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Long-term landscape development of the Coloradofjella 
plateau, central Spitsbergen, Svalbard

Jakob Fjellanger & Leif Sørbel

The development and age of the present geomorphology and superfi cial 
material of the Coloradofjella plateau, Spitsbergen, have been investigated 
through fi eld surveying and laboratory sediment analyses. The focus was 
specifi cally on the role of glacial erosion and periglacial processes. The 
summit plain is deeply incised with large V-shaped valleys. Extensive 
networks of ice wedge polygons indicate that the fi ne-grained regolith 
is at least a few metres thick. An abundance of coarse-grained gabbroid 
erratics, clearly derived from sources further to the east, are distributed 
over parts of the summit plain. A vertical-walled dolerite dyke protrud-
ing up to 4 m above the adjacent surface shows no sign of glacial erosion. 
Our fi ndings confi rm that the present bedrock geomorphology and rego-
lith in the summit plain survived at least the Late Weichselian glaciation. 
This is best explained by the ice sheet having been cold-based through-
out its existence on the summit plain. Cold-based conditions imply that 
permafrost survived the last glacial cover. Based on the geomorphic evi-
dence and estimates of Late Cenozoic erosion, we suggest that the present 
summit plains roughly represent the remains of a preglacial surface.

J. Fjellanger & L. Sørbel, Institute of Geosciences, Dept. of Physical Geography, University of Oslo, Box 
1047 Blindern, NO-0316 Oslo, jakob.fjellanger@geo.uio.no.

The bedrock geomorphology in higher parts of 
inland Spitsbergen has until now received rather 
limited attention by geoscientists. The discussion 
has been focused on reconstructions of Pleisto-
cene ice sheets and Cenozoic sedimentary bud-
gets, mainly based on studies beneath the marine 
limit, or on recent glacial and periglacial pro-
cesses. Studies of vitrinite refl ectance (Manum 
& Throndsen 1978) and volume estimates of 
sediments offshore (Eiken & Austegard 1987; 
Vorren et al. 1991) indicate that 2 - 3 km of rock 
has been removed from central Spitsbergen since 
the Eocene. It has been suggested that between 
1/2 and 2/3 of this has been removed during the 
Pleistocene (Dimakis et al. 1998; Elverhøi, Dow-
deswell et al. 1998). Thus it has been assumed 
that the bedrock geomorphology of central Spits-
bergen is entirely the result of Quaternary sculp-
turing (Hjelle 1993; Dallmann 2002), and that the 

present debris cover and bedrock geomorpholo-
gy of the summit plains are mainly of Holocene 
age (Y. Ohta, pers. comm. 2001). However, Har-
land (1997) has suggested a model for palaeosur-
face development with rather limited denudation-
al lowering of the summit levels since the middle 
Neogene. Such a model resembles the situation 
on the Norwegian mainland where Tertiary land-
scapes, called the paleic surface, exist between 
deeply incised Quaternary valleys and fjords.

Topographic maps at a scale of 1:100 000 pub-
lished by Norwegian Polar Institute indicate little 
glacial sculpturing by Pleistocene ice sheets out-
side major valleys and fjords in central Spitsber-
gen. Lakes are scarce and mostly occur on low-
lying sediment covered plains beneath the marine 
limit, and never on summit plains. This indicates 
that depressions and thresholds in bedrock are 
uncommon. Hanging valleys are almost nonex-
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istent but V-shaped valleys are abundant. Many 
of the present glaciers seem to occupy V-shaped 
valleys, as, for example, has been revealed by 
radio-echo soundings on the Longyearbreen gla-
cier (Etzelmüller et al. 2000). In addition, in situ 
weathered material is far more abundant than 
Pleistocene till, as shown, for example, on the 
Adventdalen map sheet (Sørbel et al. 2001). This 
may be quite different from many other parts of 
the uplifted continental margin, e.g. inland parts 
of the Norwegian mainland (Thoresen 1990), but 
is similar to the Varanger peninsula on mainland 
Norway.

Addressing these problems, and specifi cally 
focusing on the glacial impact during the Pleis-
tocene, we have studied geomorphology and 
superfi cial materials at the Coloradofjella summit 
plain in central Spitsbergen. The term “summit 
plain” is here used to describe the horizontal, or 
sub-horizontal smooth surfaces that characterize 
mountain areas in central Spitsbergen.

Study area

Fieldwork was performed at Kolldalsnosa in the 
Coloradofjella area (400 - 500 m a.s.l.), east of the 
Sassendalen valley in central Spitsbergen (Fig. 
1). An Early Cretaceous dolerite dyke reaches 
several metres above the summit plain (Major et 

al. 2000; Sørbel et al. 2001). The plain general-
ly slopes towards the south (Fig. 2), roughly fol-
lowing the upper boundary of the chert-rich and 
resistant Kapp Starostin Formation, of Permi-
an age (Major et al. 2000). Lower Triassic shale 
and siltstone belonging to the Vikinghøgda For-
mation forms the bedrock in parts of this plain. 
The boundary between these two formations is 
an erosional hiatus (Dallmann et al. 2001). Bratt-
li dalen, Skråmedalen and Moskusdalen are up to 
300 m deep V-shaped valleys sharply incised in 
the summit plain. Even though they are connect-
ed to shallow channels in the summit plain, most 
valley heads start abruptly, reaching considera-
ble depth after a few hundred metres. Longitu-
dinal profi les of the valleys are usually without 
steps, and stony colluvium from the Kapp Staros-
tin Formation covers the valley sides. The summit 
plain is covered by regolith, which must be thick, 
as indicated by the extensive systems of ice wedge 
polygons (Fig. 3) (Sørbel & Tolgensbakk 2002). 
Striae and glacially streamlined forms such as 
drumlins or fl uted surface have not been identi-
fi ed anywhere in this summit plain. Lateral melt-
water channels are also scarce (Tolgensbakk et al. 
2000).

Uplift of the Svalbard region during the Ceno-
zoic is at least in part related to the opening of the 
Greenland–Norwegian Sea (Dimakis et al. 1998). 
Along the western coast of Svalbard, the West 

Fig. 1. Map of the study area, from geological maps of Adventdalen (Major et al. 2000), Agardhfjellet and Negribreen (Milo-
slavskij et al. 1992; Miloslavskij et al. 1996) (reproduced with permission of the Norwegian Polar Institute). The dolerite dyke is 
marked by a thick black line crossing Koldalsnosa and Brattlihøgda. The Kapp Starostin Formation is indicated in green and the 
Vikinghøgda Formation in purple. The dolerite sills are shown in  brown and unconsolidated Quaternary deposits in Sassendalen 
in pink. The Isfjorden drainage area is shown on the inset map.
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Spitsbergen orogeny is attributed to trans-pres-
sional movements (Harland 1969). This changed 
the erosional supply of sediments into the Cen-
tral Tertiary Basin from an easterly to a westerly 
source area (Steel et al. 1985). The study area is 
situated in the eastern part of the Central Tertiary 
Basin. Maturity studies of hydrocarbons (Mørk 
& Bjorøy 1984) indicate maximum burial of ca. 
2 km in the study area (A. Mørk, pers. comm. 
2004). If the present altitude is added, a post-dep-
ositional uplift (relative to base level) on the order 
of 2.5 km is necessary to explain the subsequent 
erosion and development of the present land sur-
face. The timing of this uplift is still uncertain 
(Harland 1997; Dimakis et al. 1998).

Precipitation in the study area has been mod-

elled to be on the order of 300 - 500 mm per year 
(Humlum 2002). Mean annual air temperature 
(MAAT) at sea level in central Spitsbergen is cur-
rently around –6 °C (Førland et al. 1997). Based 
on a lapse rate of 0.5 °C per 100 m, the MAAT 
in the study area is assumed to be close to –8 °C. 
The equilibrium line altitude for glaciers in the 
area is presently about 500 m a.s.l. (Hagen et 
al. 1993). The nearest glacier is Fimbulisen, an 
ice cap 5 km to the north-east (Fig. 1). In addi-
tion, there are perennial snowfi elds, mainly at the 
heads of nearby V-shaped valleys (Fig. 2).

Fig. 2. The regolith-covered, 
smooth and slightly sloping 
summit plain at Kolldal-
snosa, Brattlihøgda and 
Coloradofjella mountains. 
The 200 - 300 m deep valleys 
Skråmedalen and Brattlidalen 
are incised and join the valley 
Sassendalen to the left. No 
glacial sculpturing has been 
identifi ed on this surface. 
View to the west, August 
2001.

Fig. 3. The fi ne-grained 
regolith has a smooth surface. 
A polygonal network of fur-
rows underlain by ice wedges 
extends over large parts of 
the summit plain, indicat-
ing thick regolith. Note the 
protruding dolerite dyke in the 
background. Pit 1 is situated 
to the left in the photograph, 
by the dyke. The photograph 
was taken close to pit 3, with a 
view to the west, August 2001.
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Methods

The fi eld survey was mainly carried out from 3 
to 11 August 2001, but parts of the area have also 
been surveyed in connection with earlier geomor-
phological mapping (Sørbel et al. 2001). Three 
main pits and several smaller ones were excavat-
ed to examine the soil stratigraphy and to collect 
samples for analyses of grain size distribution 
and mineralogical composition. Two pits were 
dug into the permafrost, exposing ice wedges. A 
Wacker gasoline driven sledge hammer was used 
to dig through one of these ice wedges (pit 1). A 
hand-driven ice auger was used to measure verti-
cal thickness of the other exposed ice wedge (pit 
3). Rock-clasts lying on the ground and presumed 
to derive from the local bedrock were sampled for 

comparisons of mineral composition. Mapping 
of regolith thickness was attempted using a puls-
EKKO ground penetrating radar with 50 MHz 
and 100 MHz antennas during snow-free condi-
tions in August 2001, and using a Ramac ground 
penetrating radar with 50 MHz antennas on a 
sledge pulled by a snowmobile in the period 15–
21 April 2002.

Grain size distribution was calculated from 
weight fractions separated by wet sieving though 
a 63 µm sieve, and measurement of clay fraction 
by X-ray diffraction in a Sedigraph micromerit-
ics 5000D. The samples had previously been dis-
persed in calgon-water (1 g calgon per litre dis-
tilled water) for 48 hours. The samples were put 
in an ultrasound bath for 5 minutes before and 
after the dispersion period. Mineral content both 
on unoriented (bulk) and oriented (smear slides of 
clay fraction) samples were analysed in a Philips 
X’Pert MPD, X-ray diffractometer (XRD), with a 
θ-θ goniometer. For clay fraction (smear slides), 
the recording was done on untreated slides as 
well as after ethylenglycol treatment and heating 
(550 °C). However, problems with fl occulation 
increased the errors associated with the quanti-
fi cation of the clay fraction and also blurred the 
clay mineral analysis resulting from poorer smear 
slide preparations.

Results

Surface observations

The summit plain is very fl at over large areas, 
especially where bedrock consists of the Kapp 
Starostin Formation (Fig. 2). The smooth sur-
face of the regolith that covers the summit plain 
(Figs. 2, 3) exhibits no signs of glacial shaping, 
such as fl utes or drumlins. The valleys dissecting 
the plain can exceed 10 km in length, are up to 
1 km wide at the top and 300 m deep. Their per-
fect V-shape is developed in the bedrock, mainly 
the chert-rich Kapp Starostin Formation, and is 
thus not a result of talus infi lling (Fig. 4).

The protruding dolerite dyke is nearly 4.5 km 
long, 2 - 2.5 m wide and penetrates the host rock 
vertically, although in some places leaning some-
what towards the west. At Kolldalsnosa it pene-
trates the shale of the Vikinghøgda Formation and 
protrudes up to more than 4 m above the adjacent 
surface (Figs. 3, 5). At Brattlihøgda, north of the 
Skråmedalen, the dyke reaches about 1 m above 

Fig. 4. Upper part of Brattlidalen. The V-shaped cross-section 
of the valley is clearly cut in the bedrock, which consists of 
chert-rich rocks of the Kapp Starostin Formation. The end of 
an outrunner from the Fimbulisen ice cap is seen in the lower 
left. During the Little Ice Age (ending around 1900) this cold-
based glacier tongue covered more of the valley, preventing 
the valley side from being buried by talus material. View to 
the south-west, August 2001.
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the ground. Striations have not been observed on 
the dyke. The ground surface on both sides of the 
protruding dyke slopes away, making the dyke 
protrude at a small crest in the terrain (Fig. 3).

Vertical cracks along the dyke facilitate the dis-
integration of the dyke, leaving straight vertical 
walls on the remaining parts (Fig. 5). The cross-

section illustrated in Fig. 6 is a little further south 
and shows that the ground surface on the western 
side is up to 2 m lower than east of the dyke.

Diamicton sheets with angular dolerite clasts of 
gravely to bouldery size, clearly originating from 
the dyke, cover the ground on both sides of the 
dyke. At the crest of Kolldalsnosa, where the dyke 

Fig. 5. West-facing side of the 
protruding dolerite dyke. An 
abundance of blocks from the 
dyke are seen beside it. The 
wall is part of a vertical dyke-
parallel crack. The original 
dyke wall was about 0.5 m fur-
ther out and is preserved some 
metres behind the researcher. 
View to the south–south-east.

Fig. 6. Cross profi le of dyke by pit 1. Note the junction of ice wedges. The thick grey line along the eastern dyke wall below the 
ground represents gypsum crystals that cover the dyke wall at the contact with the hosting shale, and thin layer of light brown 
fi ne-grained sediment. Convex structures in the shaly regolith to the left of the dyke-parallel ice wedge have probably resulted 
from laterally directed forces during ice wedge growth.
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stands tallest, the diamicton sheets have their 
smallest extent, reaching about 1 m towards the 
east and 5 - 10 m towards the west. In the area of 
pit 1 the diamicton sheet reaches about 20 m east 
of the dyke, and is bordered by a weakly devel-
oped drainage channel in a slight depression slop-
ing towards the south. West of the dyke, where the 
adjacent ground has its largest slope angle (15°), 
the diamicton reaches its maximum extent (about 
100 m) and several lobe fronts occur at different 
distances.

An abundance of gravely to bouldery angular 
erratics of gabbroid rocks, clearly more coarse-
grained than the dolerite dyke, has been distrib-
uted over the entire Kolldalsnosa summit plain. 
Within a randomly selected 10 × 10 m square situ-
ated at UTM E556055 N8693163 (ca. 440 m a.s.l.), 
about 250 m east of the dyke, 78 gabbro erratics 
(> 5 cm in diameter) were counted. The errat-
ics are only found superimposed on the regolith. 
Some are clearly more weathered on the upfac-
ing side as indicated by rough surface texture. 
Gabbroid erratics, although much less abundant, 
were also found at Flatkollen, closer to Sassend-
alen, and at Coloradofjella to the north-west (Fig. 
1). However, there are no reports of such erratics 
from west of Sassendalen.

The surface of the regolith in large parts of the 
summit plain features networks of non-sorted 
polygons 10 - 70 m in diameter, with each poly-
gon furrow being 2 - 5 m wide. Several pits (see 
below) confi rm that the furrows are underlain by 
ice wedges (Figs. 3, 7) as also was reported by 
Sørbel & Tolgensbakk (2002) at about same alti-

tude west of Sassendalen. One ice wedge parallels 
the dyke at a distance of 1.5 - 2 m, and is connect-
ed to other ice wedges by right angled ice wedge 
joints.

A few shallow defl ation scars on the top of a 
rounded summit about 0.4 km east of the dyke, 
indicate slight aeolian erosion on this exposed 
site. Some platy clasts, up to 10 cm in diame-
ter, that have been left on the ground surface are 
assumed to represent more resistant layers of the 
parent rock.

Excavations and sedimentological 
investigations

All the pits were dug within a 500 m range east 
of the dyke, and where bedrock consists of the 
shale of the Vikinghøgda Formation (Fig. 1). Pit 
1 (UTM E555678 N8693018) was dug through an 
ice wedge, close to an ice wedge joint 3 m east 
of the dyke, reaching a depth of 1.7 m (Figs. 3, 
7). The partly fi ne-grained superfi cial material 
is clearly derived from the bedrock, preserving 
its shaly structure. It must be considered a rego-
lith and its thickness is at least 2 m. The thawed 
layer was 50 - 60 cm thick. At 70 cm depth the ice 
wedge was reached, exposing a smooth top sur-
face. The ice wedge was 1 m wide at the top and 
about 1 m deep, and did not reach the bottom of 
the regolith. The ice contains air bubbles and has 
incorporated small amounts of dark (probably 
mineralogical) fi ne-grained material.

The stratigraphy in pit 1 shows a 30 cm thick 
diamicton on top, containing angular doler-

Fig. 7. Pit 1 was dug along an 
ice wedge, coming in from the 
right and meeting the dyke-par-
allel ice wedge to the left in the 
picture. The pit is about 1.7 m 
deep (including the water at the 
bottom). The rope net starts at 
the ground surface and reaches 
1.2 m depth. The 30 cm thick 
diamicton layer clearly seen 
in the upper part of the soil is 
underlain by in situ weathered 
shale. See Fig. 6 for position 
relative to dyke.
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ite clasts in a fi ne-grained matrix. The diamic-
ton was underlain by a silty material. At 50 cm 
depth 80 - 85 % was silt, 15 - 20 % was clay and 
less than 1 % was larger than silt. The material 
becomes coarser towards the bottom of the pit, 
with 70 - 75 % being larger than silt (up to 3 cm in 
diameter at 1.55 m depth), but still clearly being 
a regolith. Ground penetrating radars were used 
in an attempt to map variations in thickness of 
the superfi cial material cover. However, the radar 
profi les do not show any clear horizons below 
ground surface.

Pit 2 (UTM 556048 8693154) was dug about 
0.4 km east of the dyke, close to the round-
ed summit mentioned above. The permafrost 
table was reached at 50 cm depth, where a rego-
lith sample was collected. The shaly structure 
from the parent rock is well preserved in the 
pit walls (Fig. 8). More than 98 % is silt or clay, 
the rest being sand-sized, which roughly equals 
the sample from the same depth in pit 1. Pit 3, 
about 40 m west of pit 2, showed that a 4 m wide 
furrow was underlain by a 2 m wide ice wedge. 
The active layer was about 50 cm thick and the ice 
wedge was reached at about 65 cm depth. Sever-
al borings indicated a maximum ice wedge depth 
of 60 cm. A sample from beneath the ice wedge 
shows that the regolith continues downwards, and 
is therefore at least 1.3 m deep.

Microscope study of the samples from pits 1 
and 2 revealed an abundance of white grains iden-
tifi ed as gypsum. Gypsum was also found as 2 - 4 
mm crystals in a brownish coloured 1 - 2 cm thick 
marginal zone along the dyke. XRD analysis of 
the regolith from pit 2 and of rock clast found on 
the ground surface nearby was done on bulk sam-
ples (Fig. 9) and the clay fraction. XRD analysis 
of the regolith from pit 1 was only done on bulk 
samples due to fl occulation problems. Despite the 
formation of gypsum, leakage of small amounts 
of carbonates (dolomites) and possibly slight clay 
mineral transformations, mineralogical analysis 
of the regolith does not indicate signifi cant chem-
ical differences compared to the rock clast. XRD 
analysis of bedrock samples from the same strati-
graphic unit collected in Deltadalen, west of Sas-
sendalen (supplied by A. Mørk) support that the 
rock clast may be regarded as representing the 
bedrock.

Very few indications of cryoturbation have 
been observed at Kolldalsnosa. Small water con-
tent and small variation in clast size in the upper 
part of the regolith may limit cryoturbation.

Discussion

Erratics and glaciation

The abundance of gabbroid erratics at the summit 
plain of Kolldalsnosa clearly shows that the area 
has been glaciated at least once. The erratics are 
probably derived from summits in the east, capped 
by dolerite sills (Y. Ohta, pers. comm. 2001). The 
most likely source area is the mountain of Sten-
sjøfjellet, east of the 300 m deep valley Moskus-
dalen (Fig. 1). This indicates deposition by a 
rather thick glacier moving independently of local 
topography. It is, however, unlikely that subgla-
cial plucking caused the incorporation of material 
in the ice. Subglacial plucking would not account 
for the preservation of the dyke at Kolldalsnosa, 
which must have survived at least the last glaci-
ation (see below). A possible explanation is that 
deposition occurred during a late stage of the gla-
ciation shortly after the summit of Stensjöfjellet 
became ice free. Dolerite clasts from the summit 
area (680 - 750 m a.s.l.) could then fall down onto 
the surface of a glacier, mainly following Sassen-
dalen, but also overrunning the Kolldalsnosa area 
(450 m a.s.l.).

According to glacial reconstructions (Man-
gerud et al. 1992; Salvigsen et al. 1995; Landvik 
et al. 1998) the area was covered by an ice sheet 
crossing Spitsbergen from east to west during the 
Late Weichselian maximum. The deposition of 
the erratics may originate from this late event or 
from earlier glaciations.

Fig. 8. Silty regolith sampled in the active layer 0.4 km east 
of the dyke. Shaly structure from the parent rock is well pre-
served.
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Age and formation of regolith

Working partly in the same geological formations 
on Barentsøya, east of Spitsbergen, Büdel (1982) 
found that the bedrock was heavily disintegrat-
ed by the growth of ice lenses in the upper part of 
the permafrost, a process he called “the ice rind 
effect”. In these layers, ice constituted up to 60 % 
of the total volume. However, in the pits (1 and 3) 
at Koldalsnosa we did not observe any ice lenses 
in the permafrost outside the ice wedges. Further, 
it is unlikely that total disintegration of a rock to 
a silty material, leaving the shaly structure of the 
parent rock unaltered, could have resulted from a 
frost-related mechanical processes such as frost 
wedging or ice lens growth. Therefore, we assume 
that the “ice rind effect” has not been important 
for the disintegration process.

Comparison with bedrock indicates only a 
slight mineralogical change, mainly some forma-

tion of gypsum, some leaching of carbonates and 
possibly some formation of mixed layer minerals. 
We suggest that processes connected to wetting 
and drying (White 1976), possibly enhanced by 
cycling through the freezing point (Hudec 1973; 
Ballantyne & Harris 1994), in combination with 
the slight chemical change, have disintegrated the 
rather weak parent shale. Thus, the disintegra-
tion process seems restricted to the active layer 
during the few annual months of thaw in glacier-
free periods.

From the summit plain at Barentsøya, Büdel 
(1982) reported active layer thicknesses of 
30 - 40 cm for the 1959, 1960 and 1967 fi eldwork 
seasons. He also reported relict active layers, radi-
ocarbon dated to about 3000 BP, reaching depths 
of 60 - 80 cm. According to Førland et al. (1997), 
in the 1950–1970 period, the meteorological sta-
tions in Svalbard had the coldest summer tem-
peratures (June–August) since the Little Ice Age, 

Fig. 9. XRD analysis of bulk samples for rock clast assumed to represent bedrock and for regolith in pit 2 sampled at 50 cm depth 
(bottom of the active layer).
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also being about 0.5 °C colder than at the end of 
the 20th century. Based on this and the active 
layer thickness on Kolldalsnosa being 50 - 60 cm 
thick in a warm and dry season like that in 2001, 
we assume that the active layer in the Colorado-
fjella area during the Holocene climatic optimum 
would have been of about the same thickness as 
reported from Barentsøya.

Assuming that regolith formation is not con-
nected to processes in the permafrost and max-
imum Holocene active layer thickness is of the 
same order of magnitude as that on Barentsøya, 
a regolith cover of at least 2 m thickness must be 
older than the Holocene. Further, regolith devel-
opment underneath a glacier is unlikely, specifi -
cally if the glacier is cold-based (see below). Thus, 
the regolith seems to predate the Late Weichse-
lian glaciation.

Diamicton sheets and dyke emergence

The diamicton sheets found on both sides of the 
dyke are interpreted to have been emplaced mainly 
by solifl uction processes. This was the only sign 
of creep movement observed in the summit plain. 
Angular clasts consisting of fi ne-grained dol-
erite have been supplied by weathering of the 
dyke. The fi ne-grained matrix is derived from the 
underlying sedimentary bedrock, indicating that 
weathered regolith existed before the diamicton 
was emplaced. The extent of the diamicton sheets 
seems dependent on the angle and length of the 
sloping ground and the amount of dolerite clasts 
delivered from the dyke. Dominating winds from 
the south-east, creating larger snow banks on the 
western side of the dyke, may also have played a 
role in the extension of the sheets through a larger 
supply of water to the solifl uction movement.

Another mechanism of possible clast delivery at 
some distance from the dyke is sliding on the icy 
surface of snow in early summer. Erosion on the 
surfaces adjacent to the dyke may have occured 
by slope wash, as indicated by observed concen-
trations of gravels and stones in tracks of melt-
water leading from snow banks by the dyke. This 
process will mainly remove fi ne-grained material 
from the surface of the diamicton.

Solifl uction is completely absent from many 
slopes in central Spitsbergen despite large 
amounts of fi ne-grained material (Tolgensbakk 
et al. 2000; Sørbel et al. 2001). A combination of 
factors—the shallowness of the active layer, lim-
iting the amount of frost heave; snow-melt occur-

ring largely when the ground still is frozen; and 
low precipitation—probably result in rather small 
rates of movement of the sheets by the dyke.

The cross-section of the dyke by pit 1 (Fig. 6) 
shows that the highest free face of the dyke at that 
location is towards the west, corresponding to 
where the adjacent ground has the largest slope 
angle and where the diamicton sheet has its larg-
est extent. This indicates that solifl uction trans-
port of weathered material has played a role in the 
emergence of the protruding dyke. However, such 
a mechanism for dyke emergence requires that 
the lowering rate of the adjacent surface is greater 
than the lowering rate of the dyke itself delivering 
clasts to the diamicton. The fact that the dyke pro-
trudes highest where the sheets on both sides have 
the smallest extent clearly indicates that solifl uc-
tion cannot fully explain its emergence.

These observations show that even if some 
periglacial sediment transport away from the 
dyke may have happened during the Holocene, 
it was never enough for more than 4 m of dyke 
to emerge. Estimates of Holocene sediment yield 
from unglaciated areas calculated at between 30 
and 70 metric tons per km2 and year (Elverhøi, 
Hooke et al. 1998) supports this conclusion. With 
sediment densities of 1800 kg per m–3, this results 
in a total land surface lowering of between 15 
and 40 cm (not corrected for rock densities) for 
the entire Holocene.

Thus, it is most likely that the dyke, actually 
resembling a tor, has survived the Late Weich-
selian glaciation. This result may be tested by 
means of cosmogenic radionuclide exposure age 
of the dyke. A model with glacially eroded rock 
surface, where the top of the dyke was levelled 
with the adjacent ground at the end of the Late 
Weichselian glaciation, seems unrealistic. This 
would require weathering and evacuation of more 
than 4 m of rock during the Holocene. We have 
not found any traces of such a strong erosional 
event, such as extensive, well developed drainage 
systems in the summit plains or remaining depos-
its of fi ne grained sediments in the V-shaped val-
leys. In addition, the numerous erratics of dif-
ferent sizes still linger on the surface, indicating 
very limited erosion since deglaciation.

Age of ice wedges

Assuming that the climate at the onset of the 
Late Weichselian glaciation was at least as cold 
as during the late Holocene, ice wedges proba-



26 Landscape development of the Coloradofjella plateau, Svalbard

bly existed in the summit plains on Spitsbergen 
at that time. Sørbel & Tolgensbakk (2002) have 
indicated that such ice wedges might have sur-
vived the Late Weichselian ice sheet due to cold-
based conditions. It may then be asked if such ice 
wedges could have survived the Holocene.

In Finnmark, northern Norway, ice wedge casts 
developed on ice-marginal deposits close to sea 
level are assumed to be of Younger Dryas age or 
older (Svensson 1962; Sollid et al. 1973). Deglaci-
ation of valleys and coastal areas in central Spits-
bergen seems to have happened later, radiocarbon 
dated to between 10000 and 9500 yr BP (Salvig-
sen & Mangerud 1991; Mangerud et al. 1992). 
During the same period, infl ux of warm Atlantic 
water (Vorren et al. 1988) led to rapid temperature 
increase in the western and south-eastern Barents 
Sea (Hald & Dokken 1995). This also affected the 
west coast of Spitsbergen, where growth of the 
bivalve Mytilus edulis, later extinct around Sval-
bard, indicates the arrival of warmer water prior 
to 9500 14C-yr BP (Salvigsen et al. 1992). Along 
the east coast, equally warm water arrived prior to 
8800 14C-yr BP (Hjort et al. 1995). Thus, summer 
surface temperatures are assumed to have been 
about 1 °C warmer than at present, periodically 
reaching at least 3 °C above recent values, espe-
cially in sheltered locations like the inner parts of 
some fjords (Salvigsen et al. 1992). For the period 
8000 - 4000 14C-yr BP, Birks (1991) assumed a 
mean July air temperature up to 2 °C higher than 
at present, based on analysis of organic sediments 
and pollen preserved in a lake at the western coast 
of Spitsbergen.

A late 20th century warming evident in air 
temperature series (Førland et al. 1997) seems 
to be paralleled by higher sea surface tempera-
tures, refl ected by fi ndings of living M. edulis at 
Bjørnøya (Weslawski et al. 1997) and perhaps 
even in Isfjorden (Sandberg 2004).

Generally, it is assumed that ice wedges may 
develop at MAAT up to –5 or –6 °C (Washburn 
1979). This is 2 - 3 °C warmer than the present 
MAAT in the study area. Ice wedges are present-
ly active in areas close to sea level, for instance in 
the valleys of Adventdalen and Reindalen, where 
MAAT is close to –5 °C and in some years signif-
icantly higher (Jeppesen 2001). It therefore seems 
reasonable to assume that ice wedges devel-
oped and/or were preserved in the Kolldalsnosa 
summit plain during the early Holocene. Assum-
ing that they had the same depth as at present, 
for example, due to equally thick regolith, melt-

ing of the ice wedges later in the Holocene would 
require an active layer of more than 1.5 m. This 
seems unlikely (see above).

The ice wedges within the study area are gener-
ally very wide compared to their depth. The ones 
exposed in pits 1 and 3 are 1 and 2 m wide and 
1 and 0.6 m deep, respectively. This suggests a 
long period of formation as the contracting soil 
layer is rather thin, as shown by the depth of the 
ice wedges. The width of the furrows seems to 
be much wider than the ice wedges themselves. 
Above the 2 m wide ice wedge in pit 3 a 4 m wide 
furrow had developed. Thus, during periods of 
formation the ice wedges may have had a wider 
upper part, which subsequently melted due to 
increase in active layer thickness. This indicates 
that the period of formation was followed by a 
period with a thicker active layer.

Horizontal top surfaces of the ice wedges and 
deformational structures in the hosting rego-
lith (Fig. 6) indicate epigenic ice wedge develop-
ment. Upward extension of the ice wedges, e.g. 
in a stepwise manner as shown by Ballantyne & 
Harris (Fig. 4.4 in Ballantyne & Harris 1994), 
has not been observed. Assuming that pre-exist-
ing ice wedges did not melt during the Holocene 
climatic optimum, the lack of upward extension 
supports that they have not been active in later 
periods. The ice wedge furrows were not, or 
were only weakly, developed in the surface of the 
diamicton along the dyke, while they were clearly 
more developed outside the diamicton. This sug-
gests that ice wedge formation more or less had 
ceased when the diamicton was emplaced.

Based on the analysis of the Holocene climate, 
inferred active layer thickness and indications 
that ice wedge development ceased some time 
ago, it is not unlikely that the ice wedges within 
the study area have survived the Holocene, and 
might even predate the Late Weichselian.

Implications for permafrost and ice sheet 
temperatures

Our study largely confi rms the results present-
ed by Sørbel et al. (2001) and Tolgensbakk et al. 
(2000). In top areas, tor-like features, including 
protruding dykes like the one at Kolldals nosa, 
are common. Covers of in situ weathered super-
fi cial material dominate down to about 300 - 400 
m a.s.l. Till from Pleistocene ice sheets (cov-
ering about 5 % of the glacier-free areas on the 
Adventdalen map sheet) and striations have been 
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found only at lower altitudes. The highest report-
ed striae are at 195 m a.s.l., at the brink above the 
southern wall of Tempelfjorden (Humlum et al. 
2003) about 12 km north-west of the study site. 
Lateral meltwater channels do occur, but are not 
common and give little basis for reconstruction of 
the deglaciation (Sørbel et al. 2001).

The protruding dyke, the thick regolith and the 
lack of traces of glacial erosion, in combination 
with the abundance of erratics suggest that the 
Late Weichselian ice sheet was cold-based during 
the whole period of its existence on the Kolldals-
nosa summit plain. The thickness of the perma-
frost, and even features like ice wedge polygons 
in the summit plains, should therefore be evaluat-
ed in a longer time perspective than the post-gla-
cial period. A further implication is that the area 
with cold-based conditions during the last glaci-
ation is larger than earlier assumed (Landvik et 
al. 1988).

While cold-based conditions lingered during 
the deglaciation (Sollid & Sørbel 1988a, 1988b), 
it might be asked why so few lateral meltwater 
channels seem to have been created. The last ice 
masses on the summit plains may have had the 
form of gentle ice caps, perhaps similar to the 
one currently covering the plateau of Bassen, at 
Operafjellet, in central Spitsbergen (Sørbel et al. 
2001). In such a situation the meltwater largely is 
drained in a supraglacial position, leading to pro-
tection of the ground surface. When the ice cap 
on the summit plain had become very thin and 
started disappearing along its margins, the melt-
water must have drained on the ground surface. 
However, the concentration of fl ow, and therefore 
the potential for erosion, was limited due to low 
production of meltwater, rapid change of ice mar-
gins and the exposed ground being nearly hori-
zontal.

In the broader valleys draining large amounts 
of ice, warm-based conditions have existed in 
periods during the Late Weichselian (Humlum 
et al. 2003). Thus, in areas below about 300 m 
a.s.l. the permafrost and associated features, like 
ice wedge polygons and pingos, are most prob-
ably post-glacial (Jeppesen 2001; Sørbel & Tol-
gens bakk 2002). Temperature data from the bore-
hole at the hill of Jansonhaugen, in Adventdalen, 
indicate that the permafrost had been created in 
post-glacial times (Isaksen et al. 2000). In higher 
lying areas the permafrost is up to 500 m thick 
(Liestøl 1977), indicating a considerably greater 
age (Humlum et al. 2003).

Pleistocene glacial erosion

Our study suggests that the geomorphological 
features and regolith on summit plains in central 
Spitsbergen have survived at least the last Weich-
selian glaciation. That geomorphic features on 
Spitsbergen have been perfectly preserved under-
neath the Late Weichselian ice sheet, due to cold-
based conditions, has been concluded by sever-
al authors, including Lehman & Forman (1992) 
and Mangerud et al. (1992). In addition, up to 1 
My old sediments have been found along Kongs-
fjorden (Miller 1982; Houmark-Nielsen & Funder 
1999), and sediments surviving the Weichselian 
glaciations have been found, for example, in inner 
and outer parts of Isfjorden, in Recherchefjorden 
and at Amsterdamøya in the north-western corner 
of Spitsbergen (Miller et al. 1989; Landvik et al. 
1992; Mangerud et al. 1992; Landvik et al. 2003). 
This clearly indicates that glacial erosion, even in 
certain areas along the fjords, has been limited 
since the Middle or Late Pleistocene (Mangerud 
et al. 1996). Thus, the bedrock geomorphology in 
many areas at least predates the Late Pleistocene.

Beneath ice sheets erosion will usually be con-
centrated along pre-existing valleys, where ice 
is thicker and warm-based conditions are more 
easily reached. In central Spitsbergen, elevated 
summit plains are bordered by incised valleys 
and fjords. The summit plains are often control-
led by resistant geological formations. Elverhøi 
et al. (1995) have suggested that highly erosive 
local glaciers in interstadials and interglacials are 
the main agents of denudation onshore Spitsber-
gen during the Pleistocene. However, the lack of 
cirques and other traces of erosion by local gla-
ciers within these summit plains indicate that 
other processes must be invoked to explain their 
denudation and present geomorphology.

The size of the V-shaped valleys, which must 
have been developed during periods without gla-
cial cover, indicates that they must be older than 
the Holocene. The V-shaped cross-sectional form 
must have been preserved underneath the cover-
ing ice sheets, supporting cold-based conditions. 
Meltwater from perennial snow banks currently 
drains through the valleys. However, fi rn under-
lain by permafrost will protect the valley bottoms 
during summer, as observed in some of the val-
leys. In addition, rates of precipitation in these 
areas are small (Humlum 2002). The present 
rate of valley development therefore seems to be 
small, pushing their origin back in time.
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Thus, it seems clear that non-glacial denuda-
tion processes are responsible for the formation 
of the summit plains as for the V-shaped valleys. 
Our study indicates that very little denudation 
occured during the Holocene in the Kolldalsno-
sa summit plain. Consequently, if the Holocene 
is typical of the glacier-free periods during the 
Pleistocene then very little denudational lowering 
can be attributed to these periods.

Estimates of erosion, compiled from several 
studies of maximum burial of rocks at Svalbard 
and underneath the Barents Sea, led Dimakis et 
al. (1998) to suggest an average denudation of 
1 - 2 km for the Spitsbergen area during the Late 
Pliocene and Pleistocene. Equally high erosion 
has been estimated from volume calculations 
of offshore fan deposits (Hjelstuen et al. 1996). 
This implies that scarcely any of the present land-
scape on Spitsbergen is of preglacial age. Howev-
er, there are considerable uncertainties—on the 
order of ± 200 - 500 m or even ± 1000 m accord-
ing to Dimakis et al. (1998)—with the maximum 
burial estimates. Concerning the offshore sedi-
ment volumes, only one drilling (ODP leg 986) 
has penetrated the anticipated glacigenic part of 
the fans offshore Spitsbergen, and dating partly 
relies on seismic correlation with bore holes in 
the Bjørnøya fan about 450 km further south 
(Forsberg et al. 1999). Further, provenance stud-
ies indicate that considerable volumes in the lower 
fan parts derive from the Storfjorden or Barents 
Sea area (Forsberg et al. 1999; Smelror 1999; Butt 
et al. 2000), having been transported northwards 
to their present position by sea currents. This 
volume should therefore largely be excluded from 
the Isfjorden drainage area sediment budget.

So far the volume of sediments in the subma-
rine fans offshore the Isfjorden area has only 
been determined for the section younger than 
200 Ky, amounting to 328 km3 (Elverhøi, Hooke 
et al. 1998). From data presented by Hjelstuen et 
al. (1996), the sediments younger than 200 Ky 
represent 6.9 % of the total glacigenic deposi-
tion in the Storfjorden fan, south-west of Spits-
bergen. By using the same proportion, the total 
glacigenic sediment volume in the Isfjorden 
fan is calculated to 4750 km3. Evenly distribut-
ed over the present Isfjorden drainage area (Fig. 
1), which is 9540 km2 (including the fjord), this 
would yield a 500 m thick sediment layer. Con-
verting this to bedrock erosion will probably 
result in some thickness reduction due to density 
differences (Vorren et al. 1991). The masses that 

were removed during the last 2.3 to 2.5 My may 
be even smaller, as the fi rst ice streams draining 
out Isfjorden may have eroded preglacial delta-
ic depositions at the coast. Thus, this unknown 
amount was already removed from the drainage 
area at the onset of the large glaciations, but was 
not necessarily incorporated in the preglacial part 
of the present fan. An additional reduction results 
if the source area was larger than the present Isf-
jorden drainage area, incorporating areas further 
east (Elverhøi et al. 1995), as ice drained across 
Spitsbergen during peak glaciations (Mangerud 
et al. 1992; Salvigsen et al. 1995; Landvik et al. 
1998). A further reduction may be linked to Pleis-
tocene formation of the strandfl at and its continu-
ation offshore, yielding sediments to the offshore 
deposits.

Within the Isfjorden drainage area maximum 
fjord depth is approximately 400 m b.s.l. The 
highest peaks reach approximately 1300 m a.s.l. 
and average elevation is 260 m a.s.l. (including 
the fjord basin). Adding less than 500 m as aver-
age can reasonably be done without adding any-
thing to the summit plains, as the internal relief of 
the preglacial landscape probably was much less 
than at present. As a rough validating test a trend 
surface was constructed starting at the present 
summit plains, using GIS techniques and a dig-
ital elevation model with 500 m resolution. Sub-
tracting today’s landscape from the trend surface 
indicates that the missing volume (5400 km3) is 
of the same order of magnitude as the glacigen-
ic sediments in the submarine fan (see above). 
Based on this, and the geomorphic evidence pre-
sented in this work, we suggest that the present 
summit plains, including the rather low-lying one 
in the Coloradofjella area, represent the remains 
of a preglacial surface. This is in agreement with 
the palaeosurface model proposed by Harland 
(1997).

Conclusions

The Coloradofjella area, featuring a smooth rego-
lith covered summit plain with deeply incised V-
shaped valleys, has been overrun by at least one 
thick ice sheet moving from east to west, deposit-
ing an abundance of coarse-grained dolerite errat-
ics. The distribution and lithology of the erratics 
indicate dolerite capped mountains 5 - 10 km to 
the east as the most likely source. A protruding 
fi ne-grained dolerite dyke has emerged through 
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weathering and subaerial denudation of the adja-
cent ground. Sediment evacuation by solifl uc-
tion of the present diamicton sheets alone cannot 
explain its emergence. A model with glacial abra-
sion during the Late Weichselian, levelling the 
top of the dyke with the adjacent bedrock, and 
Holocene weathering and erosion leaving the 
dyke protruding up to 4 m above the adjacent 
ground, seems unrealistic. The geomorphology 
and regolith cover indicates that the overrunning 
Late Weichselian ice sheet have not eroded these 
summit plains. The bedrock geomorphology and 
the regolith cover must therefore be older.

To summarize, we suggest that the Late Weich-
selian ice sheet was cold-based throughout its 
existence in the summit plain of Kolldalsno-
sa. This implies that the permafrost and possi-
bly even the ice wedges may be older than the 
last glacial cover. Based on the geomorphic evi-
dence and the erosion estimate, we suggest that 
the present summit plains in central Spitsbergen 
represent the remains of a preglacial surface.
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