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Introduction
Investigations of long-term landscape development in 
glaciated shield areas are essential for understanding tec-
tonic histories (Riis, 1996; Bonow, 2005; Söderlund  et al. 
2005), sediment budgets over geological time scales (Win-
ter et al., 1997; Molnar, 2004; Peulvast et al., 2009), and 
the origins of glacial landscapes (Sugden , 1978; Ebert and 
Hättestrand, 2010). Such investigations are challenging 
for many reasons. Glacial erosion has often removed pre-
Quaternary correlative deposits and saprolites (Migoń 
and Lidmar-Bergström, 2001; Roy et al., 2004), leaving a 
scoured bedrock terrain  apparent ly devoid of evidence of 
its erosion history. Moreover, large areas of shield today 
lack Mesozoic and Cenozoic cover rocks and are remote 
from sedimentary basins and so long-term patterns and 
rates of erosion are hard to constrain . Low temperature 
thermochrono logy, notably apatite fission  track (AFT) 
and (U/Th)/He analysis, may also be of limited value in 
establishing the burial, uplift, and erosion histories of low 
relief shield areas through the Mesozoic and Cenozoic . 
Low long term rates of uplift and erosion (Peulvast et al., 
2009), complex cooling histories (Redfield, 2010) and 

radiation-enhanced effects at low temperatures (Hen-
driks and Redfield, 2005; Flowers  et al., 2009) may all 
complicate or prevent interpretation of cooling histories 
in shield rocks. Under these circumstances, it is no sur-
prise that in glaciated shield areas, such as the Fenno-
scandian Shield, the main research emphasis has been 
on the development of the glacio- geomorphological 
landscape through the Quaternary (e.g. Seppälä, 2005; 
Kleman  et al., 2008). Yet recent studies  using Digital 
Elevation Models (DEMs) within a GIS framework that 
bring together morphological, geological  and weather-
ing data have provided important new insights into the 
macro-scale geomorphology of shields beyond the limits 
of Pleistocene glaciation (Römer 2007, 2008). More over, 
careful reconstructions of pre-glacial palaeosurfaces, 
combined with information from scattered remnants of 
Mesozoic and Cenozoic cover rocks and weathering cov-
ers, can provide detailed information on the tectonic and 
erosion history of shields even from glaciated areas (Lid-
mar-Bergström 1982; 1995; 1996). 

Our study area in northern Sweden is close to the cen-
tre of the northern Fennoscandian shield area (Fig. 1) 
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Secondly, we examine the controls on inselberg and 
palaeosurface development. Integration of field map-
ping, geological map data and interpretation of fracture 
patterns within a GIS framework are used to develop a 
model of the geological factors that influence inselberg 
location and form. Links between inselberg distribution, 
inselberg summit elevations and palaeosurface morphol-
ogy are explored within DEMs to try to establish how 
the inselbergs emerged and persisted and how the palae-
osurfaces were extended and lowered. New excavations 
and field observations in the Parkajoki area, together 
with data from the Kiruna ore district, are used to estab-
lish the links between structure, deep weathering and 
inselberg formation.

Finally, we review briefly the origins and age of the pre-
glacial inselberg landscape in northern Fennoscandia. 
Long standing assumptions of the inselberg plains as 
products of etching and stripping during warm and humid 
climates (Schrepfer, 1933; Büdel, 1978; Rudberg, 1988) are 
evaluated. Combined data from landforms, sediments and 
weathering mantles indicate a geomorphic history for this 
shield area that spans timescales of >107 yr but firm dat-
ing of the main phases in the development of the inselberg 
landscape of northern Sweden remains elusive.

Study area
The study area is situated east of the northern Scandes 
in north-eastern Sweden (Fig. 1) and consists of Precam-
brian basement, with a dominance of granitoid rocks 
(Table 1, Fig. 2B). The area has extensive plains, from 
which rise many inselbergs (Fig. 2, 3) and into which 
are incised the main valley systems. Like many north-
ern shield areas, the study area is covered by taiga forest 

and provides unusual opportunities for the study of its 
long term geomorphology. It is remarkable for its many 
isolated, bedrock hills (Schrepfer, 1933; Büdel, 1978; 
Rudberg , 1988; Lidmar-Bergström, 1996; Ebert and 
Hätte strand, 2010). These inselbergs (Bornhardt, 1900) 
have been long regarded as old landforms that predate 
Pleisto cene glaciation (Schrepfer, 1933; Kaitanen, 1969; 
Rudberg , 1988). Glacial erosion has acted to stream-
line the hills, so that, in areas of most intense glacial ero-
sion, the inselbergs now form the cores of crag-and-tails 
or large roches moutonnées (Hättestrand, 1998; Hät-
testrand et al., 2004; Ebert and Hättestrand, 2010). Many 
inselbergs, however, retain an essentially pre-glacial form, 
as shown, for example, by the limited development of gla-
cial cliffs (Ebert and Hättestrand, 2010) and by the preser-
vation on summits of tors with cosmogenic exposure his-
tories of 105-106 yr (Stroeven et al., 2002). Moreover, the 
inselbergs locally occur in association with saprolites that 
provide evidence of long weathering histories (Nordka-
lott project, 1986). Finally, the inselbergs rise from exten-
sive bedrock plains which have been widely regarded as 
ancient erosion surfaces or palaeosurfaces developed in 
response to phased uplift and long term erosion through 
the Mesozoic and Cenozoic (e.g. Rudberg, 1954; Lidmar-
Bergström et al., 2007; Ebert et al., 2011). 

In this paper, we investigate long term relief development 
on the Precambrian shield in northern Sweden.

Firstly, we provide a detailed morphological analysis of 
the macro-scale, pre-glacial geomorphology in a shield 
landscape in the Northern Hemisphere using digital ele-
vation models (DEMs). Inselberg size, shape and height 
range are analysed from a data set of 794 inselbergs. 
Inselberg distribution is then assessed in relation to 
extensive, stepped palaeosurfaces.

Figure 1: Combined slope eleva-
tion map of the study area, the 
inselberg plains of NE Sweden on 
the Fennoscandian Shield, with 
major faults (faults from Natio-
nal Geological Bedrock data-
base 1:1 million of the Swedish 
Geological Survey, SGU). Eleva-
tions are highest in the NW and 
decrease successively towards the 
SE. Figure locations of figs. 4, 6, 
7 and 8 are shown. 
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relief over extensive areas prior to deposition of Cam-
brian to Silurian sediments on the sub-Cambrian pene-
plain (SCP) (e.g. Loberg, 1999; Lidmar-Bergström, 1995; 
1996; Nilsen and Schovsbo, 2011). The SCP with a thin 
cover of Cambrian sandstone plunges below the Caledo-
nide nappes in the west and forms the northern shore of 

and low ground is generally covered by Pleistocene gla-
cial deposits.

The long term geomorphological history of northern 
Fennoscandia is known only in outline. Large areas of 
the shield around the Baltic Sea were reduced to very low 

Figure 2. A) Inselberg classification on a slope elevation map. B) Inselberg relief, and inferred border between areas with a majo-
rity of strongly glacially modified inselbergs (south of line) and low or moderately glacially modified inselbergs (north of line) 
(from Ebert and Hättestrand, 2010) in relation to geology. Only bedrock types that comprise the majority of inselbergs in the 
detail study areas are shown. Inselberg relief is higher towards the W, and in areas with granite and pegmatite. C) DEM with 
inselberg elevation distribution in relation to palaeosurface generations. Boundary elevations from the hypsography of the area 
(Ebert et al., 2011), with exception for boundary elevation 550 m a.s.l. This elevation can not be seen in the hypsography of this 
area because of the decreasing pixel number on higher elevations, but has been added for a clearer understanding of the figure. 
550 m a.s.l. was chosen because it was suggested to be the upper limit of a palaeosurface generation by Lidmar-Bergström and 
Näslund (2002). D) Aeromagnetic differences in relation to the relief of the area. See text for figure interpretation.
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but the most prolonged ice cover was during the last ~1 
Ma (Kleman et al., 2008). The dominant ice flow direc-
tion in the study area was NW-SE from the Scandinavian 
mountain front to the Gulf of Bothnia. This ice flow has 
likely prevailed during the majority of Quaternary glaci-
ations (Hättestrand et al., 2004). During the last glacial 
cycle, ice flow from the northwest dominated in the Early 
Weichselian, while ice flow from the west and south-
west dominated during the Late Weichselian deglaciation 
(e.g. Lagerbäck and Robertsson, 1988; Kleman, 1992; 
Kleman  et al., 1997; Hättestrand, 1998; Hättestrand et al., 
1999). The drift cover is mainly the result of deposition 
from the repeated extension of mountain-centred ice 
sheets across the study area during the Middle and Late 
Pleistocene  (Fredin, 2002; Kleman et al., 2008). 

Methods
This study combines field observations with digital  terrain  
data analysis over an area of ~33 000 km2 in northern 
Sweden using a DEM with a 50 m horizontal resolution 
(National Land Survey of Sweden) in ArcGIS 9.2. The 
absolute vertical accuracy of the DEM is < 2m, while the 
relative vertical resolution is with a dm-range. Average  
thicknesses of surficial deposits on low ground in the 
study area range from 5 to 10 m (Nord kalott project , 1986) 
and considering that the landscape we investigate has a 
relative relief of at least ten times that, we feel confident 
that what we examine is the bedrock surface topography, 
although the DEM allows no distinct ion between bedrock 
or unconsolidated sediments.

Morphometry and landforms

Previous work has defined inselbergs in the study area 
as convex features, sloping in all directions, with a mini-
mum relative relief of 50 m within a 2.5 km radius (Ebert 
and Hättestrand, 2010). DEM mapping (Fig. 2A) and 
fieldwork showed that glacial modification of inselbergs 

the Gulf of Bothnia to the east (Rudberg, 1970; Lidmar -
Bergström, 1995). The nappes, together with debris from 
the rising Caledonide mountains, buried  western  parts 
of the shield in the Palaeozoic, but the former  thickness, 
extent and longevity of cover rocks are disputed (e.g. 
Middleton et al., 1996: Samuelsson and Middleton , 1998; 
Huigen and Andriessen, 2004). Signifi cant   uplift later 
affected the North Atlantic margin in the Late Cretaceous  
and early Palaeogene (Hendriks and Andriessen, 2002; 
Hendriks, 2003), prior to break up and the onset of sea-
floor spreading in the Eocene (e.g. Loberg, 1999). Uplift 
in the study area during this phase is estimated at ~400 
m based on reconstructions of the former SCP, with a 
further  ~200 m in the Neogene (cf. Riis, 1996; Loberg, 
1999; Lidmar-Bergstrom et al., 2007). 

Wråk (1908) identified six palaeosurface generations 
in northern Sweden, extending from the highest peaks 
in the northern Scandes to the Baltic coast. Wråk’s 
identifi cation has been supported by analysis of topo-
graphic profiles (Lidmar-Bergström et al., 2007) and by 
recent hypsographic analyses (Ebert et al., 2011). These 
palaeo surfaces have been attributed to discrete phases of 
erosion  and removal of cover rocks with extension of the 
youngest, lower surfaces continuing into the Neogene 
(e.g. Lidmar-Bergström et al., 2007). 

During the early Palaeogene, the Arctic Ocean was warm 
and ice-free. Mean annual sea surface temperatures 
reached a maximum of ~24˚C during the Palaeocene-
Eocene Thermal Maximum (PETT) (Secord et al., 2010). 
During the period 44 to 16 Ma, the climate cooled. The 
appearance of dropstones from 14 Ma indicates the pre-
sence thereafter of icebergs and seasonal sea ice and the 
sudden influx of large volumes of ice-rafted debris at 3.2 
Myr signals the start of continental ice sheet expansion 
in the Northern Hemisphere (Moran et al., 2006). North-
ern Sweden experienced ~40 cycles of ice sheet growth 
and retreat during the late Neogene and Quaternary 
(Mangerud et al., 1996; Kleman and Stroeven, 1997), 

Table 1: Frequency of inselbergs compared to bedrock type area  
(Bedrock from National Geological Bedrock database 1:1 million of the Swedish Geological Survey, SGU)

Bedrock Inselbergs 
(count)

Inselbergs  
(%)

Area occupied by  
bedrock type (%)

Granitic and granodiorite rocks 515 64.86 70.81

Volcanic and metavolcanic rocks 83 10.45 9.06

Meta sediments, schist and gneiss 78 9.62 7.33

Dolerite, gabbro, metagabbro 36 4.53 4.77

Quartzite 28 3.53 1.84

Basalt 21 2.65 1.88

Sedimentary and volcanic rocks 31 3.90 2.95

Other 2 0.26 1.68

Total 794 100 100
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Table 2: Sources for mapped locations of pre-Quaternary weathering remnants of Figure 3.

Type of weathering remnant Location Paper/source

Tors Pyhä-Nattanen and Riestovaara, N Finland Darmody et al., 2008

Tors Aurivaara plateau, N Sweden André, 2004

Tors Tsåktso, N Sweden
Fieldwork

Tors Dundret, N Sweden

Tors Parkajoki area, NE Sweden Hättestrand and Stroeven, 2002

Tors Areas in N Finland
Söderman et al., 1983

Tors Lauhavuori M Finland

Tor Lycksele, N Central Sweden Ivarson and Zale, 1989

Tors NE Scandes, NW Sweden Johansson, 2003

Eocene marine diatoms Akanvaara
Tynni, 1982

Eocene marine diatoms Area in NW Finland

Eocene marine diatoms Åsele, central Sweden Cleve-Euler, 1941

NW Finland Tynni, 1982

Saprolite Dolimite mine Masugnsbyn Fieldwork

Saprolite Parkajoki area, NE Sweden R Lagerbäck / 
Ebert et al., in press

Saprolite Kumpulusvaara/Itävaara, central N Sweden Nordkalott project, 1986

Saprolite Laanila, central N Finland Lidmar-Bergström, 1982

Saprolite Tankavaara, central N Finland Islam et al., 2002

Saprolite Puresoaivi, NW Finland Kaitanen, 1989

Kaolinization in fractures Ultevis, Porjus References in Elvhage and Bergström, 1987; 
Frietsch, 1966; SGU-report 1977
Geijer 1910, 1925Deep kaolinization Svappavaara

Deep kaolinization Vathanvaara

Soft ores Malmberget, Lieveniämi, Kirunavaara

Figure 3. Compilation of reported and 
known pre-Quaternary weathering 
remnants  in northern Fennoscandia. 
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relate to the stepped surfaces in terms of distribution and 
elevation categories (Fig. 2C). Additional information on 
inselberg morphology and characteristics comes from 
field mapping.

Geological controls

Existing information on rock type and fracture patterns 
was taken from the Swedish Geological Survey (SGU) 
1: 1 million scale database. Inselberg relief was plot-
ted onto a simplified geological map to investigate links 

has been largely limited to steepening of flanks and to the 
formation of lee side cliffs and so the gross form of the 
inselbergs represents the pre-glacial morphology (Ebert 
and Hättestrand, 2010). Digital data on slope angles and 
hypsography demonstrate that the relief of the shield 
in the study area is dominated by 4 stepped palaeosur-
faces of pre-glacial origin with slopes of < 2° (Ebert et 
al., 2011). Hypsographic curves show clear minima at 
the elevations of 190, 250, and 400 m a.s.l., each mark-
ing steps separating different palaeosurfaces. DEM ana-
lysis is extended here to examine how the inselbergs 

Figure 4. A) Distribution of pre-glacial and non-glacial landscape features (tors, boulder fields and known saprolite loca-
lities) in the Parkajoki  area. Tor and boulder field locations from Hättestrand and Stroeven (2002). Saprolite localities 
were mapped as a result of excavation with a mechanical excavator and thanks to information of Robert Lagerbäck, SGU 
(Swedish Geological Survey). Saprolites are thick in the Anokangas basin and in areas of smooth appearance in the DEM. 
A rougher area with rock knobs in the west of the study area was possibly stripped of saprolites. Profile line AB shows profile 
Naakakarhakka (fig. 5). B) The fractures in the Parkajoki area are apparent and the hydrology follows the fracture pattern, 
a typical feature of non-glacial granite areas (Ericson et al., 2005). C and D demonstrate glacial meltwater erosion traces, 
with C) a surface stripped of tors and regolith, and D) A lake-filled linear depression.
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Results

The gross morphology of the shield in northern Sweden  
is dominated by a series of stepped, low-angle palaeo-
surfaces above which many inselbergs rise and below 
which the main valleys are cut. Palaeosurface elevations 
and gradients rise towards the Caledonide mountains in 
the NW and slope gently with the main drainage lines 
south-eastward towards the Gulf of Bothnia. The study 
area shows a pronounced NW-SE topographic grain, 
an expression of the major bedrock structure (SGU 1:1 
million database; Fig. 1) and the landform streamlining 
of the dominant ice drainage direction (e.g. Ebert and 
Hättestrand , 2010; Fig. 2A).

Morphometry and landforms

Inselbergs are unevenly distributed, with large (200-
500 km2) areas of low relief having few, if any inselbergs 
(Fig. 2). Inselbergs may occur as single hills, but most 
are found in clusters of different sizes. The margins of 
inselberg clusters are typically rectilinear and give trap-
ezoidal outlines, with inselbergs forming summits along 
ridges or more densely concentrated in larger hill masses. 
Inselberg clusters are often bounded and transected by 
rock-cut corridors and trenches up to 10 km long, likely 
excavated by glacial or meltwater erosion.

between rock type and inselberg frequency and size (Fig. 
2B). Palaeosurface steps (Ebert et al. 2011) were com-
pared to inselberg distribution and relief to investigate 
connections between inselbergs and palaeosurfaces (Fig. 
2C). Major topographic lineaments were mapped from 
DEMs in the Parkajoki area to explore how fracturing 
links to inselberg location and form (Fig. 4B). The relief 
of the study area was integrated with an aeromagnetic 
map for comparison of differences in relief in relation 
to differences in the magnetic map (Fig. 2D). Associa-
tions between the form of inselbergs and fracturing were 
examined through reconnaissance field mapping.

Deep weathering

New information on the subsurface distribution of till 
and saprolite in the Parkajoki area (Figs. 1, 4) was derived 
using mechanical excavations of pits on tor margins  
(Johansson, 2007) and at inselberg footslopes. The 
Chemical Index of Alteration (CIA), a ratio of immo-
bile to mobile oxides in granitic material (Nesbitt and 
Young, 1982), was calculated after analysis of saprolite 
geochemi stry (Ebert et al., in press). Existing and unpub-
lished information from the geological literature was col-
lated from across northern Sweden on the distri bution of 
tors, saprolites, kaolins and weathered ore bodies  (Fig. 3).

Figure 5. Profile of Naakakarhakka (for location see fig. 4) with a well-developed tor on top and thickening saprolite from 
the summit downwards on the hill sides.
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extensive exposures of glacially-abraded bedrock, the 
development of small lee-side cliffs and limited steepen-
ing of hill flanks. The gross form of the hills, however, 
indicates limited or no glacial streamlining (Ebert and 
Hättestrand, 2010) and so these groups provide the clear-
est information on pre-glacial forms. 

Granite inselbergs usually display dome forms, includ-
ing spheroid, ovoid and elongate ellipsoid shapes. In 
the Parkajoki area (Fig. 4), granite inselbergs comprise 
both oriented and non-oriented, low, domes, with a-axis 
lengths of up to 4 km, relative relief of 50 to 150 m, and 
flanking slope angles mostly between 6 and 10º. Here 
tors up to 5 m high are widespread on dome summits 
and flanks (Fig. 4). Tors and tor stumps occur on several 
other granite inselberg summits and on the large gabbro 
inselberg, Dundret (821 m a.s.l.), near Gällivare (Fig. 6). 

The largest inselbergs are substantial hills, with a-axis 
lengths of up to 10 km and a relative relief of up to 500 m. 
Most (60%) inselbergs, however, are smaller, with a relief 
of 101-200 m and only a few hills exceed 400 m (Fig. 
2B). The relative relief of inselbergs generally declines 
from NW to SE, apart from the belt found in the SE of 
the study area which contains many 201-300 m high 
hills (Fig. 2B). The greatest numbers of small (53-100 m) 
inselbergs occur in the SE of the study area. 

Individual inselbergs have been classified by shape as 
non-oriented, oriented and glacially streamlined (Ebert 
and Hättestrand, 2010) (Fig. 2A). The latter reflect 
the strongest glacial erosion and usually display a clear 
NW-SE orientation, parallel to former ice flow, with 
rounded ice-flow stoss slopes and long, straight and steep 
flanks. Large, non-oriented and oriented inselbergs may 
show many signs of minor glacial erosion, including 

Figure 6. Detailed map of 
the gabbro dome inselberg 
Dundret. Dundret is one of 
the highest inselbergs in the 
study area. It is located in an 
area of strong glacial erosion. 
Despite this, the inselberg has 
been well-preserved during 
glaciation and shows only few 
signs for glacial bedrock ero-
sion. The form of the inselberg 
is defined by the form of the 
gabbro dome and a number 
of tors occur on the inselberg 
summit. For location of Dun-
dret, see fig. 1.
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Geological controls
When the DEM-based inselberg data are plotted against 
the SGU digital bedrock map, inselbergs occur with 
roughly equal frequency on all major rock types (Ebert 
and Hättestrand, 2010). However, this may be merely a 
reflection of the mixed litho-stratigraphic groups used 
to classify the shield geology (Fig. 2B). For inselbergs 
with >200 m of relative relief, granite (43%) and gran-
odiorite (18%) rock types are dominant. However, no 
detailed work on the mineralogy of the rocks associated 
with inselbergs has been attempted and so the litholog-
ical controls on inselberg location remain to be prop-
erly elucidated. The relief plotted on a map with mag-
netic anomalies in the study area (Fig. 2D) shows that 
the inselbergs are distributed across rocks of both high 
and low concentrations of magnetic minerals. In many 
places, the margins of inselberg groups and clusters are 
aligned with boundaries between rocks of different mag-
netic properties. This is clearest along the sides of the 
trench developed  in rocks with high magnetic anoma-
lies that runs NNE in the northern part of the study area. 
The hill masses are partly an expression of rock type and 
differential weathering and erosion, and margins of the 
hill masses have not retreated across litho-structural dis-
continuities. 

Four palaeosurfaces can be recognised in the regional 
hypsography of the inselberg plains (Ebert et al., 2011). 
Palaeosurface gradients increase from 3 m/km to 5-10 
m/km as elevations increase from the lower to the higher 
palaeosurfaces. The gradients of all the palaeosurfaces 
in the lowlands of the study area are low in compari-
son to those of palaeosurfaces in the mountains of the 
northern Scandes (Lidmar-Bergström et al., 2007; Ebert 
et al., 2011) but comparable to those of the SCP (Rud-
berg, 1970). Each of the palaeosurfaces has, in places, a 
step on its inner margin that may coincide with the limits 
of inselberg clusters. More generally, however, the lower 
palaeosurfaces extend NW into the area of the next high-
est surface via broad valleys and embayments (Fig. 2C). 
Here the boundaries between palaeosurfaces may be 
both stepped and gradational. 

When inselbergs are shown in the same elevation classes 
as the palaeosurfaces, inselberg summit elevations 
decrease successively towards the south-east (Fig. 2C). 
The south-eastern limit of the upper inselberg summit 
height class does not correspond to the limit of the pal-
aeosurface generation of the same elevation, but extends 
further eastwards than that generation. This is also true 
for the lower inselberg elevation classes and correspond-
ing palaeosurface generations. 

Fig. 7 Kirunavaara and Luo-
savaara inselbergs (A) and 
Vathanvaara inselberg (B), 
demonstrating the importance 
of fracturing for inselberg for-
mation. For area locations see 
fig.1.
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The granite domes NE of Gällivare and N of Över-
kalix are developed in fracture-bounded zones of rela-
tively massive rock up to 2 km in a-axis length (Fig. 2B). 
Glacially- stripped surfaces reveal at least three joint 
sets, with two orthogonal sets of vertical joints and a 
set of sheet joints. Vertical joints are often 2-5 m apart, 
whilst sheet joints are 0.3-1 m apart and so the granite 
surface splits into large slabs (Fig. 8). Sheet joint incli-
nations correspond closely to slope angles on the sum-
mits, sides and bases of the inselbergs. This correlation 
extends to inselbergs that are asymmetric in cross-sec-
tion, such as Teletöisentunturi, Dirivalla and Avakko-
tunturi. Avakkotunturi is an example of a ridge-shaped 
dome N of Gällivare, where even flanking slopes steeper 
than 20˚ conform to the angles of large granite slabs 
(Fig. 8). In the Parkajoki area, the parallelism between 
dome slopes and the inclination of sheet joints is strik-
ing, and extends from inselberg summits, down flanks 

The influence of rock fractures is readily apparent. The 
distribution of major faults (Fig. 1) indicates that NW-SE 
trends dominate in the study area, with lesser NE-SE and 
N-S orientations. The NW-SE fractures tend to be the 
most closely spaced and determine the outlines of many 
elongate, NW-SE oriented inselbergs. 

Data from the mining area around Kiruna illustrate 
the importance of fracturing in determining inselberg 
location  and form. The ridges of Kirunavaara and 
Luossa vaara are developed mainly in bands of steeply-
dipping syenites and iron ores but the hill outlines relate 
mainly to bounding fractures (Fig.7). In mine cuts along 
inselberg axes, minor fractures are seen to be widely-
spaced and, in places, sealed by magnetite veins (Fig.7 
). The hill named Vathanvaara also shows a similar 
relation ship between the footprint of the hill and fractur-
ing (Fig. 7).

Figure 8. Morphology and join-
ting in granite domes. A and B. 
Oriented dome Avakkotunturi. 
A. Glacially-stripped dome sum-
mit, with gentle convex slopes 
following sheet and large blocks 
bounded by three sets of vertical 
joints B. Detail of small joint-
aligned, glacially-eroded scarp, 
showing closely-spaced sheet 
joints. C and D. Oriented dome 
Teletoisentunturi. C. Detail of 
small glacially-eroded cliff. Stee-
ply dipping sheet joints and two 
orthogonal sets of vertical joints. 
D. North-east flank of the hill. 
Slopes steepen to >20° and con-
form to sheet joint angles. Gla-
cial removal of granite blocks 
from the steepest mid-slope sec-
tion has led to rock mass instabi-
lity, breakaways and the forma-
tion of a small cliff. E and F and 
G. Oriented dome Dirivaara. E. 
Glacially-stripped dome sum-
mit, with gentle convex slopes 
following thick sheet joints and 
large blocks bounded by two sets 
of vertical joints. F. The steep 
south-west flank of the hill dis-
plays sheet joints >25°. Glacial 
erosion has led to rock mass 
instability and toppling on lower 
slopes. G. The steep south-west 
flank of the hill, with the lower 
cliff marked by block collapse 
(arrows) and the gentle convex 
summit slopes.



11NORWEGIAN JOURNAL OF GEOLOGY Pre-glacial landforms on a glaciated shield: the inselberg plains of northern Sweden

such as hornblende and biotite gneisses. These mines lie 
in zones of relatively effective glacial erosion adjacent to 
major valleys. Away from these zones of fast flow, deep 
weathering first appears in narrow zones, protected by 
rock walls, on inselbergs at Svappavaara and Vathanvaara 
and becomes more widespread on the plains that extend 
east towards the Parkajoki area on the Finland border. In 
these areas, weathering tends to be found at middle ele-
vations, away from summits and valley floors (Fig. 5).

Three types of deep weathering have been associ-
ated with the present landsurface in northern Sweden 
(Elvhage and Lidmar-Bergström, 1987): 
1. Grus-type saprolites, with low levels of alteration of 

primary minerals, 
2. Clay-rich saprolites, with advanced alteration to 

kaolin  and smectite
3. “Soft ores”, where Cenozoic weathering appears to be 

superimposed on zones of Early to Middle Protero-
izoic mineralisation.

Grus-type saprolites are found at numerous locali-
ties across northern Sweden east of Gällivare but are 
known to be widespread only in the Parkajoki district 
of low glacial erosion. Here the former distribution 
of grus in relation to landforms can be reconstructed. 
Grus is not widely developed beneath inselberg sum-
mits, where joint-bounded, granite blocks are widely 
exposed, although trenching from a tor margin on Nak-
kakarhakka (Fig. 5) revealed the local presence of sap-
rolite, as a weathering crust up to 0.5 m deep and cov-
ered by thin till. Tor faces show development of notches 
up to 1.5 m high around tor bases, features that probably 
developed by weathering just below the former soil sur-
face respectively (Hall and Sugden, 2007), indicating the 
former presence of a thin regolith. Excavations beneath 
inselberg footslopes show that till depths may exceed 5 
m and that saprolites >3 m thick occur beneath multiple 
tills. Such footslopes are associated with smooth surface 

and into the footslope zone. The influence of sheeting 
is not confined to granite, as the dome-like form of the 
large gabbro inselberg, Dundret, reflects the develop-
ment of sheet structures within the intrusion (Fig. 6). In 
these rock types, at least, sheeting is an important control 
on the detailed form of inselbergs. Bringing together the 
main features of large granite inselbergs in the study area 
allows a simple model to be developed for the pre-glacial 
morphology of these inselbergs and their surroundings 
in northern Sweden (Fig. 9).

Palaeosurface distribution has no obvious links to that 
of the major rock groups (Ebert et al., 2011), although 
a significant part of large palaeosurfaces to the W of the 
Parkajoki area is developed across rocks having positive 
magnetic anomalies (Fig. 2D).

However, locally the steps between surfaces and at the 
contact with inselberg clusters are rectilinear in plan view 
and so probably correspond with rock fractures. The 
main valleys are aligned strongly with NW-SE regional 
fracture sets.

Deep weathering

Previous investigations have reported the presence of 
deep weathering beneath till in northern Sweden (Lun-
dqvist, 1985; Elvhage and Lidmar-Bergström, 1987) but 
its character, depth, frequency and distribution is poorly 
understood. Existing records indicate that weathering 
occurs in granitoid, mafic, carbonate and meta-volcanic 
shield rocks. Although large areas lack exposure and 
borehole records are widely spaced away from mineral 
prospects, deep weathering remnants are not common, 
with only a minority of pits in the Nordkallot project 
encountering weathered and not fresh bedrock. Exten-
sive exposures in the Kirunavaara (Fig. 7), Luossavara 
and Aitik opencast mines reveal only fresh rock surfaces 
beneath till, even in rocks susceptible to weathering, 

Figure 9. Model of the key featu-
res of granite inselbergs in nor-
thern Sweden.
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Discussion
The macroscale relief of the inselberg plains of northern 
Sweden is typical of that which dominates large areas of 
the Fennoscandian shield (Riis, 1996; Lidmar-Bergström 
and Näslund, 2002), stretching across central Sweden 
towards the Norwegian border (Rudberg, 1988; Ebert, 
2009) across Lapland (Kaitanen, 1969 ,1989; Söderman 
et al., 1983; Fjellanger and Sørbel, 2007) and towards the 
White Sea in Russia.

Impact of glacial erosion 

The impact of glacial erosion on inselbergs has been to 
modify hill form in areas of fast, warm-based ice flow but 
has remained limited elsewhere (Rudberg, 1954; Lidmar-
Bergström, 1997; Kaitanen, 1969; Ebert and Hättestrand, 
2010). The impact on palaeosurfaces has yet to be fully 
assessed but the similarities between the gross morphol-
ogy of areas of contrasting glacially-streamlined and lit-
tle or no glacial erosion, the preservation of palaeosur-
faces over extensive areas and the local preservation of 
pre-glacial saprolites all indicate that glacial erosion of 
this shield area has been mainly confined to the removal 
of regolith and, at most, a few tens of metres of bedrock 
(cf. Söderman, 1985; Lidmar-Bergström, 1997). Selec-
tive erosion by ice and meltwater, however, has exploited 
NW-SE-trending fractures to deepen valleys and exca-
vate depressions (Ebert and Hättestrand, 2010). 

Impact of bedrock type and geological structure

In northern Sweden, litho-structural controls on 
inselberg distribution and form are strong and have 
operated at different scales. Large inselbergs are most 
common in granitoid, gabbroic and meta-volcanic rocks, 
the rocks most resistant to chemical weathering found 
in the study area. The outlines of inselberg clusters and 
individual hills are typically rectilinear and aligned 
with regional fracture patterns. Within these clusters, 
inselbergs are generally developed in rock zones of low 
fracture density. Granite and gabbro inselbergs typi-
cally show dome forms, where slopes from summits to 
the hill foot generally run parallel to sheet joints. In the 
areas with the most limited glacial erosion, inselbergs 
retain summit tors, with exposure histories that span 
many glacial cycles over the past 1 Ma (Stroeven et al., 
2002; André, 2004). From the correspondence between 
inselberg margins with geological contacts, the evident 
control of sheet jointing on dome form and the wide-
spread existence of fracture zones between inselbergs, we 
infer that large inselbergs have developed in response to 
marked lateral differences in rock resistance.

The inselbergs of northern Sweden thus show many fea-
tures that are typical of inselberg landscapes found in 
shield and platform areas beyond glacial limits (Fig. 
9). Inselbergs are preferentially located on compart-
ments of rocks that are resistant to chemical weathering 

textures on the DEM. Excavations on the floors of top-
ographic basins between granite hills have also revealed 
>3 m of grus-type saprolites developed in biotite-rich 
gneisses and granites. In the absence of borehole evi-
dence, the maximum depth of grus is uncertain, but may 
be estimated in the stripped bedrock terrain in the SW 
of the Parkajoki area (Fig. 4). Here glacial meltwater has 
eroded channels to a depth of 20 m and localised gla-
cial erosion has stripped tors and thin regolith from low 
domes and excavated small depressions, now filled with 
lakes (Fig. 4). The present rock surface therefore repre-
sents the basal surface of weathering from which sapro-
lite has been stripped. As this terrain differs in elevation 
by only 10-20 m from adjacent areas of smooth slopes 
and domes assumed to have escaped significant glacial 
erosion, this figure probably represents the maximum 
original depth of grus.

The Parkajoki grusses are developed in two-mica granite 
and biotite gneiss. Low chemical alteration is indicated 
in hand specimen by limited clay contents and the reten-
tion of large amounts of fresh primary minerals, includ-
ing minerals of low resistance to alteration such as biotite 
and pyrite. In terms of granulometry, the saprolites fall 
within the grus and granular grus categories (Hall, 1986). 
CIA values are 50-70 (Ebert et al., in press), confirming 
limited alteration.

Clay-rich saprolites are largely confined to the Kiruna 
district and occur within narrow zones in close associa-
tion with Fe mineralisation. Highly fractured host rocks 
have been intensely altered by hydrothermal alteration, 
with Kiruna-type sodic alteration that developed orig-
inally at depths of several kilometres (Hitzman et al., 
1992). Both kaolin and smectite are developed in these 
zones, reaching maximum depths of 100 m (Persson, 
1977; Frietsch, 1960). At both Vathanvaara and Svap-
pavaara, borehole logs indicate that the intensity of 
weathering decreases with depth, indicating the influ-
ence of subaerial weathering (Persson, 1977).

Supergene alteration of ore bodies to depths of 200 m in 
the Kiruna ore district is reported from the older litera-
ture (Geijer, 1925). In central Sweden, this kind of altera-
tion has been referred to as “soft ore” and regarded as of 
Cenozoic age (Vivallo and Broman, 1993). Extensive old 
mine cuts around Kiruna, however, reveal no traces of 
softened or weathered ore and granitic and syenitic wall 
rocks remain hard and fresh. We infer that, as with the 
kaolins and smectites, any soft ores in the Kiruna district 
are confined to narrow zones. Similarly, the Cu-sulphide 
ore at the huge Aitik opencast mine shows no traces of 
near-surface disintegration. 
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rather than on possible Mesozoic or Cenozoic supergene 
alteration (Vivallo and Broman, 1993). Given the limited 
available evidence for “soft ores” in northern Sweden, 
much more research is needed to establish the distribu-
tion, characteristics, age and geomorphic significance of 
these altered mineral zones. 

The development of inselbergs in rocks rendered resist-
ant to chemical weathering by mineralogy or low frac-
ture density is a feature that has been widely reported 
from around the world (Büdel, 1978; Thomas, 1978; 
Ahnert, 1982; Selby, 1982; Migoń, 1997; Römer, 2005). 
In northern Sweden, as elsewhere, rock resistance has 
led to the emergence of inselbergs through differen-
tial weathering and erosion, an inference supported by 
the presence of saprolite covers around inselberg bases. 
Erosion of bare bedrock surfaces on tor summits in the 
Parkajoki area has proceeded at a maximum of 1.6 m/
Myr through the Quaternary (Stroeven et al., 2002), 
but erosion rates must have been higher on surround-
ing regolith-covered surfaces to allow emergence of 
summit tors up to 5 m in height. Nonetheless, erosion 
rates on inselberg summits were likely low in compar-
ison around the base of inselbergs. Some indication of 
this difference is given by the stripping of grus-type sap-
rolites to an estimated maximum of 10-20 m depth from 
the Parkajoki area during the Quaternary. The mod-
est former thickness of these saprolites when compared 
with the 50-150 m relative relief of the inselbergs also 
indicates that the hills must long predate the final phase 
of weathering and erosion under temperate to cool cli-
mates in the late Neogene.

Development of the inselberg landscape and palaeo-
surface evolution

The coincidence of the footprints of inselberg groups and 
of large inselbergs, like Dundret, with litho-structural 
discontinuities indicates that slope retreat around these 
inselberg margins has been negligible. Additionally, the 
considerable height of the hills indicates that these are 
persistent topographic elements. Such zonal inselbergs 
are widespread features on granite shields in East Africa 
(Ahnert, 1982; Bremer, 1993), where erosion surfaces 
have become dissected to form belts of hills that are then 
gradually reduced in size and may eventually disappear. 
The emergence of inselbergs and the extension of palaeo-
surfaces along inner margins through slope retreat show 
that the palaeosurfaces are diachronous forms, young-
est at inner margins and around the bases of hills (cf. 
Ahnert, 1998). The pervasive litho-structural controls on 
the relief, together with the presence of weathering resi-
dues, indicate that deep weathering has been an impor-
tant process in the lowering and extension of the palaeo-
surfaces. The palaeosurfaces can be regarded as stripped 
and former dynamic etchsurfaces (Thomas,1989; Ebert, 
2009), where the latest phase of stripping by Pleistocene 
glacial erosion removed grusses formed in the late Neo-
gene and exposed the bare bedrock of the shield. 

and lying between major fracture zones (Thomas, 1978; 
Römer 2005, 2007). Granite inselbergs have dome forms, 
where slopes generally parallel sheet joints (Migoń, 1997; 
Twidale and Vidal Romani, 2005; Hall and Migoń, 2010). 
In the Parkajoki and other areas, inselbergs are capped by 
tors (Hättestrand and Stroeven, 2002), as in many other 
inselberg areas (Thomas, 1965; Migoń, 1997; Darmody 
et al., 2008). Local drainage systems show a rectilinear 
pattern typical of granite areas where fracture sets guide 
drainage (Ericson et al., 2005).

Impact of weathering

Another factor linking glaciated and unglaciated shield 
landscapes is the likely importance of deep chemical 
weathering in relief development. Glacial erosion has 
tended to strip away regolith from the surface of the 
northern shields. However, the scattered remnants of 
saprolite found across northern Sweden and the many 
sub-till saprolite sites found in the ice divide zone of 
Finnish Lapland (Hirvas, 1991) indicate that pre-glacial 
weathering coverage was formerly extensive. Most fre-
quent are the grus-type saprolites that today occur only 
sporadically across northern Sweden but that thicken 
and become common in the ice divide zone that extends 
from the Parkajoki area eastwards across northern Fin-
land (Söderman, 1985; Nordkalott project, 1986; Islam 
et al., 2002). The limited geochemical evolution of these 
grusses and granular grusses is consistent with develop-
ment under temperate to cool climates in the late Neo-
gene (Migoń and Lidmar-Bergström, 2001), but the 
age range of these immature weathering mantles is not 
closely constrained.

Older generations of weathering blankets may be rep-
resented by deep kaolin and smectite clays in northern 
Sweden (Lundqvist, 1985; Elvhage and Lidmar-Berg-
ström, 1987). Kaolins in the Kiruna district, together 
with kaolinitic saprolites >30 m thick beneath similar 
inselberg plains in northern Finland (Lidmar-Bergström, 
1982; Islam et al., 2002; Lintinen and Al-Ani, 2005) and 
on the Kola peninsula (Afanas’ev, 1977; Evzerov et al., 
2007), have been regarded as the roots of deep weath-
ering profiles formed under warm climates, and corre-
lated with sub-Mesozoic kaolins in southern Sweden and 
on Bornholm (Lidmar-Bergström, 1995; Ahlberg, 2003). 
Kaolins in northern Sweden, however, are restricted in 
distribution and extent, distant from cover rocks and 
remain undated. Moreover, these kaolins and associ-
ated smectites have an unusual geological expression, 
being superimposed on zones of Proterozoic albite-scap-
olite hydrothermal alteration and mineralisation (Hitz-
man et al., 1992). Until the origins and age of these clay-
rich weathering zones are better understood, it is prema-
ture to seek to incorporate them into reconstructions of 
Cenozoic landscapes. 

Similarly, recent work has focussed on the Proterozoic 
epigene origins of ore bodies (Smith et al., 2007, 2009), 
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The later stages of palaeosurface formation have been 
related to Neogene tilting, with phases of accelerated 
uplift in the mid-Miocene and Plio-Pleistocene (Riis, 
1996; Lidmar-Bergström et al., 2007). The low gradients 
of the palaeosurfaces in the lowlands of northern Sweden 
imply, however, either that the palaeosurfaces have not 
been tilted or that subsequent erosion has reduced gradi-
ents. The latter case is consistent with continuing erosion 
as indicated by the evidence for several phases of insel-
berg emergence during etching of relief (Bremer, 1993). 
If palaeosurface lowering and retreat operate more or less 
continuously as shield rocks are prepared for erosion by 
chemical weathering (Dixon et al., 2009) then the pal-
aeosurfaces and the surmounting inselbergs are slowly 
evolving landforms and form part of dynamic etch sur-
faces (Thomas, 1989) or acyclic erosion surfaces (Klein, 
1990; Gunnell, 1997). Low relief is persistent and self-
perpetuating under these circumstances, as low angle 
slopes reduce erosion (Ahnert, 1998; Peulvast et al., 
2008) and promote the development of a relatively planar 
weathering front (Büdel, 1978).   

Time scale and wider context

The timescales available for the development of the 
inselberg plains of northern Sweden and Finland, whilst 
uncertain, are potentially long and might extend beyond 
the Cenozoic. The later stages of palaeosurface lowering 
and retreat probably relate to Neogene uplift and tilting. 
The limited height range over which the palaeosurfaces are 
developed in the study area is probably a reflection of both 
the late onset and limited amount of uplift. Palaeosurfaces 
across the region were likely lowered and extended during 
this period, and the latest generation of small inselbergs 
emerged. The large inselbergs relate to higher palaeosur-
faces formed since the onset of regional uplift and tilt in the 
Late Cretaceous (Lidmar-Bergström, et al. 2007).

Sets of stepped erosion surfaces, developed across 
a low altitudinal range, are features found on other 
shields, including those in Canada, Africa and Aus-
tralia (Ambrose, 1964; Twidale, 2003; Peulvast et al., 
2008; Römer, 2010; Marker, and McFarlane, 1997). These 
include inselberg plains, where inselbergs of resistance 
or position rise from extensive erosion surfaces (Ahnert, 
1982; Twidale, 2002; Römer, 2005). The great antiquity 
of some of these landscapes has been demonstrated in 
tropical regions, where cover rocks and soils indicate that 
formation of inselbergs and plains dates from the Mes-
ozoic (Twidale and Vidal Romani, 2005; Peulvast et al., 
2008). These tropical shield regions share a common his-
tory of long term tectonic stability, episodic submergence 
and burial by thin cover rocks and etching by exception-
ally deep kaolinitic weathering in the late Mesozoic and 
Palaeogene (Fairbridge and Finkl, 1979). It remains to 
be demonstrated, however, that the glaciated shield of 
northern Sweden has shared a similar cratonic evolution.

The four palaeosurfaces identified in the lowlands of 
northern Sweden probably extend at low elevations into 
neighbouring areas of central Sweden (Rudberg, 1988; 
Lidmar-Bergström, 1996) and northern Finland (Riis, 
1996). Topographic profiles suggest that the palaeosur-
faces also continue westward into the Caledonides and 
rise in elevation towards the drainage divide (Lidmar-
Bergström et al., 2007; Ebert et al., 2011). These very low 
angle surfaces are therefore of regional extent. 

The palaeosurfaces in northern Sweden lie several 
hundred metres below, and so are younger than, the level 
of the up-warped SCP (Lidmar-Bergström and Näslund, 
2002). The palaeosurfaces are likely to have developed in 
response to uplift and erosion through the Cenozoic Era 
(Lidmar-Bergström et al., 2007). However, the highest 
inselberg summits in the SE of the study area have been 
interpreted as remnants of an uplifted facet of the SCP 
(Lidmar-Bergström, 1996; van Balen and Heeremans, 
1998; Lidmar-Bergström et al., 2007). Cenozoic lowering 
of the shield surface would then be limited to a maximum 
of the 250 m by which these inselbergs stand above the 
surrounding plains, but the proximity of the inselberg 
summits to the elevation of the former SCP remains to 
be convincingly demonstrated. More precise dating of 
the palaeosurfaces remains elusive. Cambrian cover rock 
remnants exist under the Caledonian nappes in the W 
of the study area, and in the Baltic Sea basin, suggesting 
that a protective sedimentary cover extended across the 
area before erosion of the SCP. Subsequent protection 
under and exhumation of relief from younger Mesozoic  
cover rocks have been suggested (Lidmar -Bergström 
1995; 1996) but no Mesozoic material has been recovered 
from the 77 Ma impact crater at Lappajärvi in western 
Finland (Uutela, 1990). 

In northern Sweden and Finland, palaeosurfaces of the 
inselberg plains carry kaolins and weathered ores that 
have been tentatively correlated with sub-Mesozoic kao-
linisation in southern Sweden (Lidmar-Bergström et al., 
1999), but none have been firmly dated in northern Swe-
den. Finds of Proterozoic and Early Palaeozoic microfos-
sils in impact craters in Finland (Uutela, 1990) indicate 
that large parts of the Fennoscandian shield remained 
buried by Mesoproterozoic (1.2 Ga) and Cambrian to 
Ordovician cover rocks throughout the Mesozoic and so 
were protected from weathering. Intriguingly, the pal-
aeosurface below 250 m a.s.l. in northern Sweden, and 
inselberg plains at the same elevation in eastern Finland, 
are overlain by Pleistocene tills with clay-rich inclusions 
containing a siliceous marine microfauna of Eocene 
age (Cleve Euler, 1941; Hirvas and Tynni, 1976; Tynni, 
1982; Fenner, 1988) (Fig. 3). The original geomorpho-
logical context of these intriguing materials has yet to be 
established, however, and it remains unclear how these 
reworked and glacially-transported microfossils relate to 
the Eocene landsurface (Riis, 1996).
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the shield landscapes found across much of northern 
Fennoscandia. Comparisons of the relief in areas of very 
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glacial streamlining of hills indicate that both the hills 
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