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Abstract 
 

OSL Dating and Grain Size Analysis: A Case Study in Brattforsheden and the Siljan Area  

in Central Sweden 

Charilaos Tziavaras 
 

The geomorphological evolution of areas in Central Sweden after their deglaciation from the 

Fennoscandian Ice Sheet (FeIS) retreat has been a topic of study in the past, with more extensive work 

being done the more recent years. It is assumed that the FeIS retreat produced big quantities of fine 

material, which then could be deposited in the newly exposed areas. The main focus so far has been 

given on sand dune activity for the areas of Brattforsheden and the Siljan. But in this study on the areas 

of Brattforsheden and the Siljan, sites with presumed silty material have been targeted, to establish a 

deposition chronology and also acquire more precise information regarding the consistency of these 

deposits through grain size analysis.  

The dating and grain size results from the Siljan area site seem to confirm the existing theories 

regarding dust transport in this area. In Gräshöjden which is located in Brattforsheden the age results 

show dust transport significantly after the deglaciation. That contradicts the estimated time that dust 

transport stopped from recent studies. For further support on this, the grain size results suggest fine sand 

activity in the area. Finally, the grain size results from the Finnhöjden site show a sandy base that was 

topped by a coarse silty layer.  

The focus on the silty layers of these areas seem to be fruitful and essential in understanding the 

dust patterns and durations for the period after the deglaciation. The grain size results suggest typical 

loess deposition on the sites of Finnhöjden and Hökberg, whereas in Gräshöjden the deposits have a 

significant influence of sand. The ages in Gräshöjden extend from approximately 8-5 ka with the 

uncertainty ranges whereas the Hökberg sediments were deposited from 12-10 ka. More sites should be 

examined to be more certain and make sure these results can be representative for larger regions of 

Brattforsheden and Siljan.  
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Populärvetenskaplig sammanfattning 
 

OSL datering och kornstorleksanalys: En fallstudie i Brattforsheden och Siljan-

området i Mellansverige 

Charilaos Tziavaras 

 
Den geomorfologiska utvecklingen av områden i Mellansverige efter deglaciationen från 

Fennoskandiska inlandsisen (FeIS) har varit ett ämne för tidigare studier som intensifierats under de 

senaste åren. Det antas att reträtten av FeIS producerade stora mängder fint material som sedan 

deponerats i de nyligen exponerade områdena i samband med reträtten. I Brattforsheden och Siljan 

områdenena har hittills fokus i tidigare arbeten lagts på sanddynaktivitet. Men i denna studie har jag 

inriktat mig på områden i Brattforsheden och Siljan med siltigt material för att upprätta en 

deponeringskronologi och också få mer exakt information om dessa avlagringars sammansättning 

genom kornstorleksanalys. 

    Resultaten av datering och kornstorlek från Siljan-området verkar bekräfta de befintliga 

teorierna om dammtransport i detta område. Vid Gräshöjden som ligger i Brattforsheden visar 

åldersresultaten betydligt yngre depositon jämfört med isreträtten när det antas att dammaktiviteten i 

området upphörde. För ytterligare stöd för detta antyder kornstorleksresultaten förekomsten av 

finsandsaktivitet i området samt att siltigt material överlagrar sandigt material vid Finnhöjden-platsen i 

Brattforsheden. 
Fokus på de siltiga skikten i dessa områden verkar vara fruktbart och viktigt för att förstå avsättning 

och dess kronologi för perioden efter inlandsisens tillbakadragande. Kornstorleksresultaten tyder på en 

typisk loessavlagring på platserna i Finnhöjden och Hökberg, medan avlagren i Gräshöjden har ett 

betydande inflytande av sand. Åldrarna i Gräshöjden sträcker sig från cirka 8-5 ka med varierande 

osäkerhetsintervall Hökbergsedimenten deponerades från 12-10 ka. Fler platser bör undersökas för att 

vara mer säker att dessa resultat kan vara representativa för större delar av Brattforsheden och i Siljan. 
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1. Introduction  
During the last ice age, the Fennoscandian Ice Sheet (FeIS) fluctuated in extent several times. The effect 

on the Baltic’s sea level was significant, especially during the latest stages of the FeIS. During 

deglaciation, extensive glaciofluvial systems and deltas formed on the periphery of the ice sheet 

(Alexanderson and Bernhardson, 2016; Alexanderson and Fabel, 2015). Extensive sand dune fields are 

associated with these deltas, representing aeolian reworking of the delta sediment. While these sand 

dune fields are fairly well studied, associated fine-grained loess-like silt deposits that occur in areas 

around the dune fields are not well known. These potentially contain a more detailed record of climate 

and aeolian activity during this important phase of Swedish climate and landscape evolution.  

To study the FeIS deglaciation, fine-grained sediments surrounding the dune fields of Bonäsheden 

in Dalarna and Brattforsheden in Värmland were chosen for analysis (Fig. 1). In both areas, the dune 

fields have seen reactivation events in the late Holocene (Alexanderson and Bernhardson, 2016; 

Alexanderson and Fabel, 2015). However, the deposition of finer sediments that exist in surrounding 

areas has not been constrained in detail. For this reason, we have chosen the Optically Stimulated 

Luminescence (OSL) dating method to acquire ages from silty sediments located in near vicinities of 

the dune fields. Initial estimation of these deposits is that they are true wind-blown loess, a sediment 

type that has been widely used both in dating and in paleoclimate reconstruction. These deposits are 

here chosen for dating over sand dunes due to their characteristic to create homogenous and 

unconsolidated strata without extensive reworking. With this in mind, loess can be a very good record 

to provide ages of multiple depositional events. 

This dissertation aims at constraining the nature and age of these loess sediments in more detail. 

Previous researchers have created a detailed geomorphological and geological record of the areas 

(Hjulström et al., 1955) with more recent work providing additional age information (Bernhardson and 

Alexanderson, 2017). However, these studies don’t have a detailed grain size analysis record of the 

study areas, so measurement of loess particle size will allow new insight into aeolian dynamics recorded 

in the deposits of the study area. Since a grain size record is missing from these areas, there is 

uncertainty regarding the accuracy of the existing geomorphological description of the study areas. 

Also, the conditions and wind patterns that governed the transport and deposition of dust particles 

during the FeIS retreat still remain topics for discussion. Different dating techniques and their results to 

get a chronological record of sand and silt deposits in these studies will be presented in section 1.2. 

However, the systematic dating of silt deposits in the area is lacking, and the aforementioned studies 

have a number of things that are left to be explored. As such, detailed OSL dating of three sections will 

be presented with the aim to establish a reliable time frame for deposition and to compare to ages from 

older publications which used different dating methods or dated different sediments in sites of the same 

and nearby vicinities.  
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Figure 1 A) The two study areas with respect to their location in Sweden. B.1) The Hökberg site in the Siljan 

area. B.2) Precise location of the HB section. C) Red box: Gräshöjden site, Blue box: Finnhöjden site  in 

Brattforsheden. C.1) Precise location of the FH1 and FH2 sections. C.2) Precise location of GH1 and GH2 

sections. 

Thus, the loess may provide an age record of aeolian activity since the start of the deglaciation of 

the area. The surplus of fine sediments that existed in these areas after the deglaciation would have 

allowed the wide distribution of silt in areas further than the dunes. Therefore, the grain size analysis of 

these sediments can help understand the nature of these deposits even further so that a better connection 
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can be established between the sand transport and fine sediments in the areas of study. By combining 

these new data sets we aim to constrain atmospheric conditions that caused the sedimentation of the 

study areas. This can be crucial in providing some new information on an ongoing debate regarding 

these deposits, the wind direction that led to their deposition and their actual source.  

1.1. Baltic’s history review 
Laying out the latest stages of the Baltic Sea’s development can be very useful in understanding the 

conditions under which the study areas developed. Furthermore, establishing a detailed timeframe of 

the Baltic’s development can be significant in setting age restrictions regarding the ability of dust to be 

deposited in the areas of interest. The 

entirety of the Baltic Sea includes the 

Gulf of Bothnia and the Gulf of Finland, 

covering 377.000 km2 between 53˚ and 

66˚ N. Additionally, 1.6 million km2 of 

land drain in the Baltic Sea, a basin that 

has a varied bathymetry. The bathymetry 

ranges from 25 and 75 m in the south, 

between 100 and 200 at the central part 

and 50 to 100 m further in the north with 

the deepest point being at 459 m (Björk, 

1995). Given how shallow this basin and 

therefore susceptible to surface level 

changes is, it is worth outlying the 

different stages that the Baltic went 

through during deglaciation.  

The last glacial deglaciation of the Baltic 

Sea Basin started 15-17.000 cal yr BP 

(radiocarbon calibrated years before 

present) and ended 11-10.000 cal yr BP 

(Reckermann et al., 2008) and went 

through different phases until it was complete. The melting of the FeIS acted as a major forcing factor 

for the processes that would determine the eustatic sea surface level during and by the end of the 

deglaciation period. Furthermore, the isostatic uplift from the ice retreat varied as much as 9mm/yr to -

1mm/yr changing the landscape of the areas around the Baltic. Areas that surround the Bothnian Bay 

recorded the uplift whereas the areas of southern Baltic were sinking with the aforementioned rates. 

However, the interplay between regional isostacy, global eustatic changes, the operation of outlet 

thresholds around southern Scandinavia, and changes in the evolution of the ice sheet make the history 

Figure 2 Map of the Baltic area. 
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extremely complex, and complicate the interpretation of the shoreline evolution (Björck et al., 2008). It 

is at the shoreline where the deltas, sand dunes and loess deposits are laid down. Overall, the FeIS 

deglaciation and its impact on the Baltic Sea level can be described in the following four stages.  

• Baltic Ice Lake stage (BIL): This stage includes the period from the initiation of the ice sheet 

retreat until 11.600 cal yr BP. There were various proglacial stages during the last glacial period 

that started forming between 40.000 – 17.000 cal yr BP but the BIL was formed after a rapid 

deglaciation that followed the last glacial advance around 17.000 – 16.000 cal yr BP 

(Reckermann et al., 2008). The initial retreat of the FeIS created a big proglacial lake with an 

outlet to the Atlantic in Öresund (Fig. 3). At that point, the global sea level was at -100 m with 

more than 2/3 of the last glacial ice sheets left to melt (Reckermann et al., 2008). The ice sheet 

melt caused the Baltic’s water levels to rise but at the same time Öresund emerged at a higher 

rate due to the isostatic rebound. The action of flowing water at the Öresund outlet eroded loose 

Quaternary deposits until the bedrock was exposed and erosion slowed dramatically. The 

Figure 3 Paleogeographic map showing the Baltic Ice Lake (modified by 

Andren et al, 2011) prior to the maximum extension and drainage at 11.7 ka BP. 
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continuous uplift along with the significant decrease of erosion rates led to the rise of the BIL 

surface level above the global ocean level (Reckermann et al., 2008).  

Around 13.000 cal yr BP the ice retreated north (or impinged on its northern slopes) of Mt. 

Billingen (near Göta Älv in Fig. 4), creating another outlet for the drainage of the BIL to the 

west, replacing the Öresund. This drainage event is estimated to have caused the BIL to drop 

10 m. However, approximately at 12.800 cal yr BP, coincident with the cold event of the 

Younger Dryas, there was an expansion of the FeIS to the south (Reckermann et al., 2008). 

During the Younger Dryas period, the global sea levels were 60-70 m below the present ones 

(Borzenkova et al., 2015). The end of the Younger Dryas, which occurred around 11.700-

11.600 cal yr BP caused again the retreat of the ice sheet. (Reckermann et al., 2008). This is 

most likely due to the increase of temperature and the establishment of warmer climate 

(Borzenkova et al., 2015). The retreat was combined with a rapid drainage (1-2 year period) 

that led to the drop of the BIL level by around 25m (Stroeven et al., 2015). This recession 

exposed land that allowed vegetation and animals to colonize the areas formerly covered by 

glaciers (Reckermann et al., 2008).  

Figure 4 Yoldia Sea stage at the end of the brackish phase (11.1 ka BP). This 

map is modification from Andren et al, 2011. The letters denote geographical 

names that are used in the text. O = Otteid/Steinselva strait, V = Vänern, S = 

Skagerrak and G = Göta Älv. 
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• Yoldia Sea Stage (YSS): This stage extends from 11.600 – 10.700 cal yr BP and includes two 

stages (Reckermann et al., 2008). The warmer climate, along with the retreating FeIS resulted 

in contact between the Baltic and the Atlantic to a greater extent through Vänern by increasing 

the Baltic Sea level. This resulted to the formation of YSS. Before that, the warm phase at the 

Holocene-Pleistocene boundary that started around 11.530 – 11.500 cal yr BP was interrupted 

by a short cold period between 11.430 – 11.270 cal yr BP. This was followed by sudden rise of 

the temperature and moisture for the period from 11.270 – 11.210 cal yr BP (Borzenkova et al., 

2015). Around 250 years had to pass until the Vänern straits were open enough to allow saline 

water inflow towards the east (Reckermann et al., 2008). The end of the cold period broadly 

coincides with this inflow event due to the melting of the FeIS. At the beginning of the cold 

period (14.430 cal yr BP) the sea water level was 50 m lower than the present (Borzenkova et 

al., 2015). 

The brackish waters inflow mainly extended onto the lowlands between Vänern and 

Stockholm and the southern Baltic. This phase lasted 150 years before the uplift of the straits 

in Vänern made it impossible for saline water to penetrate into the Baltic. During this stage, the 

uplift in southcentral Sweden was still significant and as a result, the waters in Skagerrak and 

Vänern became shallower gradually. This resulted in the emergence of some of the straits, 

limiting the straits that functioned to the Göta Älv strait, that today is the Göta Älv river valley 

 

Figure 5 Paleogeographic map of the Ancylus Lake during the maximum 

transgression at 10.5 ka BP (modified by Andren et al, 2011). 
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between Vänern and Göteborg, and the Otteid/Steinselva strait at the border between Sweden 

and Norway east of Idefjörden.  

During this period of warmer climate and increased moisture (11.270 – 11.210 cal yr BP) 

there are signs of denser forests in countries like Latvia. The boundary between Preboreal and 

Boreal climate at 10.770 – 10.700 cal yr BP was signified by the increase in temperature by 

4±1.5˚C and the development of dense woodland in the lands surrounding southern Baltic 

(Borzenkova et al., 2015).  

• Ancylus Lake Stage (ALS): This stage is a period with more distinct freshwater conditions in 

the basin, from 10.700 – 9.500 cal yr BP. The Ancylus transgression period is estimated to have 

an extent of 600 years with the maximum sea level occurring around 10.200 cal yr BP. The 

water level rise was at higher rates compared to the land uplift, especially in the southern Baltic 

area and as a result, the Ancylus Lake transgression occurred (Björck et al., 2008). By the end 

of YSS, the outlets from the Baltic were few and relatively narrow. That led to continuously 

increasing velocity of the waters until a critical velocity was reached and the straits could not 

keep the amount of water flowing in the Baltic constrained.  

The Ancylus highstand beach is a characteristic sign of this transgression and is found in 

areas like southern Sweden, Gotland, Latvia and Estonia. The transgression is reported in the 

Polish coast at 20 m and in the southwest Sweden, Denmark and Germany 12 m. The 

transgression was mainly caused by the restraining of the waters in finding a way out of the 

Baltic, so it is suggested that this stage was maintained as long as the Vänern sills were the 

outlets. It is during this stage that the ice sheet limit reached the study areas. 

There are various points of view on how the ALS stage ended. One hypothesis is that a 

regression resulted from the erosion of the sills that were the outlets at that time (in Lake 

Vänern). However, given the geological background of the area west of Vänern, it is not very 

probable that crystalline bedrock could have been eroded so fast. So, another hypothesis is that 

the water found a new outlet. That outlet is mainly hypothesized to be at the Danish-German 

area which was covered by lose Quaternary deposits. Since the geological evidence around that 

area are not very convincing for an abrupt regression other models may find a middle ground. 

An initial regression of the Baltic by 5 m could occur by the erosion of the Darss Sill. The uplift 

of that area had nearly stopped therefore the sea level was controlled by the global sea level rise 

which was 2-2.5 cm/yr and could have reached the sea level of the ALS in 200-300 years. 

(Björck et al., 2008) 

The first indications of saline influence in the Baltic appears around 9.800 cal yr BP, but 

it is not certain that the long strait that connected the Baltic with the open ocean then could 

provide a significant amount of saline water this early after it started influencing the southern 

Baltic (Reckermann et al., 2008). The first influence from saline water is called the Early 

Littorina Sea (ELS) and it is a phase that lasted between 9.800 – 8.500 cal yr BP  (Borzenkova 
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et al., 2015). The transition between these two stages is still a matter of dispute but it is a long 

phase (estimated 1500 ka) with occasional influx of brackish waters from the Dana River 

system (Björck et al., 2008). Finally, the sea level reached the Öresund level around 8.500 cal 

yr BP thus creating a wide enough channel for more water transfer (Borzenkova et al., 2015). 

Various studies support this suggestion since there are no evidence of saline waters invading 

the bottoms of the southern Baltic until 8 ka BP (Björk, 1995). Therefore, most suggest that the 

ALS finished with saline water insertion from the Dana straits. 

This is a stage with warm climate around the Baltic from 10.700 – 8.200 cal yr BP as 

shown from various reconstructions around the sea. For example, northern Scandinavian 

temperatures have been reconstructed from pollen data that show similar summer air 

temperatures to modern times after 10.000 cal yr BP. Or the increase in summer temperature 

inferred from pollen data from central Sweden between 10.700 – 9.000 cal yr BP. (Borzenkova 

et al., 2015). 

• Littorina Sea Stage (LSS) phase extends from 8.500 cal yr BP until today and is characterized 

by a brackish water basin (Borzenkova et al., 2015). The establishment of the Littorina Sea is 

considered to start when records of increased organic content in sediments appears. In this stage 

the transgressions of the Baltic are no more dictated by the FeIS contributions since it is not 

very influential at this point but mainly by the eustatic contribution of the North American Ice 

Sheets (NAIS) and Antarctica (Björck, 2008). By 6000 cal yr BP three different transgression 

phases took place, each approximately 10 m, which allowed further inflow of saline water in 

the Baltic, with some minor ones continuing until 5000 cal yr BP. To this day a large part 

mainly in the north of the Baltic is rising whereas a small part of the southern Baltic is sinking. 

Steffen and Wu, (2011) present the uplift of Fennoscandia by combining various measurements 

taken in the past and correcting them for the present day eustatic sea level rise of 1.2 mm/y. 

Uplift rates recorded are higher in the northern part of the Bothnian Bay (10-12mm/y around 

65˚N) and very low in areas of southern Sweden (0-2 mm/y approximately at 55˚N) with the 

areas between them having a decreasing trend in uplift rate from north to south. Areas further 

south than the ones reported here for the south Sweden present sinking rates of approximately 

-0.4 mm/y (Björk, 2008).  

In the sections that follow, the reasoning behind choosing the study of aeolian deposits as a 

paleoclimate archive will be presented alongside connections that the study areas have with the stages 

of the Baltic Sea presented here. 

1.2. Previous aeolian activity studies in Central Sweden 

1.2.1. Introduction 

The main focus of this study is on aeolian sediments and more specifically, on fine-grained terrestrial 

silt (loess) and the information one can extract regarding paleoenvironmental conditions from them. 
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Before putting our emphasis on that, another aeolian deposit will be examined that is often found in 

association with loess deposits. Sand dunes are estimated to have started forming soon after the 

deglaciation. This makes them a potential source for the finer silty material of interest, in addition to 

the delta sediments. Information regarding sand behavior will be presented and further details regarding 

studies on the regional dunes will be shown in the following chapters. Sand is non-cohesive, granular 

material with grain size that varies from 0.0625 – 2 mm and due to this size range, it is usually 

transported by rolling, sliding or saltation and only a small proportion by suspension (Seppälä, 2004). 

This non-cohesive nature means sand dunes are susceptible to reworking from aeolian activity and as a 

result, more difficult to extract a long unbroken sediment/environment record from. That is one of the 

reasons that loess is preferred for paleoenvironmental reconstruction, but more on this will come in next 

chapters.  

Sand dunes can be useful for reconstructing the wind patterns from their form and preservation but 

need careful interpretation due to their lack of stability as a landform (Alexanderson and Bernhardson, 

2016). Geomorphological mapping and the information derived can also give very insightful 

information regarding the development of the landscape. Before examining what the benefits are of this 

archive we will look into previous work on high latitude environments through sand dunes and what 

information one can extract from them.  

1.2.2. Sand dune and loess formation process  

Glacial activity can be very effective in eroding the underlying bedrock producing sandy to clay size 

material. That material then gets transferred by meltwater channels and is deposited in proglacial 

floodplains. The continuous supply with material from the floodplains combined with the absence of 

vegetation and the strong katabatic wind activity increases the likelihood of sand and dust deposition in 

close vicinities. Furthermore, the glacial retreat exposes larger areas of sediment that can be entailed by 

wind (Bullard et al., 2016). Particle transport is a function of size and wind speed (Vandenberghe et al., 

2018) and for that reason sand dunes are mainly created near the transport source. In the case of Western 

Greenland, the aeolian sand is found surrounding the river’s floodplains both in Sandflugtdalen and 

Ørkendalen, while finer loess is found up slope further from the source (Dijkmans and Törnqvist, 1991). 

In studies that were conducted in central Sweden, the sand deposits cover mainly deltaic areas that 

drained the retreating last glacial ice sheet (Alexanderson and Fabel, 2015; Bernhardson and 

Alexanderson, 2017). The study of these aeolian deposits in central Sweden has been a topic of 

discussion for more than half a century (Hjulström et al., 1955). Dune formations that were dated 

recently indicate that their deposition occurred immediately after the deglaciation of the respective area, 

with occasional later Holocene reactivation being evident (Alexanderson and Bernhardson, 2016). The 

main focus has been directed in establishing the deposition ages of the sand dunes (Alexanderson and 

Fabel, 2015) and address the fact that some dunes seem to have formed under different wind conditions 

(Bernhardson and Alexanderson, 2017).  The Brattforsheden dune field in Värmland along with the 
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Bonäsheden and Skattungheden dune fields in Dalarna have been focused on the most (Alexanderson 

and Fabel, 2015; Bernhardson and Alexanderson, 2017; Lundqvist and Mejdahl, 1987). Dating of these 

sites was done with the Thermoluminescence (TL) (Lundqvist and Mejdahl, 1987) dating method in the 

past and more recently with the Optically Stimulated Luminescence (OSL) method (Alexanderson and 

Bernhardson, 2016; Alexanderson and Fabel, 2015), which dates the last time a sediment was exposed 

to light.  

Aeolian activity and the retreat of the FeIS have also been studied in other areas. Clark and Jukka, 

(1997) used IRSL dating (12130+/-2095 BP) on potassium rich feldspar sand dunes formed near 

Kiellajoki delta in Lapland to show a slight overestimation of the age compared to independent 

chronological measurements from radiocarbon. Incomplete bleaching due to water rework is the 

author’s interpretation of these results. However, the age of these dune formations could work as an 

indicator for the retreat of the FeIS from that area. The results from studies carried out in Brattforsheden 

and Bonäsheden/Skattungheden are presented in detail in Chapter 5.  

A problem that can occur due to short distance transport and therefore low sunlight exposure is 

incomplete bleaching and that can affect the dating OSL dating methods (Duller, 2008). Dating finer 

silty material (loess) which tends to travel greater distances and get fully bleached is generally a good 

solution for this issue. Furthermore a few kilometers south of Bonäsheden, in Östnor, archeological 

evidence from the Iron Age have been found 2-3 meters below sand (Alexanderson and Bernhardson, 

2016). This very recent dune reactivation shows how differently dunes and loess behave after deposition 

and how using loess as an archive can be beneficial in getting reliable information about the 

environmental conditions during the full depositional period. In Chapter 2 chronologies are presented 

which show the recent dune activity. In contrast to that, silt deposits are less likely to have been 

reactivated and as a result dating them will result in the acquisition of the age of a certain dust event or 

series of events. More information regarding the positive and negative aspects of OSL when applied in 

similar sediments will be presented in the methodology section. 

1.3. Loess 

1.3.1. Introduction 

Loess covers approximately 10% of the planet’s surface (Muhs, 2013) mainly in a latitudinal belt 

between 40˚ to 60˚ N in Eurasia but at lower latitudes in China. Different definitions and interpretations 

regarding what loess is have been used in the past (Pye, 1995) but the most recognized and used 

definition can be phrased as sediments that have been entrained, transported, and deposited by wind 

and are dominated by silt-sized particles, with most loess having significant amounts of finer sand and 

clay (Muhs, 2013). For the characterization of deposits as loess this study generally follows the 

Vandenberghe (2013) classification of loess. As proposed in the aforementioned study, loess deposits 

are characterized by a dominance of ≤ 75 μm in diameter particles. The coarser particles being coarse-

grained silt to fine sandy that are mainly derived by very near sources through saltation, and finer 

grained silt, which, as will be explained in the coming paragraphs is a product of aeolian transport from 
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greater distance. Loess also contains clay particles which can be important for the cohesion of the loess 

sedimentary body along with carbonates. Clay and carbonates enhance the structural stability of loess 

allowing the formation of vertical faces along river and stream banks (Muhs, 2013). Loess sediments 

that contain <10% of clay are very erodible. But when sediments contain >20% of clay they are more 

cohesive and experience very little deflation. The presence of clay when loess is deposited allows the 

formation of a surface crust on the wet seasons, increasing the stability of the deposits and the critical 

velocity that needs to be achieved for entailment to happen (Pye, 1995).  

The majority of loess is composed by quartz (50-70%), plagioclase, feldspars (5-30%), mica (5-

10%), calcite and various clay minerals (10-15%) with the geology of the source area being very 

important for the mineralogy of the sediment (Stevens et al., 2007b). The often dominance of quartz is 

shown by the high concentrations of SiO2 that are typically found in deposits (typically 55-65%). Loess 

with more AL2O3, Fe2O3 and TiO2 is typical for higher clay mineral content, whereas loess with higher 

carbonate content shows greater content of CaO and MgO. (Muhs, 2013). The source material in the 

Dalarna area is primarily the Mesoproterozoic Dala sandstone which has been supported and proven by 

past studies to be a source of quartz that is suitable for luminescence dating (Alexanderson and 

Bernhardson, 2016; Alexanderson and Murray, 2012a).  

The study of loess can provide us with various information about the global dust cycle and 

paleowind activity, changes of intensity or extent of continental aridity, extent and timing of glaciations 

and deglaciations (Albani et al., 2015; Muhs, 2013; Pye, 1995). The reasons explained above make the 

study of loess more than useful, since dust can accumulate and create various formations based on the 

different characteristics of the dust or the atmospheric conditions that cause the transport. The areas of 

Brattforsheden and Mora in Värmland and Dalarna respectively have been recognized as locations with 

aeolian silt covers of different thickness (Alexanderson and Fabel, 2015; Bernhardson and 

Alexanderson, 2017; Lundqvist and Mejdahl, 1987). However, a systematic study of those deposits is 

lacking. These studies above report that relative to the nearby sand dunes, loess covers are located in 

areas that are not consistent with palaeowind directions reported from the dune forms.  

1.3.2. Loess characteristics and creational processes  

When considering the study of loess deposits Smalley et al. (2009) suggested that there are three steps 

that need to take place for the formation of loess. First it is the formation of the fine silty particles, 

which in the case of this study, are created by the Fennoscandian Ice Sheet (FeIS) grinding on local 

bedrock. Then the transfer of fine material through river systems followed by their deposition at 

floodplains and finally, the accumulation of wind-blown fine silt in areas with appropriate conditions. 

These basic steps have been recognized as the typical processes for loess formation by other researchers 

as well (e.g Seppälä, 2004; Muhs, 2013). One can observe the similarities between the processes 

presented earlier regarding the source material of the sand dunes and now of loess. The main difference 

occurs on the different grain size particles of dust that create each formation.  
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River transport of loess sediments and the location of their deposition before the aeolian transport 

is another factor of consideration when studying accumulated loess (Smalley and Markovic, 2017). The 

effect that a river system can have regarding the transfer of loess is the same for both material of glacier 

and mountain origin (Smalley et al., 2009). Besides the similar global river transport processes, one 

more factor that can link loess from different sources is the fact that the sediment is produced under 

cold climatic conditions. Therefore, the study of loess deposits coming from the activity of river systems 

in mainland Europe and other regions can have utility when one studies the loess deposits in the 

Scandinavian region. These deposits are the product of potentially continuous reworking in the 

proglacial areas due to erosion and transportation by aeolian and fluvial activity (Bullard and Austin, 

2011). Desert loess is also found across Asia, in the Chinese loess plateau in Eastern China and the 

Negev desert in Israel. In some cases, loess in China can be produced under a cold environment model 

but here the focus of this review will be more on loess deposited in cold environments of higher 

latitudes. However, the formation of loess is different in those settings as the climate is warm and dry, 

so in this study the focus is more on loess located in higher latitude cold environments.  

 

Figure 6 This illustration is the work of Muhs, (2013) and the present author is not claiming any credit for its 

creation. 

As in the case of the Missouri - Mississippi river system in the United States of America that has 

contributed to the deposition of loess produced in periods the Northern America was glaciated (Smalley 

et al., 2009), the old river systems that were discharging the glacial water filled with fine material 

produced by the FeIS was then transferred in the floodplains of the two deltas of this study. During the 

winter season, the water receded and as a result, loess and coarser dust particles got deposited at the 

delta. In Brattforsheden, due to isostatic rebound, the land rose to higher elevation than the sea level 



13 

 

(Alexanderson and Fabel, 2015), providing an environment where the accumulated sediments from 

previous times could be reworked. Then aeolian activity created regional sand dunes, cover sands and 

loess sheets in various locations (Alexanderson and Fabel, 2015). The deposits of the Siljan area in 

Bonäsheden are estimated to be a product of similar series of processes with the deposition taking place 

before the development of vegetation and after the isostatic rebound of the area taking place 

(Alexanderson and Bernhardson, 2016). 

Similar to our study, the link between strong aeolian processes that resulted in accumulation of 

sand and loess in periglacial environments has been demonstrated in the past in various locations that 

were affected by the last glaciation, like periglacial areas of central Europe, and the USA. That further 

supports the idea that aeolian activity is crucial for the formation of loess and it should be the case that 

loess can only form when the dust is product of aeolian deposition (Smalley et al., 2011). This well-

established presupposition comes to overtake the idea of "loessification” that suggested that dust can 

acquire loessic characteristics in situ from processes like weathering (Pye, 1995). There are several 

different processes that will lead to the settling of the suspended silt. As listed in Pye (1995): 1) the 

gravitational settling of individual grain particles, 2) the gravitational settling of aggregates that have 

been formed due to electrostatic binding or moisture of individual particles, 3) downward turbulent 

diffusion, 4) advection of dust particles towards the surface and 5) the wash out of particles due to 

precipitation.  

The travel time of the suspended particles varies with their size. Very fine silt particles (<10 μm) 

are dispersed into the atmosphere and can therefore travel hundreds of kilometers (Pye, 1995). Whereas 

coarser loess sediments can be entailed by wind but travel in low-suspension and that is the main reason 

the deposition zones of loess are not too far from the river banks (Smalley et al., 2009). As Muhs (2013) 

highlights, loess thickness, particle size and carbonate content show a decreasing trend as the distance 

from the source increases. Hjulström, Sundborg and Falk (1955) give an elaborate description on how 

the silt beds in areas near the delta of Bonäsheden transition to sporadic accumulated silt between rocks 

that acted as dust traps in the past. All that while moving further towards the southwest.  

This is mainly due to the difference between settling velocities for different particle sizes, which 

are lower for finer silt particles and higher for coarser silt particles. It has been demonstrated that under 

normal conditions, it is more likely that the distance of travel for a particle increases with the decrease 

of size and also that stronger winds are more likely to result in longer distance transport (Pye, 1995). 

Furthermore, saltating particles of silt that are trapped in coarser sand dunes can also contribute to loess 

deposits (Pye, 1995; Vandenberghe, 2013).         

Due to how easy it is for dust to be transported by wind there needs to be a stabilizing mechanism 

to function as a trap for loess and allow its accumulation in dynamic environments, like the ones of this 

study, which are highly affected by strong aeolian activity (Seppälä, 2004; Smalley, Marković and 

Svirčev, 2011) coming from different directions. The development of thin vegetation layers can be that 

stabilizing factor that prevents wind and water erosion and can act as a dust trap at the same time. 
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Regional climatic characteristics, like temperature, moisture and wind conditions can be more important 

for the deflation and deposition of loess compared to local climatic and environmental conditions 

(Smalley et al., 2011). 

 1.3.3. Loess activity differences between glacial and interglacial periods 

In the above sections the characteristics of loess were presented. A crude loess creation model in 

Sweden could be described as follows. The retreat of glaciers can be an indication of increasing 

temperature trend, while maintaining the characteristics of a glacial environment and therefore cold 

conditioned environment. The increased meltwater can amplify the fluvial activity that washes all the 

fine material produced from the continuous glacial activity of the past on to floodplains and bars. Then 

the strong windy conditions which are favorable to amplify in cold climates can deflate and redeposit 

these sediments. This overview of a typical dust transport mechanism can be amplified significantly 

under glacial conditions compared to interglacial. Loess and dust in general have been studied in various 

areas globally with the results suggesting enhanced dust activity during the glacial periods. 

Past dust activity has been extracted from various archives previously. Reconstructing dust fluxes 

from the dust concentration in ice cores shows an increase of dust deposition during glacial periods with 

factors like increased wind speed, the expansion of dust sources, decreased vegetation and decreased 

intensity of the hydrological cycle being some of the reasons that can account for that increased activity 

(Smalley, Marković and Svirčev, 2011; Bullard et al., 2016). Furthermore, for areas like China, which 

have been studied extensively (Biscaye et al., 1997; Porter, 2001; Stevens et al., 2018), the main periods 

of loess sedimentation correlate to glacial periods. And that seems to be the case also for areas that get 

their loess deposits from other sources besides glacial activity (Muhs, 2013).  

Furthermore, during glacial periods the dust production and dispersal has been recorded to be 

significantly higher than in modern times (Tegen, 2013), like the last glacial maximum (LGM) where 

the dust fluxes were 2 to 20 times higher than modern values around the world (Bullard, 2013; Claquin 

et al., 2003) depending on how reserved the simulations  are. The ice retreat results in the increase of 

sediment availability which in turn differs on how it is distributed in the various proglacial floodplains. 

This variability can be a result of different geomorphology, sedimentology, vegetation characteristics 

and moisture availability (meltwater, rain, snow, groundwater) on each proglacial floodplain (Bullard 

and Austin, 2011).   

1.3.4. Importance of loess and dust in the earth system 

Since loess is an archive of windblown atmospheric dust, we can evaluate dust activity of the period of 

our concern and then the impact on the earth system. There are numerous processes that act as 

parameters for the regulation of the earth system and one of these is the impact of dust. Dust can be 

transported by wind over oceans and gets deposited in different continents affecting the regional climate 

(Bullard et al., 2016). Furthermore this transport of dust in high elevation for very long distances can 

affect the top-of-the-atmosphere and surface radiation fluxes and as a consequence alter the heating 

rates and stability of the atmosphere (Tegen, 2013). This direct effect on climate can come from 
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scattering and absorbing solar and terrestrial radiation. Indirect ways of dust impact can be on cloud 

properties, precipitation and cyclone intensity (Bullard, 2013).  

Dust can affect the earth system in various ways. Dust contains nutrients, such as iron, that are 

important for the life of microorganisms that live in the oceans, like phytoplankton. Increased dust 

activity can enhance the production of such microorganisms causing a feedback that will promote 

absorption of atmospheric CO2 and the cooling of the climate. That is because iron provided by 

atmospheric dust sustains the production of phytoplankton causing an excess of need in carbon (Jickells 

et al., 2005). This fertilization of high latitude oceans can be very influential for its ecosystem 

development given how deficient in nutrients they are (Bullard, 2013). Furthermore, dust is mixed with 

atmospheric acidic species and can decrease cloud absorption of solar radiation, making clouds more 

effective at reflecting incoming solar radiation (Ginoux et al., 2012).  

The impact of dust on albedo is another forcing factor worth considering, since the contamination 

of snow can increase the absorption of incoming radiation and increase the melt rate of an ice sheet, 

which in turn affects the energy budget and discharge patterns of rivers (Okin et al., 2011). Even if dust 

movement in high-latitudes is simulated to have happened mainly over unglaciated areas (Claquin et 

al., 2003), the long transport character of very fine sand can validate the impact on ice and snow albedo. 

The very fine dust particles that are found in Greenland or Antarctica are a product of dust movement 

in high layers of the atmosphere as was shown by papers like Biscaye et al. (1997) that connected dust 

deposits in Greenland with areas in Eastern Asia as having the same source. Besides the environmental 

impact that dust transfer has, it also affects human health since the various microorganisms that are 

transferred through aeolian dust can affect the human respiratory system (Okin et al., 2011). 

For all the reasons described above, dust fluxes of the past are reconstructed by studying the 

accumulation rates of dust in various means, like loess, marine sediments and ice cores (Claquin et al., 

2003). Different characteristics of loess can be used to get information for the best paleoclimatic 

reconstruction of an area, like the variability of loess thickness over the study area (Muhs, 2013). 

Thickness and grain size can be important tools in interpreting the paleo-wind conditions in the area, as 

they are dependent on the intensity of the wind. However, since accumulation of loess has not been 

systematically studied in Sweden, there is a significant gap of knowledge that can be extracted from 

those sediments regarding the dust accumulation at the end of the deglaciation of the FeIS.  

The nature of loess sediments also makes them very suitable for dating with methods like Optically 

Stimulated Luminescence (OSL) compared to other Quaternary sediments. Loess’s ability to keep a 

stable vertical form while accumulating (Seppälä, 2004) can be beneficial since it decreases the 

reworking effect when deposited and can give a more accurate representation of the depositional 

conditions. This way, one can estimate the loess that accumulated over a period of time and therefore 

extract information regarding the dust activity of the region over a certain time span.   
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1.3.5. Loess activity in high latitude environments 

Regional climate differences can be important when classifying “high latitude” environments. For 

instance, maritime areas of Western Europe present higher temperatures than the same latitude areas of 

the North American coast. This has led to the differentiation of “high latitudes” between those areas to 

greater than 60˚N in western Eurasia and greater than 50˚N in North America (Bullard et al., 2016). 

However, a global consensus can be reached regarding high latitudes (in terms of dust activity areas) 

when considering them as any area poleward of the central global dust belt (Bullard et al., 2016). In the 

context of this study the latest mentioned approach will be followed.   

High latitude dust is now estimated to be a significant component of the global dust budget, and 

one that likely increased during cold periods of Earth’s climate. However, studies on high latitude dust 

history are not common in comparison to low latitude work. Some specific differences are worth noting. 

For example, since the threshold wind velocities are a function of temperature, for a certain grain size, 

the entailment threshold wind velocities are lower under cold conditions and higher when the 

temperature is higher (Bullard and Austin, 2011). That leads to the easier entailment of particles in 

colder environments (e.g. glacial). Local high latitude dust also has great potential to affect glacier 

albedo, and hence change melting or accumulation rates. 

The influence of low latitude origin dust on higher latitude environments is well studied (Biscaye 

et al. 1997), but dust sources in high latitudes can also be a determinant factor for a region’s 

environment. Due to the nature of the dust production in high latitudes (lack of a stable dust production 

sources), the effects on the regional climate can be drastic, with unexpected results. For this reason the 

influx of big quantities of dust particles in regional ecosystems in the past can be difficult to model or 

quantify. In present times one can study and simulate the seasonal variability of dust influx in the ocean 

through dust storms (Baddock et al., 2017). Thus, investigate the fertilization processes that can occur 

under these conditions and provide useful insight on how the paleo ecosystems could have responded 

with the huge deglaciation dust influx.  

In a similar high latitude environment on Greenland, studies have been carried out on loess 

deposits. Dijkmans and Törnqvist (1991) and Bullard and Mockford (2018) looked into the dust 

deposits at the Kangerlussuaq area in West Greenland and more specifically the sand dunes and silt 

layers that surround the river’s floodplains both in Sandflugtdalen and Ørkendalen. These locations can 

give an insight on the nature of loess deposits in environments of similar latitude since silty deposits 

form thin layers over the regional bedrock and moraine systems  (Dijkmans and Törnqvist, 1991).  

The strong katabatic winds that originate from the Greenland Ice Sheet (GrIS) affect the areas near 

its margins with dust transport from the sand floodplains. In this setting it has been shown that the 

distributions of particles is heavily dependent on particle size, with coarser particles accumulating near 

the floodplains forming sand dunes and finer grains being transported in areas of higher altitude 

(Dijkmans and Törnqvist, 1991; Willemse et al., 2003). It has also been shown how the interruption of 

intense aeolian activity can lead to the formation of soil layers in various areas around Kangerlussuaq 
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(Müller et al., 2016). These sediments have also been used to try and reconstruct climate and ice sheet 

history in the region. The environmental conditions around the western GrIS and the environmental 

conditions that dominated the areas affected during the FeIS retreat can be assumed to be similar. 

Therefore, the dust particle transport patterns can also be considered similar. In the following sections 

information of the study areas and analysis methods used will be presented.  

1.4. Grain Size analysis 
Grain size analysis measures the size of the particles that compose a sample and can be a useful tool to 

get more detailed information regarding any sediment. In the past, the most commonly used method for 

grain size analysis were the sieving and pipette methods. Since these methods can be time consuming, 

susceptible to the operator’s error and require a large quantity of the sample (10-20g for pipette and 50g 

for the hydrometer) they may not be the most suitable methods for providing fast and accurate analysis 

of a large number of samples (Beuselinck et al., 1998; Di Stefano et al., 2010). With technological 

innovations and development, methods like electroresistance particle counting (e.g., Coulter Counter), 

photomet-rical techniques (e.g., Hydrophotometer., X-ray attenuation _Sedigraph) and laser 

diffractometry (e.g., Microtrac, Malvern Laser Sizer, Coulter LS.) are more often used (Beuselinck et 

al., 1998).  

With the use of the laser diffraction method (LDM), the analyzer converts the particles to two-

dimensional objects and the grain size is measured as a function of the cross-sectional area of the 

particle. The laser beam scatters upon hitting each grain. Larger grains cause smaller angle scattering 

compared to smaller ones that cause large angle scattering. The angular scattering intensity is then 

analyzed following the Mie theory of light scattering to calculate the grain size responsible for each 

scattering angle  (Di Stefano, Ferro and Mirabile, 2010).  

Grain size analysis can act as an additional source of information regarding the environmental 

conditions under which the sediments could have been deposited (Flemming, 2007). Through grain size 

analysis, the sediment availability and wind strength over a period of time can be simulated. This is 

because every grain size fraction can reflect a certain transport process with the corresponding energy 

conditions, along with other characteristics, like the source of a sediment (Vandenberghe, 2013).  

In this study the main focus is on aeolian sediment deposition. However, it is important to note a 

few things about these sediments regarding the conditions of their deposition prior to their transportation 

by wind. Difference in hydrodynamics of the river system during settling of the deposits (Flemming, 

2007) can influence their spatial distribution since deposition can vary. This factor along with the 

landscape geomorphology can affect the sediment availability for transport. This in turn can affect the 

sedimentation rate. However, accounting for this influence is not something that can be done easily 

since it needs to be combined with material provenance and detailed mapping of the source area. These 

are factors that can influence the sedimentation patterns of the area and therefore the grain size 

variability on different locations of the same region.  
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1.5. Independent dating 
Luminescence dating is very important for this study and the establishment of loess chronologies in 

Sweden and elsewhere. This method measures the time that the sediments were last exposed to light 

and is thus an excellent indicator of the timing of aeolian activity (Murray and Olley, 2002).  

1.5.1. Luminescence background 

Optical dating was a method that gained attraction with the scope to develop a more reliable dating 

technique than Thermoluminescence (TL), a dating technique which was widely used in disciplines like 

archaeology. Optically Stimulated Luminescence (OSL) is now the technique that is most widely used 

in loess studies. During dust transport, the particles are exposed to light, causing them to lose their latent 

signal. OSL dating relies on this bleaching being complete and the bleaching event resets the OSL 

‘clock’. Incomplete bleaching that is caused by insufficient exposure time to sunlight during transport 

of particles can cause problems when applying the OSL dating method due to overestimation of the true 

age (Alexanderson and Murray, 2012b). 

When sediments are buried and sun exposure is blocked, the latent signal is built up again by the 

ionizing radiation of decaying thorium, uranium and potassium that the surrounding sediments contain 

(Aitken, 1998). This accumulating signal increases during the burial time and is proportional to the 

luminescence signal released from grains when stimulated by light (Murray and Olley, 2002). This 

ionising radiation consists of alpha, beta, gamma radiation from the environment, along with the 

contribution from cosmic rays (Duller, 2004). The aforementioned radiation comes from the radioactive 

isotopes of uranium (U), thorium (Th) and potassium (K). 40K which is radioactive, decays to the stable 

isotopes 40Ca (calcium) or 40Ar (argon) while emitting beta particles and gamma radiation. While 

uranium and thorium create decay series that emit alpha, beta and gamma radiation before decaying to 

a stable isotope (Duller, 2008a). Measuring the activity or concentration of these isotopes can give us 

the dose rate, which is a key component of the age calculations. 

Various grain size fractions have been used for dating with OSL in the past. Some of the most 

common grain fractions that have been used are, the very fine polymineralic silt (4-11 μm, Schmidt et 

al., 2010) and the fine sand fraction (63-90 μm, Timar-Gabor and Wintle, 2013). Quartz and feldspars 

have been historically prioritized (Aitken, 1998) for the OSL application due to their big impact in the 

luminescence signal and reproducible signal (Duller, 2003).  

It is now well established to use the single aliquot regenerative dose (SAR) protocol (Murray and 

Wintle, 2003, 2000; Wintle and Murray, 2006) on quartz, feldspars or polyminerals to get an equivalent 

dose De. Comparing the natural OSL with the OSL that is produced from known laboratory doses for 

quartz, provides an estimate of the De, while for feldspars, the infrared stimulated luminescence is used 

(IRSL). In principle, part of the ionizing energy during radioisotopic decay is stored in the grains due 

to their crystal structure (quartz and feldspars) through electron stimulation in holes in their structure. 

With burial, the amount of absorbed radiation increases with time. Quantifying this accumulated dose 
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can provide us with a luminescence date. This can happen by stimulating the particles under laboratory 

conditions and measuring the light emission after the stimulation (Duller, 2004). The accumulated 

ionizing radiation causes the electrons to become unstable and acquire elevated energy states. That way, 

electrons can get trapped in structural defects (Duller, 2008a). When the grains are exposed to sun light 

or LED lights in a lab, the electrons are released, losing the accumulated energy and emitting photons 

(OSL signal) (Wintle, 1997).  

Age (ka) = 
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑜𝑠𝑒 (𝐺𝑦)

𝐷𝑜𝑠𝑒 𝑟𝑎𝑡𝑒 (
𝐺𝑦

𝑘𝑦
)

         (1) 

The quantity of the energy that can be absorbed during stimulation is termed as equivalent dose 

(De) and is measured in the SI unit of grays (Gy; 1 Gy¼1 J/kg). The other element one needs to know 

when calculating the age is the dose rate which comes from the ionizing radiation that has accumulated 

during the burial. This rate of environmental radiation exposure is measured in Gy ky-1.  

Since the OSL production is a product of various traps, the signal is separated into “fast”, 

“medium” and “slow” components. The fast and medium components influence the OSL signal for the 

first 10 seconds out of the measurement’s 100 (Wintle and Murray, 2006). Quartz signal is often 

dominated by the fast component and as a result it releases the majority of its energy the first few 

seconds of the measurement (Murray and Wintle, 1998; Mellett, 2013). Then the slow and medium 

components need to be removed by the signal calculations and that is performed routinely by subtracting 

a background signal. (Wintle and Murray, 2006).  

One of the most important factors that influence the OSL signal is water content. Moisture 

attenuates ionizing radiation and therefore reduces its effect on the surrounding particles (Aitken, 1998). 

Therefore, the dose rate is less in moist sediments compared to how much it would be if the sediment 

was dry. Erroneous estimates of water content integrated since burial can lead to significant errors on 

the resultant calculated dose rate, and hence age. Calculating the true water content of a sample since 

burial can be a difficult task. Especially given the fact that the conditions can differ significantly 

between the burial time and the present (Bateman, 2019, p. 166). Therefore, the aim is to approximate 

the water content through the burial time and provide a large enough error estimate to account for past 

variation. This happens by setting an upper limit with the saturation water content and then measuring 

the in-situ water content, with the chosen water content likely lying somewhere between (Duller, 2008). 

The water content impact on age can seem low, since 1% change in water content can lead to 1% change 

in the age calculations (Duller, 2008) or 2.5-13% change in water content results in 6% change in age, 

with these changes being within error limits, but the very high water content values that have been 

documented means that the resulting error can influence significantly the OSL ages (Bateman, 2019, p. 

167). 
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1.5.2. SAR Protocol 

The SAR protocol was introduced to allow the calculation of an individual equivalent dose value from 

an individual aliquot, through incorporating a robust sensitivity change check between each 

measurement cycle on a single aliquot. The protocol works based on some generalized assumptions: 1) 

The laboratory irradiation protocol is able to charge the traps with the same amount of energy as the 

environmental conditions. 2) The measured OSL response of the particles is the same for both the 

natural and laboratory given signals or that any changes can be accounted for by measurement of a 

consistent test dose at the end of each SAR cycle. 3) The traps remain stable over geological periods. 

Comparisons with material dated with an independent method has shown that (1) is true, while (2) and 

(3) have been resolved with the proper protocol (SAR) treatment of the samples during the 

measurements (Murray and Wintle, 2000). 

 

Table 1 The SAR protocol steps modified by Murray and Wintle, (2000, 2003). 

 

The sensitivity check happens by monitoring the changes in luminescence sensitivity imparted 

during the thermal treatment of the aliquots (Wintle and Murray, 2006). During a typical SAR cycle for 

measurement of the natural signal in quartz, first a preheat treatment ranging from 160-300˚C for 10s 

is applied, followed by cooling of the aliquot to 60˚C and then stimulated at 125˚C with blue LED light 

for a time that is dependent to the light intensity. This is the measurement of the natural dose. Then the 

same steps are performed after giving a test dose Dt. This time the OSL signal responds to the Dt which 

results to the first test dose signal Ti. After the measurement of the natural dose, a regeneration dose Di 

is given to the aliquot, followed by the same procedure as explained above (Table 1). The response to 

the regeneration dose results to a specific luminescence signal Li. Then this process can be repeated 

multiple times getting different Li from different regeneration doses. During the different cycles the Dt 

is kept constant (Murray and Wintle, 2000).  

Just before each regenerative dose cycle it is very important to completely bleach the sample to 

remove any remaining signal. That way the regenerative dose is like being applied to freshly buried 

sediment. This happens by adding a high temperature (280˚C) blue LED exposure step right after the 

test dose signal recovery. 
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A dose response curve is constructed when plotting the sensitivity corrected luminescence (Li /Ti) 

on the y axis and dose rate values on the x axis from the SAR protocol (Fig. 6). Then, the natural De is 

determined to be the value of the x axis where the natural (L0) luminescence intercepts the dose response 

curve (Mellett, 2013). The resulting (from the measurement) natural dose (N) should fall within this 

range 

 

Figure 7 Growth curve for sample GH1-20. 

 

When building a sequence for a De calculation, there are some additional steps that can evaluate a 

samples suitability. During the standard SAR procedure there are other tests that take place to make 

sure about the reliability of the sample. After all the desired regeneration doses (Di) are given to the 

sample (during the repetitive cycles), a step with 0 dose is added. The ratio between the signal from this 

dose to the signal from the natural dose is called recuperation point. Charge transfer from deeper traps 

occurs due to the previous irradiation, optical stimulation and preheating so the signal can be higher 

than zero. However, the recuperation point should not exceed 5% (Wintle and Murray, 2006). This way 

the operator can be sure that there is not thermal transfer during the repetitive stimulation, which would 

lead to inaccuracies in age determination.  

The other test that is done routinely to evaluate the suitability of a sample is the recycling ratio test. 

Here, after the recycling point run, a new dose is given to the sample, which is the same as the first 

regeneration dose chosen. This test allows the operator to see if after all the cycles the aliquot yields the 

same test dose corrected value for the same applied dose as applied in the first SAR cycle after the 

natural measurement For this reason the optimal value is 1 with an error margin 10% (Wintle and 

Murray, 2006). 
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2. Study areas 
To summarize the above, previous work in central Sweden has tried to approximate the local 

environmental conditions that prevailed during the last FeIS retreat. Yet, the systematic dating and 

analysis of aeolian silt sediments is lacking so the time frame of dust activity occurring in this region is 

rather poorly constrained. Grain size analysis of these silty sediments will give insight on the dust 

transport patterns of different areas and OSL dating will establish their chronology of deposition. Also, 

the uncertainty over the direction of dust depositing winds in deglaciated areas will be investigated. 

Since sand dunes are the landform that has been more extensively studied, their connection with finer 

deposits will be examined.  

2.1. Brattforsheden 
Brattforsheden is a 15 km2 glaciofluvial deltaic area that formed in central Sweden, north of Lake 

Alstern (Figure 30) after the end of the Younger Dryas cold period. Now it stands at 175-190 m a.s.l, 

with a tilt to lower elevation towards the northwest until it drops to 180 m.a.s.l and then gains altitude 

again (Lundqvist and Mejdahl, 1987) and Lake Alstern is washing the southern parts of the delta. 

Various geomorphological formations have been created along the valley due to the glacial activity of 

the past, like kames, kettle holes and eskers but also terraces from the fluctuating river waters that were 

significantly more active in the past compared to now. There are large dune fields in the area, and most 

of the dunes are crescentic to parabolic and are situated NW and SE of Lake Alstern. The main delta 

area has dunes and cover sands and in higher elevations that surround the area, thin loess covers can be 

found (Alexanderson and Fabel, 2015). Finnhöjden (270 m a.s.l) which is located at the hills 

surrounding the northwestern area of lake Alstern and Gräshöjden (202-212 m a.s.l) that is located at 

the southern hills of Alstern are two sites with loess-like deposits (Alexanderson and Fabel, 2015).  

According to the FeIS reconstruction by Stroeven et al. (2016) and by Borzenkova et al. (2015), 

Brattforsheden was ice free approximately by 10.800-10.500 cal yr BP and therefore  it seems that the 

accumulation of sediments could have started then. Alexanderson and Fabel (2015) state that the 

Brattforsheden delta was formed during the YSS but given the fact that the extent of this stage is 900 

years, it is probably useful to define that better since the YSS ends approximately at 10.700 cal yr BP. 

A more recent study by Alexanderson and Bernhardson., (2019) suggests that the area was ice free by 

10.800 cal. yr BP. The historical fluctuations of the Baltic Sea along with the retreat of the FeIS as 

depicted by previous researchers seem to indicate even further that the period when deposition could 

have started in our study areas should be around the 11.000 cal yr BP with possibly a few hundred years 

of uncertainty depending on how the deglaciation age has been acquired. From sand dune measurements 

along with 10Be exposure dates, Alexanderson and Fabel., (2015) concluded that deglaciation in the 

Brattforsheden delta occurred at 11.3-11.5±0.8 ka.   

For the Brattforsheden delta it might be useful to have in mind that 10.200 cal yr BP is estimated 

as the date of maximum transgression of the ALS (Björck et al., 2008). However it is not evident if this 
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transgression affected the study area. Areas of southern Finland between 10.700 – 10.500 cal yr BP had  

temperatures varying between -3 to 0 ˚C with the FeIS in retreat but still in an area of influence 

(Borzenkova et al. 2015). From Borzenkova et al. (2015) it is observed that the FeIS could affect the 

Brattforsheden delta in a similar way. Note that these are the temperatures that one finds in Polar 

Regions (and more specifically 70˚N) in the present day.  

Studying the Brattforsheden area, the challenge occurs of defining the time when the Baltic 

regression occurred and allowed the accumulation of aeolian transferred dust on the delta. Or to state 

this in a simpler manner, when the delta stopped having flood events from the fluctuations of the Baltic. 

The retreat of Lake Alstern shores which increased sediment availability occurred along with the 

synchronous uplift that was taking place. The OSL dating performed in this study will be very useful in 

providing information regarding this. Our results will be combined with results from other studies that 

used OSL and other techniques for dating similar deposits in the area (Table 2). For example 14C dating 

can be used to establish a chronology for when vegetation started appearing in the area and therefore 

the minimum age of the deglaciation, with considerable uncertainty since the time difference between 

the melting of ice and vegetation formation is not clear (Alexanderson and Fabel, 2015).  

In previous work, TL dating on potassium rich feldspars was performed by Lundqvist and Mejdahl, 

(1987) from aeolian silt from Finnhöjden. The silt section was less than a meter thick, lying at 287 m 

a.s.l. The sample was from the bottom of the silt cover and provided an age of 9.0±700 (ka BP) with 

14C age being 9650 yrs BP (Table 2). More recently Alexanderson and Fabel, (2015) dated sediment in 

various areas around Lake Alstern. OSL dating was performed on the 180-250 μm quartz fraction in 

coarse silty to fine sand samples from Finnhöjden (270 m a.s.l) and Gräshöjden (202 m a.s.l) which 

yielded ages of 9.2±0.6 and 9.6±0.5 ka respectively (Table 2). The majority of the samples dated with 

OSL in the aforementioned study were on sand dunes. Our detailed dating of different sections aims to 

provide a more accurate record on how and when finer dust particles were deposited during this crucial 

interval of Quaternary climate evolution. 

Table 2 Chronology table from previous studies. 

 

Understanding the mechanisms that resulted in these deposits is very important. Depositional 

differences between the sand dunes and the loess covers that surround them have been the topic of 

investigation of various researchers. In Brattforsheden the direction of the sand dunes is NNE-SSW 

with their convex side directed towards SE, indicating a NW wind direction as long as the dunes were 
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transversal (Hjulström et al., 1955) but now they have taken a more parabolic shape (Alexanderson and 

Fabel, 2015) due to the development of vegetation. Loess deposits can be found on the SW of the dunes, 

something that would indicate NE wind direction. Given the nature of loess regarding transport, which 

can occur in very long distances, it is surprising that the NW winds that formed the dunes did not create 

more deposits of loess in localities east of Lake Alstern. If there was deposition of silt SE of the lake it 

should be located around Gräshöjden. This is where the study of the Gräshöjden sections will help us. 

To see if they are a product of long transport or of rework of the local sand dunes.  

There are different theories over why the two different types of aeolian sediments indicate 

deposition from wind of different direction. Hörner (1927) suggested that the main wind that influenced 

the depositional processes was NW and NE winds of lesser importance and strength were responsible 

for the deposition of silt. On the other hand, Enquist suggested that the Brattforsheden dunes were 

longitudinal and primarily deposited by NE winds and then were reworked. This theory would put more 

emphasis on the influence of the FeIS anticyclonic katabatic winds (a theory that he considered valid 

for other Swedish sites, like Mora). Observations made by Granlund in other Swedish sites also 

suggested that the formation of dunes was under NW-W wind conditions whereas the silt covers are 

located in areas that only NE-E winds could have influenced the deposition (Hjulström et al., 1955).  

After taking all these different suggestions into consideration Hjulström et al., (1955) suggested 

that there were two different kind of strong winds acting during the depositional years. The dunes were 

built up by very strong cyclones from the west, while at the same time the anticyclones from the 

retreating FeIS deposited the silt. Furthermore, they argue that a reasonable and plausible model 

regarding the silt transfer is based on the elevation effect when the silt is raised above the ground due 

to turbulent flow. As the wind is blowing in the river valley which is sedimented, it tends to create 

parabolic dunes. At the same time finer material is blown in higher elevations due to turbulent flow but 

due to the earth’s rotation the winds tend to have a tilt towards the right and that can result in the deposits 

being on the west side of the dune field. More recently, it was also pointed out that the northwest to 

southeast orientation of the valley can modify the winds direction, which is considered by Lundqvist 

and Mejdahl (1987) to be more northern since the silty layers are found on high ground and southwest 

of the main dune field. The topography effect is a reasonable proposition that increases the factors one 

should consider when examining the paleowind conditions of the area.  

Furthermore, Hjulström et al., (1955) suggested that the remaing FeIS was not as extensive at the 

period of deglaciation to determine the wind regimes of the areas but instead a strong cyclone was 

created over the present Baltic which resulted in northerly gradient winds and north-westerly surface 

wind.  This is a theory that can apply to both study areas and the fact that  the source for the material of 

these sites is complicated to define still remains.  

A hypothesis made from the author is that since there are evidence of loess material SE of lake 

Alstern, the long special distribution of sediments can be confirmed, with NW winds being the most 

probable means of transport. Analyzing and dating loess from both NW and SE sites would be optimal 
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to examine any potential correlation. However, the potential influence of the local dunes on the SE areas 

must not be neglected. For this, dating silty material and performing grain size analysis in that area will 

potentially help make more clear their connection with the local dune formation and activity.   

2.2. Siljan area 
Bonäsheden (Fig. 8), the sand dune filled delta in Mora is also estimated as having formed soon after 

the deglaciation. The Mora dune field is the largest in Sweden and is located west of Lake Orsasjön, 

above the shoreline of the ancient Siljan Lake. The Bonäsheden field has dune formations that can be 

interpreted from winds of different directions. For starters the largest dunes suggest formation from NW 

winds. The claim that the retreating FeIS could produce sufficient katabatic winds from the NE to affect 

the dune field formation is under dispute (Bernhardson and Alexanderson, 2017). To support this, other 

researchers (Markewich et al., 2009) studied the effect that the retreating Laurentide Ice Sheet (LaIS) 

had on dunes of eastern United States of America and saw similar results as Bonäsheden with dune 

formations heavily influenced by NW winds. Instead it was proposed that the NW winds were formed 

when the katabatic winds, northerly winds from the glacial anticyclone of the LaIS and strong westerlies 

were all combined. This could also be the case for the areas of the Scandinavian region. Other groups 

involve the Bonäs line which has an N-S direction, but it is considered having the edge of the dune field 

as a restricting factor. That is because they are estimated to have formed before the drainage of the 

Ancient Lake Siljan and as a result they can be used to put a minimum age in the retreat of the Ancylus 

Lake. However, the N-S oriented dunes situated further inside the field cannot be explained the same 

way, so they are estimated to be relatively young and a result of seasonal variations (Bernhardson and 

Alexanderson, 2017).  

Dating of various dunes with OSL performed by Alexanderson and Bernhardson, (2016) showed 

that most of the dunes (more than 70%) with NE-SW orientation had ≥10 ka. These are the largest dunes 

that make up most of Bonäsheden. While smaller marginal or parabolic dunes, sometimes with different 

orientation (N-S), were all except two dated to ≤10 ka. This sudden change of dune orientation 

approximately at 10 ka can be due to different wind direction or strength, establishment of vegetation 

or lake level changes. The dune field is formed at the end of a valley, which also has a NW-SE 

orientation and the effect of this topography on the wind regime during the initial deposition of the dune 

field cannot be neglected. Furthermore, at 10 ka the ice margin is estimated to be 100-180 km NW of 

the Siljan Basin which means that the katabatic winds are less influential for the area.  

To understand the timing that the aeolian sediments started accumulating after the deglaciation, 

the lake-level fluctuations need to be considered. Deglaciation is estimated to have occured around 

10.500 cal yr BP with an uncertainty of ± 500 yr (Alexanderson and Bernhardson, 2016; Stroeven et 

al., 2016). The fact that the dunes do not appear past the Bonäs line, which is the ancient Siljan shoreline 

has led to the conclusion that the dunes had stopped forming by the time the ancient lake receded bellow 

185-179 m a.s.l due to the isostatic uplift of the area (Alexanderson and Bernhardson, 2016, 
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Bernhardson & Alexanderson, 2017). Below follows a brief summary of ages provided from different 

studies for this study area.  

Lundqvist and Mejdahl, (1987) performed TL measurements on potassium rich feldspars in 

different sites of the area (Table 2). A sand sample was dated from the lower part of the Bönas coastal 

dunes at a 178 m.a.s.l that yielded an age of 11.0 ±0.8 (ka) with 14C dating resulting in 8650 (BP). This 

can be a sign that the deposition took place very early after the land uplift, before the vegetation had 

started expanding in the area. Furthermore, it can be a sign of very short distance transport since the 

time of emergence is not estimated before 8.9 (ka). The same study examined two samples from 

Hökberg also with the same process. Hökberg 1 is aeolian silt at 250 m.a.s.l and Hökberg 2 was taken 

from a dune at around 220 m.a.s.l. TL dating on them resulted in 9.2±0.7 and 9.3±0.7 (ka) respectively 

and 14C dating 9000 (BP). Recently Alexanderson and Bernhardson, (2016) dated quartz with the OSL 

method from  aeolian, glacifluvial and para-glacial deposits in Bonäsheden and Skattungheden in the 

Siljan area (Table 2). The maximum ages for aeolian deposition were placed at 11.3±0.3 ka and the 

dune formation processes are estimated to have ceased by 9 ka. There are overlaying cover sand layers 

that were deposited significantly after the formation of dunes (e.g 4.1±0.2 and 0.97±0.06 ka). In the 

references the reader can find all the dates provided by the already mentioned studies. 

Various locations with silty material near the main dune field can be also found. The Öster-

Dalälven river valley is a favorable location for the distribution of fine silt in the past due to its narrow 

topography from the surrounding mountains. Along the valley in localities upstream of the Bonäs field 

fine silt of various thickness can be found.  From a direction NW-SE and along the present southern 

riverbank the following sites have been examined by Hjulström, Sundborg and Falk, (1955). Oxberg 

has a thickness of a few decimeters, in Gopshusberget 1.5 m  fine silt can be found and finally at 

Hökberget the silt cover can be up to a meter. In Hökberget the thickest silt covers appear at the northern 

side and at a maximum elevation of 275 m, while decreasing further up the hill with only a few 

decimeters thickness recorded at 380 m.  

Hjulström, Sundborg and Falk, (1955) also reported the existance of fine silt around Eldris in the 

south-southwest of Bonäsheden. Placing these sediments of approximately 50 cm of tickness at an 

elevation of 215-220 m. However no silt cover is reported for Karlsberget, the top of a moraine situated 

a few kilometers southwest of Eldris. Thus, they conclude that it is unlikely that aeolian silt deposits 

could be located further south of the morain rigde. Therefore, the atmospheric conditions of that time 

could not have caused the distribution of silty material further from that point. The silt layer seems to 

be of decreasing thickness the further away from the Eldris plane and as the elevation increases. From 

30-50 cm of thickness in the Eldris plane, the thickenss decreases to a few centimenters at approximately 

245 m of elevation. And this pattern appears in the southwestern and northewstern (Krångåsen) areas 

of Eldris. Contrary to that, north of Öster-Dalälven there are no evidence of silt on Grönsberget, which 

furhter supports the probable wind direction for that time. So the pattern of fine silt deposits with a NE-

SW direction appears in this Swedish site also. The spatial distribution of the sites west of Bonäsheden 
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(e.g Hökberget) can confirm the overlying theory regarding aeolian transport of fine sediments that has 

already been described. There seems to have been a primal depositional process with a NW-SE wind 

direction that resulted in the formation of sand dunes, but the finer loess deposits have been deposited 

primarily from winds with NE-SW direction.  

  

 

Figure 8 Reference map for important sites mentioned in this section. 
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3. Field work and sections 
The data for this project were acquired on three different field trips, which were organized based on the 

geological mapping of the areas and previous studies that have been carried out (Alexanderson and 

Fabel, 2015; Bernhardson and Alexanderson, 2017; Hjulström et al., 1955). The sites were either hand-

dug pits or road cuts. Sedimentological logging was carried out for all cites and the location and 

elevation was determined from a Garmin Geko GPS unit.  

The field work in Hökberg, Mora took place on the 29th of October 2018, and the two sites in 

Brattforsheden were visited on two different occasions. The Gräshöjden field trip was done on the 28th 

of March 2019, where GH1 and GH2 sections were sampled. GH1 was sampled after digging into and 

cleaning a road cut and GH2 was sampled from a hand-dug pit. On the 22nd of April 2019, the FH1 and 

FH2 sections were sampled in Finhöjden. FH1 was sampled from a hand-dug pit and FH2 was sampled 

after digging into and cleaning a road cut. Details regarding the sampled sections can be found in Table 

3. 

Samples for grain size analysis were collected from all sections in plastic bags with a chisel with 

a 3cm resolution. Samples for luminescence dating were collected by hammering metal opaque tubes 

into the sediments after cleaning and making the surface of the sections even. The aspect of each section 

was also recorded.  

Table 3: Basic information about this study's sections. 

 

The sections of Gräshöjden were taken in silt covers over bedrock that are in near vicinity to a 

large sand dune and at slightly lower elevation. The sections of Finnhöjden on the other hand, were 

taken from silt covers that are located at higher elevations than the regional sand dunes. The Högkberg 

section was taken from the silt covered parts of Högkberg hill, uphill from local dunes bordering the 

Östa Dalälvern River. The sections are composed of podsol soil, where below today’s vegetation the 

elluviated silt lies above a silt horizon with accumulated minerals from the overlaying layer.  Below 

follow pictures of the sections combined with information regarding their general stratigraphy.  
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Figure 9 FH1 section with stratigraphical information. 

 

       

Figure 10 FH2 section with stratigraphical information. 
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Figure 11 GH1 section with stratigraphical information. 

 

 

Figure 12 GH2 section with stratigraphical information. 
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Figure 13 HB section with stratigraphical information. 
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4. Methods 

4.1. Grain Size Analysis 
Before the laser diffraction measurements, the samples were treated under a modified procedure from 

(Újvári et al., 2016). First, the samples were treated with 12% of HCl to remove carbonates and then 

with 36% H2O2 to remove organic matter. Between these steps and after the H2O2 treatment the samples 

were washed with distilled water three times. Following that, 5% of Na(PO3)6 was added to the samples, 

which were then briefly ultasonicated per groups of 3 until they were measured. Measurements were 

made on a Malvern Mastersizer 2000 at Uppsala University. 

While performing the measurements with the laser granulometer it must be noted that the operator 

should be cautious to avoid potential bias. This is because the material needs to be transferred from the 

beaker and into the dispersal unit while the sample is fully suspended in the beaker. If one fails to do 

so, the chances that the measurements indicate a sample consisting of finer material than it actually is 

are significantly higher. To avoid this, it is suggested that after the sample treatment (as it has been 

described previously), the operator needs to be sure that the material is fully suspended and then try to 

achieve an obscuration value ≈10 when transferring the sample into the measuring unit.  

4.2. Luminescence Dating 
The luminescence samples form GH1 and GH2 were prepared in the luminescence dating laboratory at 

Stockholm University (SU) and the HB samples were prepared in the Luminescence Dating Laboratory 

of UNISS at Sassari, Italy. 

4.2.1. Sample treatment and preparation 

The sample tubes were carefully scraped to remove sediments from the two sides that were probable to 

have been sun exposed and kept and used for the calculation of the dose rate. The samples were 

processed with the standardised protocol (Alexanderson and Fabel, 2015) for luminescence samples. 

This included treatment with 10% HCl to remove carbonates, 10% and H2O2 to remove organic 

material. However, some steps of the preparation may differ between the two labs and for that reason 

detailed description of the following grain size fraction separation and of the treatment performed is 

presented.   

The GH1 and GH2 samples were water sieved into the following three grain fractions, <63, 63-90 

and >90 μm. Then HCl was applied on all samples, which were then washed three times with distilled 

water after the reaction had stopped. Following that, H2O2 was applied on all fractions and when the 

reaction was finished all samples were washed three times. Consequently, the 63-90 and <63 μm 

fractions were further processed to extract material for the age calculation and the >90 μm fractions 

were stored.  

For the HB section, the samples were first treated with HCl and H2O2 and then water-sieved to the 

desired fractions. The grain fraction described above is the one that was used to perform the OSL 

measurements. Polymineral 4-11 μm grains were separated using Stokes settling. 
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4.2.2. Quartz and K-fsp separation and treatment of the 63-90 μm fraction 

To isolate the quartz and k-feldspar(k-fsp) grains from heavy minerals in the 63-90 μm fraction, the 

samples were treated with LST fast-float liquid with 2.7 g cm-3 density. Samples from GH1 and GH2 

had their quartz and k-fsp separated with the use of LST with 2.58 g cm-3 density. An additional 

separation step was performed for the HB section. Before the second step that was previously described, 

the samples were treated with LST of 2.62 g cm-3 density and as a result the top layer of the separation 

consisted of feldspars and the bottom layer consisted of quartz and k-fsp. Then the second step from 

the GH1 and GH2 treatment was applied to separate quartz from k-fsp.  

The etching with HF was performed at the UNISS lab for both quartz and k-fsp based on the 

protocol from Porat et al., (2015). HF is applied so that the zone of the grains that is affected by α-

radiation can be removed. Feldspar emit a much brighter signal than quartz, so the contamination of the 

signal can be limited by applying HF and dissolving the feldspar. 

Quartz samples were treated for one hour with HF of 40% concentration. This way the outer part 

of the grain that is affected by alpha radiation is removed (Mellett, 2013). From experimentation on the 

effect of HF on quartz grains it has been concluded that the material removal varies from geologically 

mature to mineralogically less mature quartz. The maximum removal on geologically mature quartz 

was found to be 10μm. In mineralogically less mature quartz the effect was more significant (30-50μm) 

(Porat et al., 2015). During the HF etching Ca-fluorides can precipitate in the quartz sample but were 

dissolved after treating with HCl (40%) for 3-4 hours (with washing for longer time but more diluted 

HCl concentration can be an alternative). Then they were washed with distilled water and dried for the 

luminescence test measurements.  

The HF treatment of k-fsp was for shorter time and at lower concentration due to the effect that 

HF can have on grain size. The uneven reduction of the grain size that can be caused by HF treatment 

for a certain period of time (even in low concentration) can lead to the uncomplete removal of the alpha 

radiation zone. Therefore, the samples were treated with 10% HF for 15 minutes. Then they were 

washed with HCl as described above during the quartz preparation procedure overnight. The HCl was 

washed with distilled water. Then the samples were dried and stored for future analysis. 

4.2.3. OSL measurements 

All OSL measurements were undertaken in UNISS during May 2019. Water content was measured by 

samples that were taken from the surrounding material of the OSL tubes and the dose rate was calculated 

with the Inductively coupled plasma mass spectrometry (ICP-MS) technique to get the gamma and beta 

radiation from U, Th and K as in Stevens et al., (2007).  

Preliminary tests to check the reliability of the samples were performed on large (8mm) aliquots 

whereas the aliquots for the equivalent dose measurements were small (2mm). The OSL signal was 

measured on the 63-90 μm quartz grain fraction with two Risø TL/OSL readers equipped with 90Sr/90Y 

beta radiation sources (dose rates were 0.1140 and 0.1994 Gy/s), blue (470±30nm; ≈ 50 mW/cm2) light 

sources, and detection was through a 7mm U430 glass filter.  
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The OSL signal was integrated from channels 1-4 (first 0.64 s) and the background from channels 

5-14 (the next 1.6 s) in order to isolate the fast component of the signal for dating. The standard criteria 

for the acceptance of the aliquots needed to be met. If the recycling ratio was within 10% of unity, the 

test dose error was less than 10% and the signal was three standard deviations above the background 

(Wintle & Murray, 2006). An additional step was added to check the suitability of each aliquot by 

measuring the level of saturation. This is calculated using the saturation exponential equation (equation 

2). 

I/I0 = (1-exp-Di/D0)              (2) 

 

Where I is the OSL intensity based on the dose Di, I0 is the saturation intensity and D0 is best 

explained as the maximum dose level of the linear part of the equation before dose curve becomes 

stable. For the aliquots to pass this saturation test, they need to have a measured Di which is less than 

85% of 2*D0 (Thomsen et al., 2016). Measuring the ratio 2*D0/Di gives the percentage of saturation for 

each aliquot is estimated.  

The tests that the samples underwent to examine their reliability are presented below. These tests 

are standard for any OSL measurement (Murray and Wintle, 2000, 2003) and are made to examine the 

factors that can influence the samples as well as the reliability of the results that they provide. 

4.2.3.1. Quartz purity/IR depletion test 

In order to check for feldspar contamination in the processed samples, quartz purity is checked through 

infrared stimulated luminescence (IRSL) measurements (Duller, 2003). 

A key way to see the influence of feldspars in an aliquot is to expose the aliquot IR radiation and 

then measure the OSL signal following this IR stimulation. As quartz is unaffected by IRSL applied at 

room temperature, the OSL signal from quartz should not be affected by this exposure. Therefore, while 

executing a SAR protocol sequence two measurement steps with the same regeneration dose are 

applied: one with no IRSL stimulation and one with an IRSL stimulation before the OSL. The ratio 

between the post-IRSL OSL and previous regeneration OSL signal gives an estimate of the influence 

of feldspars on the quartz signal. The contamination ratio should not be more than 10% and if it is the 

aliquot is rejected or the sample re-processed in HF. 

4.2.3.2. Dose recovery preheat plateau 

Before performing the dose recovery preheat plateau, range finder tests were used to examine the 

possible dose range where the equivalent doses will be. For that, the equivalent doses (Gy) from 

Alexanderson and Fabel (2015) and Alexanderson and Bernhardson (2016) were used to put an 

approximate constraint on the expected age for the samples. The natural equivalent dose from these 

studies was used to construct a growth curve where the natural dose of this study’s samples will fall 

within its limits. The middle sample from each section (HB0102, GH1-30 and GH2-20) was chosen for 

this. One test can be considered likely representative for the whole section in this case due to the small 

thickness and the small likelihood that the source material will be different.  
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Since, it is important to see the ability of the protocol to reconstruct a known applied dose, a dose 

recovery experiment was conducted. This happens by completely bleaching the aliquots in the 

beginning of the measurements, approximating the bleaching under natural conditions. Then the known 

dose is given for the first run of the sequence. This known dose should approximate the natural dose. 

Then the ability of the protocol to obtain the value of a known dose is determined for a sample by 

measuring the ratio between the given dose after the sample is bleached and the laboratory reconstructed 

dose calculated after application of the full protocol (Fig. 20). The closer the value of this ratio is to 1, 

the more reliable the protocol can be considered. Normally a 10% error margin is considered acceptable.  

The second component of this test is the preheat plateau. The reason for creating a Preheat Plateau 

test is to test the behavior of the sample when applying different heating temperatures during the SAR 

protocol. A range of temperatures are used to see potential changes in equivalent dose with preheat 

temperature. If there is a plateau formed from the resulting equivalent doses, there is no effect from 

different temperature on the response of the sample. There are other criteria for the choice of the 

temperature when a preheat plateau is produced and will be examined below.   

For a Preheat Plateau test the response of three aliquots was examined at each different 

temperature. All three samples this was applied to, produced a very good plateau indicating that the 

temperature would not influence the upcoming measurements. HB0102 was the first sample analyzed 

(Fig. 14) and had the smallest deviations 

between the different aliquots both in 

regards of average equivalent dose and 

dose recovery ratio (Fig. 22) for the 

240˚C temperature. Since temperature 

was also found not to be influential for De 

values in GH1-30 and GH2-20, 240 ˚C 

were used for the calculation of the 

equivalent dose in all sections along with 

a 220˚C cutheat (preaheat before the test 

dose). This is considered to be a good 

temperature for the measurements since a 

very high temperature can destabilize 

deeper traps that may lead to overestimation of the age, whereas a very low temperature can have the 

opposite effect on traps (not stimulate them enough) and that would cause an underestimation of the 

real age.  

  

 Figure 14 Preheat plateau of HB0102. Average dose from three 

aliquots.  
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5. Results 

5.1. Grain Size analysis 

5.1.1. Brattforsheden area 

As a first indicator regarding the grain size composition of the sections, their grain size content 

distribution on a logarithmic scale was examined. In Figure 15 (A and B) the distributions of GH1 and 

GH2 are presented respectively. In both sections the distribution has the characteristic shape for loess 

even though the modal values seem to be in the coarser than silt grain fraction (70-97 and 68-97 μm for 

GH1 and GH2 respectively). To further understand the composition of these deposits with depth, one 

needs to look at Figure 16. 

 

Figure 15 The grain size distribution of the Gräshöjden sections are presented above. A) Gräshöjden 1 and B) 

Gräshöjden 2. 

 

Figure 16 Mean modal values (averaged by three measurements) and their standard deviation, along with 

skewness for the GH1 and GH2 sections. 

As seen in Figure 16, the modal values for both sections are in the fine sand fraction, but large 

sand particles are absent as seen in the distributions from Figure 15. The silty component on the sections 

that characterizes loess (Vandenberghe et al., 2018) is present in these section’s distributions and a 

significant medium to coarse sand component in the distribution is missing. This seems to indicate that 
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the two sections can be characterized as loess sections composed of coarse silt to fine sand. The 

logarithmic skewness as calculated by the method from Fork and Ward (1957) is also examined to show 

the loessic character of the sediments. For GH1 14 samples fine skewed and 5 samples were very finely 

skewed. The case is similar for GH2 also as 16 samples are finely skewed and 3 are very finely skewed.  

In Figures 17 and 18 below, the grain size distributions of the two sections from Finnhöjden are 

presented. The distributions with black color indicate samples that have a significantly sandier character 

and with blue the samples that mark the transition to loess. For FH1 the sandy distribution is found in 

the first three samples (0-9 cm) whereas for FH2 it is found for the first seven samples (0-21 cm).  

This difference in distribution becomes even clearer when looking in Figure 19 where the modal 

values of FH1 and FH2 are presented along with the skewness of the samples. The sandy nature of the 

already mentioned samples is further confirmed on Figure 19 since the samples have modal values in 

the fine sand fraction (80-141 μm), which then transition to a thick fine silty layer (49-55 μm) until the 

top of the section. The significantly increased standard deviation that is shown for the sandy samples is 

expected when using this type of equipment for grain size measurements.  

Skewness was calculated as for the Gräshöjden sections, with the sandy samples having higher 

logarithmic values compared to the loess layers in both sections, but with this difference being more 

evident for FH2. For FH1 12 samples are categorized are fine skewed and 4 as symmetrical (the samples 

with lesser skewness than 0.1 in Figure 19). For FH2 6 samples are symmetrical and 11 are finely 

skewed.  

Figure 17 Grain size distribution for FH2. Figure 18 Grain size distribution for FH1. 
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Figure 19 Mean modal values (averaged by three measurements) and their standard deviation, along with 

skewness for the FH1 and FH2 sections. 

5.1.2. Siljan area 

The Högkberg section is composed of coarse silty material, with very similar distribution through the 

whole section. Modal values are typical for loess (47-60 μm) and all samples are finely skewed. 

 

Figure 20 A) Grain size distribution for the HB section. B) Mean modal values (averaged by three 

measurements) and their standard deviation, along with skewness for the HB section. 

5.2. Luminescence dating 
The GH1 and GH2 sections showed feldspar contamination during the IR depletion test and were further 

etched with HF. This was probably due to the high concentration of feldspar that was left after the 

second density separation step in the quartz samples.  The samples from these sections were further 

etched, and the IR depletion test was executed again with all samples having very good values (0-1 % 

of contamination). The good quality of the signal is presented in Figure 19, which shows the signal 

from an aliquot for one sample of each of the three sections.  
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Figure 21 Fast component dominated signal from the three sections. 

Taking the preheat plateau results into consideration, as described in the method sections the SAR 

protocol presented in Table 1 was modified as shown in Table 4. The small aliquots of all samples gave 

good signal, which was dominated by the fast component. The three representative samples from each 

section showed that it reproduced the given dose very well as is shown in Figure 21. Especially HB0102 

and GH2-20 presented very good values with GH1-30 being within the acceptable error margins.  
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Figure 22 Dose recovery ratio graph for one representative sample from each section. Blue circle: HB0102. Red 

square: GH1-30. Orange rhombus GH2-20. 

The recuperation ratio was good for all sections. For GH1 the average value is 0.086 (n=121/126), 

for GH2 is 0.059 (n=78/78) and for HB is 0.0737 (n=67/72). For the same number of accepted aliquots, 

the average values for recycling are, 1.025 for GH1, 1.026 for GH2 and 1.025 for HB. Aliquots were 

rejected mainly due to poor recycling ratio. For GH1, 96% of the aliquots were accepted, for GH2, 

100% of the aliquots were accepted and for HB, 93% of the aliquots were accepted. 

 

 

 

 

 

 

 

Table 4 Applied SAR protocol on the OSL measurements. Configured 

based on Table 1. 
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A thermal transfer test was also performed on GH1-30 and HB0103 (Figure 25)after the 

estimation of the equivalent dose to make certain there is no thermal transfer. GH1-30 is also 

considered likely representative for the GH2 section also since the source material of the two sections 

is most likely the same. For both samples the dose transfer is very small (especially GH1-30) and that 

can further support the reliability of the OSL results.   

 

Figure 25 Thermal transfer test on GH1-30 and HB0103 samples. GH1-30 is considered a representative 

sample for both Gräshöjden sections. 

Figure 23 Recuperation ratio from the OSL measurements 

for each section. GH1 (n=121/126), GH2 (n=78/78) and 

HB (n=67/72). 

Figure 24 Recycling ratio from the OSL measurements 

for each section. GH1 (n=121/126), GH2 (n=78/78) and 

HB (n=67/72). 
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Figure 26 Weighted histograms of the paleodose results for one sample of each section. A) HB0101 (23/24 

aliquots). B) GH1-20 (23/24 aliquots). C) GH2-20 (30/30 aliquots). 

As seen in Figure 24 the paleodose results are well constrained with very few outliers. The dose 

rate results are not very high as can be seen in Table 4 were the final results are presented. Most of the 

ages are in chronological agreement. When this is not the case, the ages fall within the error uncertainty.  
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Table 5 Final results from the OSL measurements. Presented are the number of aliquots that were accepted for 

each sample, the equivalent dose acquired from the OSL measurement, the dose rate calculated from the ICP-MS 

method, the water content of the sample and finally the calculated age. 
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6. Discussion 

The results of this study for Hökberg seem to correlate with the geomorphological evolution of the area 

that has been suggested in the past, if we assume that aeolian activity ought to occur and cease 

immediately after local deglaciation. In contrast, the results from Gräshöjden suggest considerably later 

aeolian activity. For Finnhöjden, the existence of grain size data but not of the chronological 

stratigraphy of the sections makes interpretation more difficult.  

As shown in the results chapter, the luminescence properties of the samples appear to be 

reproducible and suitable for dating (i.e., strong fast component, passing of internal tests, good dose 

recovery results etc.). This is why the relatively young ages of GH1 and GH2 compared to the ones 

found by Alexanderson and Fabel, (2015), and compared to the estimated deglaciation age was 

surprising. One generalization that could affect these age estimates and that was made in this study (and 

indeed to some extent in all luminescence studies) and needs to be addressed is the water content used 

to calculate the ages of the sections. The water content that was used for the final calculations in sections 

GH1 and GH2 was chosen to be the same for all samples: the average water content from the five 

samples of GH1, as this is considered to be representative for the area given the timing of sampling. 

The sampling of these sections occurred in spring, where parts of the ground were still covered in snow. 

This resulted in very high in situ water contents for most of the samples and especially the ones from 

GH2. These are considered unrealistically high water contents for the duration of burial and were 

rejected. Instead the average of the water content results from GH1 was chosen and applied to both 

sections since it was considered to be more realistic, given the lack of freshly melting snow and frozen 

ground around the section. Even in this case though, the water content is very high (30%) when 

compared to other studies and given the regional climate it may also not be unrealistic. This is important 

since when one estimates the age of a sample, the water content chosen should represent similar 

humidity conditions through the whole burial time. However, further reducing the GH water content 

would exacerbate the difference in GH ages presented here and those in Alexanderson and Fabel (2015),  

by making the GH ages here even younger. The water content from HB can also be considered high 

(17-20%) but these are values that can also be found in other studies (Alexanderson and Bernhardson, 

2019; Alexanderson and Fabel, 2015).  

The small section from near the top of Hökberg (Fig. 28) indicates a deposition event of relatively 

short duration, soon after the deglaciation of the area. The event lasted approximately 1.5-2 ka from 

11.88±0.7 to 10.13±0.7 ka. The base of the section (HB-3) is much older (27.02±0.2 ka). The most 

probable reason for such a high age is the mixing of the deposited dust with poorly bleached moraine 

material that was produced during the deglaciation. The grain size composition of the section is on the 

medium to coarse-grained silt fraction (Vandenberghe, 2013). This is in line with the dust transport 

models that have been described in previous chapters (Chapter 1.3), since in that high altitude only fine 

material could have been transported. The loessic character of the deposits can be further supported by 
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the distribution presented in figure 18. Also, all samples are finely skewed and the very fine modal 

component is evident in the distribution, a component which is necessary for a deposit to be 

characterized as loess. The deposition of this loess layer coincides with the ages of deposition that have 

been reported by Alexanderson and Bernhardson (2016) for the sand dunes of the area of Bonäsheden 

(Fig. 27).  

 

Figure 27 Map of the Siljan area with the location of the Hökberg study site. The sand dune areas are 

approximated following the maps presented in Bernaldson & Alexanderson (2017). 
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Figure 28 Stratigraphical analysis, mean modal values with their standard deviation and the results from the 

OSL dating for the HB section. 

The results from GH1 and GH2 (Fig. 29) seem to not completely agree with previous estimations 

for the area. The grain size results do not fall within the standard categories of loess fractions. The 

section’s modal values vary from 68-97 μm with no particular pattern of variation as depth changes. 

The standard deviation is also small (mainly 0-10 μm), with factors like, homogeneity, measuring 

system error and operator’s bias being the possible causing factors. Previous studies on the Negev desert 

have also found loess deposits which are composed of fine sand material (Enzel et al., 2010). In that 

case as proposed by Crouvi et al., (2009, 2008) the sand dunes were reworked grinded by intense winds 

producing quartz sand grains. It is concluded that this mechanism is applicable in other areas besides 

the Negev desert as well. Considering the skewness and grain size distribution of both GH sections, the 

term loess is suggested to be used for these fine sandy deposits. If these deposits were pure sand, then 

the distribution would be different with a much more symmetrical shape.  
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Figure 29 Stratigraphical analysis, mean modal values with their standard deviation and the results from the 

OSL dating for GH1 (above) and GH2 (below) sections. 

A fact that complicates this scenario of fine sand production for the area of Gräshöjden however, 

is that in order for the regional sand dunes to be reworked and produce fine sandy material they must 

not be covered by vegetation. But Alexanderson and Fabel, (2015) have concluded that vegetation was 

established in the surroundings of Lake Alstern approximately at 9 ka BP. The chronological results for 
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the two sections of this study show accumulation of sediments from approximately 8 ka to 7 ka for the 

first 45 cm of GH1 and then another phase of sediment accumulation for the next 9 cm that lasted 2 ka 

while deposition for GH2 was from 8 ka to 6 ka, therefore the interpretation might not be very straight 

forward. The sand dunes that surround the two sections (Fig. 29) seem to be the primary source for the 

deposits. The deposition of these dunes as published by Alexanderson and Fabel, (2015) occurred from 

9-10±0.5 ka. If the chronology results are correct, then there may have been a reactivation of the dunes 

approximately 1-2 ka after the time it is thought that stabilization had occurred in the area. So, these 

results can be evidence for dust activity for an even longer period. It is even possible that the silty beds 

are a completely different depositional step that occurred after the complete formation of the local sand 

dunes.  

 

Figure 30 Map of the Brattforsheden area with the location of the Finnhöjden and Gräshöjden study sites. The 

sand dune areas are approximated following the maps presented in Alexanderson & Fabel (2015). 
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However, the validity of the chronology results should still be discussed. Roots can potentially 

contaminate the underlying sediment with younger material. The two sections and especially GH1 had 

roots in all layers. Roots can relocate younger sediment to deeper layers of the section, resulting in an 

underestimation of their age. But the ages are very similar, so the roots seem unlikely to have caused 

contamination with younger material. Also, the weighted histograms (Fig. 24) present acceptable 

results, as are the overdispertion results (7-19.1% for GH1 and 7.9-14.2% for GH2). The age results 

don’t seem to have two different groups of ages, something that would indicate contamination. Another 

source of uncertainty relates to the timing of deglaciation as it is known for the area, although this 

uncertainty may be of the order of 0.5 to maximum 1 ka and so cannot fully explain the young GH ages. 

The grain size results in Finnhöjden (Fig. 31) clearly present the transition of the deposits from 

fine sandy to coarse silty. In FH1 the sandy base is up to 10 cm from the ground, whereas in FH2 it is 

up to 20 cm approximately. The sand dunes from the near vicinities are considered the source for the 

coarser sandy base. This is more probable than direct transport from the glaciofluvial system. It is 

unlikely that material with modal grain size of 110-150 μm could have been carried by wind for a very 

long distance since saltation is the main way of transport for such material. The transition to finer silt 

could be explained by wind conditions of different intensity, which in the beginning were strong enough 

to transport coarser material, but after a point they could only transfer material that has been abraded 

and therefore is finer. Elevation can also be a contributor to this. FH1 and FH2 are at 276 and 275 m.a.s.l 

respectively whereas the sand dunes extend in various altitudes around 200 m.a.s.l. How impactful 

elevation is on how far coarse material can be transported has already been discussed (Chapter 1.3.2). 

This can explain the lack of sand dunes at Finnhöjden. Another way to explain the sandy lower layers 

can be as a mixture of fine material with abraded moraine that was exposed after the deglaciation. 

Luminescence dating would help test that hypothesis. 
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Figure 31 Stratigraphical analysis, mean modal values with their standard deviation and the results from the 

OSL dating for FH1 (above) and FH2 (below) sections. 
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The elevation factor that is found in Hökberg and Finnhöjden sites and led to the accumulation of 

coarse silt is absent from the Gräshöjden sites. In Gräshöjden the regional sand dunes are located either 

at similar elevation or higher than GH1 and GH2 (203 and 207 m.a.s.l respectively). This means that 

coarser particles can be transferred through saltation also and reach the GH1 and GH2 deposition sites. 

This is probably the main reason why the Gräshöjden sections have so coarse modal values. In contrast 

to that FH1 (Fig. 31), FH2 (Fig. 31) and HB (Fig. 28) that have modal values within the coarse loess 

fraction (Vandenberghe, 2013).  

Since the base of the two Finnhöjden sections are in the sand fraction, another theory could be that 

they are the remnants of previous sand dunes. Under this scenario, immediately following deglaciation 

or with delay, sand dunes formed on top of the revealed moraine but were not of significant thickness 

and were scattered by wind in the surrounding areas. After that, finer deposits abraded from the sand 

dunes closer to Lake Alstern or directly transported from poorly sorted glaciofluviual sediments of the 

delta system started accumulating on top of them. By obtaining a chronology for these two sections it 

could be clearer if there is a possibility of migrating sand dunes towards higher elevations, which ceased 

at a point and then finer material was possible to accumulate on top.  

Furthermore, adding a chronology on the two sections from Finnhöjden can be very beneficial in 

understanding the conditions under which these sediments were deposited in this part of the 

Brattforsheden area. Acquiring ages for the base of the sections could help understand the source 

material. With a reliable chronology it can be clearer if the coarse modal values are from fine material 

that has been transported and deposited while being mixed with moraine abraded material or it is sand 

that has been transported from the nearby dunes. Dating the upper layers of the sections can be 

beneficial in understanding the timing that fine material was being transported in this area. This way, 

the timing of fine sediment deposition from Finnhöjden can be compared to that from Gräshöjden to 

better understand the wind pattern existing in these areas and potentially understand the source of these 

deposits. If the ages of the finer sediments of the Finnhöjden sections overlap the Gräshöjden ages, it is 

more likely that they have reactivated regional sand dunes as source and not the glaciofluviual system, 

which by the time of the GH ages ought to be inactive and vegetated.  

Recent dating in dunes near Finnhöjden suggest dune activity even at 8.8 ka. This ongoing sand 

transfer might indicate the activity of migrating sand dunes that could lead to the formation of the sandy 

base layer that is found in FH1 and FH2.  

Furthermore, without a chronology of the Finnhöjden deposits, no reliable estimation can be made 

for why the Gräshöjden deposits indicate deposition from NW winds, whereas the Finnhöjden deposits 

indicate deposition from winds of NE direction. The potential sources for the material that formed the 

sections of this study are in their E-NE for Finnhöjden and N for Gräshöjden. Primarily the potential 

wind directions that have been suggested in the past having formed these silt beds have been derived 

after looking the regional sand dune orientations. Different timing of the loess at the different sites may 

be indicative of changing dust transporting wind patterns through time in the area.  
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Since the GH1 and GH2 deposits appear to be a combination of fine and slightly coarser material, 

with a simple model of just combining grain size and distance, their accumulation could occur from 

synchronous deposition of fine material from the dune formations of the northwest Alstern and coarser 

material could originate from the regional dunes. It is not clear if the wind regime of the area have had 

any changes of broad scale that could lead to this difference between these sites, or more local wind 

patterns were the determining factor for wind distribution. 
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7. Conclusions 

This study concludes that the silty beds that accumulated over the deglaciated areas can be categorised 

as loess after examining their grain size distribution, modal values and skewness. The distribution and 

skewness result typical for loess are present in all sections. Modal values are in the typical coarse silty 

loess fraction for the HB section and part of FH1 and FH2 sections, whereas for GH1 and GH2 they are 

in the coarse silt to fine sand fraction. Areas surrounding the three study sites are likely to have similar 

deposits (sand dunes) that acted as source material. For what material accumulated on the Finnhöjden 

and Högkberg sites, one of the regional characteristics that appears to be a determining factor is 

elevation. Besides reworked sand, finer material from e.g floodplains could be a potential source but 

further sampling needs to be done to be sure and more ages needs to be acquired (Finnhöjden). Modal 

results in all of the sections do not seem to have a changing pattern with depth that can lead to a 

conclusion about difference in deposition. They seem to be the result of depositional events.  

   For Hökberg the OSL results indicate deposition shortly after the deglaciation at approximately 

12-10 ka BP, whereas the two sections from Gräshöjden have been deposited significantly later than 

when the main phase of aeolian activity in the area is considered to have stopped. Their deposition 

occurred from approximately 8-6 ka BP, 1 ka after the estimated stabilization of the dunes. Further 

study of similar sediments is suggested to be more certain of the chronology acquired. The recent age 

results (8.5 ka BP approximately) for dune activity near Finnhöjden makes it even more essential to 

acquire detailed ages from these sections.  

   It has already been presented how the silt layers in the Siljan area become thinner as the distance 

is increasing from the source (Chapter 2.2). It would be very useful to sample various sites to confirm 

the nature of these deposits but most importantly distinguish if they are a product of a one long distance 

transport step or have accumulated gradually. This would not explain why they are becoming thinner 

as distance increases and that is the reason why dating various sections of this large silt covered area 

would be really useful.  
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