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Figure 1. Central Lapland greenstone belt, lithology and gold bearing deposits. Edited and simplified 
from Niiranen et al. (2015). 

1. INTRODUCTION 

 

Finnish Lapland greenstone belt has been an increasingly active site for orogenic gold 

deposit exploration in the recent years. Unlike many other greenstone belts the Finnish 

Central Lapland Greenstone Belt (CLGB) is not yet thoroughly explored, making it a 

compelling target for greenfield exploration. Comparing the size of the belt and the mined  

gold resources (Figure 1) and reserves imply that it still hosts undiscovered gold deposits 

(Niiranen et al. 2015).  
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Finland’s subtle topography is a product of prolonged weathering and the current 

geomorphology result of multiple glaciations. Conventional rock and soil samples are 

especially susceptible for glacial transportation, the local glacial history must therefore 

be accounted for when doing exploration in the region.  

 

Glacial transportation takes place as glaciers, and the material transported by them, 

exhibit movement between the accumulation and ablation zones. The movement occurs 

in the form of deformation or slip depending on the amount of stress and basal conditions 

of the glacier (Benn and Evans 2014). The difference between the mean of movement is 

instrumental for ore exploration because it dictates the type of material that is transported 

and its transportation distance. If the movement happens through strain the displacement 

can be short, and the base can experience less polishing. Deformational displacement can 

be quantified with flow models like Nye’s Generalization of Glen’s Flow Law (Nye 

1957), where the strain-rate increases non-linearly as the function of stress, resulting in 

higher strain in the base of the glacier. Glaciers can respond to strain in the form of 

fracture or creep. If liquid water is present at the base of the glacier it can enable basal 

slipping, granted that the stress gradient is large enough to surpass the shear resistance 

and friction. However, generally the exhibited movement is a sum of slip, creep and 

fracturing in different proportions, but some forms of movement describe different glacial 

environments better than others. Slipping, for example, is not typical in cold based regions 

as the frozen basal contact can be very adhesive. The dominant form of movement, and 

thus the glacial transportation, is determined by temperature, water pressure, bed material 

and topography and the composition of the ice (Hirvas et al. 1977, Kleman et al. 1997, 

Waller 2001, Benn and Evans 2014). 

 

During the latest glacial, the Weichselian, Finnish Lapland was glaciated on three to five 

occasions (Lundqvist 1986, Nenonen 1995, Johansson et al. 2011a) each of which 

modifying the geomorphology in their own way. Stadials and interstadials form their own 

characteristic sediments. Stadials typically generate tills; glaciogenic diamictons that 

incorporate eroded matter from bedrock and existing sediments, or eskers; sorted 

sediments that form in meltwater corridors. Interstadials are warm periods during which 
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organic and lacustrine and fluvial sediments are formed. Using dating methods like 

Optically Stimulated Luminescence (OSL), radiocarbon dating and Terrestrial 

Cosmogenic Nuclide (TCN) dating help in understanding stadials and interstadials within 

the glaciation. Establishing chronological surfaces between different till units can help in 

describing the nature of a specific stadial at the location, and the potential transportation 

direction and distance the stadial may have included. Unfortunately, establishing a 

stratigraphy-based glacial chronology is often challenging. Characteristic sedimentary 

formations generated during stadials and interstadials are usually not laterally infinite, but 

patchy and spatially limited. Erosion also may take place during both glaciated and 

unglaciated times, creating hiatus in the stratigraphy. 

 

Ice divide regions are areas where it is characteristic for the ice flow directions to be 

sporadic. These areas may also have been covered by cold based glaciers that exhibit 

subtle or very stagnant movement, creating palimpsests, where the most recent glacial 

stage is not necessarily the most relevant one for transportation. The Sodankylä region, 

in which Kaarestunturi belongs to, is typically portrayed on the southern edge of the 

Central-Lapland ice divide region (Tanner 1915, Penttilä 1963, Hirvas et al. 1977). 

However, ice divides are not static areas and their positions fluctuate during and between 

glaciations. Establishing chronologies for the stratigraphies in these regions is difficult, 

but it may be essential for effective exploration. One of the earliest stratigraphic 

chronologies was created by Hirvas et al. (1977), the model composes of till beds I-V that 

represent different glacial stages and flow directions (Hirvas et al. 1977, Hirvas 1991). 

While these old observations still hold true, their context is evolving and the model is 

nowadays partly outdated but still acts as a base in which numerous modern studies are 

tied to (Johansson et al. 2005). GTK’s “striation product” database could be called one of 

the successors of the model. The database however stores only striation observations and 

the usability of the product is limited to orientations that the bedrock has been able to 

record. The fluctuation of the ice divide for example is visible in the database in the form 

of incoherent striations in Central-Lapland.  

 

This thesis is conducted in Kaarestunturi, 25 kilometers from Sodankylä, near the 

Pahtavaara gold mine (Figure 1). The focus of the study is on the Aamurusko target of 
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Aurion Resources where the company is exploring its gold potential (Figure 2). The target 

was discovered in the form of multiple gold bearing quartz boulders in late 2016. During 

the following two years the company collected and analyzed over 2500 rock samples and 

500 soil samples and started a drilling program on the property to try to identify the source 

of the boulders. 

 

 

Figure 2. The generalized bedrock and topography at the study area. Presented in the image are locations 
most relevant to this study. Coordinates and elevation data are in the ESPG:3067 reference system, © 
National Land Survey of Finland. 

 

This study is a pilot study for TCN dating in the ore exploration context. In this study the 

method is used alongside with conventional exploration methods to establish an image of 

the glacial history and glacial transportation in the Kaarestunturi area of Finnish Lapland 
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interlobate region. The aim of this study is to identify glacial stages and transportation 

directions that affected the ore boulders in the Aamurusko prospect in order to estimate 

their origin.  

 

Regional glacial dynamics are studied to identify possible regional transportation trends, 

this is achieved by detailed mapping of glaciogenic formations such as streamlined glacial 

features. The local glacial dynamics are studied in the same manner as regional glacial 

dynamics, but pre-existing rock and soil sample data and trench wall logs from 

Kaarestunturi are used to aid in the interpretation. The soil and rock samples are studied 

for spatial trends visible in their geochemistry, sample descriptions and boulder volumes. 

A stratigraphic model is constructed for the Kaarestunturi sediments, the model is based 

on old trench logs from 2018 and three trenches dug in this study during 2019. The 

stratigraphic model is compared with existing literature. 

 

The local bedrock and one quartz boulder population will be sampled for TCN dating, 

10Be isotope is used in this study. The purpose of the TCN samples is to pinpoint their 

individual erosive events and to correlate it with the Finnish Lapland glacial history. The 

boulder and bedrock samples can then be compared to find out if their respective glacial 

erosion events have been the same or possibly different. Age relations between the 

boulders and bedrock can offer insight on the local glacial erosion and origin of the 

boulders. Sampling the boulders also allows estimating how many glaciations they may 

have been subjected to. With the pre-existing knowledge of the stadials in question we 

can approximate the glacial transportation that the sampled boulders were subjected to. 

 

2. TERRESTRIAL COSMOGENIC NUCLIDE DATING 

 

Dating exposures with cosmogenic radiation nuclides is a technique that has existed on 

theoretical level since 1934, the technical limitations at the time prevented precise and 

routine measuring of the low concentration nuclides. The method is based on nuclides 

that are steadily generated by high energy cosmogenic radiation. A portion of the high 

energy particles are capable to spallate nuclei on the surface of the earth, generating in 
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situ isotopes in rocks where they would not otherwise occur (Reedy et al. 1994). A rate 

of spallation can be assumed on a given latitude and elevation for each isotope. The time 

that the surface has been irradiated for, can then be calculated from the isotope 

concentrations (Gosse and Phillips 2001, Balco et al. 2008). There are currently 6 viable 

terrestrial cosmogenic nuclides (TCN) for this method but it is likely that other potential 

elements exist. The currently used isotopes are 3He, 10Be, 26Al, 21Ne, 14C and 36Cl. These 

isotopes have long enough half-lives or are stable, they can be differentiated from their 

lithospheric counterparts and isobars and their parent elements are common. The 

radioactive isotope of beryllium, 10Be is utilised in this study. The isotope is generated in 

spallation of both Si and O making it very versatile in different geological environments 

 

Both solar and galactic radiation generate nuclides in the atmosphere, however only the 

high energy portion of the radiation is relevant in the production of terrestrial in situ 

nuclides. High energy radiation refers to particles within the energy range of 1 GeV to 10 

GeV, meaning it’s galactic in origin. The primary high energy radiation collides and 

interacts with atmospheric particles, cascading to the lithos- and hydrosphere as 

secondary radiation after exhausting a portion of its energy. The energy is mostly 

transmitted through the atmosphere by neutrons as they are most likely to be emitted from 

stimulated nuclei and experience less of a decelerating force from charged atmospheric 

particles (Gosse and Phillips 2001). The in situ TCN are then generated by secondary 

radiation spallation, muon reactions or through thermal neutron capture, depending on 

the isotope in question. Cosmogenic nuclides are generated in the atmosphere as well, 

their applications are fundamentally different because the elements are free to move. 

Especially in the case of 10Be, the atmospheric component is very prone to contaminating 

the terrestrial 10Be samples and is routinely removed from them in the sample preparation 

together with the isobar 10B.  

 

The 10Be isotope is so light it must be analysed with an accelerated mass spectrometer 

(AMS). AMS sample assays consist of the 9Be/10Be ratios, from which the 10Be 

concentration is calculated. The concentration is how ever merely a number and 

appropriate background knowledge must be used when calculating the apparent exposure 

age from it. The results must be corrected for erosion rate, pressure and vegetational-, 
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topographical shielding and snow-, soil- and sedimentary cover. The exposure ages can 

be calculated calculation software that typically account for most of the known variables, 

Cronus online calculator (Balco et al. 2008) is used in this study. 

 

TCN dating is a novel dating method in the sense that the isotope accumulation is virtually 

paused if the surface is shielded. Because the method dates surfaces, rather than the time 

of formation of the rock, it also ends up recording information about reburial events like 

glaciers or sedimentary overburden. Single element dating captures minimal information 

on the reburial, and external generalized information sources like the marine isotope 

record (MIS) must be used to compensate for the pause in the radiation flux. When using 

multiple TCNs with different accumulation and decay rates, the reburial history of the 

location can be evaluated for each sample individually. Multiple element analysis 

therefore potentially increases the reliability of the method as in situ sedimentary and 

glacial reburial can more accurately be accounted for. 26Al is often used with 10Be because 

they both occur in quartz making the extraction of the elements easy. 10Be derives from 

O and Si and 26Al from Si, their muonogenic and spallagenic production ratios resemble 

each other closely. Both isotopes have relatively long half-lives, 13.9 Ma for 10Be and 

7.05 Ma for 26Al (Reedy et al. 1994, Nishiizumi 2004, Chmeleff et al. 2010) potentially 

allowing dating of events that even precede the Pliocene (Gosse and Phillips 2001). As 

usual, dating older exposed surfaces subjects the result to larger error factors. The 

unreliability grows especially in terrestrial environments where erosion and variations in 

the magnetic field effect the count of in situ TCN. 

 

3. GLACIAL HISTORY OF FINNISH LAPLAND 

 

In glaciated regions the current geomorphology derives strongly from glacial events in 

one form or another. Both cold and warm based glaciers, i.e. stagnant and dynamic 

glaciers, can generate their own characteristic geomorphologies. Streamlined glacial 

features are associated with mobile, warm wet-based glaciers and their absence may 

indicate stagnant or cold based conditions. In reality glacial rheology depends on 

numerous factors and confining glaciers in two categories according to their basal 

conditions is a simplification (Krabbendam 2016). Northern Europe has experienced 
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multiple glaciations during Pleistocene, latest of which is the Weichselian that took place 

between 110 ka and 10 ka ago. The erosive nature of continental glaciers makes surficial 

deposits pre-dating the latest glaciation uncommon, in turn making the latest glaciation 

the most relevant in ore exploration.  

 

According to the latest interpretations 2 to 4 glacial advances took place in Finnish 

Lapland during the latest glacial, the Weichselian glaciation. The quantity of the events 

depends on the location, as some of the advances are indicated to not having reached the 

further, Eastern parts of Finnish Lapland (Johansson et al. 2011a, Lunkka et al. 2015). As 

the Scandinavian Mountains are typically portrayed as the glaciation center of the  

 

The Early Weichselian is the first stadial of the Weichselian glaciation, its correlated to 

the MIS-5d and follows the Eemian MIS-5e interglacial. The stage lasted from 110 to 74 

ka, but the spatial extents of the glaciation are poorly known. According to the current 

consensus the Early Weichselian held within it two glacial advances from the 

Scandinavian Mountains that were separated by a, at least in Finland, wide ice-free period 

(Johansson et al. 2011a).  

 

The Middle Weichselian glaciation most likely contained to cycles of glacial advance and 

retreat, it’s often divided into First and Second Middle Weichselian stages. The glaciation 

started at 74 ka (Donner 1996, Johansson et al. 2011a) but there are signs of it in northern 

and central Finland at around 75 and 79 ka respectively (Alexanderson et al. 2008, 

Salonen et al. 2008). The glacier regressed past Finnish Lapland at around 55 ka. OSL 

dates of fluvial sediments indicate a second ice free period separated by a glacial advance 

at approximately 36 ka (Nenonen 1995, Salonen et al. 2008, Johansson et al. 2011a, 

Salonen et al. 2014). The second ice-free period is not present in Eastern Lapland and it’s 

not indicated to being present in some parts of the Central Lapland either (Hirvas 1991, 

Sarala and Eskola 2011). Instead, these regions were likely ice free from 55 ka to the 

beginning of Late Weichselian ca. 31 ka ago (Hughes et al. 2016). 
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The last glacial maximum (LGM) took place at 21 ka ago, during the Late-Weichselian 

glaciation (Hughes et al. 2016). Late-Weichselian is regarded to having composed of one 

glacial advance during which’s maximum the Eurasian ice sheets extended over 5.5 

million km2. The Late-Weichselian stadial corresponds with the MIS-2. The steady 

deglaciation that followed the LGM lasted all the way to the Younger Dryas stadial when 

the glacier stabilized (Gyllencreutz et al. 2007). The stabilization formed a near 

continuous band of end moraines, tracing the terminus of the time (Synge 1969, Rainio 

et al. 1995, Lunkka et al. 2012, Hughes et al. 2016). The final deglaciation after the 

Younger Dryas was relatively rapid on the Finnish side of the Fennoscandian Ice Sheet 

(FIS). In the northern Lapland retreat rates of approximately 200  meters per year are 

indicated (Seppälä 1980). Rapidly receding ice margin generated vast amounts of melting 

water and proglacial- and ice damned lakes, they have been described in literature starting 

from Tanner’s (Tanner 1915) journal  and leading up to models created by Johansson, et 

al. (2005). Proglacial lakes were common due to the abundance of melt water that often 

in lack of an efficient drainage system accumulated near the glacial margin. A glacial 

terminus that is retreating over a water divide is a prime location for such formation. 

Receding from the East, the FIS left the Lake Inari area free of ice at around 10.7 ka 

(Seppälä 1980, Kotilainen 2004). Once the deglaciation reached the ice divide of the time, 

at ca. 10.3 ka ago, the melting probably proceeded as stagnant bodies of ice melted on 

their place. The Western Finnish Lapland is indicated of being glacial free ca. 9.7 years 

ago (Mäkilä and Muurinen 2008, Johansson et al. 2011a). 

  

4. STUDY AREA 

 

Aamurusko is the project name of the surroundings of Ristilaki and Kiimalaki hills, in 

this study “Aamurusko” refers to their vicinity and southern slopes. In the larger scope 

the hills belong to the Kaarestunturi fell (Figure 3). Parts of the fell are exposed bedrock 

but most of it is masked by regolith, boulder fields and till in the cranny between the 

peaks. The  fell belongs to the CLGB’s Kumpu-group sedimentary rocks (Figure 1) whose 

maturity in Aamurusko varies from quartzite to lithic arenite. The Kumpu group is 

confined between the mafic Kuusamo and Savukoski groups, Kuusamo group rocks are 

present in Aamurusko whereas Savukoski group lays further north (Figure 1). Kuusamo 
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group rocks outcrop in one location in Aamurusko where their composition is mafic, 

trenching has also exposed ultramafic members of the group. The southern slope of the 

fell is mostly masked by till, boulder fields and paleochannels. Kaareoja creek marks the 

local elevational low point, its current channel cuts into deglaciation time sorted 

sediments and till units.  
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Figure 3. Geographical map of Kaarestunturi and Kaaresselkä. Aamurusko illustrated with a box. (ESPG:3067, © National Land Survey of Finland) 
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Numerous regional glacial geological studies have been conducted in Northern Finland 

and Central Finnish Lapland by for example V. Tanner, H. Hirvas, P. Johansson, P. 

Sarala, J. P. Lunkka, V-P. Salonen, R. Kujansuu and others. But partly due to the 

complexity of the region it still lacks clear cut glacial history model. The studies in the 

Kaarestunturi region are limited to ore exploration projects by the GTK. GTK has 

explored Kaaresselkä for Pb-Zn mineralization (Härkönen et al. 1981), and later Pb-Zn-

Cu and Au-Cu with a program that also included drilling (Hulkki and Pulkkinen 2007). 

The placer gold potential of the Kumpu group conglomerates in Kaarestunturi have also 

been studied by GTK. No glacial history studies have been conducted in Kaarestunturi. 

 

The surficial deposits have not yet been closely mapped by the GTK, most of the 

sediments around Kaarestunturi are instead described as unknown unsorted sediments. 

The wetlands, creeks, portions of the boulderfields and bedrock exposures are however 

recognized by datasets provided by the GTK (Figure 3). However, the boulderfields are 

much more typical in Aamurusko than what they are presented as in the datasets, large 

portions of the southern slope of Kiimalaki is in fact covered by boulderfields. Kaareoja 

and Kiimajänkänoja are the only active local creeks, they draw from the Kiimanjänkä and 

Kaarevuoma bogs. The topography of the study area reveals that multiple paleochannels 

have been present in the area. The Kaareoja creek partially lay in a paleochannel, based 

on field studies the stem of the creek penetrates its own sandur or delta formation that 

lays on the western edge of Aamurusko. Kaarestunturi hasn’t been excavated in previous 

studies, but trenches exist in Kaareselkä (Härkönen et al. 1981), some of Hirvas’ et al. 

(1977) trenches also locate within 10 kilometers of this study area. Typically, the surficial 

deposits in these trenches contain 2 or 3 till units and an interbedded sorted unit, in some 

locations sorted surficial sediments also exist (Åberg et al. 2017). Glacial transportation 

directions are very variable in the area. This is often interpreted as a result of having 

belonged to the ice-divide in the recent glaciations, although in some studies Sodankylä 

and Kaarestunturi are placed outside the southern edge of the ice-divide. The glacial 

history of Kaarestunturi has not been studied in prior and setting the site into the 

constantly evolving framework of Finnish Lapland glaciation consensus is challenging. 
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The glacial history of the Kaarestunturi area is further complicated by uncertainty of the 

extents of some Weichselian glaciations. The temperature in Finnish Lapland annually 

falls below zero degrees Celsius, this leads to frost in surficial deposits, a yearly snow 

cover and melt waters. The snow cover is especially relevant for the TCN portion of this 

study. The snow cover effects the flux of cosmic rays and is important in calculating the 

annual exposure the TCN samples receive. The snow record used in this study is measured 

on Finnish Meteorological Institute’s LUO00016 station in Sodankylä. According to the 

record the region is annually covered by snow for the average duration of 204 days. The 

snow cover typically lasts from November to May. 

 

5. MATERIALS AND METHODS 

 

5.1 Trenching  

 

The southern proximity of Kaarestunturi has been explored by trenching the terrain with 

an excavator, a total of 11 trench or pit walls have been documented in 2018 and three in 

2019 (Figure 4). In addition to the quaternary deposit logs, the surficial deposits in 

proximal Kaaresselkä, Tuohenkiskomakuru and Niliselkä are referred to in this study. 

 

The logs from trenches dug in 2018 describe the quaternary deposits only briefly, as the 

purpose of the trenches was primarily to expose the bedrock. For this reason, most of the 

old logs lack detail that would have increased their value for this study. These trenches 

are more than two meters wide to allow lithological mapping and their length varies 

depending on the exposed lithology. Their locations were generally determined by 

lithological and geophysical questions. The three trenches that were dug in 2019 were 

excavated in quaternary points of interests and closer attention was paid during their 

logging. The width of the pits is approximately two meters, their lengths are determined 

by their depth and steepness of the ramp.  
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Figure 4. Trench locations in Aamurusko, Kaarestunturi (4 A) and Kiimajänkä (4 B) (ESPG:3067, © National 
Land Survey of Finland).  

 

The logs drawn in 2018 were drawn on gridded paper in 1:100 or 1:50 scale with 

differential GPS stations and handled in the ESPG:3067 reference system. Scale and 

differential GPS stations allow accurate georeferencing in GIS environments. In 2019 the 

logs were drawn as stratigraphic crosscuts. The stratigraphy is described with the unit 

thicknesses, sorting, roundedness of the clasts, color and quantity of matrix and clasts. 

The sedimentological descriptions used in this study take after Eyles et al. (1983). All the 
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trenches are presented with their corresponding elevation, depth gradient, generalized 

bedrock lithology and number and order of the stratigraphic units. The most relevant old 

quaternary logs are digitized and redrawn in this study.  

 

A total of 8 till fabric analyses were conducted at 3 different locations during the 2019 

field work. Till fabric analysis is conducted with 25 pieces of elongated clasts within a 

singular diamicton unit, the minimum ratio of the clast’s dimensions is 2:1:1. The clasts 

are eligible only if they are not disturbed by clast to clast contacts. Clasts adjacent to 

larger boulders are to be avoided in the analysis, regardless, one analysis was conducted 

in the proximity of a quartz boulder cluster as a test. Elongated clasts standing upright are 

eligible for the analysis. The orientation of the eligible pieces is documented and then 

presented as a rose diagram relative to the geographical north pole. All the compass 

readings undergo a 12° magnetic declination correction  

 

The spatial data collected and created in this study is most often presented alongside 

existing spatial data by either the National Land Survey of Finland or Geological Survey 

of Finland. The copyrights of the elevation model, lithological map and geographical data 

thereby belong to them and are used under the Creative Commons 4.0 license. The 

reference system used is ESPG:3067. 

 

5.2 Rock samples 

 

The Risti property has been sampled thoroughly by prospectors and geologists, at the end 

of 2018 2557 rock samples had been collected from the property. The samples serve ore 

exploration and the majority of them are fragments of quartz vein. The dataset therefore 

illustrates the distribution of quartz boulders, rather than objectively representing the rock 

boulder population. The locations of these boulders are presented in Figure 5.  

 

During sampling the coordinates, rock type, vein type, alteration minerals, sulfides, 

oxides, rock volume and roundedness are documented. The samples are prepared in ALS 

Minerals preparation laboratory in Sodankylä and analytics are run in ALS Minerals 
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laboratory in Loughrea, Ireland. All the samples are analyzed with ALS Minerals’ ME-

ICP61, four-acid digestion and 35 element ICP-AES Inductively Coupled Plasma 

methods. Separate multistage analysis is run in respect to gold, the stages are determined 

by the gold content, but they are not relevant in the context of this study. ALS Minerals 

labs are ISO compliant.  

 

Figure 5. Aamurusko, Kaarestunturi rock sample and soil sample line locations. 

 

5.3 Soil samples 

 

Soil samples are collected with a hand auger and they are primarily from the C-horizon, 

if it’s not possible in the boulder terrain, B-horizon suffices. A-horizon is not suitable for 
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reliable geochemical sampling; the horizon is geochemically disturbed and often contains 

abundance of organic matter.  

 

Due to the varying proportions of coarse gravel in the terrain it’s not always possible to 

reach the C or B-horizons with the hand auger. On these occasions A-horizon samples 

are collected or the location is skipped. Sampling even the A-horizon can be useful as it 

creates a data point, which combined with the sampler’s notes can be valuable. Most of 

the visible organic material and larger pebbles are removed during sampling like so that 

the resulting sample size is roughly 200 grams. The sampler describes the matrix grain 

size, the portion of clasts, sampling depth and sorting accordingly and the color 

descriptively. The hand auger samples exclude pebbles that are too large to fit into the 

chamber, which creates a slight distortion in the sample description. In order to 

circumvent this, the terrain is briefly described in the sample comments. 

 

Soil sample lines run through Aamurusko on latitudes that are spaced 100 meters apart. 

In addition to them 4 lines spaced 200 meters apart run in the southern distal side of the 

area and 4 fill-in lines are located at the center of the area between the initial lines, 

reducing the spacing to 50 meters (Figure 5). Soil samples are prepared in ALS Minerals’ 

preparation lab in Sodankylä and the analytical work is done in ALS Minerals’ lab in 

Loughrea, Ireland. Soil samples are likewise analyzed with ALS Minerals’ ME-ICP61 

Inductively Coupled Plasma method and the gold with separate methods.  

 

5.4 Glacial terrain mapping 

 

Historically glaciogenic surficial deposits have been mapped from air photos or on the 

field but recently glacier dynamic (GD) mapping has been done in GIS environments with 

remote sensed datasets. In this study the GD mapping is based on LiDAR-based digital 

elevation model (DEM) and a hill shaded version of it. The resolution of 8-meters is used 

as a default and its increased to 2-meters at points of interests such as Kaarestunturi. The 

focus of the GD mapping is on identifying glacial flow directions and palimpsests of paleo 
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flow directions, they are key factors in local and regional erratic transportation. This is 

achieved by focusing mainly on streamlined glacial features. 

 

Streamlined glacial features include drumlins, rock drumlins, flutings and mega flutings, 

in this study their classification follows Putkinen et al. (2017). Eskers and lateral drainage 

channels are mapped secondarily. Drumlins are elongated hills with length to width ratios 

between 2:1 and 7:1 (Figure 6) that compose of variable material (Stokes and Clark 2003). 

Flutings are elongated formations with a height upwards from some centimeters, they 

differ from drumlins with a length to height ratio of  >7:1 (Figure 7). Flutings are signs 

of rapid ice flow and they typically occur as swarms. Megaflutings are mega scale glacial 

lineation formations that occur in very fast ice flow corridors (Putkinen et al. 2017). Their 

width varies from tens of meters upwards to hundreds of meters, while the >7:1 length to 

width ratio still applies. All glacial lineation features are mapped as a two-point lines from 

the tip of the formation to the tail end to allow calculating orientation populations. 

 

 

Figure 6. A 500-meter-long drumlin in Sirkka, Kittilä. 

 

 

Figure 7. Swarm of flutings by Kätkäjärvi, Kittilä and a segment of an esker near lake Kalatonjärvi in 
Sodankylä. 

N

 

N
 

N
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5.5 TCN dating 

 

Isotope 10Be is used in the TCN dating portion of this study. The element is used alone, 

and the sample irradiation is assumed to having been continuous during applicable 

interstadials, and fully paused during applicable stadials. Because single element dating 

only captures minimal information about the reburial event (Gosse and Phillips 2001), in 

this context, reburial can only be compensated for if it is assumed to being glacial, rather 

than sedimental during interstadials. Assuming only glacial pauses in the irradiation of 

the sample surfaces allows using existing glacial studies and Marine Isotope Stages (MIS) 

to compensate for it. Using multiple element dating could allow evaluating more 

complicated reburial (Placzek et al. 2010, Çiner et al. 2017). Although the sample 

locations are not very prone to being reburied by sediments during interstadials, it is 

possible, and the resulting TCN ages should thus be regarded as minimums. 

 

The possible applications of the TCN dating method are determined by the surficial 

geology at each study area. In Aamurusko locations for bedrock sampling are strongly 

pre-determined but boulder sampling can be conducted almost anywhere. Sampling 

bedrock is crucial in order to set the framework for bedrock reaching erosion in the area. 

two samples were collected from bedrock and two from boulders. 

 

The sampling method takes largely after Gosse and Phillips (2001) and Kohl and 

Nishiizumi (1992). The bedrock sample locations are at the summit of Kiimalaki hill at 

367 meters (CRE-03) and 226 meters on the south facing slope of the hill (CRE-04, Figure 

8). The sample lithologies are lithic arenite and quartz arenite, respectively. The summit 

of the Kiimalaki hill is relatively sharp and uneven, CRE-03 sampling surface is the least 

even of the four sampling locations. CRE-04 sampling location is a regolith roche 

moutonnée (Figure 9), which, even by appearance, seems older than the Holosenian 

deglaciation. 

 



22 
 

 

 Figure 8. Locations of trenches AMT-1801, -1809, -1901, -1902 and -1903 and TCN samples CRE-01 to -04. 
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Figure 9. CRE-01 boulder and till fabric analysis (9 A) and CRE-04 sampling location (9 B). 

 

 

Figure 10. Extraction locations of terrestrial cosmogenic nuclide dating samples CRE-03 from exposed 
bedrock at the summit of Kiimalaki hill (10 A) and sample CRE-01 from a gold bearing quartz boulder slab 
at the southern slope of the hill (10 B). Locations presented in Figure 8. 

 

The two boulder samples were collected from ore bearing quartz vein boulder slabs at the 

slope of Kiimalaki hill at the elevation of 242 m (Figure 9 A, Figure 10 B). The quartz 

boulder slabs are a part of a cluster of eight boulders. Most of the boulders are tabular and 

therefore lay almost horizontal (Figure 9 A). The preference of the boulders to lay 

primarily in two configurations makes them very suitable for this study, oppose to 

irregular boulders that have more numerous probable configurations. Tabular shape 

makes it more likely that the sampled face has captured the full radiation history. Features 

compromising the sample integrity like tilted surfaces, chipped edges and dets were 

avoided when sampling. Painting the face of the rock helps in keeping track of the 

condition of the surface (Figure 10, Figure 11 B). The initial field samples were cut with 

a rock saw at least 15 centimetres from the edge of the rock surface, then labelled and 

sent to the University of Helsinki, Finland, where they were refined. In refining the  
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Figure 11. The TCN sample CRE-02 refined into a 681 g piece with fully intact surface. CRE-02 sample has 
been extracted from a quartz boulder slab at the southern slope of Kiimalaki hill. Samples CRE-01 and -02 
have been extracted from two separate boulders spaced 1 m apart. 

 

samples are cut down to roughly one-kilogram samples composing solemnly of the 

topmost 5 centimetres of the rock face. Chipped regions of the surface were excluded 

from the samples (Figure 11) to ensure their integrity. The field characteristics of the 

samples are described in Table 1. 

 

Table 1. TCN sample lithologies, locations and shielding characteristics. 

Sample 
name 

Lithology Type Latitude Longitude 
Elevation 

(m) 
Vegetation 

Azimuth 
- tilt (°) 

Sample 
thickness 

(cm) 

CRE-01 Quartz boulder 67.5517 26.2467 246 moss 050-09 5 

CRE-02 Quartz boulder 67.5517 26.2466 246 moss 170-07 5 

CRE-03 
Lithic 
quartz 
arenite 

bedrock 67.5564 26.2357 367 lichen 095-13 4.6 

CRE-04 
Quartz 

arenite   
bedrock 67.5498 26.2363 226 lichen 035-11 5 

 

The geochemical preparation of the TNC dating samples was performed in the CNRS 

laboratory in Meudon, France. First in the preparation the desired mineral, quartz, is 

isolated and then cleaned of possible contaminants. The samples are first milled to a 

diameter of 250–700 μm. The desired fraction is then cleaned of most excess minerals 

with a Frantz magnetic separator. Micas, chlorite, pyroxenes, magnetite, hornblende etc. 

readily magnetize in the induced magnetic field and are easy to separate (Biedermann et 

al. 2014, Biedermann et al. 2015). Quartz and feldspars however are very weakly 
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magnetized (Biedermann et al. 2016) and form most of the remaining fraction. Feldspars 

are then removed with froth flotation. Optimal results require the sample to be acid etched 

with hydrofluoric acid in prior to the flotation. In froth flotation the feldspars and micas 

are made hydrophobic with an acidic lauryl amine solution. The hydrophobic minerals 

are then rinsed off. After the magnetic separation and froth flotation the procedure follows 

Kohl and Nishiizumi (1992) with modifications.  

 

The remaining sample is leached with minimum of 5 nitric and fluoric acid baths and 

rinsed clean. At this stage the cleanness of the sample is evaluated with its aluminium 

content that should be under 200 ppm. The preparation is carried on with 20 grams of the 

sample. The sample is spiked with 400-500 μg of 9Be carrier and digested with 100 ml of 

29 M HF. 3 ml of 6 M HCl and 1 ml of 8 M HNO3 are added to the solution, which is 

then evaporated. The remaining sample is converted from fluoride form to chloride form 

with HCl, after which it undergoes anion exchange in columns. The resin used in this 

stage of column chemistry is Bio-Rad’s AG 1-X8 Anion Exchange Resin, the process 

elutes Al and Be. If the sample has surpassed the 200 ppm Al threshold value, excess Al 

is removed by mixing the sample into a basic compound where Be remains as precipitate 

and Al solutes and then centrifuging the compound. If the sample has not surpassed the 

Al threshold this step is not necessary, and the anion exchanged sample can be directly 

converted into sulfate form with H2S2 and H2SO4. The converted sample undergoes cation 

exchange in columns, the resin used is Bio-Rad’s AG 50W-X8 Cation Exchange Resin. 

In cation exchange Be and Al are eluted and collected separately. The Be is precipitated 

out of the solution by bringing its pH to 8 and the precipitate is centrifuged and decanted. 

Lastly the precipitate is dissolved with 8 M HNO3 and evaporated and oxidized in 

crucibles. The beryllium oxide composes of the target element 10Be and 9Be that was 

added to spike the amount of total beryllium above the analytical detection limits. The 

preparade is cathodised and analysed with an AMS in CEREGE, Aix-en-Provence, 

France. 
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6. RESULTS 

 

6.1 Quaternary deposits and trenching  

 

Outcropping bedrock is very uncommon in the area, it is most characteristics to the peaks 

of each local topographical high. In the metasedimentary domain the quartz rich brittle 

bedrock often also occurs as puzzle piece-like regolith, where tightly packed 

autochthonous regolith boulders are slightly displaced by glacial mechanisms and frost 

heaving (Figure 9 B). Mafic bedrock either exhibits “poker chip” or saprolite weathering. 

 

Outcropping bedrock is present in Kaarestunturi and Tuohenkiskomakuru, at other local 

topographical highs like Niliselkä and Ojanlatvavaara it’s masked typically by one till 

unit and occasionally a coarse gravel (Figure 3). Ojanlatvavaara appears to be a 

pronounced rock drumlin, there the metasedimentary bedrock is exposed as both outcrop 

and puzzle piece-like regolith. The location is distal to the Kaarestunturi region and it 

likely belonged to a different glacial domain. Tuohenkiskomakuru, Kaaresselkä and 

Niliselkä are local topographical highs proximal to Kaarestunturi and they are varyingly 

masked by 0–1 till units and a coarse gravel. The till or gravel that mask these locations 

is at times at least partly autochthonous as it carries marker lithology boulders that have 

been displaced by 0 to 5 meters from their bedrock counterparts. The quaternary deposits 

at these locations have however not been documented as they are in Aamurusko, 

Kaarestunturi. 

 

In Aamurusko the bedrock is exposed as outcrop or puzzle piece-like regolith but most 

of the area is masked by overburden. The usual thickness of the overburden ranges from 

1 to over 7 meters (Table 2). The number of stratigraphic units varies between 2 and 6. 

The overburden composes of till and on some occasions interbedded or basal fluvial 

sediments. The typical quantity of till units is 3, but 4 till units occur in three trenches. 

The highest total unit count of 6 is observed in AMT-1805 due to saprolite being counted 

as a stratigraphic unit and in AMT-1809 due to the fluvial sediment sequence. 
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Table 2. Aamurusko and Kiimajänkä trenches. The locations and characteristics of the trenches and local lithology if the trench encountered bedrock. Stratigraphy 
presented from the base of the trench to the surface. 

 

Trench ID 
  

Elevation 
(m)  

Depth gradient 
(m)  

UTM X 
  

UTM Y Bedrock 
lithology  

Number of identified 
stratigraphic units  

Stratigraphy 
   

 

AMT-1801 242 2.3–5.8 467895 7493078 mafic 3 Dmm  Dmm  Dmm    

AMT-1802 249 1.3–3.0 467869 7493123 mafic 4 Saprolite  Dmm  Dmc  Dmm   

AMT-1803 248 1.8–3.0 467797 7493138 mafic 3 Dmm  Dmc  Dmm  G   

AMT-1804 249 2.0–3.0 467735 7493138 mafic 3 Dmc  Dmc  Dmm    

AMT-1805 247 5.0–6.4 467286 7493298 sedimentary 6 Saprolite  Dmc  Dmc  Dmc  Dmc G 

AMT-1807 228 7.0 467294 7493007 no bedrock 4 Dmm  Dmm  Dmc  G   

AMT-1808 248 1.0–3.0 467149 7493280 sedimentary 3 Dmc  Dmc  G    

AMT-1809 231 1.5–3.5 467376 7492875 sedimentary 6 Sm  Gm  Sp  Gm  Dmc Dmc 

AMT-1810 221 4.0–5.8 467700 7492800 mafic 5 Dmc  Dmc  G  Dmc  G  

AMT-1814 248 2.0–5.2 468183 7493146 sedimentary 3 Dmm  Dmm with interbedded G  
 

AMT-1815 246 2.5–3.7 467952 7493140 mafic 3 Dmm  Dmc   Top soil 

AMT-1901 216 5.0 467449 7492609 no bedrock 4 Dmc  Dmm  Dmm  Dmm  
 

AMT-1902 218 5.0 467543 7492602 no bedrock 2 Gm  Dmm    
 

AMT-1903 229 3.2 470141 7493073 no bedrock 5 Dmm  Sh  Dmc  Dmm  Dmm  

Dmm: Diamicton, massive, matrix supported, Dmc: Diamicton, massive, clast supported, Gm, gravel, massive, Sh: sand, horizontal, Sp, sand, planar cross bedded, G, gravel, after Eyles et al. (1983).   

 



28 
 

 

The lowest unit count is 2, which was observed in AMT-1902. However, bedrock was 

not reached in the location (Table 2). The purpose of AMT-1901 is to get a relatively 

undisturbed crosscut of the stratigraphy of the southern slope of Kaarestunturi where the 

fluvial sequence present in AMT-1809 could also be visible. AMT-1901 is used as a 

reference crosscut due to the quantity of stratigraphic units it penetrated. 

 

AMT-1901 reaches to the depth of 5 meters, the trench does not reach the bedrock, but it 

penetrates 4 till units (Figure 12). Unit I is a 1 m thick clast supported diamicton 

composing approximately 90 % of clasts. The unit has characteristics of a poorly sorted 

gravel, while silt still occurs in the matrix. Overall, the outlook of the unit is messy and 

diamicton-like. The topmost 7 cm of the unit is poorer of larger boulders and moderately 

sorted. The large, on average 20 cm diameter clasts vary from angular to rounded, the 

mode of the clasts is SR. The fabric of the unit does not clearly depict an orientation, in 

the rose diagram the clasts are distributed fairly evenly in all directions. It is probable that 

the clasts in the unit were too heavily disturbed by clast to clast contacts for a till fabric 

analysis to succeed. Unit II is a 3.2 m thick matrix supported till with approximately 50 

% clasts. The clast size varies all the way to boulders, the clast angularity is SA-SR. The 

matrix is sandy and both contacts are sharp. The basal 5 cm of the unit weakly reflects 

the gravely composition of Unit I. The till fabric analysis depicts a clear NE-SW direction. 

Unit III is a moderately packed 0.2 m thick matrix supported till unit with approximately 

30 % clasts. The clasts are smaller than in the underlying units and many of them are 

turned upright. The bed is tilted slightly and appears to pinch out upwards right outside 

the eastern end of the trench. The matrix is sandy and the upper contact sharp. The till 

fabric in the unit does not portray a flow direction. The clasts are SR. Unit IV is a 0.6 m 

thick matrix supported loosely packed diamicton with approximately 15 % clasts. The 

average clast size is 5 cm and the clasts are generally SR. The matrix is sandy silt, the 

upper contact is poorer of large clasts but still sharp between Units IV and III. 
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Figure 12. AMT-1901 Cross section and till fabric analysis rose diagrams. The location of the trench is 
presented in the index photo along with other trenches (green dot) and TCN samples (pink dot). The trench 
does not reach bedrock. See Table 2 for facies codes. 

 

AMT-1902 is 3,5 meters deep and penetrates 2 stratigraphic units, the trench does not 

reach bedrock (Figure 13). AMT-1902 is located 90 meters east of AMT-1901 and lays 2 

meters higher in elevation. Unit I is a 1.8 m thick massive gravel. The unit shares similar 

features with the basal unit in AMT-1901 but its gravel characteristics are more 

pronounced. The average clast diameter is 50 cm, the unit is varyingly sorted and 

composes 80 to 100 % of clasts. The unit is more sorted towards the top and tends to 

collapse due to the lack of adhesive matrix. Unit I contains lenses of coarse sand 

suggesting glacial meltstream deposition. Most of the clasts in the units are angular and 

stained by clay. Unit II is a matrix supported till with approximately 60 % clasts, the 

angularity of the clasts is SA-SR. The matrix is sandy, and the basal contact of the unit is 

sharp. 

 Dmc  
(Gm) 
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Figure 13. AMT-1902 cross section. The location of the trench is presented in the index photo along with 
other trenches (green dot) and TCN samples (pink dot). The trench does not reach bedrock. See Table 2 
for facies codes. 

 

AMT-1903 trench is in level terrain in Kiimajänkä (Figure 14), it is the only trench in this 

study which’s glacial history was likely not affected by the Kaarestunturi fell. The 

quaternary deposits in the trench compose of till with one interbedded sand unit. Test pits 

adjacent to AMT-1903 have shown that surficial sands can occur on this elevation, AMT-

1903 is however capped by a loose till. The trench penetrates 5 stratigraphic units and 

without reaching bedrock.  

Gm 
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Figure 14. AMT-1903 cross section and till fabric analysis rose diagrams. The location of the trench is 
presented in the index photo along with other trenches (green dot) and TCN samples (pink dot). The trench 
does not reach bedrock. See Table 2 for facies codes. 

 

Unit I is a 0.4 m thick matrix supported till with approximately 40 % clasts. The clasts 

are SA-SR in angularity and the matrix is silt. The unit has a strong fabric that portrays 

NEN-SWS glacial flow. The true thickness of the unit is not known. Unit II is a matrix 

supported till with approximately 20 % clasts, the matrix is sand. The basal contact was 

not observed. The portion of clasts gradually decreases towards the top of the unit as it 

transitions into Unit III. Unit III is a 0.2 m thick horizontally bedded or massive sand that 

transitions to a 0.4 m thick massive gravel (Unit IV) through an erosional contact. The 

clasts in Unit IV are angular or semi angular and the matrix varies from gravel to sand. 

Unit V is a 2.2 m thick matrix supported till with approximately 60% clasts. The 

proportion of matrix gradually increases towards the top. The upper contact is hard to 

percept either due to the similarity of the two till units or because the contact is gradual. 

The matrix is silty sand. The till fabric is similar to the fabric of Unit I, the clasts are semi 

angular. The topmost Unit VI is a loosely packed 1.2 m thick matrix supported till with 

Gm 
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15 % SR-R clasts whose size mode is approximately 6 cm. The matrix in the unit is sandy 

silt. The top of the unit is looser than the base, possibly representing a different unit but 

more likely a result of frost and vegetation.  

 

Trench AMT-1801 located by CRE-01 and CRE-02. The trench was backfilled at the time 

of this study, the trench is. However, the trench walls have been logged in 2018 by the 

company and the notes and drawings have been reinterpreted and digitized for this study 

(Figure 15). The local overburden composes of three matrix supported till units. The basal 

till unit contains a large portion of local mafic bedrock fragments making it darker in 

comparison. The mafic bedrock lays at the depth of 6 meters at the eastern end of the 

trench but dips below 6 meters in the western part. 

 

 

Figure 15. AMT1801 reinterpreted cross section. See Table 2 for facies codes. Visible in the drone image 
are cluster of quartz boulders to which TCN samples CRE-01 and CRE-02 belong to. Trench terminates into 
mafic bedrock at the depth of 6 meters. Till fabric at the B location (Figure 9 A) is likely disturbed by boulders 
whereas the A location is reliable. 
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In this study the site is revisited to perform two till fabric analyses from the topmost till 

unit (Figure 15). Rose diagram AMT-1801 B at 20 cm depth from the till between the 

quartz boulders does not depict a clear flow orientation (Figure 15). The shallow parts of 

the till were likely disturbed by the large quartz boulder slabs syn- or post placement. The 

second till fabric analysis, AMT-1801 A shows a clear NWN-SES orientation at the depth 

of 20 cm. Sampling site AMT-1801 A lies 7 meters west of the rose diagram AMT-1801 

B, it’s not disturbed by adjacent boulders. According to the logs, this topmost till unit is 

the AMT-1801 Unit III, which is a loosely packed and matrix supported till. The matrix 

composes of silty sand and the percentage of clast varies from 15 to 30 %.  

 

Trench AMT-1809 is an old trench that had been backfilled at the time of this study. The 

AMT-1809 crosscut (Figure 16) is reinterpret from photographs and notes in this study. 

The trench is located on the Kiimalaki hillslope, 70 meters west of CRE-04 and 280 

meters north of the AMT-1901 trench. At AMT-1809 the overburden composes of a well 

sorted laterally limited fluvial sediment series at the base and two till units on top of it. 

Occasionally eroded into the Unit VI are small spatially limited drainage channels. These 

channels are quite typical in Aamurusko and they have been encountered in multiple 

trenches. The contacts between units I to V are sharp. Contradictory to the notes, 

reinterpretation from photos suggest that the contact between units V and VI is gradual. 

The overlying till beds are on average 1.5 and 0.5 meters thick. The total thickness of the 

overburden varies between two and four meters. Only few sections of the underlying 

quartz arenite have been polished, most of the bedrock that the trench exposed is jagged. 

The bedrock is dipping south at the location.  
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Figure 16. AMT-1809 reinterpreted cross section. The location of the trench is presented in the index photo 
along with other trenches (green dot) and TCN samples (pink dot). The trench encounters bedrock, which is 
polished quartz arenite at the southern portion of the trench and less mature in the northern part. See Table 
2 for facies codes. 

 

AMT-1809 is one of three trenches where interbedded fluvial units can be observed 

(Table 2), in AMT-1809 the units are the thickest and most variable. The elevation of the 

fluvial units is 230 meters above sea level.  
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6.2 Rock and soil samples  

 

Soil samples do not portray trends that could easily be tied with the site’s main 

commodity, gold. For example, the concentrations of Au, Ag, As and Pb do not correlate 

with the Au contents of the rock samples. Elements that can be used to indicate maficity 

appear to form some visible spatial trends in Aamurusko. Elements that indicate maficity 

such as Cr, Mg, Co, Ni and Fe show negative and positive hotspots in the valley and on 

the hillslope (Figure 17). Chromium shows relative hotspots adjacent to a mafic outcrop 

and adjacent to a location where the bedrock is known to be ultramafic. A negative 

relative Cr hotspot is visible in the valley where the sediments are known to be in mostly 

sorted and fluvially deposited. 

Figure 17. Soil samples portrayed according to their Cr content. Similar patterns are repeated by Fe, Co, 
Mg and Ni. In the index figure are outcropping mafic unit with light green and ultramafic bedrock with darker 
green. Ultramafic bedrock is confirmed by trenching, but its extents are not known. 
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The rock sample database composes almost solemnly of quartz vein fragments in 

Aamurusko and the database can be assumed to depicting the surficial quartz boulder 

distribution accurately. Variability of vegetational cover brings the largest uncertainty in 

to the database, and area between AMT-1804 and AMT-1805 (Figure 4) likely lacks 

entries due to the thick vegetational cover. The quartz boulders are almost absent on 

Ristilaki hill, in the Kaareoja sandur and the SE corner of the target area (Figure 18).  The 

dataset forms 2 distinctive N-S trends and one weak NW-SE trend on the face of 

Kiimalaki hill (Figure 18), the NW-SE trend is confirmed to be partially autochthonous 

as some smaller quartz veins outcrop at the location. The N-S trendlines have similar 

orientations, T2 trendline looks like a continuum of the T1 line, with a west to east 

displacement. The Southern trendline appears to partially correlate with topography. The 

boulders that locate in the vicinity of the fell are much larger than the median of the 

volume attribute. The large, > 2.0 m3 boulders are almost absent in the lower elevation 

areas of Aamurusko. The biggest count of large boulders is within the “compact vein” 

quartz boulder category, the category is the most numerous one in Aamurusko and the 

boulders are present very evenly around the site.  
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Figure 18. Aamurusko quartz boulders displayed in respect to the vein type. Trendlines formed by the boulders are abbreviated with T1, T2 and T3.

T1

T3

T2
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Figure 19. Aamurusko quartz vein boulders displayed according to their volume.  

 

The populations that form the T1 and T2 trendlines differ in their elevation and average 

boulder size, but the gold concentration is steady and does not fluctuate spatially. The 

distribution of different quartz vein types is similar between the T1 and T2 populations. 

Smaller isolated populations become visible in the area when the boulders are displayed 

in respect to the vein type. Similar trends are visible in Figure 18 and Figure 19, the fans 

also partially agree with the trends in the soil samples 

 

There are multiple occurances of porphyric granite erratics in Kaarestunturi and 

Aamurusko. The erratics can be found in clusters and as lone boulders in multiple 

locations ranging from the Kaaresuoma creek to the top of the Kiimalaki hill at the 

elevation of 355 meters. The erratic boulders that occur on the surface, are typically sub-

rounded and slightly weathering on their place. The nearest granitic units are the 

Pomokaira complex granites 40 kilometers northwest, the Nattanen granites 30 
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kilometers north and the Central Lapland granitoid complex 8 kilometers south of 

Kaarestunturi. 

 

6.3 Glacial dynamic mapping 

 

An area of 10 400 km2 centered on Kaarestunturi was mapped for glacial dynamic 

features (Figure 20). GD mapping identified 280 streamlined features, 359 segments of 

eskers and multiple lateral drainage channels. Five distinctively different glacial 

dynamical regions were identified from the features. Four of the regions are former ice 

stream routes and one is a featureless interlobate region (Figure 20). The results agree in 

most part with recent studies (Putkinen et al 2017).  

 

The roots of Kuusamo ice stream can be observed in Kittilä, from where the ice stream 

flows South. The ice stream is referred to as Kittilä sector of Kuusamo (KSK) ice stream. 

North of Kittilä is flowset that composes mostly of relatively small drumlins orientated 

towards North. The flowset has been identified prior (Kleman et al. 1997), it signifies the 

presence of an ice divide of unknown age. However, the location and orientation of the 

ice stream makes it of less importance to this study. The trunk of the Salla ice stream is 

present on the eastern edge of the study area.  

 

The orientation identified from the streamlined features in the Salla ice stream are 

identical to its portrayal in existing literature (Putkinen et al. 2017). WNW-ESE 

orientated flowset of glacial lineations were identified west of Sodankylä. The drumlin 

and fluting orientations show regional variance. Shallower, on average 112° formations 

are more common in NW and steeper, on overage 145° formations in SE. The linear 

formations may display a palimpsest. The flowset is referred to as the ice stream D.  
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Figure 20. Glacier dynamic mapping area. A. Kittilä Sector of Kuusamo ice stream. B. Salla ice stream. C. Kittilä north ice stream. D. Sodankylä ice stream.
Index figure modified after Putkinen (2020). 
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Streamlined glacial features are almost absent in the interlobate region, and the few 

observations that were made are sparse and not uniform. Part of the interlobate region is 

masked by sediments associated with the river Kitinen, leaving the interpretion of the 

region impossible with used method. Regardless of the uncertainty stemming from the 

masked area, Kaarestunturi appears to belong to the interlobate region.  

 

The surroundings of rivers Kitinen and Jeesiöjoki are widely masked by wetlands and 

sorted sediments. Some parts of the cover are very thick and old, effectively masking 

most of the GD features in the area (Åberg et al. 2017). Eskers are the only linear glacial 

features that can be distinguished in most parts of the basins, and even they are very 

patchy and eroded. The continuum of eskers is good within the A, B, C and D cells and 

generally very poor in the interlobate region (Figure 20). Based on their branching 

tendencies almost all of the eskers appear to run from NWN to SES. This orientation 

portrays a pressure gradient similar with the ones of KSK and Salla ice streams. 

 

6.4 TCN dating 

 

The ages are generated from the lab assays with Cronus Earth online calculator version 

3. The sample assays and exposure age results are presented in Table 3. The age results 

are minimum apparent exposure ages and only include default latitude and elevation 

corrections (Balco et al. 2008). The standardization method used with the results is STD-

11, the ASTER in house produced standard material STD-11 for 10Be analyses. The 

standard is developed and used in CEREGE, Aix-en-Provence, France (Braucher et al. 

2015). The Table 3 apparent ages are not corrected for partial shielding by yearly snow 

cover, or glacial or sedimental reburial. The shielding effect of the snow cover is 

calculated and applied in chapter 7.4 and the glacial reburial model is discussed in chapter 

8.2. 
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The minimum age assays from TCN dating samples CRE-01 to -04 yield ages much older 

than Holosenian deglaciation. Boulder samples CRE-01 and CRE-02 have experienced 

the least exposure with apparent ages of 34.9 ± 1.1 ka and 27.3 ± 0.9 ka BP, respectively. 

The apparent age of sample CRE-03 from the peak of Kiimalaki is 46.9 ± 1.5 ka BP and 

for CRE-04 it is 85.5 ± 2.3 ka BP. In this study the TCN ages are presented as BP with 

internal errors, the external error is also presented for external comparisons (Gosse and 

Phillips 2001). 
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Table 3. Laboratory and analytical statistics of the TCN samples CRE-01 to -04 and the blank corresponding for the batch. Apparent exposure ages generated 
with the CRONUS-Earth online calculator version 3, snow shielding correction not applied. 

 

Sample 
name 

Mass before 
crushing (g) 

250-710 μm 
fraction (g) 

Quartz 
digested (g) 

9Be carrier 
(g) 

 [Be9] carrier 
(at) 

Be10/Be9 
Total counts of 
Be10 

Uncertainty 
Be10/Be9 (%) 

10Be (at/g 
quartz) 

CRE-01 1338 828 20.419 0.460 3.068E+19 1.415E-13 1228 3.19 2.04E+05 

CRE-02 1187 696 20.074 0.461 3.072E+19 1.103E-13 1228 3.18 1.60E+05 

CRE-03 774 409 20.144 0.460 3.069E+19 2.061E-13 1233 3.10 3.05E+05 

CRE-04 705 346 20.098 0.459 3.062E+19 3.160E-13 1970 2.56 4.72E+05 

BKLR09 - - 0.000 0.460 3.070E+19 4.472E-16 4 51.26 - 

 

Sample  Lithology 
Elevation 

(m) 

Elevation 
handling 
flag 

Sample 
thickness 

(cm) 

Sample 
density  
(g cm -3) 

Shielding 
correction 

Erosion 
rate (cm 
yr-1) 

Isotope Mineral 
10Be 
(at/g 
quartz) 

Error 
(at/g 
quartz) 

Apparent 
exposure 
age (a) 

Internal 
error 
(ka) 

External 
error 
(ka) 

CRE-01 Quartz 243 std 5 2.584 1 0.00001 Be-10 quartz 2.04E+05 6.55E+03 34850 ±1.1 ±3.0 

CRE-02 Quartz 243 std 5 2.584 1 0.00001 Be-10 quartz 1.60E+05 5.11E+03 27265 ±0.9 ±2.3 

CRE-03 
Lithic 
quartz 
arenite 

367 std 4.6 2.745 1 0.00004 Be-10 quartz 3.05E+05 9.52E+03 46909 ±1.5 ±4.1 

CRE-04 
Quartz 
arenite   

231 std 5 2.646 1 0.00004 Be-10 quartz 4.72E+05 1.22E+04 85506 ±2.3 ±7.5 
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7. INTERPRETATION 

 

7.1 Kaarestunturi and Kiimajänkä stratigraphy 

 

Excavations in Aamurusko (249 m), Niliselkä (242 m), Tuohenkiskomakuru (300 m) and 

Kaaresselkä (237 m) show the characteristics of the surficial deposits to be bimodal. 

Locations that represent the local topographical high are typically masked by one till unit 

that often has abundant local features. Aamurusko on the other hand is located mostly on 

the slope of Kaarestunturi and its masked by up to 4 till units. However, variance does 

exist there and the amount of till beds and the overall thickness of the overburden seems 

to correlate with the elevation (Table 2). None of the observed hilltops host particularly 

thick or variable overburden, even the ones that lay lower in elevation than Aamurusko.  

 

The stratigraphic units in the newer trenches were correlated with one another based on 

their position in the stratigraphy, unit description and till fabric. Correlating all the 

trenches is however challenging in Kaarestunturi where the unit count can vary a lot even 

between two nearby trenches as showed in AMT-1901 and AMT-1902. The Kaarestunturi 

stratigraphy is generalized in Figure 21, the type locality for this stratigraphy hasn’t been 

discovered and the generalization is based on presented crosscuts. Many of the AMT-18 

trenches were left out the generalized stratigraphy as correlating them would have been 

too speculative, this shows up as a minor gap between AMT-1801 and the rest of the 

trenches. The trench is how ever crucial to present, as it lays adjacent to the boulder TCN 

samples. 
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Figure 21. Kaarestunturi stratigraphical model based on the correlations between trenches AMT-1809, -1902, -1901, -1903 and -1801. Units 1, 2, 5 and 6 are till units and Units 
3 and 7 are sorted sediments. The variably sorted sediments that are interpreted to represent a deglaciation are grouped into Unit 4.
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The currently known basal unit, Unit 1 is present in Kiimajänkä, the unit is a compact till 

with a silt matrix. The fabric of the unit portrays a strong NEN to SWS orientation. 

Overlaying it is Unit 2 which also according to this interpretation occurs only in trench 

AMT-1903. Unit 2 composes mostly of sandy matrix and it’s not as compact as Unit 1. 

The contact between Unit 2 and Unit 3 is gradual. Unit 3 is a sorted sediment unit only 

present at Kiimajänkä. The massive horizontally bedded sand is characteristically orange 

and grey striped. Unit 4 shows great regional variation, it occurs as a massive sand and 

gravel sequence in AMT-1809 and as a massive, diamicton -like gravel in AMT-1902. In 

AMT-1901 and AMT-1903 its more diamicton or till like, with gravely features. The unit 

is likely a product of deposition at glacial terminus conditions. Unit 5 is generally very 

thick in the area, the unit can be correlated throughout the area due to its fabric, thickness, 

and stratigraphic position. Unit 6 is the topmost till unit in the area, it is typically silt 

matrix supported and loose. The clast size mode is 6 cm in multiple locations. While Unit 

6 is the most common surficial unit, in some locations it is topped by the Unit 7 boulder 

fields and fluvial channels. These, in general, very coarse gravels are common surficial 

features in Aamurusko. The Unit 7 formations likely derive from Unit 5 and Unit 6 

through fluvial erosion. However, Unit 6 is in general not very bouldery, so it is creditable 

that at least the more massive Unit 7 gravels are closely related to Unit 5. 

 

7.2 Soil samples 

 

The local bedrock composes mostly of semi-mature quartzite, which is not prone for 

glacial and chemical erosion (Hirvas et al. 1977), thus the local sandstones are therefore 

likely underrepresented in the soil samples. This is problematic as the main commodity 

occurs mainly in quartz veins, that presumedly occur mostly in the brittle quartzites and 

metasandstones (Laing 2004). Mafic lithologies on the other hand may be 

overrepresented in the soil samples due to the rock type being easier to erode.  

 

It’s probable that the surficial soil sampling survey has intersected three different 

stratigraphic units, the surficial sand and gravel, A5 and A4 as can be seen in the 

stratigraphy logs. The patchy continuity of the surficial units can also explain the varying 

difficulty of sample extraction with the hand auger.  
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The soil samples create mafic hotspots adjacent to locations where the bedrock is known 

to be mafic (Figure 22). This is somewhat counterintuitive in an environment that’s 

widely masked by multiple till units, but it proves that the genesis of surficial deposit can 

be difficult to generalize even locally. It’s possible that during glacial erosion the 

outcropping bedrock was feeding mafic material on top of existing till beds and giving a 

local contribution to the surficial deposit. The oval shape hotspot portrays a NW-SE 

transportation direction if the mafic outcrop is assumed to be the only source of the 

anomaly (Figure 22). The matching surficial and lithological mafic hotspots give the 

impression that at least the topmost surficial deposit is semi autochthonous. This would 

mean that the transportation distance was relatively short on the observed elevation. The 

second Cr hotspot forms an elongated NE-SW running trend which overlaps with an 

erosional channel. The nature of the trendline is thus not unambiguous, but it may indicate 

a transport direction, or it can represent a crosscut into a lower till unit with a different 

geochemical composition. 
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Figure 22. Cr trends in soil samples and rock sample trends with indicated transportation directions if present. Till fabric analysis’ diagrams from trenches AMT-1801, 
-1901 and -1903 displayed relative to the Kaarestunturi till stratigraphy (A1–A5, Figure 24). Indicated surficial and sub-surficial meltwater channels in Aamurusko. 
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7.3 Rock samples 

 

Most of the surficial quartz boulders on the South side of Kiimalaki are allochthonous, in 

Niliselkä, Tuohenkiskomakuru and Kaaresselkä they are semi-autochthonous. 

Extrapolation from one point (CRE-04), the bedrock reaching glacial erosion in 

Aamurusko is indicated to predate the event that placed some of the boulders by multiple 

stadials (Table 3), further supporting their allochthonous nature. The quantity of stadials 

if further discussed in chapters 8.2 and 8.3. In Aamurusko the quartz boulders are mostly 

a surficial feature and they are often not present in the till, AMT-1803 being one 

exception. Most of the quartz boulders thus lay in or on the A4 and A5 till units (Figure 

21) so by the law of superposition the quartz boulders should be younger than A3 till unit 

and the event that deposited it. It must be noted that washed surficial quartz boulders are 

more likely to be noticed than the potentially buried ones would be in a narrow trench 

crosscut, so this deduction may be affected by human error.  

 

The orientation of all the boulder trendlines is similar, from NW to SE, this is also the 

axis along which the boulder size is reducing in two of the three fans. Boulder size 

reduction along a trendline is not necessarily an indicator of transportation distance, 

because the maximum size of a quartz vein boulder is defined in its genesis. If the initial 

vein is one meter across, the resulting boulder can’t surpass one meter in all three 

dimensions. Both T1 and T2 contain entries in all vein type categories but entries in the 

sugary category are more common in T2 (Figure 18). If the boulder volumes would be 

assumed to depend only on their origin, and not the transportation distance, the vein type 

attribute should correlate with the volume attribute. Quartz vein boulder volume and vein 

type however correlate only in T3 and not in T1 or T2. The vein type distribution is fairly 

homogenous in both T1 and T2 (Figure 18 and Figure 19) except for the aforementioned 

deviation in the sugary category. Based on this observation, boulder volume could be, 

with a condition, a viable proxy for transportation distance in this environment, and the 

trendlines are likely NW to SE orientated transportation fans. 

 

A NW-SE flow orientation is confirmed in one flow orientation calculation from the A4 

unit in AMT-1801. A4 is the surficial unit at the location. The porphyric granite erratics 
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have likely been transported by an old southward transportation direction that’s 

repeatedly present in stratigraphic units A1 and A2 (Figure 21). According to the TCN 

ages and the surficial nature of the quartz vein boulders, it’s not likely that the A1 and A2 

flow orientations have affected them.  

 

7.4 Proposed TCN ages 

 

Apparent TCN ages that are older than the latest local deglaciation event do not represent 

the actual age of the surface because TCN dating does not record cosmic radiation flux, 

when it is absorbed by overburden (Delunel et al. 2014). Shielding by glaciers and yearly 

snow cover must be compensated for when proposing ages based on the apparent 

exposure ages in glaciated terrain. The ages will then be purely speculative as more 

uncertainties and error factors are incorporated in them. The speculative nature of the 

ages is further aligned by the fact that the consensus of Finnish Lapland glacial history is 

constantly evolving (Sarala and Eskola 2011). It should also be acknowledged, that the 

snow shielding model is based on a small historical record and thus cannot accurately 

depict the local climate during the whole scope of irradiation (Schildgen et al. 2005). 

 

Table 4. Estimated average snow cover converted into corresponding sample thickness, which is then used 
to present the snow shielding corrected exposure ages and both internal and external errors.  

Sample 
name 

Lithology’s 
specific 
gravity (g-
cm3) 

Average 
yearly 
snow 
thickness 
(cm) 

Snow 
thickness as 
corresponding 
lithology (cm) 

Snow 
compensated 
thickness 
(cm) 

Snow 
corrected 
exposure 
age (ka) 

Internal 
error 
(ka) 

External 
error 
(ka) 

CRE-01 2.58 46 2.98 7.98 35.7 ±1.2 ±3.1 

CRE-02 2.58 46 2.98 7.98 27.9 ±0.9 ±2.4 

CRE-03 2.74 46 2.80 7.40 48.0 ±1.5 ±4.2 

CRE-04 2.65 46 2.91 7.91 87.6 ±2.4 ±7.7 

 

In this thesis the specific gravity of 0.3 g cm-3 is used for snow. During glaciations all the 

sample locations are assumed completely shielded. For yearly snow cover estimation 

Finnish Meteorological Institutes 100-year record from LUO0016 station, some 20 

kilometers south of the project area. Snow thickness history is calculated from 55 

decentralized years between years 1912 and 2007. The duration of yearly snow cover 

lasts on average 204 days and during those days the average snow cover thickness is 46 
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centimeters. When the average snow thickness of 46 cm is converted into corresponding 

lithology thicknesses, it equates to additional 5.02–5.34 centimeters of sample thickness 

during the time period of 204 days that is the average duration of yearly snow over. When 

the effect is spread out throughout the whole year it equates to 2.80–2.98 centimeters of 

corresponding lithological shielding depending on the sample. After the corrections are 

applied, the BP. TCN ages of the CRE-01 to -04 samples are, in order, 35.7 ± 1.2 ka, 27.9 

± 0.9 ka, 48.1 ± 1.5 and 87.6 ± 2.4 ka (Table 4).  

 

8. DISCUSSION 

 

8.1 Interlobate region glacier dynamics 

 

The interlobate region is practically free of glacially streamlined features. Even though 

the region has a variable relief, it doesn’t portray virtually any streamlined glacial 

features. The lack of macro scale lineation suggests that the area has been covered by 

stagnant cold based glaciers for multiple recent glaciations, this is also supported by the 

TCN samples (Table 4). It is probable that the area has not hosted a pronounced ice stream 

in its recent glacial history. Absence of ice streams isn’t synonymous with absence of 

glacial erosion and transportation, ice streams are but one method of ice movement (Nye 

1957, Waller 2001, Benn and Evans 2014, Krabbendam 2016). Ice streams interpreted 

from glacially lineated terrain also do not always indicate the most recent transportation 

direction in their affected areas. Although the macro scale lineated features may be most 

pronounced in remote sensed products like DEM, they may merely represent the older 

population of a palimpsest. This mechanism is indicated to be in act in within the KSK 

and Salla ice streams where fabric of the topmost till unit deviates from the orientation of 

the streams (Hirvas et al. 1977). 

 

 

 



52 
 

 

8.2 TCN dating based glacial history model of Kaarestunturi 

 

The glacial shielding history model can be constructed with δ18O records using an 

appropriate δ18O threshold value (Stroeven et al. 2002, Hall et al. 2019), but that subjects 

the study for paleoclimatological errors and uncertainty of a lagging ice front. 

Considering the good availability of radiocarbon and OSL dated sites in Finnish Lapland 

and the time span of the CRE samples, chronostratigraphy may be a better anchor point 

for the ice shielding model. δ18O based MIS records can then be used with older glacial 

stages that are not as well represented in stratigraphic studies. In the end, regardless if the 

proposed model is correct or not, the presented ages are still internally comparable and 

eligible for interpretations on the study area.  

 

The Early-Weichselian initiated after the Eemian interglacial ca. 116 ka (Shackleton et 

al. 2003), in this model MIS-5c at 107–93 ka and MIS-5a at 83–74 ka (Kawamura et al. 

2007, Johansson et al. 2011a, Railsback et al. 2015) are presumed interstadials that have 

been ice-free in Kaarestunturi. MIS-5a transitioned into the Middle-Weichselian 

glaciation MIS-4 74 ka ago (Alexanderson et al. 2008, Lunkka et al. 2015), depending on 

the location in Finnish Lapland the Middle-Weichselian contained 1 or 2 interstadials 

approximately 35 and 50 ka ago (Lundqvist 1986, Alexanderson et al. 2008, Salonen et 

al. 2008, Johansson et al. 2011a, Salonen et al. 2014). Some models suggest that parts of 

the region were free of ice from 59 ka to the beginning of the Late-Weichselian (Lunkka 

et al. 2015). In the Rautuvaara till sections in western Finnish Lapland (Salonen et al. 

2014) two Middle-Weichselian sand units are separated by a till unit, representing two 

warm periods split by the re-advance of the glacier. The sands have been dated with four 

OSL samples into the range of 35 ± 4.1 ka and 56 ± 8.7, the ages are partly overlapping 

in the upper and lower sand units. Parts of the interlobate region are indicated to being 

ice-free at 46 ka cal err 1.9 ka (Heikkinen et al. 1974), 35 ka cal. err. 0.5 ka (Hirvas and 

Kujansuu 1979) and in the range of 42 (+6.0 -2.7)–49 (+4.6 -3.0) ka (C not cal.) (Hirvas 

1991). The distal Sokli location in Eastern Finnish Lapland experienced deglaciation at 

48 ± 16 ka (Alexanderson et al. 2008) after which it is indicated to being ice-free until the 

32 ka LGM advance (Hirvas 1991, Hughes et al. 2016). The presence of a Middle-

Weichselian re-advance during this timeframe is not clear in Kaarestunturi, studies in 
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Maaselkä, Sodankylä (Hirvas 1991) though discredit it. Although the Kaarestunturi 

stratigraphy does not unambiguously disprove the presence of the second Middle-

Weichselian re-advance, the stage is not included in Table 5. MIS-3 from 50 ka to 33 ka 

is therefore assumed conditionally ice free in the interlobate area. The LGM advance 

likely crossed Kaarestunturi at approximately 33 ka (Hughes et al. 2016) effectively 

shielding it until the deglaciation at around 10 ka (Seppälä 1980, Kotilainen 2004, Hughes 

et al. 2016). For Kaarestunturi 11.5 ka (cal. err. 240 a) (Nydal et al. 1970) may be more 

accurate. 

 

The exposure history of CRE-04 (Table 5) reaches beyond the Saale glaciation forcing 

the use of MIS record in older portions of the model. Sequencing the MIS-6abcd stadials 

and interstadials according to Sun & An (2005) the whole 88 ka apparent exposure of 

CRE-04 can be accounted for, but the accuracy of the model is likely degraded.  

 

Table 5. Proposed TCN age model for Kaarestunturi, Sodankylä. The model is based on stage durations 
interpreted from literature. Full shielding is assumed during stadials and annual average snow cover 
shielding during interstadials. Used exposure ages are from Table 4. Abbreviations are used for the 
Early-, Middle-, and Late-Weichselian.  
  

CRE-01 
exp. years 

CRE-02 
exp. years 

CRE-03 
exp. years 

CRE-04 
exp. years 

Begining 
of stage 

Stage Duration (a) i = 35680 i = 27913 i = 48045 i = 87622  (ka) 

Holocene 
10800 24880 17113 37245 76822 10.8 

L-W1 
22200     33 

Ice-free 6000 18880 11113 31245 70822 - 
Second M-W2 

-         - 
MIS-3 11000 7880 113 20245 59822 50 
First M-W3 

24000     74 
MIS-5a 9000 -1120 -8887 11245 50822 83 
Second E-W4 

10000     93 
MIS-5c5 

12000   -755 38822 105 
First E-W6 

12000     117 
MIS-5e5 

12000    26822 129 
MIS-6a5 10000     139 
MIS-6b5 15000    11822 154 
MIS-6c5 10000     164 
MIS-6d5 14000    -2178 178 

1 (Nydal et al. 1970, Heikkinen et al. 1974, Hughes et al. 2016) 2 (Hirvas 1991, Helmens et al. 2000, 
Alexanderson et al. 2008, Sarala and Eskola 2011, Lunkka et al. 2015) 3 (Alexanderson et al. 2008, Helmens 
and Engels 2010, Salonen et al. 2014, Lunkka et al. 2015). 4 (Johansson et al. 2011b). 5 (Shackleton et al. 
2003, Sun and An 2005, Railsback et al. 2015). 6 (Johansson et al. 2011b, Lunkka et al. 2015) 
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In Table 5 the apparent ages of the CRE samples are spread among the proposed ice-free 

stages until the whole exposure time is depleted. All the samples are in good agreement 

with the model, CRE-01, -02 and -03 miss their predicted targets by -1120, 113 and -755 

years respectively. CRE-04 has the largest mismatch of the three. It is the oldest one of 

the samples and the error is -2178, which is within the ± error range of the sample. 

According to this glacial history model the bedrock samples CRE-03 and -04 predate the 

boulder samples by 1 and 4 stadials respectively, their relevant erosive stages are the First 

Early-Weichselian glaciation (MIS-5d) and MIS-6e, while the boulder transportation 

likely began in the Second Early-Weichselian glaciation (MIS-5b). The sample site of 

CRE-03 was least favorable for TCN samples because of the inclined cleavage habit of 

the lithic arenite. The sample is however consistent with the glacial history model. 

 

The erosion rates used for the boulder and bedrock samples throughout the study are 1 x 

10-5 and 4 x 10-5 cm a-1, respectively. The rate is used for both glaciated and unglaciated 

conditions. An erosion rate of 1.7 x 10-5 cm a-1 has been calculated for quartzite in a 

different environment (Nishiizumi et al. 1986), so the rates used in this study are likely 

the absolute minimums for the involved lithologies. Erosion rates from 1.1 x 10-4 to 3 x 

10-4  cm yr-1 have been used in TCN dating in Nattanen, Finnish Lapland (Darmody et al. 

2008, Hall et al. 2018) where the bedrock is granitic. For comparison, if the 

aforementioned 1.7 x 10-5 and 1.1 x 10-4 cm yr-1 erosion rates are applied instead of the 1 

and 4 x 10-5 cm yr-1 rates, the apparent exposure ages are increased by 0.2–5.6 %. The 

effect is stronger for the older samples, CRE-03 changes by + 1.5 ka of apparent exposure 

age and CRE-04 by + 4.9 ka, CRE-01 and -02 only change by + 72 a and + 44 a. The 

effect is not crucial for the interpretation of the TCN samples in Table 5, but if the 

exposure ages are applied in a different context the erosion rates could be reconsidered. 

 

Glacial reburial interrupts the cosmogenic radiation flux but not the decay of the 10Be, 

disrupting the clock. The CRONUS calculator 3 (Balco et al. 2008) assumes accumulation 

rates and decay constants for the samples and cannot correct for reburial, which is 

situational. The long half-life of 10Be partly mitigates the issue with younger samples 

(Reedy et al. 1994), but it should be compensated for with older samples. The loss of 10Be 

through decay during reburial is not accounted for in these proposed ages because 1. they 
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are speculative in nature 2. the extents of older glaciations are poorly known in 

Scandinavia and 3. it will not be crucial for the quantitativity of the samples because of 

their inherited analytical error. Changes in glacial history consensus, more accurate 

surface erosion rates and the possible inselberg history of Kaarestunturi will likely call 

for re-interpretation of the proposed ages. 

 

8.3 TCN dated boulders in Kaarestunturi 

 

TCN dating has error factors like reburial that cannot be identified with 10Be-only 

samples. With the boulder samples, additional uncertainty derives from the fact that the 

tabular boulders (Figure 9) have approximately two faces that they are equally likely to 

rest on. The total cosmic ray exposure time it cannot thus be deducted from one surface 

alone with full confidence if multi-stage transportation is a possibility (Çiner et al. 2017, 

Tylmann et al. 2019). Turning the boulders around was not possible so to circumvent the 

uncertainty issue two boulders in the boulder cluster were sampled. If the boulders have 

inherited cosmogenic nuclides from possible previous stages of exposure, the probability 

of capturing the full exposure history in at least one of the two samples is 75 % if we 

assume independent probability of glacial overturning for both boulders. Errors can also 

derive from surface reset by unaccounted chipping or inappropriate erosion and shielding 

estimates (Delunel et al. 2014). 

 

The TCN sample CRE-04 has experienced 87.6 ± 2.4 ka of apparent exposure, the old 

age indicates that the bedrock was not subjected to thorough glacial erosion in the middle 

or late Weichselian. The undeformed and -eroded horizontal sediments in the adjacent 

AMT-1809 also disproof the possibility of recent glacial erosion. CRE-04 is quartzite and 

does not discredit erosion of weaker protruding lithologies. The apparent age of 48.0 ± 

1.5 ka for CRE-03 is unexpected, theoretically the peak should have been exposed for the 

longest duration as it becomes free of ice before the slopes. Topographically controller 

erosion or shielding, or mistakes in sample processing can result in unexpectedly young 

apparent exposure ages. A scenario where the slope of the hill is protected from glacial 

erosion more effectively than the peak could explain the mismatch (Miller et al. 2006, 

Steer et al. 2012). Such scenario would require the summit to be strongly eroded while 
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bedrock at the slope remains somewhat protected from erosion. If the mismatch derives 

from an abrupt glacial erosion event, Table 5 indicates the disconnect taking place during 

the first Early Weichselian. 

 

CRE-01 and CRE-02 with ages 35.7 ± 1.2 ka and 27.9 ± 0.9 ka are significantly younger 

than CRE-04 and their time of final placement is much more recent than the last surface 

resetting bedrock erosion in the CRE-04 location. The two boulder samples have an 

unexpected gap in exposure time between them. The difference of 7.8 ka in exposure time 

between CRE-01 and -02, that were assumed coeval, can be a result of tilt or shielding at 

an earlier location of deposition (Gosse and Phillips 2001). The current tilt and shielding 

characteristics of the samples are so similar (Table 1) that they can’t be used to explain 

the gap. It is probable that the exposure, and transportation of the boulders has happened 

in multiple stages, during which the two boulders have had differing exposure conditions. 

Another possible scenario is asynchronous dislodgement in second Early-Weichselian 

and first Middle-Weichselian. The two boulders are visually so similar and clustered 

together (Figure 15) that there is no reason to suspect that their transportation paths would 

be different.  

 

The apparent exposure time gap of 59.7 ka between CRE-04 and CRE-02 is considerably 

large. Although the time of boulder dislodgement can’t be stated with confidence when 

the sample quantity is only two, the bedrock resetting erosional event at CRE-04 location 

predates the TNC ages of the boulders so much that it’s likely that the boulders are not a 

result of bedrock erosion at that part of the Kaarestunturi hill slope. CRE-04 alone is not 

an analogy for the whole hill slope and it is possible that a protruding vein could be 

dislodged by nominal glacial erosion and displaced near its origin. This mechanism could 

naturally only account for a small portion of the boulders, but it should be kept in mind 

as an error factor when working with a small quantity of TCN samples. Trenches AMT-

1801, -1803 and -1804 around CRE-01 and -02 do not support this placement mechanism 

for the two boulders. In this study the possibility of glacial overturning is diverted with 

multiple boulder samples, but in order to reach improved confidence, different faces of 

the boulders could have been sampled (Tylmann et al. 2019). 
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8.4 Northwest Sodankylä stratigraphy 

 

The Kaarestunturi stratigraphy is presented alongside with nearby trenches of Hirvas 

(1991) and those courtesy of SES Finland (Figure 23, Figure 24). The trenches are 

presented with separate legends to bridge them with their respected studies, instead of 

homogenizing them under one interpretation. Separating the interpretations also separates 

the associated narratives, which allows for more objective point of view. All the trenches 

are located within the inferred Sodankylä interlobate region (Figure 20).  

 

 

Figure 23. Locations of crosscuts courtesy of Hirvas’ (1991) and SES Finland together with the crosscuts 

presented in this study. All the crosscuts are presented in Figure 24.  
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Figure 24. Kaarestunturi cross cuts presented alongside proximal crosscuts by H. Hirvas (1991) and W. Karvinen (SES Finland, unpublished data). Rajala and Nuuttio, Sodankylä after H. 

Hirvas (1991), Kuusivaara and Pulkittama, Sodankylä are interpreted from unpublished data courtesy of SES Finland. Pulkittama and Kuusivaara, Rajala are presented with the Hirvas 1991 

legend because the study is referred to in their logs. Locations are presented in Figure 23. 
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The Kaarestunturi stratigraphy is relatively uniform, its broken in some locations by 

sorted sediment formations. The sorted sediment units likely derive from lateral drainage 

channels, which explains their spatially limited nature. The till stratigraphy is uniform, 

with the exception of Till unit A5, which can be correlated to Hirvas’ Till Unit I (Hirvas 

1991). The Till unit A4 that lays underneath it is very thick and rocky throughout the 

study area and occasionally occurs as the surficial unit. The unit shares similarities with 

Hirvas’ Till bed II in both outlook and till fabric. The rocky unit is also present in the 

crosscuts of SES Finland, where it is referred to as being similar with Hirvas’ Till bed II, 

linking all the three studies together. In this study the Sediment bed A3 is interpreted to 

represent sedimentation at glacial terminus where water is abundant, and it displays 

varying amounts of sorting in different locations. The variation of the habit of the unit is 

best illustrated in trenches AMT-1901 and -1902 that are spaced only 92 meters apart. 

Due to the varying habit of the unit it is not certain if its present in AMT-1801. Based on 

its stratigraphic position the basal unit there, its classified as A3, but it is possible that the 

unit is in fact an older unit, A2 or even A1. The older till units were only observed in 

AMT-1903 and their regional habit remains unclear.  

 

In the lack of OSL ages from the sediments present in Figure 24, those of Sarala and 

Eskola (2011) could be considered. The stratigraphic log of Petäjäselkä resembles AMT-

1903 closely and the interbedded sand has been OSL dated there. Both locations belong 

to the inferred interlobate region and its possible that they could be comparable. In 

Petäjäselkä the base of the interbedded sand has been OSL dated to 72.6 ± 21.3 ka and 

58.1 ± 17 ka. The ages of the unit point to the Middle Weichselian interstadial in MIS-4. 

However, the Petäjäselkä interbedded sand is topped by two till units, whereas in 

Kiimajänkä its topped by the sediment bed A3, and till units A4 and A5. The stratigraphic 

position of A3 therefore either undercuts the correlation to Petäjäselkä (Sarala and Eskola 

2011) or the presumed extents of some post MIS-4 glaciations. 
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8.5 Central Lapland glacier dynamics and deglaciation 

 

The KSK, Kittilä north, and Salla ice streams are identified in existing literature (Kleman 

et al. 1997, Putkinen et al. 2017, Putkinen et al. 2020). The flowset of ice stream D less 

common recognized, eg. Kleman et al. (1997), and in this study the observation is solely 

based on remote sensed streamlined features.  

 

The KSK and Salla lobes portray similar terminus and accumulation zone positions, 

which may indicate similar mass balance responses (Marshall and Clarke 1999). The 

similarity may indicate coevality. The chronological order of the rest of the ice streams is 

not clear. The trunks of KSK and Kittilä north ice streams have opposite flows and the 

divide between them is small. Based on this it is possible that the ice streams are 

asynchronous, however, the streams themselves do not display chronological hierarchy 

on macro scale. The KSK ice stream and the ice stream D have partially deviating flow 

orientations which indicates different accumulation zones (Benn and Evans 2014). The 

steep SES orientation of the glacially streamlined features in KSK ice stream portray a 

slightly different pressure gradient than the more eastward orientated features in ice 

stream D. Again, the ice streams do not clearly portray a chronological order and it is 

difficult to deduct if ice stream D is a flowset of the KSK ice stream, or possibly an older 

remnant. 

 

Eskers in Central Finnish Lapland are generally orientated in the same direction. The 

branching habits of the eskers suggest that they flowed from NWN to SES on both sides 

of the apparent ice divide illustrated by KSK and Kittilä north ice streams. The run and 

general orientation of the eskers is shared by the Salla and KSK ice streams, it indicates 

similar terminus positions during the formation of the eskers. Due to the erosive nature 

of ice streams the eskers within them cannot predate them. The shared orientation 

between the eskers and Salla and KSK ice streams also suggests that the ice stream D 

would predate them. Some of the eskers in Central Lapland are indicated to being 

products of earlier deglaciations (Johansson et al. 2005, Salonen et al. 2014) but this factor 

was not involved in this study. The coevality of KSK ice stream, Salla ice stream and the 

NWN-SES running eskers could indicate the eskers to be slightly older than the final 
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deglaciation event. The NWN-SES run of the eskers does not depict a glacial margin 

retreating in a westward motion, which is the consensus of the final deglaciation.  

 

The Holosenian deglaciation in Central Lapland has been suggested to having finalized 

as rapid in situ melting of a patchy glacier (Johansson et al. 2011a). The geomorphology 

resulting from this kind of ablation would likely lack formations like terminal moraines 

and eskers. Lateral drainage channels are present in the interlobate region, their habit also 

suggest that a pronounced terminus may have not existed in the area. The lateral drainage 

channels are generally faint in valleys, but they can be used to locally interpret the 

orientation of the ice margin at deglaciation. Hilltops encircled by the channels signal that 

some of the hills were protruding the ice cover as inselbers at the time of deglaciation, 

which is typical if the area experiences minimal or no influx of new ice. These 

observations too support more of a in situ type deglaciation, rather than linear regression 

of the ice margin. But it is possible that the deglaciation has been a combination of both 

types, patchy on the large scale and linear in valley cells. 

 

8.6 Local transportation history 

 

The bedrock TCN samples suggest that the Aamurusko slope has not been subjected to 

thorough bedrock reaching erosion during the Weichselian. However, limited local 

erosion is indicated to having taken place at least in the first middle Weichselian 

glaciation (Table 5). The interbedded sedimentary units present in Aamurusko reinforce 

this image (Figure 21). The good preservation of interbedded sediments is typically 

contributed to frozen-bed conditions and weak erosion (Kleman and Glasser 2007, 

Salonen et al. 2014, Stroeven et al. 2016).  

 

The Kaarestunturi trenches are internally relatively cohesive but decisively mapping the 

orientations of different till depositing ice flows is not possible with so few fabric 

analyses. The topmost two till units A5 and A4 appear to be analogous to Hirvas’ (1991) 

Till units I and II. The Till unit I is described to being deposited by a thin topographically 

controlled glacier (Hirvas 1991). The till fabric of Till unit A4 is orientated towards SSW. 
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Although it agrees with the existing literature (Kleman et al. 1997) and proximal trenches 

(Hirvas 1991, SES Finland unpublished data), the direction isn’t recognized as a regional 

flow direction (Hirvas 1991). None of the A4 till fabric analyses were conducted at the 

immediate proximity of the Kaarestunturi fell, and the effect of its relief on local ice flow 

remains unclear. The boulder samples, AMT-1801 fabric analysis and trendlines in soil 

and rock samples suggest that in the proximity of Kaarestunturi fell the ice that deposited 

A5 or A4, or both of them, flowed approximately from NNW to SSE (Figure 22). 

According to the TCN ages (Table 5) and glacial sedimentological studies, the A4 and 

A5 forming glacial events were most relevant for the dated quartz boulders slabs. Both 

Hirvas’ (1991) study at Maaselkä and Sarala’s and Eskola’s (2011) study at Petäjäselkä 

indicate that the Till units A4 and A5 of this study represent the late Weichselian 

glaciation, and that the second middle Weichselian advance didn’t affect the area. 

 

The effects and nature of the Sediment bed A3 depositing glacial stage is unclear. 

Sediment bed A3 is at times relatively thick and due to the abundant clasts, fabric analyses 

were not possible to conduct. The till units A1 and A2 were only observed in AMT-1903, 

where A1 shows an orientation similar to A4’s. The observations of these units are also 

sparse in existing literature from the area, and they are difficult to correlate. Although the 

A1 ice flow orientation is likely not relevant to the gold bearing quartz boulders of 

Aamurusko, it may have been involved in the transportation of the porphyric granite 

boulders on and around Kiimalaki. Either A1 or A4 related glacial flow would thus have 

been anomalous in the sense that it ignored even some of the higher topographical 

obstacles like Kaarestunturi fell. The boulders on Kiimalaki and Ristilaki hills are almost 

exclusively local, which suggests that the peaks generally steered ice flow rather than 

were overrun by it. Although erratic placement on to them must have been an uncommon 

event in the recent glacial history, the granitic boulders prove that it has taken place. 

 

9. CONCLUSIONS 

 

Glacial dynamic research identified the trunk zones of Kuusamo and Salla ice streams 

and two less pronounced flowsets that are located West of Sodankylä and North of Kittilä. 

No ice streams were identified in the Kaarestunturi interlobate region. The 
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sedimentological studies in Kaarestunturi and Kiimajänkä identified five till units and one 

interbedded and one surficial sorted sediment. Based on correlations the interbedded sand 

may represent the middle Weichselian MIS-4 interstadial.  

 

The TCN ages of the boulders likely indicate a 2–3 staged transportation where the 

boulders were dislodged in the second Early-Weichselian glaciation and one of them was 

overturned in the first Middle-Weichselian glaciation. Due to their anomalous size and 

position, the CRE-01 and -02 samples are not analogous to all the quartz boulders in 

Aamurusko. At CRE-03 and -04 sample locations the exposed bedrock is a much older 

than the second Early-Weichselian glaciation. Extrapolating from these sample sites leads 

to an image where the quartz boulders do not originate from the southern slope of 

Kiimalaki. It is possible that autochthonous matter may be locally fed on top of existing 

till units, which seems to be exhibited by some of the soil samples. However, the 

mechanism is probably more characteristic to less stable lithologies and not the 

metasandstones that are assumed to host the quartz veins.  

 

In large scale, the distribution of quartz boulders is so wide in Aamurusko that it is not 

likely that all of them can be confined under a single transportation path. They are 

however relatively tightly spread which suggests that the boulders have not been 

transported very far. Both the spatial trend and the volume of the boulders indicate 

transportation from NW(N) to SE(S), but the results are not decisive enough to rule out 

topographically steered transportation from N to S or NE to SW. The differences in the 

vein type -attribute between the T1 and T2 populations contradict a mutual source, but it 

is possible that the difference merely showcases horizontal or vertical variance in the 

eroded vein system. The stratigraphic position of the quartz boulders is not unambiguous, 

but they appear to be most common in till units A4 and A5 and the surficial gravel. The 

till units are interpreted to represent the late Weichselian. Although the stratigraphic 

position of the boulders suggests that they were subjected to two events of transportation, 

it should be kept in mind that till formation always incorporate matter from underlying 

sediments. The composition of the local till unit also have not been quantified to find out 

the true abundancies of the quartz vein boulders in the till units. 
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As an ore exploration tool TCN dating has unique qualities that are not offered by other 

existing methods. Based on this study the method can have an impact in the research and 

exploration conducted in green- and brownfield areas. TCN dating is versatile in the sense 

that by sampling either bedrock or erratics one can dictate what kind of problems are 

approached with the method. It is apparent that the method, especially when dating with 

a single element, benefits a lot from a sound framework of glacial history knowledge. 

However, this study has shown that the method can offer new insight for ore exploration 

in relatively poorly understood glaciated regions.  

 

10. ACKNOWLEDGEMENTS 

 

The concept for this study was suggested by Veli-Pekka Salonen and made possible by 

Mike Basha of Aurion Resources Ltd and I am thankful for them for the project. This 

project also would not have been possible in its magnitude without Vincent Rinterknecht, 

who I also want to thank for the help and the opportunity of getting to observe his 

laboratory work at CNRS in Meudon. The attentive and patient guidance of my 

supervisors Seija Kultti and Niko Putkinen has been crucial for completing the thesis, and 

they have been a joy to work with. My gratitude also goes to Vic Levson whose spirit was 

unmatched and who motivated me pursue this project. I would also like to thank Mathias 

Forss, Juhani Ojala and Karol Tylmann for their time and insight, Ilmo Kukkonen and 

Seija for inspecting the thesis, and everyone who helped with the field and laboratory 

work in Lapland and in Helsinki. Special thanks also go out to my student colleagues for 

their company, comments, and support during both the thesis and the degree. 

 

11. REFERENCES 

 

Åberg, A. K., Salonen, V.-P., Kaakinen, A., Korkka-Niemi, K., Rautio, A. and Åberg, S. C. 2017. 
Weichselian history of sedimentation in Kitinen basin, Sodankylä. 3rd Finnish National 
Colloquium of Geosciences Espoo, 15–16 March 2017. 

Alexanderson, H., Eskola, K. and Helmens, K. 2008. Optical dating of a Late Quaternary 
sediment sequence from Sokli, northern Finland. Geochronometria 32, 51-59. 



65 
 

 

Balco, G., Stone, J. O., Lifton, N. A. and Dunai, T. J. 2008. A complete and easily accessible 
means of calculating surface exposure ages or erosion rates from Be-10 and Al-26 
measurements. Quaternary Geochronology 3, 174-195. 

Benn, D. and Evans, D. J. 2014. Glaciers and glaciation. Routledge, London, 734 pp. 

Biedermann, A. R., Koch, C. B., Lorenz, W. E. and Hirt, A. M. 2014. Low-temperature magnetic 
anisotropy in micas and chlorite. Tectonophysics 629, 63-74. 

Biedermann, A. R., Pettke, T., Angel, R. J. and Hirt, A. M. 2016. Anisotropy of magnetic 
susceptibility in alkali feldspar and plagioclase. Geophysical Supplements to the Monthly 
Notices of the Royal Astronomical Society 205, 479-489. 

Biedermann, A. R., Pettke, T., Bender Koch, C. and Hirt, A. M. 2015. Magnetic anisotropy in 
clinopyroxene and orthopyroxene single crystals. Journal of Geophysical Research: Solid 
Earth 120, 1431-1451. 

Braucher, R., Guillou, V., Bourlès, D., Arnold, M., Aumaître, G., Keddadouche, K. and Nottoli, 
E. 2015. Preparation of ASTER in-house 10Be/9Be standard solutions. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 361, 
335-340. 

Chmeleff, J., von Blanckenburg, F., Kossert, K. and Jakob, D. 2010. Determination of the 10Be 
half-life by multicollector ICP-MS and liquid scintillation counting. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 268, 
192-199. 

Çiner, A., Sarıkaya, M. A. and Yıldırım, C. 2017. Misleading old age on a young landform? The 
dilemma of cosmogenic inheritance in surface exposure dating: moraines vs. rock glaciers. 
Quaternary Geochronology 42, 76-88. 

Darmody, R. G., Thorn, C. E., Seppälä, M., Campbell, S. W., Li, Y. K. and Harbor, J. 2008. Age 
and weathering status of granite tors in Arctic Finland (~68° N). Geomorphology 94, 10-23. 

Delunel, R., Bourles, D. L., van der Beek, P. A., Schlunegger, F., Leya, I., Masarik, J. and Paquet, 
E. 2014. Snow shielding factors for cosmogenic nuclide dating inferred from long-term 
neutron detector monitoring. Quaternary geochronology 24, 16-26. 

Donner, J. 1996. The Early and Middle Weichselian interstadials in the central area of the 
Scandinavian glaciations. Quaternary Science Reviews 15, 471-479. 

Eyles, N., Eyles, C. H. and Miall, A. D. 1983. Lithofacies types and vertical profile models; an 
alternative approach to the description and environmental interpretation of glacial diamict and 
diamictite sequences. Sedimentology 30, 393-410. 

Gosse, J. C. and Phillips, F. M. 2001. Terrestrial in situ cosmogenic nuclides: theory and 
application. Quaternary Science Reviews 20, 1475-1560. 

Gyllencreutz, R., Mangerud, J., Svendsen, J.-I. and Lohne, Ø. 2007. DATED - a GIS-based 
reconstruction and dating database of the Eurasian deglaciation. Geological Survey of Finland, 
Special Paper 46: 113-120. 

Hall, A. M., Caffee, M., Ebert, K., Heyman, J. and Kleman, J. 2018. The Vuotso granite tors in 
the cold temperate Arctic Finland – cosmogenic isotope evidence for slow erosion, former ice 
sheet cover and multiple episodes of glacial modification. Nordic Winter Meeting. 
Copenhagen. 

Hall, A. M., Ebert, K., Goodfellow, B. W., Hattestrand, C., Heyman, J., Krabbendam, M., Moon, 
S. and Stroeven, A. P. 2019. Past and future impact of glacial erosion in Forsmark and 
Uppland. Final report. Svensk Kambranslehantering, 247 pp. 



66 
 

 

Härkönen, I., Pulkkinen, E. and Lindroos, P. 1981. Eräiden mineralisaatioiden kuvastuminen 
pintamoreenissa Keski-Lapissa. Report of Investigation, Geologinen tutkimuslaitos. 55, 53-
59. 

Heikkinen, A., Koivisto, A.-K. and Aikaa, O. 1974. Geological Survey of Finland radiocarbon 
measurements VI. Radiocarbon 16, 252-268. 

Helmens, K. F. and Engels, S. J. 2010. Ice‐free conditions in eastern Fennoscandia during early 
Marine Isotope Stage 3: lacustrine records. Boreas 39, 399-409. 

Helmens, K. F., Räsänen, M. E., Johansson, P. W., Jungner, H. and Korjonen, K. J. 2000. The 
last interglacial-glacial cycle in NE Fennoscandia: a nearly continuous record from Sokli 
(Finnish Lapland). Quaternary Science Reviews 19, 1605-1623. 

Hirvas, H. 1991. Pleistocene stratigraphy of Finnish Lapland. Bulletin of the Geological Society 
of Finland 354, 123 pp. 

Hirvas, H., Alfthan, A., Pulkkinen, E., Puranen, R. and Tynni, R. 1977. A report on glacial drift 
investigations for one prospecting purposes in northern Finland 1972-1976. Report of 
Investigation, Geologinen tutkimuslaitos. 19, 54 pp. 

Hirvas, H. and Kujansuu, R. 1979. On glacial, interstadial and interglacial deposits in Northern 
Finland. IGCP Project 73, 24 pp. 

Hughes, A. L. C., Gyllencreutz, R., Lohne, O. S., Mangerud, J. and Svendsen, J. I. 2016. The last 
Eurasian ice sheets - a chronological database and time-slice reconstruction, DATED-1. 
Boreas 45, 1-45. 

Hulkki, H. and Pulkkinen, E. 2007. Exploration history of the Kaaresselkä gold-copper occurence, 
Central Lapland. Geological Survey of Finland, Special Paper 44, 155-164. 

Johansson, P., Kujansuu, R., Eriksson, B., Grönlund, T., Kejonen, A., Maunu, M., Mäkinen, K., 
Saarnisto, M., Virtanen, K. and Väisänen, U. 2005. Summary: Quaternary deposits of Northern 
Finland - Explanation to the maps of Quaternary deposits 1:400 000. Erikoisjulkaisut - Special 
Publications 46, 236 pp.  

Johansson, P., Lunkka, J. P. and Sarala, P. 2011a. The Glaciation of Finland. Quaternary 
Glaciations - Extent and Chronology - A Closer Look, 105-116. 

Johansson, P., Lunkka, J. P. and Sarala, P. 2011b. Late Pleistocene Glacigenic Deposits from the 
Central Part of the Scandinavian Ice Sheet to Younger Dryas End Moraine Zone. INQUA 
Peribaltic Working Group Meeting and Excursion, Northern Finland, 12-17 June 2011. 

Kawamura, K., Parrenin, F., Lisiecki, L., Uemura, R., Vimeux, F., Severinghaus, J. P., Hutterli, 
M. A., Nakazawa, T., Aoki, S. and Jouzel, J. 2007. Northern Hemisphere forcing of climatic 
cycles in Antarctica over the past 360,000 years. Nature 448 (7156), 912-916. 

Kleman, J. and Glasser, N. F. 2007. The subglacial thermal organisation (STO) of ice sheets. 
Quaternary Science Reviews 26, 585-597. 

Kleman, J., Hättestrand, C., Borgström, I. and Stroeven, A. 1997. Fennoscandian 
palaeoglaciology reconstructed using a glacial geological inversion model. Journal of 
glaciology 43, 283-299. 

Kohl, C. P. and Nishiizumi, K. 1992. Chemical isolation of quartz for measurement of in-situ-
produced cosmogenic nuclides. Geochimica et Cosmochimica Acta 56, 3583-3587. 

Kotilainen, M. 2004. Dune stratigraphy as an indicator of Holocene climatic change and human 
impact in northern Lapland, Finland. Annales Academiae Scientiarum Fennicae, Geologica-
geographica 166, 156 pp. 

Krabbendam, M. 2016. Basal sliding of temperate basal ice on a rough, hard bed: pressure 
melting, creep mechanisms and implications for ice streaming. The Cryosphere Discussions 
10, 1-27. 



67 
 

 

Laing, W. P. 2004. Tension vein arrays in progressive strain: complex but predictable 
architecture, and major hosts of ore deposits. Journal of Structural Geology 26, 1303-1315. 

Lundqvist, J. 1986. Late Weichselian glaciation and deglaciation in Scandinavia. Quaternary 
Science Reviews 5, 269-292. 

Lunkka, J. P., Putkinen, N. and Miettinen, A. 2012. Shoreline displacement in the Belomorsk 
area, NW Russia during the Younger Dryas Stadial. Quaternary Science Reviews 37, 26-37. 

Lunkka, J. P., Sarala, P. and Gibbard, P. 2015. The Rautuvaara section, western Finnish Lapland, 
revisited–new age constraints indicate a complex Scandinavian Ice Sheet history in northern 
Fennoscandia during the Weichselian Stage. Boreas 44, 68-80. 

Mäkilä, M. and Muurinen, T. 2008. Kuinka vanhoja ovat Pohjois-Suomen suot. Geologi 60, 179-
184. 

Marshall, S. and Clarke, G. 1999. Ice sheet inception: subgrid hypsometric parameterization of 
mass balance in an ice sheet model. Climate Dynamics 15, 533-550. 

Miller, G., Briner, J., Lifton, N. and Finkel, R. 2006. Limited ice-sheet erosion and complex 
exposure histories derived from in situ cosmogenic 10Be, 26Al, and 14C on Baffin Island, 
Arctic Canada. Quaternary Geochronology 1, 74-85. 

Nenonen, K. 1995. Pleistocene stratigraphy and reference sections in southern and western 
Finland, Geological Survey of Finland, Regional Office for Mid-Finland, Kuopio. 

Niiranen, T., Lahti, I. and Nykänen, V. 2015. The orogenic gold potential of the Central Lapland 
greenstone belt, northern Fennoscandian Shield. Mineral Deposits of Finland, Elsevier, 733-
752. 

Nishiizumi, K. 2004. Preparation of 26Al AMS standards. Nuclear Instruments and Methods in 
Physics Research Section B: Beam Interactions with Materials and Atoms 223, 388-392. 

Nishiizumi, K., Lal, D., Klein, J., Middleton, R. and Arnold, J. R. 1986. Production of 10 Be and 
26 Al by cosmic rays in terrestrial quartz in situ and implications for erosion rates. Nature 319 
(6049), 134-136. 

Nydal, R., Loevseth, K. and Syrstad, O. 1970. Trondheim natural radiocarbon measurements V. 
Radiocarbon 12, 205-237. 

Nye, J. F. 1957. The Distribution of Stress and Velocity in Glaciers and Ice-Sheets. Proceedings 
of the Royal Society of London Series a-Mathematical and Physical Sciences 239 (1216), 113-
133. 

Penttilä, S. 1963. The Deglaciation of the Laanila Area, Finnish Lapland. Bulletin de la Comission 
Geologioue de Finlande 203, 71. 

Placzek, C., Matmon, A., Granger, D., Quade, J. and Niedermann, S. 2010. Evidence for active 
landscape evolution in the hyperarid Atacama from multiple terrestrial cosmogenic nuclides. 
Earth Planetary Science Letters 295, 12-20. 

Putkinen, N., Eyles, N., Putkinen, S., Ojala, A. E. K., Palmu, J. P., Sarala, P., Väänänen, T., 
Räisänen, J., Saarelainen, J., Ahtonen, N., Rönty, H., Kiiskinen, A., Rauhaniemi, T. and Tervo, 
T. 2017. High-resolution LiDAR mapping of glacial landforms and ice stream lobes in 
Finland. Bulletin of the Geological Society of Finland 89, 64-81. 

Putkinen, N., Sarala, P., Eyles, N., Daxberger, H., Pihlaja, J. and Murray, A. 2020. Reworked 
Middle Pleistocene deposits preserved in the core region of the Fennoscandian Ice Sheet. 
Quaternary Science Advances. In Press. 

Railsback, L. B., Gibbard, P. L., Head, M. J., Voarintsoa, N. R. G. and Toucanne, S. 2015. An 
optimized scheme of lettered marine isotope substages for the last 1.0 million years, and the 
climatostratigraphic nature of isotope stages and substages. Quaternary Science Reviews 111, 
94-106. 



68 
 

 

Rainio, H., Saarnisto, M. and Ekman, I. 1995. Younger Dryas end moraines in Finland and NW 
Russia. Quaternary International 28, 179-192. 

Reedy, R. C., Nishiizumi, K., Lal, D., Arnold, J. R., Englert, P. A. J., Klein, J., Middleton, R., 
Jull, A. J. T. and Donahue, D. J. 1994. Simulations of Terrestrial in-Situ Cosmogenic-Nuclide 
Production. Nuclear Instruments & Methods in Physics Research Section B-Beam Interactions 
with Materials and Atoms 92, 297-300. 

Salonen, V.-P., Moreau, J., Hyttinen, O. and Eskola, K. O. 2014. Mid-Weichselian interstadial in 
Kolari, western Finnish Lapland. Boreas 43, 627-638. 

Salonen, V. P., Kaakinen, A., Kultti, S., Miettinen, A., Eskola, K. O. and Lunkka, J. P. 2008. 
Middle Weichselian glacial event in the central part of the Scandinavian Ice Sheet recorded in 
the Hitura pit, Ostrobothnia, Finland. Boreas 37, 38-54. 

Sarala, P. and Eskola, T. 2011. Middle Weichselian Interstadial deposit in Petäjäselkä, Northern 
Finland. Quaternary Science Journal 60, 488-492. 

Schildgen, T., Phillips, W. and Purves, R. 2005. Simulation of snow shielding corrections for 
cosmogenic nuclide surface exposure studies. Geomorphology 64, 67-85. 

Seppälä, M. 1980. Deglaciation and glacial lake development in the Kaamasjoki river basin, 
Finnish Lapland. Boreas 9, 311-319. 

Shackleton, N. J., Sánchez-Goñi, M. F., Pailler, D. and Lancelot, Y. 2003. Marine Isotope 
Substage 5e and the Eemian Interglacial. Global and Planetary Change 36, 151-155. 

Steer, P., Huismans, R. S., Valla, P. G., Gac, S. and Herman, F. 2012. Bimodal Plio–Quaternary 
glacial erosion of fjords and low-relief surfaces in Scandinavia. Nature Geoscience 5, 635-
639. 

Stokes, C. and Clark, C. 2003. The Dubawnt Lake palaeo-ice stream: evidence for dynamic ice 
sheet behaviour on the Canadian Shield and insights regarding the controls on ice-stream 
location and vigour. Boreas 32, 263-279. 

Stroeven, A. P., Fabel, D., Hättestrand, C. and Harbor, J. 2002. A relict landscape in the centre of 
Fennoscandian glaciation: cosmogenic radionuclide evidence of tors preserved through 
multiple glacial cycles. Geomorphology 44, 145-154. 

Stroeven, A. P., Hättestrand, C., Kleman, J., Heyman, J., Fabel, D., Fredin, O., Goodfellow, B. 
W., Harbor, J. M., Jansen, J. D., Olsen, L., Caffee, M. W., Fink, D., Lundqvist, J., Rosqvist, 
G. C., Strömberg, B. and Jansson, K. N. 2016. Deglaciation of Fennoscandia. Quaternary 
Science Reviews 147, 91-121. 

Sun, Y. and An, Z. 2005. Late Pliocene‐Pleistocene changes in mass accumulation rates of eolian 
deposits on the central Chinese Loess Plateau. Journal of Geophysical Research: Atmospheres 
110, 8 pp. 

Synge, F. M. 1969. The raised shorelines and deglaciation chronology of Inari, Finland, and south 
Varanger, Norway. Geografiska Annaler: Series A 51, 193-206. 

Tanner, V. 1915. Studier öfver kvartärsystemet i Fennoskandias nordliga delar. III. Om landisens 
rörelsor och afsmälting i finska Lappland och angränsande trakter. Geological Survey of 
Finland, Bulletin 38, 815 pp. 

Tylmann, K., Rinterknecht, V. R., Woźniak, P. P., Bourlès, D., Schimmelpfennig, I., Guillou, V., 
Aumaître, G. and Keddadouche, K. 2019. The Local Last Glacial Maximum of the southern 
Scandinavian Ice Sheet front: Cosmogenic nuclide dating of erratics in northern Poland. 
Quaternary Science Reviews 219, 36-46. 

Waller, R. I. 2001. The influence of basal processes on the dynamic behaviour of cold-based 
glaciers. Quaternary International 86, 117-128. 

 



69 
 

 

The study includes spatial data from Geological Survey of Finland, Finnish Meteorological 
Institute and National Land Survey of Finland that is used under the Creative Commons 4.0 
license. The data was downloaded on July 2019. 


