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Abstract

Three different till units separated by interstadial fluvial deposits were observed in 
the Sodankylä area in the River Kitinen valley, northern Finland. The interbedded 
glaciofluvial sediments and palaeosol were dated by OSL to the Early (79±12 to 
67±13 ka) and Middle (41±9 ka) Weichselian. A LiDAR DEM, glacial lineations, the 
flow direction of till fabrics, esker chains and striations were applied to investigate the 
glacial flow patterns of the Sodankylä, Kittilä and Salla areas. The analysis revealed 
that the youngest movement of the Scandinavian Ice Sheet is not visible as DEM 
lineations within the studied areas. The modern morphology in Kittilä and Salla shows 
streamlined landforms of various dimensions mainly oriented from the NW and NNW, 
respectively, corresponding to the Early/Middle Weichselian ice-flow directions inferred 
from till fabrics. The Late Weichselian ice flow has produced an insignificant imprint on 
the landforms. This study suggests a northern location for the ice-divide zone during 
the Early/Middle Weichselian, and a more western–southwestern position during the 
Late Weichselian. The OSL ages of 14±3.3 ka from the aeolian deposits may indicate 
ice-free areas during the Bølling–Allerod warm period in the vicinity of the River Kitinen.
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1. Introduction

The Weichselian depositional history of Lapland is 
a result of the unusual preservation of strata from 
consecutive glacial and non-glacial climate events, 
thus offering a unique, still inadequately known 
window on the climate history of the core area 
occupied by the Scandinavian Ice Sheet (SIS). The 
frequent occurrence of Neogene weathering crust 
(saprolith) and preservation of pre-Late Weichselian 
tills with interbedded sorted sediments and organic 
remains, as well as erosion remnants such as tors 
(Fig. 1), indicate repeatedly weak glacial erosion 
during the Quaternary as a result of prevailing 

frozen bed conditions during glaciations (Kujansuu, 
1967; Kleman et al., 1997; Johansson & Kujansuu, 
2005; Kleman & Glasser, 2007; Ebert et al., 2015). 

It has been proposed that up to five glacier 
advances and related till units are recorded in 
Finnish Lapland (Johansson et al., 2011). In 
western Lapland (Rautuvaara and Hannukainen), 
there is evidence of two Middle Weichselian and 
one Early Weichselian stadial and associated ice-free 
events (Salonen et al., 2014, Howett et al., 2015, 
Lunkka et al., 2015). In eastern Lapland, a recent 
stratigraphic scheme from Sokli indicates three 
glacial events during the Weichselian (Helmens, 
2014), one of which has been correlated with the 
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Figure 1. Index map showing the study area and three LiDAR image analysis areas in central Finnish Lapland. Administra-
tive borders of Finland and hill-shaded DEM 32 m: © modified and reproduced after the National Land Survey of Finland, 
2016. Administrative borders of Norway, Russia and Sweden: www.gadm.org (visited 4/2017).
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Middle Weichselian (Savukoski III, MIS 4). These 
stratigraphic studies have been accompanied by 
several age determinations, e.g. in Sokli (Helmens 
et al.; 2000; 2007a; 2007b; 2018; Helmens, 2014), 
Tervola (Mäkinen, 2005), Rautuvaara (Howett 
et al., 2015; Lunkka et al., 2015), Hannukainen 
(Salonen et al., 2014), Kittilä (Sarala & Eskola, 
2011), Sodankylä (Sarala et al., 2015) and Inari 
(Sarala et al., 2016).

The central Lapland region represents the core 
area of weak glacial erosion with many deposits 
predating the Late Weichselian (Hirvas, 1991; 
Aalto et al., 1992; Salonen et al., 2014; Howett 
et al.; 2015; Lunkka, et al. 2015; Sarala et al., 
2015; Åberg et al., 2017). The Sodankylä area is 
characterized by an open landscape consisting of 
large mire complexes and a series of river systems, 
the latter of which are presumed to be of preglacial 
origin (Johansson & Kujansuu, 2005). There 
are also a few important stratigraphic sites such as 
Paloseljänoja (Hirvas, 1991) and representative 
stratigraphic reference sites such as the extensive 
till sections studied in Kevitsa (Hirvas et al., 1994). 
Moreover, the region has recently been remapped 
for its Quaternary deposits (Sarala et al., 2015) and 
a comprehensive 3D database exists on surficial 
geology over the Kersilö area in Sodankylä (Åberg et 
al., 2017). Despite the several accounts concerning 
the Quaternary geology of the Sodankylä area and 
central Lapland in general, central Lapland has only 
a few age determinations as well as sedimentary 
records from the Middle Weichselian (MIS 3, 4) 
deposits (Putkinen et al., 2020).

This paper presents new sedimentological and 
lithological observations, LiDAR image analyses 
and OSL age determinations from three areas 
within the so-called ice-divide zone (Hirvas et al., 
1977; Hirvas, 1991) in the River Kitinen valley in 
Kärväsniemi, Sodankylä, which in an earlier 3D 
model study (Åberg et al., 2017) was shown to 
contain a variable succession of glacial and fluvial 
sediments, and hypothesised to also include Middle 
Weichselian deposits. The aims of the current study 
were to 1) describe the sedimentary successions 

and interpret the depositional environments, 2) 
reconstruct the glacial history of central Finnish 
Lapland and, finally, 3) synthesize the Weichselian 
ice-flow patterns in Finnish Lapland.

2. 	Study area

Our study area lies in the municipality of Sodankylä 
near Kersilö village in the River Kitinen valley, 
northern Finland (Fig. 2). Overall, the study area is 
a flat peneplain (180–200 m above sea level) covered 
by sands or mire lowlands (Fig. 1). Occasional 
morainic terrains and bedrock hills break through 
the generally even topography (Räisänen, 2014; 
Sarala et al., 2015).

The local bedrock is part of the Central Lapland 
Greenstone belt and consists of mafic volcanic 
rocks, graphite paraschists, quartzite and gabbro 
(Tyrväinen, 1983; Hanski & Huhma, 2005). The 
altitude of the bedrock surface varies from 150– 
190 m a.s.l. The unconsolidated Pleistocene and 
Holocene deposits in Sahankangas/Kärväsniemi 
attain a thickness of 10–30 m and they have 
accumulated in a valley-form basin of bedrock 
(170–150 m a.s.l. Åberg et al., 2017) possibly 
eroded by pre-Quaternary rivers.

The present investigations of the Quaternary 
sedimentary successions were undertaken in three 
areas: Sahankangas (Kärväsniemi KN-1 and KN-2 
and Hietakangas), Kuusivaara and Multaharju 
(Fig. 2). The main site, Sahankangas, is located 
along the River Kitinen about 15 km NNE of the 
centre of the municipality of Sodankylä, between 
the villages of Sattanen and Kersilö (Fig. 2). Sahan- 
kangas has been interpreted by Räisänen (2014) 
as a sand-covered outwash plain with underlying 
basal till. A hillshade generated from a LiDAR-
derived 2-metre digital elevation model (DEM) 
shows a braided river pattern in Sahankangas and 
Pahanlaaksonmaa. The sandur plains are deposited 
at the levels of 188 m a.s.l. and 185 m a.s.l. The 
present morphology of Sahankangas reflects the 
past and present activity of the River Kitinen 
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from the time when it drained from the Muonio 
and Porttipahta ice lakes to the Moskuvaara Ice 
Lake about 10 500 years ago, during deglaciation 
(Johansson & Kujansuu, 2005). 

Kuusivaara hill is located ca. 1.5 km SE of 
Sattanen village and lies on the eastern side of the 
River Kitinen. The top of Kuusivaara reaches an 
altitude of 230 m a.s.l. and the hill rises 35 m above 
its surroundings. Kuusivaara hill is covered by thin 
glacial deposits, mainly consisting of till (Räisänen, 
2014). The third investigated area, Multaharju, is 
located near Siurumaa, 12 km ENE of Sodankylä 
centre. The sandy ridge of Multaharju has been 
interpreted as an aeolian sand dune by Räisänen 
(2014). It rises 2–3 metres from its surroundings, 
reaching a level of 190 m a.s.l. on top. These dune 
ridges are a common morphological feature 
occupying sandy shores of the ancient Moskujärvi 
Ice Lake at altitudes of 180–200 m a.s.l. (Fig. 2).

3. 	Material and methods

3.1.	 Sedimentological studies

Altogether, seven outcrops in the three study 
areas were selected for detailed sedimentological 
investigations. Kärväsniemi is an eastern extension 
of the Sahankangas outwash plain and is a critical 
site for understanding the depositional history 
of the River Kitinen valley. Wide exposures with 
interbedded sand and diamicton units were 

accessible in a gravel pit in Kärväsniemi, where 
two sections (KN-1 and KN-2) were examined. 
Additional vertical profiles with OSL age de
terminations were generated from neighbouring 
shallow sand pits in Hietakangas (HI-1) and Multa- 
harju (MU-1), which are of importance in un
derstanding the deglaciation in the area. Kuusivaara 
(KU-1, KU-2 and KU-3) was investigated in order 
to examine glacial deposits located at higher 
elevations compared to the River Kitinen valley 
fluvial deposits (cf. Räisänen, 2014). The locations 
of the sections are indicated in Fig. 1, with  
additional  information  provided  in  Table 1.

The sections were studied for their sedimen-
tological properties, including lithology, unit  
dimensions and boundaries, their lateral and verti-
cal variation and continuity, as well as sedimentary 
and deformation structures. Samples were collected 
for granulometric analysis (22 samples) and OSL 
age determinations (6 samples) (Table 2). Till fabric 
was measured from five diamicton units based on 
an average of 50 clasts. The lithofacies classification 
used  was modified  from  Eyles et al.  (1983).

3.2. 	OSL age determinations 

Seven samples for optical dating were collected from 
the sites using Ø 5-cm PVC tubes driven directly 
into freshly cleaned pit faces. The sampled units 
represented well-sorted medium to fine sands in 
shallow channel fills, aeolian dunes and palaeosols 
(Table 2). Sample preparation and OSL measure-

Table 1. Locations of the studied sedimentary successions in Sodankylä, central Finnish Lapland.

Name, site Coordinates Top (m a.s.l.) Thickness (m)

KN-1, Kärväsniemi 67° 33.569’ N, 26° 43,915’ E 186.6 5.6

KN-2, Kärväsniemi 67° 33.620’ N, 26° 43.992’ E 188.0 6.3

HI-1, Hietakangas 67° 32.197’ N, 26° 39.762’ E 183.0 1.0

KU-1, Kuusivaara 67° 30,460’ N, 26° 39,429’ E 190.0 2.7

KU-2, Kuusivaara 67° 30,437’ N, 26° 40,231’ E 203.5 2.1

KU-3, Kuusivaara 67° 30,662’ N, 26° 45,196’ E 201.0 3.0

MU-1, Multaharju 67° 27.039’ N, 26° 52.897’ E 188.0 1.6
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ments were undertaken in the Laboratory of Chro-
nology, Finnish Museum of Natural  History, Uni-
versity of Helsinki.

Gamma Dose measurements for the OSL 
age determinations were recorded on-site in the 
field using a portable ICx-Identifinder gamma 
spectrometer with a Ø1.4”×2” NaI(TI) detector. 
The gamma measurement also included cosmic 
radiation. The beta dose rate was determined 
in the laboratory using a Risø GM-25-5 beta 
multicounter (Bøtter-Jensen & Mejdahl, 1988). 
The measured beta dose rate was converted to the 
absorbed dose based on the measurements of a set 
of samples with known U, Th and K contents, as 
determined by neutron activation. The effects of 
the water content on the dose rates were calculated 
according to Aitken (1985). Originally, the sampled 
sections had been below the areal groundwater table, 
possibly during most of their existence. The analysis 
assumes water contents of  Wsample = Wsoil = 0.2 
(saturation water content 20%) and fractional water 
uptake F = 0.3±0.1. This estimation is based on 
relatively dry conditions (30±10% of the saturated 
water content).

The OSL measurements were carried out from 
quartz and performed with an upgraded Risø  
TL-DA-12 reader (Bøtter-Jensen & Duller, 1992; 
Bøtter-Jensen et al., 1999). Sample preparation 
involved sieving to obtain the grain size of 210– 
297 µm, density separation to extract the quartz, 

and etching with HF 40%/1 h and HCl 10%/30 
min. The measurement routine was based on the 
single aliquot regeneration (SAR) protocol (Murray 
&  Wintle,  2000).

3.3. Flow direction analysis

The examination of the Weichselian ice-flow 
directions and landforms in central Lapland was 
mainly based on the analysis of a 2-metre-resolution 
digital elevation model (DEM) generated from 
LiDAR (light detection and ranging) by the 
National Land Survey of Finland (available via the 
File service of open data [https://tiedostopalvelu. 
maanmittauslaitos.fi/tp/kartta?lang=en]) and a 
geological mapping dataset available via the Hakku 
service of the Geological Survey of Finland. The 
analyses were implemented in three areas: the 
neighbouring Salla and Kittilä lobes east and west 
of the study area (see Putkinen et al., 2017) and the 
Sodankylä interlobate complex between them. 

For the three areas, each 1080 km2 in area, a 
hill-shaded digital elevation model (LiDAR DEM) 
was investigated. Altogether, 611 glacial lineations 
and eskers overlapping with the study areas were 
compiled from the glacial features database of 
GTK (available from the Hakku service [https://
hakku.gtk.fi/]). Furthermore, 130 new streamlined 
bedforms detected were digitized from the 
LiDAR DEMs using the ArcMap (ESRI) editing 

Lab number Site Sample Material Palaeodose 
(Gy)

Age (ka) Total BGR (mGy/a)

Hel-TL04301 Hietakangas HI-1a Fluvial sand 26.1±3.18 
48.6±3.61

11±2.0 
21±3.0

2.3±0.3

Hel-TL04302 Multaharju MU-1 Aeolian sand 23.4±4.09 14±3.2 1.7±0.3

Hel-TL04344 Kärväsniemi KN-2-Unit 7 Fluvial sand 79.0±11.6
140±9.67

41±9 
73±12

1.9±0.3

Hel-TL04300 Kärväsniemi KN-2-Unit 5 Sandy palaeosol 128±16.8 67±13 1.9±0.2

Hel-TL04299 Kärväsniemi KN-2-Unit 4 Fluvial sandy gravel 133±16.2 75±15 1.8±0.3

Hel-TL04298 Kärväsniemi KN-1-Unit 4b Fluvial sand 155±6.97 79±12 2.0±0.2

Hel-TL04340 Kuusivaara KU-3-Unit 3 Sandy palaeosol 138±14.7 79±15 1.8±0.3

Table 2. OSL age determinations of the studied sections in Hietakangas, Multaharju, Kärväsniemi and Kuusivaara in Sodankylä, Finnish 
Lapland. See Table 1 for site locations.
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tool. Glacial lineations comprised a wide variety 
of streamlined bedforms and erosional features 
indicative of glacial flow directions, including 
drumlins or drumlinoids, flutings, megaflutings, 
overridden bedforms and undefined glacial 
lineations. Twenty glacial lineations from the glacial 
features database were rejected, since they were not 
detectable from the LiDAR DEM or represented 
bedrock forms (Electronic Appendix A). Transverse 
moraines and glaciofluvial landforms were also 
omitted. Eskers (likewise, coarse-grained esker 
cores and esker sands) were categorized into two 
classes, eskers and till-covered eskers, according to 
Sutinen (1992 and references therein), Johansson 
(1995) and Johansson & Kujansuu (2005). For each 
esker, a flow direction was determined based on the 
longest axis of the esker polygon. More rounded 
shapes received an estimated flow direction. Two 
esker sand polygons were found to represent 
postglacial faults (Electronic Appendix B), and were 
thus rejected from the analysis.

A total of 110 till fabric measurements (see 
Electronic Appendix C and D) were compiled 
from the stratum data for the superficial deposits 
database of GTK (https://hakku.gtk.fi/) and six 
additional till fabric measurements  (3 unpublished, 
comprising 2 from Kevitsa and 1 from Sukuvaara; 
1 from Paloseljänoja, Hirvas (1991)) and till fabric 
from Units 8 and 6 (described below) from KN-1 
and KN-2, respectively, were included in the 
analyses. The compiled till fabric data were classified 
as Late Weichselian and Early/Middle Weichselian; 
the topmost tills and till beds I and II of Hirvas 
(1991) were grouped as Late Weichselian, whereas 
the “lower tills” and bed III of Hirvas (1991) were 
assumed to correspond to the Early/Middle 
Weichselian. Till beds IV and V of Hirvas and the till 
fabrics with ambiguous stratigraphic positions were 
omitted from the analysis.

Eighteen striations falling within the study 
areas were compiled from the striations database of 
GTK (https://hakku.gtk.fi/) (Fig. 2) and included 
in the flow direction analysis together with three 
unpublished data points (Salmi 1965) and one from 
Tanner (1915) (Electronic Appendix E).

4. 	Results

4.1. 	Lithofacies description of units 	
	 and interpretation

4.1.1. Kärväsniemi sections

Kärväsniemi is an eastern extension of the Sa
hankangas outwash plain (Fig. 3) deposited at 
188 m a.s.l. and excavated for the gravel (aggregate) 
resources. The section crosses through the outwash 
plain up to a length of 1 km. Two sections were 
selected to study the sedimentological features of 
Kärväsniemi: KN-1 on the NW side of the gravel 
pit and KN-2 about 200 m NE of KN-1 (Fig. 3). 
The section logs are presented in Fig. 4 with their 
proposed lithostratigraphical correlations, and they 
consisted of the following units:

The lowermost unit (Unit 1, Dmm) is found 
at both Kärväsniemi sites. It is comprised of well 
consolidated, massive silty diamicton with numerous 
abundant clasts up to boulder size. The lower 
boundary has not been revealed. The thickness of 
the unit is at least one metre and forms a continuous 
flooring in the Kärväsniemi area, extending for at 
least one kilometre. The groundwater table was 
observed  at  the  top  of  Unit 1 in KN-1.

Unit 2 (Gm/Sm) represents massive bimodal 
gravel and sand that crops out in both Kärväsniemi 
sections. Its thickness varies from 1.6 m in KN-1 
to 0.7 m in KN-2.  Towards the top of the unit in  
KN-2, the sands display a bed coloured by iron 
oxides. The top part of the unit in KN-1 is finer in 
grain size. The basal contact could not be detected 
due to the poor exposure of underlying Unit 1; in 
KN-2, the contact was close to the groundwater 
table. 

Upwards follows ca. 1 m of matrix-supported 
diamicton (Unit 3, Dms(m)), which has a gradation-
al contact to the underlying Unit 2. The sediment 
is texturally polymodal, ranging from fine sand 
to boulders with occasional lenses or beds of sand.  
Towards KN-2, the unit becomes slightly finer and 
better sorted, and is faintly stratified. Imbricate  
clusters of larger clasts dip gently eastwards. 
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Unit 4 (Gh, St, Sh), recognised at both Kärväs
niemi sites, comprises alternating beds of well-
sorted sand and gravel. The beds show variable 
thicknesses and grain sizes with sharp lower 
contacts. In KN-1, the unit is 1.4 m thick and is 
dominated by gravel-sized grain sizes with cobble-
sized clasts showing weak imbrication. A solitary 
trough of cross-stratified sand exists in the upper 
part of the unit. This unit was sampled for OSL age 
determination from both sections (Hel-TL04299 
and Hel-TL04298; Table 2).

Unit 5 (Sh, Sr, P), observed in KN-2 of Kärväs
niemi, is 1.6 m thick and rests on the underlying 
sorted sands and gravels of Unit 4 with a sharp 
conformable lower contact. The unit comprises 
alternating thin beds of fine and medium sand of up 
to 3–5 cm in thickness; the thickness of individual 
beds follows an upwards-decreasing trend and 
textures grade vertically into fine sands and silts. In 
the lower part of the succession, individual beds 
display ripple cross-lamination and dropstones 
(5–10 cm) with loaded lower contacts. Within the 
upper level of the unit, 20-cm-thick remains of 
podsol soil are observed; the soil is penetrated by a ca. 
50-cm-deep ice wedge cast. The pedon consists of 
an organic tint (10YR3/1) on the top, underlain by  
a light grey (10YR7/3) leaching horizon and reddish 
(10YR5/6) enrichment zone. An OSL sample  
(Hel-TL04300, Table 2) was obtained from the 
podsol horizon.

Unit 6 (Dmm) is observed in KN-2 of Kärväs
niemi and comprises a 30-cm-thick diamicton that 
shows a lower sharp and erosive boundary. The 
diamicton bed has a silty-sandy matrix, is massive, 
matrix supported, and contains very angular clasts 
up to 10–20 cm in size. Fabric analysis indicated  
a preferred orientation of clasts, showing a north–
northeastward dominating dip orientation. On 
the top of the unit, a boulder with a striated (015°) 
surface was observed.

Unit 7 (Gh, Sh), which is only observed in KN-2 
of Kärväsniemi, is a 1.3-m-thick, well-sorted, clast-
supported, pebbly-cobbly gravel facies that shows 
a sharp conformable basal contact and horizontal 
bedding. The clasts show distinct b-axis imbrication 

towards the north and a-transverse-oriented pebbles. 
At the base of the unit, the stratification consists of  
a decimetre-thick sand layer (Sm) with water escape 
structures. This sand bed was sampled for OSL age 
determination (Hel-TL04344, Table 2).

The underlying succession is unconformably 
overlain in both Kärväsniemi sections by a 60-cm-
thick (KN-1) to 1-m-thick (KN-2), brown 
diamicton bed (Unit 8 (Dmm)). The diamicton is 
massive, supported by a sandy matrix with scattered 
small pebble-sized clasts that in some cases have  
a clay coating. Sand lenses are occasionally present. 
The diamicton unit in KN-1 yields sporadic large 
boulders on top of the unit. Fabric measured in 
KN-1 indicated a preferred orientation of clasts 
from 295°.

With a sharp, conformable contact, the 
succession is overlain by 10–20 cm of poorly sorted 
gravel (Unit 9, Gm) with an undisturbed soil 
horizon on top. 

Interpretation – Although fabric was not 
obtained, the massive structure and poor sorting, 
high degree of compactness, and the persistent 
nature of the lowermost diamicton (Unit 1) 
indicates deposition in a subglacial environment, 
probably by lodgement (cf. Dreimanis, 1989). The 
overlying sequence of gravels and sands (Units 
2–4) is interpreted as recording deposition in an 
ice-marginal environment; the units are composed 
of a mixture of sediments deposited by streams 
draining the from the glacier (Units 2 and 4) and of 
frontal gravity flow deposits (Unit 3). The trough 
cross-stratified bed within the uppermost part of 
Unit 4 indicates a remnant of migrating 3D dunes. 
The decreasing grain size in the overlying sediment 
succession (Unit 5) with ripple-bedded and plane-
parallel bedded sands and silts, together with the 
out-of-size clasts deforming the underlying sandy 
layers, indicate deposition in a more distal pro-
glacial basin. The presence of podsol soil and an 
ice-wedge cast within the topmost part of Unit 5 
indicates sub-aerial exposure of the deposits in 
a dry and cold climate. On the basis of the strong 
erosional basal contact, sediment texture and 
fabrics, the diamicton (Unit 6) overlying the sorted 
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sediments is interpreted as a response to a glacier 
advance from the NNE across the area and the 
deposition of till bed. In the overlying Unit 7, the 
well-sorted, clast-supported, horizontally stratified 
gravels and the presence of imbricated clasts 
indicates deposition taking place as a bedload lag or 
a fluvial bar within a braided environment (Miall, 
1978). Based on the imbricated clasts and the 
presence of a-axis transverse pebbles, the palaeoflow 
points towards the south.

The presence of lenses of sorted sediments, the 
loose packing, the well-developed fabrics and the 
absence of basal erosion suggest that the massive, 
matrix-supported diamicton (Unit 8) was deposited 
by in situ melt-out of a nearly stagnant glacier (cf. 
Shaw, 1979). The topmost tabular gravels (Unit 9) 
extending throughout the Kärväsniemi quarry are 
interpreted as deglacial outwash, with high-energy 
braided stream deposits, well depicted in the LiDAR 
images.

4.1.2. Hietakangas and Multaharju

Two shallow sections in Hietakangas (HI-1) and 
Multaharju (MU-1) (Fig. 5) were examined to 
obtain age estimations for deglaciation and to 
investigate the origin of sandy deposits typical of the 
area (Räisänen, 2014). 

The Hietakangas section is located in Sahan
kangas, classified as an extramarginal formation 
by Räisänen (2014). The LiDAR image (Fig. 3b) 
displays NE-oriented channels and bars, indicating 
typical geomorphological features for a braided 
river plateau. The Hietakangas plateau is 184–
186 m a.s.l. and the base level of the site is ca. 183  
m a.s.l. The studied section was excavated on the 
intact N side of a sand pit. The section displays 
one single unit (Unit 1, Sp/Gp), 90 cm in thickness, 
which shows planar cross-bedding with bedsets that 
are 10–40 cm thick and dip angles ranging from 5 
to 30°, indicating a palaeocurrent direction towards 
the south. The unit is capped by 20 cm of planar or 
sub-horizontal, well-sorted coarse sand. One OSL 
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sample (Hel-TL04301, Table 2) was collected for 
age determination. The base of the unit was not 
observed.

Interpretation – The planar cross-bedded sand 
and pebbly sand are interpreted as remnants of 
downward-migrating 2D dunes in a braided river 
environment, confirmed by the LiDAR images. 

The Multaharju site (MU-1) represents a longi
tudinal ridge (Fig. 3c) composed of well-sorted 
fine sand, and interpreted as an aeolian dune  
by Räisänen (2014). The studied ridge rises  
2 metres from its surroundings and has an altitude 
of 190 m a.s.l. The outcrop that was examined 
and sampled provides ca. 1.6 m of vertical section, 
consisting of well-sorted fine to medium-grained 
sand (Unit 1 (Sp)). The sands display planar 
cross-stratification in sets ranging from 10 cm to 
several decimetres in thickness and indicating a 
northerly to northeasterly flow. One OSL sample  
(Hel-TL04302, Table 2) was obtained from the 
middle part of the fine sand unit. 

Interpretation – The planar cross-bedded 
structure and well-sorted fine sand indicate an 
aeolian origin, supporting the interpretation based 
on the LiDAR image. Based on its morphology 
and the plunge of the foreset beds (Fig. 3c), the 
prevailing wind direction has been from the SSW.

4.1.3. Kuusivaara

Three representative sections (KU-1–KU-3) studied 
along the southern side of Kuusivaara hill expose 
diamicton units and bedrock adjacent to the River 
Kitinen valley (Fig. 6). The LiDAR image reveals  
a drainage channel pattern covering altitudes 
of 196–220 m a.s.l. and debris flow deposits on 
the southern hillslope and across Kuusivaara hill 
(Fig. 3d).

The bedrock was reached in sections KU-1 
and KU-2. In KU-1, a reddish, massive, up to 
1.3-m-thick diamicton unit (Unit 1, Dmm(d)), 
composed of chemically weathered clasts with 
a high content of clayey matrix and draped by 
a cobbly-bouldery pavement, overlies deeply 
weathered bedrock with a sharp basal contact. The 

number of fresh diamicton clasts increases upwards; 
the clasts have a reddish clay coating.

A reddish, firm, matrix-supported, silty diam-
icton (Unit 2, Dmm) was observed in KU-3. The 
diamicton unit contains abundant subrounded 
clasts, ca. 5 cm in diameter, and the fabrics show  
a strong preferred orientation from NNW, with the 
mean fabric orientation being 315°. The unit attains 
a thickness of 60 cm in KU-3, but its lower contact 
could not be observed.

Unit 3 (Sm, P). The lower diamicton is con
formably overlain by medium-grained massive 
sand, 30 cm in thickness, in which remnants of 
deformed organic, eluvial and enrichment soil 
horizons were observed in KU-3 (Fig. 4). The sand 
unit was sampled for OSL age determination (Hel-
TL04340).

A grey, clast-supported diamicton bed (Unit 
4, Dmm(s)), 1–2 m in thickness, was observed in all 
Kuusivaara sections. It is clast-supported diamicton 
at the base, mixed with gravelly matrix, the clasts 
being coated with reddish fine material. Upwards, 
the unit grades into a loose, more massive and 
sandy diamicton containing numerous lenses of 
sorted sand. Pebble-sized clasts (1–5 cm) are only 
occasionally present; the fabric is poorly developed. 

The diamicton bed is overlain in KU-1 by 
subhorizontally stratified well-sorted sands, roughly 
50 cm thick (Unit 5, Sh). The contact between these 
two units appears as a well-defined clast pavement, 
draped by a massive silt layer. The sedimentary 
succession is capped by 0.2 m of organic soil (Unit 6).

Interpretation – The sections observed on the 
southern slope of Kuusivaara represent a series from 
weathered bedrock on the bottom to peat deposits 
on the top. The weathered bedrock observed is 
of the saprock type, showing undisturbed and 
interlocking angular rubble in which chemical 
alteration is mainly confined to the surfaces of 
otherwise hard blocks (Hall et al., 2015).

The weathered bedrock material mixed with 
diamicton (Unit 1), in which the proportion of 
eroded saprock material decreases upwards, can be 
interpreted to represent deformation till, deposited 
by an advancing glacier. The reddish diamicton 
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(Unit 2) described from the KU-3 section, with 
poor sorting, well-developed fabric (c. 315°) and a 
massive structure, is interpreted as direct evidence 
of lodgement processes. The overlying massive sand 
(Unit 3) in KU-3 displaying distinct remnants of 
deformed soil horizons indicates subaerial exposure 
and can therefore be interpreted to represent 
palaeosol. The presence of lenses of sorted sediments, 
the loose packing and the coarser texture compared 
to the diamicton units below, as well as the absence 
of basal erosion, are all features suggesting that Unit 
4 was probably deposited by melt-out processes; 
the weak preferred orientation of clasts indicates 
disturbance during or after the formation of the till 
(cf. Shaw, 1982).

Upwards, the presence of imbricated clasts and 
subhorizontally stratified sands (Unit 5) indicates 
deposition taking place as a bedload lag and traction 
currents, possibly connected to deglaciation and 
the development of Moskujärvi Ice Lake and the 
ancient River Kitinen. The peat on top (Unit 6) 
represents modern soil.

4.2. 	Ice-flow directions detected 	
	 from the LiDAR-based DEM  
	 and fabric analysis of till beds
The lineated terrains within the three selected 
areas are presented in Fig. 7. The glacial lineations 
are abundant in the Kittilä (n = 173) and Salla 
(n = 244) areas, where they mainly consist of well-
defined and persistent drumlins or drumlinoids, 
often 1–2 kilometres (on average 1.2 km) in length. 
The lineations are scarcer (n = 18) and less well 
developed in the Sodankylä area, where only a few 
lineations, mainly drumlins or undefined glacial 
lineations with an average length of 800 metres, are 
present, and the landforms largely consist of valleys 
covered with Quaternary sediments and non-
streamlined inselbergs. A distinct NNW orientation 
of the lineations is visible both in Kittilä (320–330°) 
and in Salla (330–350°), whereas in the Sodankylä 
area, the streamlined features show a more diverse 
pattern with equal orientations of ca. 240, 315 and 
340° (Fig. 8).
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The striations observed in the studied area 
are few in number (n = 18) but show less spatial 
variability through the three areas compared with 
the lineated terrain orientations (Figs 7 and 8). 
However, the Kittilä region shows a more scattered 
pattern.

Eskers are present in the entire mapped region. 
In the Sodankylä area and in Salla, a north–south 
orientation is particularly apparent, whereas in the 
Kittilä region, eskers orientated NNW dominate. In 
the Salla region, the eskers are classified as eskers and 
till-covered eskers (cf. Sutinen, 1992; Johansson, 
1995; Johansson & Kujansuu, 2005), respectively 
assumed to represent Late Weichselian and Early/

Middle Weichselian landforms. The N orientation 
is distinct, especially in the till-covered esker class, 
whereas the assumed younger eskers show no 
preferred orientation (Fig. 7), but are dominantly 
(84.6%) zigzag shaped and dissected.

Till fabric analyses (n = 116) (Fig. 8) are 
classified here following their original interpretation 
and stratigraphic position into two age categories: 1) 
Late Weichselian and 2) Early/Middle Weichselian. 
In the Kittilä and the Salla areas, the Late 
Weichselian till fabric shows a WSW orientation 
and the lower till beds a NNW orientation. In 
the Sodankylä area, fabric analyses of the Late 
Weichselian till beds revealed no clear orientation, 
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but clast fabrics for the lower till (Early/Middle 
Weichselian) indicate ice flow from the ENE.

Interpretation – The WSW orientation of the 
Late Weichselian till fabric is visible in neither eskers 
nor other glacial lineations (i.e. streamlined fea
tures), suggesting weak erosion and/or deposition 
during the Late Weichselian. The most notable 
features in the mapped region are the aligned 
streamlined features with the Early Weichselian till 
fabric, indicating that glaciation(s) predating the 
Late Weichselian was more pronounced in the study 
area. The orientation of eskers, especially in the 
Sodankylä and Salla areas, appears to be inclined 10–
20° eastwards from the main glacial flow directions 
inferred from the lineations. This may provide 
evidence for a Middle Weichselian glacial advance.

The Early/Middle Weichselian till fabrics and 
orientation of till-covered eskers with a uniform 
NNW pattern in both the Kittilä and Salla areas 
define an ice-divide zone north of the study 
area. As for the Late Weichselian till fabrics, the 
dominant ice-flow directions were from WSW, 
indicating a westerly ice-divide zone. The inferred 
Early Weichselian ice flow directions in the Kittilä 
and Salla areas are slightly different, which may 
imply the past presence of two ice lobes or ice 
streams, whereas the Sodankylä area, with its scarce 
streamlined features and more divergent till fabrics, 
may reflect an interlobate position between the two 
lobes during the Early Weichselian.

4.3. 	OSL age determination results 	
	 and their interpretation
The measured palaeodoses and the suggested OSL 
ages of the samples are presented in Table 2. The 
measured background radiation was low, varying 
within 0.064–0.075 µSv/h. However, the bimodal 
palaeodose distribution of two of the samples, Hel-
TL04301 from Hietakangas and Hel-TL04344 
from Kärväsniemi, suggests incomplete bleaching 
of the sample or two age population samples. 

The OSL results from studied sites provide 
ages that range from 79 to 11 ka. They form three 
age groups, most of the samples falling to Early 

Weichselian, one sample to Middle Weichselian and 
the rest representing Late Weichselian. The samples 
from the sand-rich sediments in Kärväsniemi (Units 
4 and 5) and palaeosol in Kuusivaara (Unit 3) yield 
ages of 79–67 ka (Table 2, Figs 4–6) indicating 
deposition during Early Weichselian. The fluvial 
sand unit in Kärväsniemi (Unit 7) yield a bimodal 
age distribution of 41 and 73 ka. The Middle 
Weicselian age (41 ka) represents obviously best-
zeroed sample compared with the older one. The 
youngest set of samples were obtained from 
Hietakangas and Multaharju. Of these two sites, 
fluvial sand in Hietakangas yield a bimodal age 
distribution of 21 and 11 ka, while an age of 14 ka 
was obtained from the aeolian sand in Multaharju.

5. 	Discussion

The chronology and correlation of the studied se-
quences are based on their lithological character-
istics and their stratigraphic and lateral relation-
ships, along with OSL numerical age estimates. 
Despite the complexity and fragmentary nature of 
the deposits, a sequence of glacial and interstadial 
events in the sedimentary succession is apparent.

5.1. 	Weathering crust and deposits 	
	 related to the Early Weichselian 
Weathered saprolite bedrock was encountered 
in two Kuusivaara pits (Fig. 6). Although not 
uniformly distributed, it is likely that most sections 
presented in this study have more or less weathered 
bedrock at the base, since earlier studies have 
proven it to be abundant in the River Kitinen valley 
(Leskelä, 1971; Salminen, 1972; Hirvas, 1991; Hall 
et al., 2015). The thickness of weathered bedrock 
reported in the area varies from a few metres to 
over 40 m observed in Sahankangas (Åberg et 
al., 2017). The presence of remnants of weathered 
bedrock mantle in areas that have undergone several 
glaciations is considered to indicate weak glacial 
erosion due to a nearly stagnant ice sheet in the 
middle of an ice-divide zone (Ebert, et al., 2015).
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The weathered bedrock is overlain in Kuusivaara 
by deformation and lodgement till beds deposited 
by an advancing glacier (Fig. 6). Based on their 
stratigraphic position, the lowermost till beds of 
Kuusivaara correspond to the extensive and uniform 
till (Unit 1, Fig. 3) encountered in the Kärväsniemi 
sections. A correlation of this lowermost lodgement 
till with the Early Weichselian till bed III (Hirvas, 
1991) and lower till in Kevitsa (Hirvas et al., 1994) 
is possible due to its strong NW fabrics, along with 
its characteristic reddish-brown colour derived 
from the underlying weathered bedrock, as 
described in Kittilä by Peuraniemi (1989). This 
NW flow direction is widely accepted to represent 
an Early Weichselian flow phase (e.g. Hirvas, 1991; 
Johansson & Kujansuu, 2005). The streamlined 
feature pattern visible in the DEM coincides with 
the orientation of the Early/Middle Weichselian 
till fabric, providing further support for the strong 
depositional and erosional effect of the earlier 
stadials compared to that of the Late Weichselian. 
The correlation of this lowermost till unit to the 
Early Weichselian has a degree of uncertainty due 
to the lack of exposure and chronological tie points 
of the deposits underlying the basal till. Therefore, 
a  pre-Weichselian  age  cannot  be  excluded.

The OSL ages from the overlying palaeosol 
suggest that this ice advance predated the Odderade 
interstadial and probably occurred during the 
Rederstall Stadial (MIS 5b). The Early Weichselian 
till is overlain by sediments representing an ice-free 
environment, including fluvial and cover sands with 
distinct soil horizons and remnants of frost activity 
in the upper part of the succession (Figs 3 and 6). 
Four OSL age determinations were obtained from 
these units: two samples from the sands of Unit 
4 yielded ages of 79 ka (KN-1) and 75 ka (KN-2), 
whilst the palaeosols in Kuusivaara (KU-3 Unit 3) 
and Kärväsniemi (KN-2 Unit 5) gave ages of 79 
and 67 ka, respectively. Based on these ages, it is 
apparent that sedimentation of the sand units can be 
related to the Odderade interstadial (MIS 5a); the 
ages also fall close to those (89.5–74.2 ka) reported 
from the nearby Pirttikangas and Ukonharju sites 
(Sarala et al., 2015). These sands (KN-2, Unit 5) 

probably represent the same interstadial that has 
been named as the Maaselkä (Fig. 1) interstadial by 
Hirvas (1991).

5.2. Middle Weichselian

Sands correlated with Odderade (MIS 5a) are 
overlain by a thin, compacted diamicton unit 
(Fig. 3; Unit 6, KN-2) that is interpreted as 
lodgement till. Based on the OSL results for the 
surrounding sorted sediments (40 and 67 ka), this 
diamicton was deposited by MIS 4 glaciation, 
which also deposited the diamicton unit Savukoski 
3 in the Sokli sequence, with OSL ages of 45–48 
ka and 74–80 ka from surrounding sediments 
(Helmens, 2014; Helmens et al., 2018) in eastern 
Finnish Lapland, and the lower Middle Weichselian 
diamicton unit in Hannukainen and Rautuvaara, 
western Finnish Lapland (Howett et al., 2015; 
Lunkka et al. 2015). According to two fabric 
measurements and one observation of a striated 
boulder, the unit was deposited by a glacier flowing 
from the north–northeast. Therefore, the till unit 
can be compared with a similar lithostratigraphic 
unit found earlier by Johansson (1995) from Savu
koski in eastern Lapland, which was described as a 
thin, compact till deposited by a glacier flowing 
from the north–northeast. The lineations and till 
fabric in general suggest a more N–NE-sourced ice 
flow, but the orientation of the eskers, especially 
those with a till cover (Sutinen, 1992; Johansson, 
1995; Johansson & Kujansuu, 2005) examined 
in this study from the DEM, show an ice-flow 
direction from north. Johansson (1995) named 
the unit as the “Old Northern till” and correlated 
it with the Middle Weichselian. In addition, a 
Middle Weichselian glacier flow direction from the 
north was also observed as the deposition of the 

“Suas till” in Kittilä, NW Lapland (Sutinen, 1992, 
and references therein). A southward-flowing ice 
flow has also been detected from the till overlaying 
the Maaselkä interstadial material (Rossi, 1991; 
Hirvas, 1991). Some of the southwards-oriented 
ice-flow directions reported by Hirvas (1991) might 
relate to the Middle Weichselian instead of the 
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Late Weichselian, as suggested by the author. To 
conclude, this study, supported by the studies of 
Sutinen (1992), Johansson (1995) and Salonen et 
al. (2014), suggests that the main ice flow during 
the first glacial advance of the Middle Weichselian 
(MIS 4) was initiated in northern Scandinavia, 
continuing along the Gulf of Bothnia towards the 
south (e.g. Kleman et al. 1997; Räsänen et al., 2015). 
Furthermore, this would indicate that the ice-divide 
zone during the Middle Weichselian was situated 
north of the study area.

Earlier studies suggest either one or two glacial 
advances during the Middle Weichselian, the first 
of which occurred during MIS 4 (ca. 60–50 ka) 
and the second during MIS 3 (ca. 40 ka) (Sutinen, 
1992; Johansson, 1995; Helmens, 2014; Salonen 
et al., 2014; Howett et al., 2015; Lunkka et al., 
2015; Helmens et al., 2018). The glacial advance 
during MIS 4 has received the more extensive 
coverage of the two, the interpretations varying 
from an ice sheet covering the whole of Finland 
(e.g. Svendsen et al., 2004; Sarala et al., 2005) to 
ice coverage only in northern Finland and the Gulf 
of Bothnia (Kleman et al., 1997; Räsänen et al., 
2015). Sedimentological evidence for the younger 
Middle Weichselian glaciation (MIS 3 glaciation) is 
found in western Finnish Lapland (Hannukainen 
and Rautuvaara), where two diamicton units 
(corresponding to MIS 4 and MIS 3, respectively) 
are separated by sorted deposits (Salonen et 
al., 2014; Lunkka et al., 2015). Since there is no 
indication of two separate Middle Weichselian 
tills in central Finnish Lapland, it is likely that the 
coverage of the MIS 3 ice sheet only reached western 
Finnish Lapland, as Lunkka et al. (2015) suggested.

In Kärväsniemi, the Middle Weichselian 
tills are overlain by horizontally stratified grav-
els (Fig. 3; Unit 7, KN-2) that were laid down in a 
fluvial channel environment without sedimento-
logical indications of glacier activity. The sand lens 
at the base yielded a bimodal luminescence peak 
with ages of 41±9 and 73±12 ka, most likely indi-
cating incomplete bleaching of grains in the older 
age population. The younger age generation of 41 
ka correlates with the Middle Weichselian inter-

stadial (MIS 3), and the fluvial unit can therefore 
be further connected with the Tulppio interstadial 
in Sokli (Helmens, 2014) and either of the MIS 3 
interstadials in Hannukainen and Rautuvaara (Salo- 
nen et al., 2014; Lunkka et al., 2015). The intersta-
dial around 40 ka is further supported by a radio-
carbon-dated deer (Rangifer tarandus) horn found 
from Tornio, western Finnish Lapland, suggesting 
an age of 37–41 ka. (Siivonen 1975). To date, the 
only other Middle Weichselian interstadial site in 
Sodankylä lies in Ruosselkä (Putkinen et al., 2020), 
with an OSL age of 46±6 ka.

5.3. Late Weichselian 

Late Weichselian till beds are widely distributed 
in Finnish Lapland, labelled as till beds I and II by 
Hirvas (1991). The sections presented in this study 
indicate that the upper till (Unit 8 in KN-1 and 
KN-2 and Unit 4 in KU-1-3) was deposited by 
melt-out processes. This till forms a thin, patchy and 
blocky morainic veneer within the River Kitinen 
valley. Based on its stratigraphic position and 
the OSL age of 41 ka from the underlying sorted 
sediment, the uppermost till unit in Kärväsniemi 
(Unit 8, KN-1 and KN-2) and Kuusivaara (Unit 
4, KU-1-3) can be correlated with the Late 
Weichselian till beds I or II in Finnish Lapland 
(Hirvas, 1991), the upper till in Rautuvaara and 
Hannukainen in western Finnish Lapland (Salonen 
et al., 2014; Lunkka et al., 2015), Savukoski 4 in 
Sokli, eastern Finnish Lapland (Helmens, 2014), 
and the till bed covering the glaciofluvial deposits in 
Ukonharju and Pirttikenttä Sarala et al. (2015) (see 
location in Fig. 1).

The study area is located directly south of 
the Kolari–Kittilä–Saariselkä ice-divide zone (cf. 
Johansson et al., 2011; Sarala, 2005; Putkinen et 
al., 2017) separating the Salla and Kittilä ice stream 
lobes in the south from the Inari and Enontekiö 
ice stream lobes in the north. This ice-divide zone, 
characterised by deep weathering and weak glacial 
erosion (Penttilä, 1963; Hirvas, 1991; Ebert et al., 
2015; Hall et al., 2015), has conventionally been 
connected with the Late Weichselian glaciation 
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(Sarala 2005, Johansson et al., 2011). However, 
the ice-flow directions inferred from the Late 
Weicheslian till fabrics point to ice streams supplied 
from a westerly/southwesterly source, in concert 
with Kleman et al. 1997 (Fig. 4), placing the ice 
divide of the last glacial maximum in the Gulf of 
Bothnia. In contrast, the N–NW Early/Middle 
Weichselian till fabrics and the associated glacial 
lineations in the mapped region suggest that the 
Kolari–Kittilä–Saariselkä ice-divide zone may rather 
be linked to an Early/Middle Weichselian glaciation.

The Last Glacial Maximum (LGM) of the 
Scandinavian Ice Sheet occurred at 23–21 ka (e.g. 
Hughes, et al. 2016). However, the maximum 
extent of the SIS was not synchronous throughout 
the area of its occupancy. Considerable evidence 
exists that central Finnish Lapland was ice free soon 
after the onset of the Holocene (Dated-1 dataset 
in Hughes et al., 2016). Two deglaciation ages 
obtained in this study suggest the minimum age of 
the local deglaciation to be 11±2 ka (Hel-TL04301, 
Table 2), which is supported by the age of the basal 
peat in nearby Postoaapa, reported as 10 350 years 
ago (Mäkilä et al., 2013). However, the deglaciation 
age obtained from the Multaharju aeolian deposits 
(14±3.2 ka, Hel-TL04302, Table 2) has a wide 
scatter, and the median age is older than expected 
(Johansson & Kujansuu, 2005; Hughes et al., 2016), 
which might reflect poor bleaching of the material. 
In addition to the OSL date in this study, several age 
determinations indicating pre-Holocene ice-free 
environments have been reported from northern 
Finland: 16.4 ka from Lake Sompiojärvi, Sodankylä 
(Jungner, 1979); two dates of 13.3. ka and 12.4 ka 
from a sediment core from Pieni Kankaanlampi, 
Kemijärvi; 12.4 ka (Heikkinen et al., 1974) and 
12.9 ka (Nydahl et al., 1972) from Parvavuoma, 
Kittilä; and 11.9 ka from Lompolojärvi, Pello 
(Jungner and Sonninen, 1983). Deglaciation of 
the SIS was rapid during the Bølling–Allerød warm 
period, which is demonstrated by the rapid retreat of 
the SIS southern margin (e.g. Hughes et al., 2016). 
The abundance of suggested dates for pre-Holocene 
ice-free conditions in Finnish Lapland implies 
that the melting of the SIS might also have been 

notable in the northern part of the SIS. If the dates 
are reliable, this suggests that the SIS did not prevail 
as a uniform ice sheet in the northern part of the 
SIS during the Bølling–Allerød warm period, but 
rather as scattered local glaciers with only modest 
thicknesses.

6. 	Concluding remarks

The studied succession in Sodankylä provides 
evidence of three Weichselian glacial events, in the 
Early (MIS 5b), Middle (MIS 4) and Late (MIS 2) 
Weichselian, and ice-free conditions during the 
intervening Odderade (5a) and MIS 3 interstadials.

•• The current topography reflects pre Late 
Weichselian glacial flow directions rather than 
those of the Late Weichselian.

•• This study suggests a northern location for 
the ice-divide zone during the Early/Middle 
Weichselian, and a more western–south
western position for the Late Weichselian.

•• The OSL age determination points to ice-free 
areas in the vicinity of the River Kitinen during 
the Bølling–Allerod warm period, resulting 
from a patchy ice cover or rapid deglaciation
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