountain based ice 
fi eld could then be done.

4. Estimations of glacial erosion on the basis of large-
scale landform distribution and likely durations of 
mountain based glaciations.

Hence, this thesis contains an overview of all the 
aforementioned glacial landforms indicative of moun-
tain centered ice fi elds together with a discussion on the 
general stratigraphical framework in the region (Paper I). 
The lateral moraines are described in paper II (Fig. 1), 
and a discussion on their age is offered in paper III. A 
possible feedback mechanism entailing the advances of a 
debris charged ice sheet, and possible connections to the 
landform record are given in paper IV.

This work pertains particularly to the last glacial  cycle, 
but is relevant for all major glacial cycles of the last 750 
kyr, since all Fennoscandian ice sheets most likely nucle-
ated in the mountain range. This thesis also has relevance 
for future possible ice ages, since we might expect a future 
ice age build-up similar to the ice confi guration discussed 
in this thesis.

PRESENTATION OF PAPERS

Paper I

Fredin, O., 2002, Glacial inception and Quaternary 
mountain glaciations in Fennoscandia. Quaternary 
International, v. 95-96, p. 99-112.1

This review delves into whether the Scandinavian 
mountain range was a nucleation centre for Eurasian ice 
sheets during the Pleistocene, and also about long term 
geomorphological impact of mountain based glaciations. 
Abundant geological evidence indicates that global tem-
peratures throughout the Quaternary period have varied 
from very cold during ice ages to relatively warm during 
interglacial periods. Moreover, these global temperature 
variations were superimposed on a global trend towards 
colder conditions, causing progressively more severe gla-
ciations. In the last 700 kyr, there is abundant evidence 
for a dominant glacial-interglacial cycle of 100 kyr, where 

glacial periods typically show stepwise cooling followed 
by a rapid warming. Normally these glacial cycles are 
punctuated by several warmer interstadials accompanied 
by partial deglaciations. 

Mountain areas have long been considered key areas 
for ice age nucleation. Based on geomorphological and 
stratigraphical evidence, in addition to climatological 
reasoning and numerical modelling, it seems established 
that the last Fennoscandian ice sheet glaciation was 
initiated in the Scandinavian mountain range. Given 
this axiom, it is reasonable to believe that most, if not 
all, Pleistocene glaciations were likewise initiated in the 
Scandinavian mountains.

It is important to note that climatic extremes have 
been comparatively short-lived, i.e. the glacial maxi-
ma and minima account only for a small fraction of 
 Pleistocene time. However, mountain centered glaciation 
have persisted for 33% of the time through the last three 
glaciations (approximately 350 kyr) and for 65% of the 
time throughout the last 1.88 Myr. Since mountain cen-
tered glaciation appear to have been the dominant Pleis-
tocene glaciation mode, it has had a major infl uence on 
large scale mountain geomorphology. In fact, large-scale 
glacial landforms such as fjords, piedmont lakes and U-
shaped valleys were probably largely eroded by mountain 
based glaciers. It is also apparent that density, size and 
depth of lakes are greater in a zone close to the mountain 
range than elsewhere in Sweden, indicating larger glacial 
erosion in this sector.

It is evident that there is a lack of correlation between 
different data sources used to infer the glacial history of 
northern Europe. It is, for example, diffi cult to compare 
off-shore and on-shore data both in terms of correlation 
and in terms of nomenclature. Also, it remains prob-
lematic to correlate Weichselian stratigraphies from the 
west-coast of Norway to areas east of the Scandinavian 
mountain range.

Paper II

Fredin, O., and Hättestrand, C., 2002, Relict lateral 
moraines in northern Sweden - evidence for an early 
mountain centered ice sheet. Sedimentary Geology,   
v. 149, p. 145-156.2

In this paper we describe the glacial geomorphology 
of a key fi eld site on the eastern slope of the Scandina-
vian mountain range in northern Sweden. The glacial 
geomorphology in the area consists of landforms from 
different glacial stages. Most landforms, including melt-

1 Reprinted from Quaternary International,  Copyright (2004), with permission from Elsevier.
2 Reprinted from Sedimentary Geology, Copyright (2004), with permission from Elsevier.
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water channels and glacial lineations, were formed during 
the last deglaciation. Other landforms are correlated to 
pre-LGM stages of the Fennoscandian ice sheet, based 
on their morphostratigraphical position and their geo-
graphical occurrence in relation to LGM ice fl ow direc-
tions. The most striking landform group is a set of lateral 
moraines positioned on valley walls in west-east trending 
valleys (Figs. 1, 2). Several of them have a double-crested 
shape, possibly indicating a fl uctuating ice margin during 
deposition. The position and morphology of the lateral 
moraines indicate that they were deposited by outlet gla-
ciers emanating from an ice fi eld centered to the west of 
the lateral moraines. Such an ice sheet confi guration may 
have occurred during ice age build-up in the area and 
we regard the moraines, consequently, as prime evidence 
for a mountain centered glacier predating the last glacial 
maximum.

Paper III

Fredin, O., Fabel, D., Stroeven, A. P., Fink, D., and 
 Harbor, J., manuscript, Terrestrial cosmogenic sig-
nature of relict lateral moraines overridden by the 
 Fennoscandian ice-sheet in northern Sweden.

The age of mountain glaciations predating the radiocar-
bon timescale often remains enigmatic. During recent 
years, however, the advancement of terrestrial cosmogenic 
nuclides (TCN) dating has allowed previously uncon-
strained moraine sequences to be successfully dated. 
The method is based on the fact that certain isotopes 
are produced in-situ in rocks on the earth’s surface when 
they are bombarded by secondary cosmic rays. During 
periods of exposure these isotopes accumulate following 
determined production rates, whereas during shielding, 
radioactive isotope abundances decrease following their 
isotope-specifi c half-lifes. The age of constructional fea-
tures may be accurately determined when a boulder on its 
surface is sampled that has not been exposed to cosmic 
rays before deposition. Hence, most deposits, including 
lateral moraines, are accurately dated by the youngest ap-
parent exposure ages from boulders on their crests. Older 
apparent exposure ages are often attributed to an inherit-
ance of TCN from previous exposure events. A crucial 
assumption in using youngest apparent exposure ages to 
date lateral moraines is that these moraines experience 
no post-depositional degradation. Other studies have 
shown, through the analysis of a large number of mo-
raines, that degrading moraines often yield erroneously 
young TCN apparent exposure ages because fresh boul-

ders are exhumed from within the moraine where they 
were previously shielded from cosmogenic rays.

Here, we identify a third category of moraines, those 
that were overridden by glaciers or ice sheets subsequent 
to formation. The lateral moraines that were mapped as 
part of this thesis (papers I, II) are of this category. Out of 
the 19 samples from 7 overridden moraines, 13 samples 
are consistent with the expected deglaciation age in the 
area (9.5±0.2 kyr). A slightly older population (11-12 kyr 
BP) of ages, consisting of two samples, may refl ect geo-
logical uncertainties for the samples. The third and old-
est population (14.9±0.7 kyr) may refl ect either a simple 
inherited cosmogenic nuclide inventory, or alternatively 
the true exposure time of the original landform.

For the samples displaying deglaciation age, either of 
two competing explanations can be invoked. These are, 
degradation of the moraines through glacial erosion or 
post-depositional processes, or a draping of till on the 
previously existing moraines.

For this category of landforms, we stress the impor-
tance of a thorough geomorphological and stratigraphi-
cal framework to obtain a correct interpretation of the 
TCN data.

Paper IV

Jansson, P., and Fredin, O., 2002, Ice sheet growth under 
dirty conditions: implications of debris cover for early 
glaciation advances. Quaternary International, v. 95-
96, p. 35-42.3

In this paper we discuss mechanisms of ice sheet growth 
given a signifi cant amount of supraglacial debris in the 
ablation area of the glacier. There are two fundamen-
tally different means of increasing a glaciers mass bal-
ance, i.e. increase accumulation or decrease ablation. At 
fi rst thought it seems apparent that this occurs through 
climate perturbations, such as through a temperature 
lowering or a shift in accumulation patterns. However, 
a signifi cant layer of debris covering the ablation zone of 
glaciers may decrease or entirely halt ablation. All things 
being equal, therefore an extensively debris covered gla-
cier will advance further than a clean glacier.

During ice sheet build-up we assume that the proto-
ice sheet was centered over the mountain range, strongly 
controlled by topography, and thin enough to have nu-
nataks protruding through the ice. Networks of valley 
glaciers were joining to form outlet glaciers, which termi-
nated at lower elevations. This ice confi guration afforded 
many opportunities for debris entrainment. Ice surfaces 

3 Reprinted from Quaternary International,  Copyright (2004), with permission from Elsevier.
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below steep cliff faces received large amounts of debris 
through mass movement. At the confl uence of valley gla-
ciers, the formation of medial moraines occurs. Through 
the compressive fl ow in the ablation area, upward and 
outward, material in the medial moraine was spread later-
ally to cover its surface. Also subglacial plucking and sub-
sequent upward transport produced supraglacial debris. 
We argue that sediments were readily available following 
an interglacial period, because of soil production through 
weathering, frost shattering, mass movement and other 
pedogenic processes, along with sediments deposited 
in previous glacial stages. The above arguments should 
qualify the expectations, that the growing ice sheet had 
signifi cant debris cover.

The main geomorphological evidence for exceptional 
amounts of transported debris is provided by large ar-
eas of hummocky moraine (called Veiki moraine) in the 
northern Swedish lowlands. The Veiki moraine has been 
dated to an early Weichselian stadial advance based on 

pollen- and lithostratigraphy. The Veiki moraine areas 
have a distinct lobate distribution indicating a lobate ice 
margin of a mountain centered ice sheet. These thick 
dead-ice deposits and associated end moraines indicate 
that the ice sheet terminated and then disintegrated in 
place. We propose that this behaviour may have been 
caused by the advance of debris covered glaciers that ter-
minated at an advanced location.

We thus conclude that an extensive debris cover on 
the terminus of glaciers did have an impact on the mag-
nitude and rate of ice sheet advance following ice sheet 
nucleation. We contend that there is a need to account 
for debris cover on advancing glaciers and ice sheets when 
reconstructing ice sheet nucleation confi gurations.

RECONSTRUCTION OF A MOUNTAIN 
CENTERED ICEFIELD

Since lateral moraines are ice marginal features, they are 
excellent indicators of paleo-ice margin position. Hence, 
the lateral moraines described in papers II and III present 
an opportunity to reconstruct the glacier that deposited 
them. Ideally it would be desirable to infer the climatic 
conditions affecting the ice mass that deposited the lateral 
moraines. This could possibly be done by several sensitiv-
ity tests running a mass-balance driven thermo-mechani-
cal ice sheet model constrained by the lateral moraines. 
However, in this thesis a much simpler approach, based 
on ice mechanics, is adopted. The purpose of this exercise 
is to provide an idea of the basic outline and geometry of 
the glacier that deposited the lateral moraines.

The dataset

The most diagnostic set of landforms are the lateral mo-
raines fi rst described by Kleman (1992) and then in more 
detail by Hättestrand (1998). This thesis offers a compre-
hensive mapping of all lateral moraines in the Swedish 
mountains and in some adjacent areas in Norway. The 
distribution of lateral moraines indicating WNW ice fl ow 
is presented in Fig. 1 along with a suggested ice margin. 
The lateral moraines were mapped using colour infrared 
aerial photographs (scale 1:60,000). For some areas in 
Norway, black and white aerial photographs at the scale 
of 1:40,000 were used. Also, Landsat TM7 and ASTER 
satellite imagery was used in some areas. 

The lateral moraines appear to fall into two classes; 
lateral moraines and lateral moraines of complex ori-
gin. The term complex moraine was coined by Ulfstedt 
(1978) denoting ridges on valley walls where certain parts 
of the ridge were signifi cantly disturbed. Hättestrand 
(1998) argued that the disturbed moraines were regular 
moraines that had been subject to post-depositional slope 
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Fig. 1. The mapped lateral moraines on the eastern slope of the 
 Scandinavian mountain range, and suggested ice margins. Ordinary 
lateral moraines are represented by red symbols, complex moraines by 
orange, and large lateral moraines of Ultevis type by yellow symbols. 
The inferred ice fi elds are controlled by the Norwegian fjords in the 
west and the lateral moraines in the east. The inferred ice fi eld in 
southern Norway is speculative since it is only constrained by four 
lateral moraines.
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processes. Apart from the disturbed sections, the ordi-
nary lateral moraines and the lateral moraines of complex 
origin are morphologically similar and have a similar 
spatial distribution; the complex lateral moraines are 
therefore included in the dataset. The lateral moraines 
are all situated on valley walls in WNW-ESE trending 
valleys. They occur 200-500 m above valley fl oors and 
are sometimes double-crested. The lateral moraines are 
typically between one and fi ve km long and 10-40 m 
high (Fig. 2a, 2b), with the exception of the very large 
lateral moraine features at Ultevis (northern Sweden) 
and Långfjället (southern Swedish mountains). For 
example, the Ultevis lateral moraine is 12 km long and 
~100 m thick. The lateral moraines are often positioned 
alongside with lateral meltwater orientated in the same 
direction as the lateral moraines. Many lateral moraines 
are overprinted or crosscut by glacial lineations or melt-
water channels, and some of them have reworked parts 
where segments of the moraine ridge appear dislocated 
(Fig. 2a, 2b). A few moraine accumulations resembling 
end moraines exist, for example in Lake Paittasjärvi and 
Lake Riebnas valleys, but their association to the lateral 
moraines is uncertain (Fig. 1). It is striking that so few 
end-moraines are present; however, the lateral moraines 
might have been protected from glacial erosion as a 
result of their relatively high position in the landscape. 
End moraines, in contrast, may have suffered overriding 
of warm based eroding ice because the likelihood of at-
taining the pressure melting point is higher across valleys 
where ice was thicker. 

All mapped lateral moraines are situated in a narrow 

zone (~30 km) on the eastern slope of the Scandinavian 
mountain range (Fig. 1). The densest population of mo-
raines and indeed where they are best preserved occurs 
between lake Hornavan and lake Torneträsk, as observed 
by Kleman (1992). However, lateral moraines occur from 
Lake Femund in the south to Mount Pältsa in the north 
(Fig.1). The reason for the lack of lateral moraines in parts 
of the southern mountain range is unclear. It is possible 
that lateral moraines did exist in a similar manner as in 
the northern region of the mountains, but that they were 
eroded during subsequent glacial stages. Alternatively, 
the few lateral moraines in the southern part refl ect the 
true depositional state of the paleo ice-sheet where much 
fewer moraines were deposited. 

One crucial issue is if all lateral moraines were built 
during one glacial event, or, if they were deposited by sev-
eral different glaciers. This cannot be fi rmly established 
until all moraines are reliably dated, but most observa-
tions support that they were in fact built during a single 
glacial stage (Kleman, 1992; Hättestrand, 1998). These 
observations are; most lateral moraines have a similar 
size and morphological appearance. They occur at similar 
elevations in adjacent valleys and, in addition, they oc-
cupy the same position in relation to the mountain range 
gross morphology and distance from the elevation axis. It 
is unlikely that different glaciers at various glacial stages 
deposited moraines in such a narrow band (Fig. 1). How-
ever, the spatial distribution in the southern part is less 
well defi ned because only a small number of moraines 
were mapped. Here a single deposition event can not be 
constrained.

Fig. 2. a) The Vallevaare upper and lower moraines west of Kvikkjokk in northern 
Sweden looking west. The paleo-ice tongue was sloping from left to right in the picture. 
Note the cross-cutting meltwater channels and distorted segments in down-ice parts of Note the cross-cutting meltwater channels and distorted segments in down-ice parts of 
the Vallevaare lower moraine. b) The Parka lateral moraine south of Kvikkjokk, view 
is towards west. The lateral moraine starts below the cliff face in the distance. Note 
cross-cutting meltwater channels and deformed moraine segments in the foreground.

� �
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Some of the mapped lateral moraines have previously 
been attributed to glacial events during the last degla-
ciation (e.g. Melander, 1975; Ulfstedt, 1980). However, 
several arguments that they were deposited before the 
last deglaciation and indeed the last glacial maximum can 
be put forward. First, the lateral moraines in this study 
are all directionally at odds with deglaciation and full 
glaciation ice fl ow indicators (Kleman, 1992; Paper II). 
Second, some of the moraines have been overprinted by 
glacial lineations or are cut by glacial meltwater channels 
(Papers II, III, Fig. 2a, 2b). Third, some moraines are de-
graded or have dislocated segments indicating overriding 
by glacier ice. Together these arguments make a strong 
case that the lateral moraines are pre-LGM in origin. 

Assuming that the lateral moraines formed during a 
pre-LGM interstadial we must establish if this occured 
during interstadial deglaciation, minimum confi guration, 
or during readvance towards the next stadial. Given that 
most of the TCN apparent ages are in agreement with 
the last deglaciation age (paper III); it is tempting to as-
sume that the lateral moraines were formed during the 
readvance of the last interstadial affecting the region. 
The lateral moraines would then be buried by glacier ice 
shortly after deposition. On the other hand, there is geo-
morphological evidence that lateral moraine formation 
occurred during an interstadial deglaciation. Several lat-
eral moraines are found juxtaposed to extensive series of 
lateral meltwater channels (Kleman, 1992; Hättestrand, 
1998; papers II; III). These channels occur both above 
and below lateral moraines, indicating a continuous de-
glaciation punctuated by a brief readvance responsible for 
lateral moraine deposition. The lateral meltwater chan-
nels are found particularly in a zone starting ~50 km east 
of the lateral moraines and ending slightly west of the 
lateral moraines (Hättestrand, 1998). This indicates that 
the lateral moraines were formed during a deglaciation 
relatively close to the glacial minimum of the intersta-
dial. Based on present data it is diffi cult to distinguish 
between these two competing models.

Lagerbäck (1988a) and Lagerbäck and Robertsson 
(1988) inferred that the marine oxygen isotope stage 
(MIS) 5b advance was essentially cold based since it 
deposited only small amounts of till, which is consist-
ent with the formation of lateral meltwater channels (cf. 
Dyke, 1993; Ives and Kirby, 1964; Sollid and Sørbel, 
1994). Kleman (1992) suggested that the lateral moraines 
formed during the deglaciation following MIS 5b stadial, 
based on their seemingly close relationship to nearby lat-
eral channels. In comparison, the MIS 5d ice sheet seems 
to have been warm based and many other landforms 
were produced during this stadial (cf.  Hättestrand, 1998; 
 Kleman et al., 1997; Lagerbäck, 1988a; Lagerbäck and 

Robertsson, 1988; Paper IV). In paper II we generally 
adhere to a MIS 5 interpretation (Fig. 3) but note that 
there is no maximum age constraint given the geomor-
phological data set at hand.

In recent years there have been several papers sug-
gesting a relatively dynamic MIS 3 ice sheet with sig-
nifi cant deglaciation occurring in Norway (Larsen and 
Sejrup, 1990; Mangerud et al., 1996; Olsen et al., 1996; 
Linge and Lauritzen, 2001; Mangerud, in press) and 
in northern Finland (Helmens et al., 2000). This raises 
the possibility for a MIS 3 deglaciation also in northern 
Sweden, and hence potential formation time for lateral 
moraines in the mountain range. At present we know 
of no reliable stratigraphic evidence for a MIS 3 degla-
ciation in northern Sweden, close to the mountain range 
(Lundqvist, 1992) although ice free conditions have been 
reported from southern Sweden (eg. Houmark-Nielsen 
and Kjaer, 2003).

Hence, it appears as if peripheral areas in Norway 
and Finland were in fact deglaciated, while core areas in 
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Fig. 3. The lateral moraines are suggested to have been formed dur-
ing one of the early-Weichselian interstadials marked with grey 
boxes. Marine isotope data and time scale is from Martinson et al. 
(1987). Chronostratigraphy is from Larsen and Sejrup (1990).
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northern Sweden were still covered by ice also during the 
MIS 3 interstadial. Given the lack of evidence for later 
deglaciations, it seems likely that the lateral moraines 
formed during one of the early-Weichselian interstadials 
(Fig. 3). In order to address this uncertainty, TCN dat-
ing was applied to seven of the lateral moraines (Paper 
III). Thirteen samples from seven investigated moraines 
yielded apparent ages consistent with the timing of the 
last deglaciation in the region (9.5±0.2 kyr). These appar-
ent ages are interpreted to refl ect till deposition during 
the last deglaciation, or possibly a subglacial or postgla-
cial degradation of the moraines (Paper III). A second, 
slightly older population of 2 ages in the range 11-12 kyr 
probably represent geological uncertainties such as topo-
graphic shielding, sloping sample surfaces and variable 
snow cover. The oldest population of samples is more 
than 3 standard deviations from the younger dominant 
group and is therefore considered to have an inheritance 
of cosmogenic nuclide inventory (Paper III). Yet, as dis-
cussed in paper III, if this inherited cosmogenic nuclide 
inventory derive from the original moraine landform this 
may provide hints of the true age of the landform. More 
work is thus needed to fi nally resolve the age of the lateral 
moraines.

The model

To reconstruct the ice fi eld that formed the lateral mo-
raines, theoretical ice profi les fi tting the moraines were 
calculated (cf. Locke, 1995). The calculations are based 
on a fl owline model by Schilling and Hollin (1981), as-
suming no basal sliding and steady-state of the inferred 
glacier. No isostatic correction was applied. The model-
ling was performed in the Matlab programming environ-
ment using a topographic grid with a horizontal resolu-
tion of 500 m. Seven profi les were calculated along major 
fl owlines, from lateral moraines in the east to Norwegian 
fjord heads in the west. 

The justifi cation for using the fjord heads as model 
constraint is that when valley glaciers reach the fjords the 
ice margin is controlled by calving in the fjords and hence 
remains stationary. Also, Mangerud et al. (1996) mentions 
valley glaciers emanating from a mountain centered ice 
fi eld invading the upper reaches of fjords in south-central 
Norway following climate deterioration after the Eemian, 
a scenario akin to the one presented here. Alternatively, if 
the ice advanced beyond the fjords mouths and onto the 
continental shelf, it would require several hundred meters 
of ice in the fjords to prevent fl otation and calving. This 
is the condition of a more extensive glaciation than indi-
cated by the lateral moraines in the east, perhaps similar 
to the Younger Dryas ice sheet confi guration (cf. Larsen 
et al., 1991; Mangerud et al., 1996). 

The change in the surface elevation of the ice fi eld, , 
is calculated iteratively using equation 1, where is basal 
shear stress,  is grid spacing,  is density of ice, g is gravi-
tational acceleration, H is ice thickness at the center-line, 
and c is shape factor. 

                   (1)

H is calculated according to H=h-z, where h is ice 
surface elevation in the previous iterative step, and z
is bedrock elevation. The fi rst step in the calculation 
(boundary condition) is given by lateral moraine height or 
100 m elevation above the fjord head. Basal shear stress, 
τ, was set to 0.9 MPa (Nye, 1952a, 1952b). Ice density, 
ρ, was set to 916 kg/m3 and gravitational acceleration, g, 
to 9.81 m/s2. The shape factor, c, is a correction applied 
to refl ect that drag occurs along valley walls as well as on 
the valley fl oor. It varies between 0.5, for a glacier in a 
semi-circular valley, to 1.0 for an infi nitely wide slab of 
ice. The shape factor is calculated as the cross-sectional 
area divided by the wetted perimeter and ice thickness 
at the center-line (Hooke, 1997). First an ice profi le was 
calculated using a constant shape factor of 0.8. Based on 
this profi le, c was calculated for two or three cross-sec-c was calculated for two or three cross-sec-c
tions along the fl owline. After c had been determined c had been determined c
the fl owline profi le was recalculated using the new shape 
factors. In general, the updated ice profi les only adjusted 
marginally. The calculated ice divide, the intersection of 
two profi les, one from the east and one from the west, 
was smoothed by eye rather than using the ablation rou-
tine provided by Schilling and Hollin (1981). In all, six 
profi les were calculated; four of them are shown in Figure 
4. The calculated profi les were then used to construct a 
map of the inferred ice fi eld by simply interpolating the 
profi les manually onto the topographic map (cf. Locke, 
1995, Fig. 5). An example of the ice margin fi tted to a 
few lateral moraines is given in fi gure 6.

The assumptions of the model are conditions of 
steady-state and absence of basal sliding. The assumption 
of steady state is perhaps valid in this case. This is because 
the lateral moraines occur in a narrow zone, and assuming 
that they formed simultaneous, indicates a certain time 
period of steady state conditions. The assumption that no 
basal sliding occurred requires basal temperatures below 
the pressure melting point, and is diffi cult to evaluate 
here but will be discussed below. Other errors introduced 
by this methodology are mainly due to the quality of the 
elevation model. The use of a 500 m resolution model im-
plies that the topography is somewhat smoothed which 
results in an under-representation of high peaks and nar-
row valleys. This is particularly problematic in landscapes 

∂ = ∂h
g

x
Hc

τ
ρ



11

Mountain centered ice fi elds in northern Scandinavia

with dramatic relief such as the Norwegian fjord coast. 
Given that the profi les were calculated based on the 

position and elevation of the lateral moraines it is not 
surprising that many of them fi t well with the inferred ice 

margin (Fig. 5). However, also moraines not used in the 
calculations often match well. It is also worth noting that 
the few remains of end moraines that have been mapped 
also fi t the inferred ice margin (Fig. 5). There are a few 
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mapped lateral moraines that do not match the recon-
struction, these are generally situated too low and hence 
end up beneath the reconstructed ice surface (Fig. 5). 

An exception to the overall good fi t is the recon-
structed profi le at the Ultevis lateral moraines, where a 
satisfactory ice margin cannot be constructed in respect 
to the other fi ve profi les (Fig. 5). Although the calculated 
Ultevis profi le fi ts reasonably well with the other profi les 
in the upper reaches of the ice fi eld, there is a mismatch 
in its lower reaches. In order to fi t the Ultevis lateral 
moraines, a fl atter and longer ice profi le is required. This 
could be accomplished by lowering the basal shear stress 
through basal sliding, which the model does not take into 

account otherwise. The Ultevis profi le is positioned in a 
deep and wide valley, possibly permitting basal sliding 
because of temperate ice and deformable sediments in the 
lake basins (cf. Mathews, 1974; Hall and Glasser, 2003). 
An alternative explanation is that the Ultevis lateral mo-
raine does not belong to the same deposition event as the 
other moraines in the region. The Ultevis lateral moraine 
is anomalously large and contains vast amounts of mate-
rial. It is also positioned east of, and at a higher elevation 
than most other lateral moraines. Because of its size, it 
can be speculated whether the Ultevis lateral moraine 
was cumulatively built during several glacial phases.
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Discussion

The reconstructed ice fi eld has an ice dispersal centre 
approximately at the elevation axis of the mountain 
range. Ice discharges as outlet glaciers in major valleys 
and fjords. The ice is considerably thinner in steep valleys 
sloping down to the fjord heads. The ice profi le is also 
somewhat fl atter in wide valleys because of the infl uence 
of the shape factor. The high mountain massifs protrude 
through the ice as nunataks, also at the ice divide which 
reach ~1700 m a.s.l.

One major limitation of the model is its lack of treat-
ment of varying accumulation and ablation patterns. 
There is a strong precipitation gradient, with ample pre-
cipitation in the mountains close to the coast and a more 
continental climate to the east (Enquist, 1914; Chorlton 
and Lister, 1971). Hence, the largest present-day gla-
ciers in the area (Fig. 5) occur in Norway, for example 
Blåmannsisen, Sulitelma, and Frostisen. These glaciers 
are situated above the reconstructed ice surface and are 
represented as nunataks (Fig. 5), which is probably er-
roneous. It is likely that these glaciers instead were part of 
the inferred ice fi eld. The inferred paleo-ice divide were 
therefore probably located closer to the coast and to the 
dominant present-day large glaciers. 

One way to infer past climate is to approximate 
net balance gradient based on equilibrium line altitude 
(ELA). Potentially, the upvalley limit of lateral moraines 
offer an estimate of paleo-ELA, since no lateral moraines 
form in the accumulation area (cf. Porter, 2001). How-
ever, in this study probably only a fragmented pattern of 
lateral moraines remains and this methodology then only 
provide lower limiting approximations of equilibrium 
line altitude. Meierding (1982) found the method to be 
unreliable in the Colorado Front range and it is therefore 
speculative to use it in this study. Also, there are no ap-
parent similar features on the western side of the inferred 
ice fi eld to constrain ELA.

Following the Eemian interglacial, at a time where 
temperatures were gradually lowering ( Johnsen et al., 
1995), mountain based glaciers started to grow and coa-
lesced to form an ice fi eld. The thermal characteristics of 
the envisioned ice fi eld was either sub-polar (polyther-
mal), as glaciers in this region are today (Holmlund and 
Eriksson, 1989; Holmlund et al., 1996), or essentially 
of high polar type (basal temperature below pressure 
melting point). As long as the accumulation area is at a 
comparatively low elevation where summer melting may 
occur, temperate ice will be advected into the ice body 
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Fig. 6. An inferred ice tongue at the lateral moraines in the Rapa valley close to the village Aktse. Lateral moraines are marked red and lateral 
meltwater channels are denoted with yellow arrows.
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(Richardson and Holmlund, 1996; Näslund, 1998, p. 15). 
As the ice thickens, and the accumulation area rises to el-
evations where summer melting is absent, the production 
of temperate ice stops and the ice sheet will gradually 
become cold-based, except perhaps for marginal areas 
(Schytt, 1974; Hooke, 1977). On the other hand, if the 
ice fi eld started growing following a relatively cold in-
terstadial, it is possible that it was entirely cold-based. 
This would be a consequence of the ice sheet advancing 
onto permafrost ground (Lagerbäck, 1988b; Kleman et 
al., 1997), and a cold climate preventing the production 
of temperate ice. There is an abundance of rounded boul-
ders in the investigated lateral moraines, which indicates 
deposition by a warm-based glacier, since boulders are 
abraded when they travel along the sliding base of a tem-
perate glacier (Sugden and John, 1976). Consequently, 
the lateral moraines were probably deposited by an at 
least partly warm based ice fi eld.

In summary, the lateral moraines in northern Sweden 
are interpreted to refl ect an ice marginal position during 
one early-Weichselian interstadial. This ice fi eld is char-
acterized by a network of valley glaciers emanating from 
an ice divide along the elevation axis of the Scandinavian 
mountain range, where high massifs protrude through 
the ice. The described glacial confi guration is of great 
importance both for our understanding of ice age nuclea-
tion and of average Quaternary glacial conditions. It may 
also yield a glimpse into the future, that is the build-up of 
the next glaciation.

CONCLUSIONS

The main conclusions reached in this thesis are; 
•  The Scandinavian mountain range has seeded all 

Fennoscandian ice sheets during the Pleistocene. 
Indeed mountain-centered glaciers of limited extent 
have been the dominant mode of glaciation because 
they were present during a major portion (~65%) of 
Pleistocene time. Large-scale erosional landforms, 
carved during many consecutive mountain-centered 
glaciations, include fjords, piedmont lake basins, and 
U-shaped valleys.

• There are fi ve landform groups in northern Sweden 
that form a pre-LGM landform assemblage in the 
Quaternary drift sheet; lateral moraines, meltwater 
channels, drumlins, eskers and Veiki moraine (hum-
mocky melt-out till). They were all formed by glaciers 
emanating from the Scandinavian mountain range. 
The lateral moraines and meltwater channels are of-
ten juxtaposed indicating a similar age of formation. 

• The lateral moraines are located in a narrow zone on 
the eastern slope of the Scandinavian mountain range 
over a distance of ~800 km. The lateral moraines all 
slope from west to east. This implies an accumula-
tion area in the highest parts of the Scandinavian 
mountain range with outlet glaciers fi ngering out 
into major valleys.

• The lateral moraines are often cross-cut by channels 
and/or glacial fl uting. The moraines are also direc-
tionally at odds with the present knowledge of ice 
fl ow directions during the last deglaciation. They 
were all formed by ice fl ow from the WNW, which 
renders them morphostratigraphically older than 
the last glacial maximum, during and after which a 
persistent ice fl ow from the east over the moraines 
prevailed

• Terrestrial cosmogenic nuclide exposure data from 
boulders embedded in the moraines indicate that 
although the moraines were overridden by glaciers 
subsequent to formation, they often yield samples 
with young apparent exposure ages. These boulders 
may have been exhumed from depth, which would 
indicate either actively degrading moraines or subgla-
cial erosion during the last deglaciation. Alternatively 
these boulders may derive from a blanketing layer of 
till deposited during the last deglaciation.

• Debris on the glacier surface may cause the glacier to 
advance further than what would have been the case 
without debris during ice age nucleation advance. 
The main geomorphological evidence that supports 
this mechanism for mountain centered ice sheets is 
large tracts of hummocky moraine (of Veiki type) 
in northern Sweden. The Veiki moraine indicates 
stagnant recession of a heavily debris laden ice that 
emanated from the mountain range.

• A reconstruction of a mountain-based ice fi eld con-
strained by the elevation and position of the lateral 
moraines to the east and the Norwegian fjord heads to 
the west generated an ice fi eld ~150 km wide, with an 
ice divide elevation of ~1700 m a.s.l. This reconstruc-
tion exhibits an ice divide roughly at the mountain 
elevation axis, high nunatak areas, deep valleys with 
~1000 m thick ice, large upland areas with relatively 
thin ice and a network of valley glaciers draining into 
lower areas and fjords. Depending on the climate, 
this ice fi eld could have been polythermal, with basal 
temperatures below the pressure melting point in 
highland areas and at the pressure melting point in 
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deeper troughs. Alternatively, ice sheet growth fol-
lowing a harsh interstadial climate with permafrost 
conditions would probably imply that the entire ice 
fi eld was cold based.
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