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Abstract 
Arctic Loess as an Environmental Archive: Holocene Dust and Wildfire Record in West 
Greenland 
Lars Petter Hällberg 
 
The largest wildfire ever observed in Greenland raged through its tundra during august 2017, and it is 
unknown if there have been similar wildfires in the area before satellite monitoring began in 1999. 
Arctic wildfires affect permafrost degradation, carbon storage of soils and the surface albedo of the 
Greenland Ice sheet – despite this, local fires have previously been ignored by researchers. Here, 
aeolian dust deposits are independently dated by radiocarbon and luminescence techniques and 
paleoenvironmental proxies and macrocharcoal contents reflecting local fires are analyzed. 
    The dating results indicate that the onset of aeolian deposition coincides with the deglaciation of the 
area, suggesting that paleoenvironmental proxy records from aeolian dust deposits may extend the 
entire ice-free period of the area until approximately 8 ka BP. Luminescence signals are generally 
partially bleached, resulting in age over-estimation of several samples. This effect is quantified using 
the pIRIR/IR ratio and different integration limit intervals.  
    No evidence for previous wildfires were found during the charcoal analysis, suggesting that the area 
around the assessed profile has never been burnt since its deglaciation. These first results show 
promise for the method, and in order to expand this to a regional estimate of the wildfire activity 
through the Holocene, analysis of more material is needed. 
 
Keywords: aeolian dust, IRSL, luminescence dating, charcoal analysis, magnetic susceptibility, 
wildfire 
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Populärvetenskaplig sammanfattning 
Arktiska lössjordar som arkiv för uråldriga klimat och miljöförändringar: en under-
sökning av mineralstoft och eldsvådor på västra Grönland 
Lars Petter Hällberg 
Den största eldsvådan någonsin observerad på Grönland drog fram över tundramarken i augusti 2017. 
Arktiska eldsvådor förminskar permafrostutbredning, kollagring av jordar och Grönländska istäckets 
albedo. Trots det har lokala bränder inte undersökts av forskare och det är helt okänt om liknande 
bränder härjat i området innan global satellitövervakning av bränder påbörjades år 1999. I den här 
studien dateras vindavsatta lössjordar med luminiscens- och kol-14-metoden. Möjligheterna att 
använda lössjordarna som miljö- och klimatarkiv samt deras innehåll av kolpartiklar som avges vid 
lokala bränder undersöks.  
    Dateringsresultaten antyder att avsättningen av lössjordar påbörjades i samband med att isen drog 
sig tillbaka från området under tidigare varmperioder. Det innebär att de studerade jordarna skulle 
kunna innehålla klimat- och miljödata från hela perioden när området varit isfritt upp till ungefär 8000 
år. Luminiscens-signalerna är generellt bara delvis blekta vilket gör att vissa åldrar från dateringen 
överskattas. Blekningen kvantifieras med hjälp av två olika metoder, och åldrar som är uppenbart 
felaktiga exkluderas för att skapa bästa möjliga datering av sedimentsekvenserna.  
    Inga bevis för tidigare eldsvådor påträffas i analysen av kolpartiklar, vilket tolkas som att det inte 
brunnit i området runt provtagningsområdet sedan den senaste istidens slut. Dessa första resultat är 
lovande för fortsatt arbete med metoden i området, och för att uppnå en regional uppskattning av 
bränders förekomst under hela holocen behövs fortsatta analyser på mer material. 
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1. Introduction 
Wildfire events have recently received a lot of attention due to unusually large fires around the globe 

during the last few years, and in particular during 2017 and 2018, from media (see e.g. editorials in 

Nature (2017) and National Geographic (Borunda, 2018)) and from the scientific community where 

the link to climate change is frequently discussed (see e.g. Evangeliou et al., in press, Melvin et al., 

2017, Bowman, 2018, Donovan, 2018, Stambaught et al., 2018). It has been suggested that we are 

already seeing increased severity of fire events as a result of global warming (Daniau et al., 2012, 

Ward et al., 2018), and that these fires serve as a harbinger for future furious wildfires regimes to 

come (Shvidenko & Schepschenko, 2013, Evangeliou et al., in press). In 2017 there was a wildfire in 

West Greenland which is unprecedented in its size and severity since satellite observations began in 

1999 according to preliminary reports (NASA Earth Observatory, 2017). It is unknown if fires of this 

magnitude are normally occurring features in the Greenlandic environment or indeed unprecedented in 

the Holocene geologic record.  

    Aeolian dust sediments are built up by the accumulation of mineral dust, silt and sand, transported 

by winds from the glacial outwash plains which produce vast amounts of fine materials (Willemse et 

al., 2003a, Dijkmans and Törnqvist 1991, Müller et al., 2016, Bullard and Mockford, 2018). As the 

sediments are deposited over time, they preserve material, such as charcoal and mineral properties, 

which can inform us of the environment at their time of deposition and can thus function as 

paleoenvironmental archives. Aeolian loess and sand deposits elsewhere have provided excellent high-

resolution archives for the Quaternary, e.g. the 100’s of meters thick Chinese Loess Plateau (Maher, 

2016) and in eastern European loess (Újvári et al., 2014). The aeolian deposits of West Greenland are 

thin (~1.5 m thick) and of Holocene age (Willemse 2003a, Müller et al., 2016, Hällberg 2017, 

Kumpala 2018), but since sediment availability is high and there has been continuous dust deposition 

for at least 5000 years in the study area (Willemse et al., 2003a). There is considerable promise for 

expanding the use of aeolian sediment deposits as environmental archives in this Arctic setting and it’s 

thus crucial to understand their age and dependence on environmental factors. 

 

 

1.1 Motivation 
The Arctic is a highly sensitive area, which may be especially susceptible to negative effects of 

climate change (Yde et al., 2018) in terms of for example ice sheet and sea ice loss, permafrost 

degradation and ecological losses. These factors have global implications due to massive potential 

positive feedback loops on global warming and sea level rise. The polar amplification (Bekryaev et al., 

2010) makes climate change in the Arctic about twice as fast in Greenland and as ice starts to melt, 

exposing either sea water or land, the surface albedo is greatly lowered, leading to accelerated 

warming. Wildfires emit large amounts of black carbon (BC) during partial combustion of organic 
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material (Andreae and Gelencser, 2006), and an increase in BC deposition on the Greenland Ice Sheet 

(GIS) would further exacerbate this effect as shown by modelling (Ward et al., 2018). Mineral dust 

emissions also contribute to lowering the GIS albedo by deposition on its ablation zone (Bullard and 

Mockford 2018). Wildfires has also been observed to accelerate permafrost degradation (Jones et al., 

2013, Chipman and Hu, 2017) and subsequent thermokarst bog development (Gibson et al., 2018). It 

is thus crucial to assess whether the recently occurring large fires in Arctic Greenland are part of the 

natural variation, or if there is a trend towards more severe wildfires as anthropogenic impact on the 

planet grows. Fires affect many different areas such as biodiversity, erosion, soil carbon storage, and 

surface albedo. By establishing the history of wildfire activity, researchers may be able to predict how 

fire activity in the Arctic will develop and affect the environment in a warming world and help to build 

a greater understanding of the dynamics of wildfire, climate and environment in the Arctic. 

 

 

1.2 Study design 
Windblown dust activity is high around the proglacial floodplains in West Greenland and in the 

studied area around Kangerlussuaq (figure 1) in particular due to the cold and dry climate. The glacial 

rivers supply large amounts of freshly eroded mineral material from the GIS which is subsequently 

picked up by the wind and deposited in aeolian deposits. The experimental setup in this study is to 

characterize these aeolian deposits and measure environmental proxies and their contents of charcoal 

fragments through the sediment sequences. This will yield an estimation of how fire activity in the 

area has varied over time as the dust has been deposited – or if there has indeed been any charcoal 

deposition at all at the study sites. By studying sites that was burnt in the summer of 2016 and 2017 

(NASA, 2018), we can also compare the signal from a modern fire against signals from further back in 

time, ground truthing the results of our methods. In order to establish a robust age model of the 

sediment sequences and the fire record, independent dating using both radiocarbon and luminescence 

techniques are used. Magnetic properties are measured to evaluate if the magnetic mineral assemblage 

in these aeolian sediments are affected by and record environmental change, something that has 

previously largely been overlooked in the literature. A first study conducted by Hällberg (2017) 

indicate that source proximity and variation in environmental conditions may affect the magnetic 

properties of an aeolian sand section in the area.  

    The history of local wildfires in West Greenland is previously missing in the scientific literature. 

Previous fire related research on Greenland has studied pollen and microcharcoal records in peat bogs 

near Norse settlements in south Greenland but these fires are solely interpreted as human use of fires 

and only stretch back about a millennia (see e.g. Schofield, et al., 2008, Panagiotakopulu and 

Buckland, 2013, Ledger et al., 2014, Ledger et al., 2016) or ice core chemistry, which measures 

diffuse fire sources such as long-range fire residue transport from North America (Savarino and 
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Legrand, 1998, Thomas et al., 2017) or Siberia (Zennaro et al., 2014). Fischer et al. (2015) showed 

that events of rapid warming during the last glacial period between 10 000 and 110 000 years BP was 

highly correlated with fire activity. Charcoal analysis in proximal aeolian sediments targets a much 

more localized signal from nearby tundra fires in Greenland compared to ice core data. During this 

project, ten sedimentary profiles have been sampled, of which radiocarbon dating are conducted on 

nine of them. Magnetic measurements are conducted on seven sections. Luminescence dating in the 

area has previously only been attempted in three studies and with limited success (Forman et al., 2007, 

Larsen et al., 2014, Müller et al., 2016), so here, focus is concentrated on high resolution sampling and 

analyses of different mineral and grain size fraction extracts from only four sections in an attempt to 

test which luminescence approach may provide reliable dating in this region. The charcoal analysis is 

conducted on one entire section and on recently burned surface sediments, and should thus be 

considered a feasibility study for applying the method in this Arctic terrestrial setting.  

 

 
Figure 1. Overview of the study area. Markers indicate sampling sites. Yellow sites have been dated using 
optically stimulated luminescence in addition to radiocarbon. Satellite data: Google Maps. 



4 
 

 

Figure 2. Magnified view of the study area around Kangerlussuaq. Markers indicate sampling sites. Yellow sites 
have been dated using optically stimulated luminescence in addition to radiocarbon. Modified from Anderson et 
al., 2017. 

1.3 Study area: 
The main part of the ffield work was conducted in the area around Kangerlussuaq/Sondre Stromfjord 

(67.02N, 50.69W)(Figure 1), the settlement housing the international airport, 25 km west of the GIS. 

The wildfire sites sampled here are located between Kangerlussuaq and Sisimiut, the second largest 

town in Greenland, situated on the coast approximately 170 km to the west of Kangerlussuaq.  

    There is a steep climatic gradient between Sisimiut at the coast and Kangerlussuaq near the GIS, 

with wet and stable temperatures near the coast and much drier with large seasonal fluctuations in 

temperature near the GIS due to less input of oceanic heat and moisture as well as the dominating 

katabatic winds from the ice sheet. Sisimiut climate is low-arctic oceanic (Wagner and Bennike, 2012) 

with annual precipitation of 631±250mm between 2001 and 2012 (Mernild et al., 2015) and annual air 

temperature of -3.9 °C. Mean winter temperature are -12 °C and summer temperature 5.3 °C 

(Woodroffe and Long, 2009). Kangerlussuaq has a continental subarctic climate (Willemse et al., 

2003b) with an average annual temperature of -5 C (Anderson et al., 2017) and precipitation of 

258±63mm between 2001 and 2012 (Mernild et al., 2015) and evapotranspiration of approximately 

300 mm/year (Bullard and Mockhart, 2018), resulting in a yearly net loss of water and very dry 

conditions. The February average is -26 °C and +11 for July (Willemse et al., 2003b). Wind directions 

in Kangerlussuaq are dominantly the katabatic winds from the GIS in the east/north-east, but a large 

portion of storms are blowing from the south (Bullard and Mockford, 2018). 

    During the last glacial maximum the GIS extended far into the sea, approximately 250-300km to the 

west of the current position (Anderson et al., 2017). Ten Brink and Weidick (1975) suggests that the 



5 
 

deglaciation of the terrestrial area was initiated at the start of the Holocene around 11 ka BP as 

indicated by radiocarbon dating of shoreline and moraine systems. The current understanding is that 

the GIS subsequently retreated at around 30 m/year on average, and approximately 6-7 ka BP it 

deposited the Ørkendalen moraine system within a couple of kilometres of its present position (Ten 

Brink and Weidick, 1975, van Tatenhove et al., 1996, Levy et al., 2012, Young and Briner, 2015, 

Lesnek and Briner, 2018). The current ice front is near (within ~10’s of meters) the Little Ice Age 

moraine system which were deposited during the LIA ice re-advance. In the time period 

(approximately 6 ka) between the deposition of the Ørkendalen and Little Ice Age moraine systems, 

the ice sheet front was somewhere behind its current position, possibly several 10’s of kilometres, 

before it started its re-advance somewhere between 4800-3200 years BP (van Tatenhove et al., 1996).  

    The bedrock is part of the Nagssugtoqidian orogen, dominated by Archaean gneisses and granites 

intruded by the Proterozoic Kangamiut mafic dyke swarm (Engström and Klint, 2014) (Figure 3). 

Several events of folding and thrusting has altered the bedrock, but generally, large faults and rock 

outcrops are east/south-east to west/south-west trending. In the study area the southern part granitic 

while the north is gneiss. The bedrock around Kangerlussuaq is felsitic orthogneiss while the gneiss 

closer to Russel’s Glacier is more mafic (Engström and Klint, 2014).  
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Figure 3. West Greenland bedrock. Modified from Engström and Klint (2014), based on van Gool et al. (2002).  
 

 

1.4 Charcoal analysis and previous fire work 
During incomplete combustion of organic material charcoal fragments in a range of sizes are emitted 

(AMAP, 2011). These particles are spread in the environment and persist for millennia due to the low 

reactivity of many forms of charred carbon (Bird et al., 2015). Depending on the size of the charcoal 

fragment, the potential range for wind transportation can range from no distance for very large 

fragments, the ~50-150 µm fraction travel several tens of kilometres (Duffin et al., 2008) while the 

aerosol-sized soot particles can travel up to several thousands of kilometres (Jurado et al., 2008). This 

size dependence of transport range enables conclusions about the proximity of fire events to the 

sample location. Charcoal fragments are often divided into a macro- and a micro fraction, where 

macro is larger than approximately 150 µm in diameter and micro are smaller (Duffin et al., 2008). 
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The practical difference is that macro-charcoal can be studied using a stereo microscope around 10-

50x magnification without previous chemical treatment while the micro fraction is studied at much 

greater magnifications (~400x) on pollen slides which generally require prior sample treatment (Clark, 

1988, Clark and Hussey, 1996).  

    Charcoal analysis has been used to characterise wildfire activity through the past millennia (or even 

hundreds of thousands of years; Wang et al., 2005 or a million years; Conedera et al., 2009) in studies 

around the world and a large body of data on local fire histories exist from many parts of the world 

resulting in global estimates of wildfire through the Holocene (see e.g. Power et al., 2008, Marlon et 

al., 2013). Interestingly, Greenland has until now been ignored in this regard. Peat cores or lake 

sediments are the most commonly applied samples for charcoal analysis (see e.g. Millspaugh and 

Whitlock, 1995, Ekblom and Gillson, 2010, Stahle et al., 2017), but in recent years, several authors 

has showed the feasibility in also sampling and analysing dry sediments (see e.g. Sass and Closs, 

2015, Miao et al., 2016, Lindskoug and Marconetto, 2017), and that charcoal fragments are commonly 

found in aeolian sediments.  

    Satellite observation of fire events has been done since 1999 by the Moderate Resolution Imaging 

Spectroradiometers (MODIS) (Voiland, 2011). Previous to this, to the best of this author’s knowledge, 

no observations of wildfires were conducted in Greenland, and scientists need to turn to the geologic 

record and sedimentological archives to extend this knowledge into previous centuries and millennia. 

The largest wildfire observed in Greenland was recorded by MODIS and other satellites in 2017 

(NASA, 2018), approximately 100 km north of Kangerlussuaq. The area burned was 23 km2 as 

estimated by Evangeoliou et al. (2018) which makes it a small fire on a global scale. Yet, 

approximately 117,000 t C and 23.5 t BC was emitted, of which 30% was deposited on the GIS, which 

despite the small size of the fire in a global context, had a noticeably negative impact on the GIS 

albedo which could become significant if fires become more common in Greenland (Evangeoliou et a., 

2018). 

 

 
Figure 4. Tundra vegetation before and after the 2017 wildfire 100km north of Kangerlussuaq. Image data: 
Copernicus Sentinel, processed by Pierre Markuse. 
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The Holocene climatic optimum, loosely defined between 8 and 3 ka BP (before present) (Figure 5) in 

Greenland, is of special interest in the record as it was a period of increased globally and could serve 

as an analogue of the warming trend we see today. During this time, wildfire activity spikes have been 

reported in several studies from Arctic Alaska (Anderson et al., 2006), Indonesia (Cole et al., 2015) 

Iberia (Morales-Morino et al., 2012), Florida (Mendieta et al., 2018). However, since the warming was 

coupled with higher humidity in many regions, and fires are governed by complex interactions 

between climate/weather and biotic processes (Fauria, 2011, Krawchuck and Moritz, 2011), the period 

is often associated with low wildfire activity as shown in review studies by Marlon et al. (2013) and 

Power et al. (2008), who also report a global major increase in wildfire activity between 3 – 2 ka BP 

which cannot easily be correlated with climatic changes.   

 

 

 
Figure 5. Holocene temperature and precipitation variations from 10 ka BP until the present (record stops at 95 
and 144 years BP for temperature and precipitation respectively). Data: Alley, 2004. 
 

 

1.5 The archive and aeolian geomorphology 
The main sources of aeolian dust and sand are the glacial outwash plains (Willemse et al., 2003a, 

Muller, 2016), in particular from Sandflugtdalen, Ørkendalen and south west of Kangerlussuaq 

Airport (Bullard and Mockford, 2018). Aeolian sand deposition was highest prior to 3400 years BP 

and during the little ice age (LIA) after 550 years BP in a record spanning approximately 5000 years. 

Through-out that record, the dust/silt influx to peat mosses was continuous but more intense during the 

same intervals (Willemse et al, 2003a). Wind erosion reworking and/or causing deflation patches of 

aeolian deposits, has been ongoing since the LIA (Heindel et al., 2017) due to the higher aeolian 

activity. 

    Bullard and Mockford (2018) has compiled a dust and weather record from Kangerlussuaq spanning 

from 1945 to 2015 (Figure 6). They show that dust activity is highest during the spring and autumn 

when the glacial outwash plains are dried up due to low river discharge and the snow cover is at least 
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partly absent. In July and August dust activity is low, precipitation and river discharge are high and 

during this period the flood plain sediments are often inundated or wet and does not get entrained 

despite high wind speeds. Snow cover in the area is generally thin and highly variable between years 

(Willemse et al., 2003b). Despite snow and any effect caused by freezing of surface sediments in the 

winter, Bullard and Mockford’s (2018) dataset show that dust transport is still high in the winter at 

approximately half the frequency of dust events in winter compared to spring and autumn. 

 

 
Figure 6. Climatic factors (precipitation, snow cover, wind speed and local river discharge) and dust activity 
data. Source: Bullard and Mockford (2018). 
 
 

1.6 Magnetic susceptibility 
Highly sensitive, non-destructive and rapid measurements of magnetic susceptibility (χlf) and its 

frequency dependence (χfd) parameters are routinely used in paleoenvironmental studies as proxies for 

past climatic and environmental conditions. High levels of χlf and χfd are indicative of rapid soil 

forming processes in sediments and the production of ultrafine highly susceptible particles which is a 

sign of humid conditions with high biological activity (Maher, 2007). There are also reports that 

magnetic minerals may also be affected by burning, (e.g. Clement et al. 2011, Till et al., 2015).   

    Soil magnetism and its paleoenvironmental implications has previously been largely overlooked by 

researchers in Greenland. Magnetic susceptibility has been used as a proxy for erosion or aeolian 

activity in a few limnological studies (e.g. Olsen et al., 2012, Perren et al., 2012), but to the author’s 

best knowledge never in dry terrestrial deposits before a sediment sequence was studied by Hällberg 

(2017). He found a large difference between aeolian sand and aeolian silty, organic rich ‘paleosol’ 
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layers, with the sand being high in χlf (20-70*107 m3kg-1) and low χfd (~2 %), while the silty layer 

showed an opposite pattern lower χlf by a factor of 20 and higher χfd by a factor of 3. The deposition of 

the silt unit in that profile was active until 800±30 year B.P (Kumpala, 2018). Hällberg discussed 

possible causes for variations in magnetic properties in this Arctic setting and proposed that the pattern 

found was in part caused by a domination of magnetic signal from coarser magnetic grains and that 

finer, including the ultrafine (less than ~25um (Maher, 1988)) superparamagnetic minerals, 

contributed little. This would lead to highly magnetic sediments deposited during periods of higher 

transport energy or with closer proximity to source area, and that a distant sediment source or warm, 

humid, calm conditions, and possibly anoxic gleyed soils, would produce fine aeolian deposits with 

low susceptibility. The driver of this could be the distance to the ice sheet, which was tens of km 

further inland during the Holocene climatic optimum (Ten Brink, 1995) and re-advancing again until 

the end of the LIA (Willemse et al., 2003a). 

    Hällberg (2017) also found that χlf and χfd of modern river-bank and glacial till sediments from the 

Watson River and Russel’s Glacier’s edge, likely sources for the aeolian sediments here, averaged 

25*10-7 m3kg-1 and 2.5 % respectively. Hällberg regards those values as ‘baseline’ values from which 

deviations indicate environmental effects on the samples. 

 

 

1.7 Dating 
Since accurate chronology of the sediments is essential for this study, using two independent dating 

methods provides a validation of the quality of the age estimations. Luminescence dating measures the 

time since the burial of the sediment, while radiocarbon measures the age of organic fossils. As the 

methods measure different objects and have their own separate sets of strengths and weaknesses, for 

example radiocarbon ages may suffer from modern carbon contamination or lack of datable material 

while the luminescence may not be well bleached in certain glaciogenic environments (Thrasher et al., 

2009), they are very useful complementary methods for cross checking the accuracy of the results.  

 

 

1.7.1 Luminescence background 
If sediments are stimulated by heat or a light, a faint light is emitted. This phenomenon has been 

recognised since at least the 17th century (Aitken, 1985) and arises from the emission of photons from 

electrons that has been trapped in elevated energy states caused by natural levels of ionising radiation. 

The more ionising radiation a material has absorbed, the more light it emits during stimulation. This 

signal is reset to zero upon stimulation and recharges slowly over time as it absorbs ionising radiation. 

Since the 1960’s this has been utilized to estimate the age of archaeological materials and 

subsequently also sediments – the event being dated is the last reset of the signal to zero i.e. when a 

sediment was last exposed to sunlight before burial, or pottery was heated during production. By the 
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1980’s the luminescence characteristics were quite well explored, see e. g. the classical work of Aitken 

(1985). This early work stimulated the samples by heating up to ~500 °C (thermoluminescence, TL) 

and many aliquots (small subsamples) to estimate a single age value. More recent work often uses 

single aliquots and a combination of heat and photons of specific wave lengths (optically stimulated 

luminescence, OSL) together with appropriate filters in front of a light detector (photomultiplicator 

tubes, capable of counting individual photons (Bøtter-Jensen et al., 2010)) to characterise the 

luminescence signal (see e.g. Duller, 1991, Duller, 2004). Today, the most commonly used techniques 

apply the single aliquot regeneration (SAR; Murray and Roberts, 1997, Murray and Wintle, 2000, 

Wintle and Murray, 2006) protocol to quarts or feldspar, stimulating a single aliquot in at least 6 

cycles of varying irradiated doses to estimate an ‘equivalent dose’ (De), a dose corresponding to the 

natural dose absorbed by the sample in the environment. Optical stimulation using either green, blue 

or infrared (IR) light emitting diodes (LED) combined with moderate heating of the material releases 

the trapped charge. The use of blue or green light on quartz is usually termed optically stimulated 

luminescence (OSL) while optical stimulation using IR emission is termed infrared stimulated 

luminescence (IRSL) – an umbrella term, including OSL, IRSL, TL (etc.) is ‘luminescence dating’ 

(Duller, 2004). The SAR protocol is more precise and requires much less material (only one aliquot at 

~1-10 mg per age estimation) than previous multiple aliquot regeneration protocols (Wintle, 1997) 

(which required approximately 500 mg grains per age estimation, (Duller, 2004)), and recent 

development even allows for the measurement of the luminescence signal of single sand grains (see 

e.g. Jacobs et al., 2006, Arnold and Roberts, 2011, Fu et al., in press).  

    For the luminescence dating application, the age of samples can be described by:     

 

𝐴𝐴𝐴𝐴𝐴𝐴 (𝑘𝑘𝑘𝑘) =  
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝐺𝐺𝐺𝐺)

𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝑘𝑘𝑟𝑟𝐴𝐴 (𝐺𝐺𝐺𝐺𝑘𝑘𝑘𝑘)
 

 

The age calculation thus requires 1) estimation of the absorbed dose, which is done by measuring the 

light emitted during stimulation, and 2) estimation of dose rate by measuring the concentration of 

radioactive elements in the sediment itself and its immediate environment by gamma-spectroscopy 

(Murray et al, 1987).  

    Ionising radiation from radioactive elements in the environment excites electrons. Some of these 

become trapped in an elevated energy state in (electron traps in defects in the crystal lattice (Wintle, 

1997)). When they are stimulated optically by the sun (or by light emitting diodes (LED) in the lab) 

the electrons leave the traps (via the conduction band) and returns to a lower energy state 

(recombination centre or hole trap) and a photon is emitted. The number of electron traps, and thus the 

number of electrons that can be trapped, are finite. This leads to a saturation of the traps after a certain 

amount of radiation has been absorbed (Buylaert et al. 2012) is usually around 200 Gy for quartz OSL 
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and 1000 Gy for potassium feldspar IRSL, resulting in upper potential dating limit of 100-150 ka for 

quartz (Thomsen et al., 2008) and 600 ka (up to ~1 Ma in low dose rate environments) for felspars 

(Buylaert et al., 2012). The lower limit is on the magnitude of years to decades, as discussed by 

Madsen and Murray (2009), with examples of sand ridges being dated to as young as 6+-2 years 

(Ballarini et al., 2003). This range is far more impressive than radiocarbon that has trouble dating 

samples younger than 450 years due to calibration issues (Madsen & Murray, 2009) and older than 

~50 ka. On the other hand, error bars are larger for luminescence than radiocarbon, which usually are 

at least 5% for luminescence (Murray and Olley, 2002) but can be much smaller for radiocarbon in 

certain age ranges (see e.g. Újvári et al., 2014).  

    The assumptions required for estimating the ages of sediments based on laboratory measurements of 

luminescence signal and its response to laboratory irradiation is 1) traps are filled in the same manner 

during natural/environmental radiation, even though the laboratory dose rates are about 9 orders of 

magnitude higher than the environmental irradiation, 2) luminescence response is the same from 

natural and laboratory induced signals and 3) the traps are stable over geological time scales. 

Assumptions 1 has been shown to be true by comparison of luminescence derived dates and other 

dating methods, primarily 14C dating, while assumptions 2 and 3 are true if appropriate sample 

treatment and correction of the data (Murray & Wintle, 2000) are conducted. 

    Radioactive decay of potassium, thorium and uranium of, as well as to a lesser degree, cosmic 

radiation (5-10% in the near surface sediments (Duller, 2008) and rubidium, give rise to naturally 

occurring ionising radiation in the forms of alpha, beta and gamma rays. These isotopes have half-

lives in the order of 109 years (Aitken, 1985). Potassium-40 emit beta and gamma radiation during 

decay to argon-40 and calcium-40 respectively, with gamma and beta emission making up 10.72 and 

89.28 % respectively (Guérin et al., 2011). Rubidium-87 decays to strontium-87, emitting beta 

radiation. Thorium-232 decays to the stable isotope lead-208 through a series of radioactive daughter 

isotopes while emitting alpha and beta particles. The most important uranium isotope is Uranium-238, 

but a small contribution also comes from Uranium-235. These isotopes decay in decay series via 

several daughter isotopes to stable isotopes lead-206 and lead-207 respectively while emitting alpha 

and beta radiation (Aitken, 1985). The thorium and two uranium decay series are complicated by 

daughter isotopes, radon-220 in the thorium series, radon-219 and -222 in the uranium series, are gas. 

In porous sediments or pottery, this can alter the dose rates substantially if the gas emanates from the 

material – this is mainly a problem in radon-222 due to its longer half-life of 3.8 days compared to 55 

and 4 seconds for the other two (Aitken, 1985). 

    Alpha radiation a is heavy, short range particle, emitted mainly from thorium and uranium (Aitken, 

1985), consisting of two neutrons and two protons that has been emitted from an atom during 

radioactive decay. Due to the high mass and charge of the alpha particle, it interacts with materials and 

can only penetrate ~20um into a silicate mineral (Wintle, 1997). This means that for sands, only the 

outer layer will receive alpha radiation making the absorbed dose within single grains inhomogeneous. 
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This effect of alpha radiation is routinely removed by etching the outer layer using hydrofluoric acid 

(HF). For very fine grains, for example the commonly used 4-11 µm silt fraction, the grains are 

smaller than the penetration distance, and alpha radiation makes a substantial contribution to the 

natural dose rate of the sample (Polymeris et al., 2011). Beta particles are electrons emitted during 

radioactive decay. Beta radiation penetrates pottery or sediments a ~1 to 3 millimetres (Aitken, 1985, 

Vafiadou et al., 2007). This distance is greater than the diameter of the sand and silt grains commonly 

used in luminescence dating, making this contribution between grains important. Gamma radiation is 

electromagnetic radiation of very short wave-length, mainly emitted from potassium-40 and has a 

penetration range of around 30 cm in sediment (Aitken 1985). Due to the difference in penetration 

distance, alpha radiation comes mainly from within the grains themselves, while beta and gamma 

radiation, comes from the surroundings of the sediment. For gamma radiation, the dose rates of 

geologic material in the immediate surrounding with different dose rates than the sample itself, such as 

bedrock or peat, must be considered – the best sample location is in a uniform surrounding for at least 

30 cm in all directions (Aitken, 1985, Duller, 2008). 

    Water content of the sediments influences the dose rate. 1% water lowers the dose rate by approx. 

1% (Duller, 2008) because water absorbs dose. The water content of the sediments for the entire 

depositional time must be estimated. This can vary by high amounts depending on the history of the 

deposit, especially in the case of river or lake sediments which may have been completely saturated at 

times and drained at others. This introduces an uncertainty in the age estimations (Aitken, 1985, 

Duller, 2008). 

 
 
1.7.2 SAR measurement protocol 
As a mineral is irradiated and bleached, the sensitivity, i.e. the amount of luminescence produced per 

unit radiation absorbed, changes (Singhvi et al., 2011). This is observed both in quartz and feldspar 

(Murray and Wintle, 2000 Wallinga et al., 2000). This sensitivity change is sample dependent, often 

with an increase of 5-10 % per stimulation (Duller, 1991), and must continuously be corrected during 

measurements. The SAR-protocol quantifies and corrects for the sensitivity change by irradiating the 

aliquot by a known dose and measuring its luminescence response during each regeneration cycle 

(Murray and Roberts, 1998). The correction is done by dividing measured luminescence signal by the 

test dose signal (Lx/Tx) where Lx is the luminescence signal arising from the regeneration dose (or the 

natural dose in the first SAR cycle) and Tx is the directly subsequent test dose luminescence response. 

    Quartz and feldspars are the most common minerals used in luminescence dating as they are 

abundant and reliable as retrospective luminescence dosimeters. Quartz is usually the first choice due 

to their faster bleaching rate, relative abundance in many sediments and better signal stability over 

time. However, the luminescence signal emitted by quartz is in some cases too weak to produce useful 

results, in particular in proglacial environments (Duller, 2006, Thrasher et al., 2009, Alexanderson and 
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Murray, 2012, King et al., 2014), and saturates at a younger age than felspars. Feldspars are more 

consistent in giving off luminescence during stimulation due to a higher intrinsic luminescence 

sensitivity, and can thus be used in luminescence dating on a wider range of geologic materials. 

Feldspars requires age-correction due ‘anomalous fading’, which is the loss of luminescence charge 

over time and has been ascribed to quantum mechanical tunnelling of trapped excited electrons to 

nearby low-energy acceptors (Aitken, 1985, Thomsen et al., 2008).  

    Quartz luminescence signal bleaches/resets much more quickly than potassium feldspar. This was 

characterized by Godfrey-Smith et al. (1988) who showed that the luminescence signal is reduced by 

99% following 10 seconds sunlight exposure in the case of quartz, and after 9 minutes sunlight 

exposure for feldspar. It was also found that the rate of bleaching was proportional to the light 

intensity. For Arctic sediments, this has the implication that bleaching will be rapid during the 

summer, but slow to non-existent from autumn until spring due to the low solar insolation. If the 

deposition is slow and the freshly deposited sediments lie on the surface during the summer, the poor 

bleaching during the dark season is generally not a problem as they will be bleached by the sun during 

the summer. If the dominant part of the sediments is deposited in bursts, for example during storms or 

glaciofluvially during episodic snowmelt events, the probability of bleaching will be much lower due 

to high suspended sediment loads and that most of the deposited sediments will never be lying on the 

surface, impairing post-depositional bleaching (King et al., 2014). 

    Incomplete bleaching of feldspars can be characterized by pIRIR/IR50 measurements as the two 

different signals are bleached at different rates (Yi et al., 2016, Tsukamoto et al., 2017). This method 

is not available for quartz OSL since the IR and pIRIR stimulation is not used. Another method of 

estimating the grade of bleaching is to analyse histograms of De-measurements from many aliquots or 

single grain measurements (see e.g. Thomas et al., 2006, Duller, 2004). If all De’s are centred around 

an average, the signal was reset for the entire population of grains in the sample in the same event. If 

there is a large scatter in De-values however, the signal must have been incompletely reset during 

burial, or even reset at different burial or reworking events (Duller, 2006). Single grain analysis is a 

much more powerful tool to distinguish between differentially bleached grain populations than whole 

aliquots, as the signal from ~100 grains are averaged using 3 mm aliquots for 250-300 µm grains, or 

up to ~1000 grains for the 63-90 µm fraction (Duller, 2008b). 

    Thermal transfer is the transfer of charge during the preheat from shallow light-insensitive traps, to 

deeper, light-sensitive traps (Madsen & Murray, 2009). This charge is thermally stable enough to 

persist during the burial period, but less stable than the traps emptied during light stimulation (Murray 

and Wintle, 2000). During thermal treatment (preheat), this signal may be released if the preheat 

temperature is too high and the charge is released and retrapped in deeper OSL/IRSL traps. This 

thermal transfer thus leads to an overestimation of De-values as the charge is released during 

stimulation and should be kept to a minimum by choosing a suitable preheat temperature (Reimann et 

al., 2011). 
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1.7.3 Testing the validity of the SAR-protocol 
    An added zero-dose should result in zero luminescence response. Due to charge transfer between 

different electron traps during preheat, irradiation or stimulation, this is not however always the case 

(Wintle & Murray, 2006). This can be tested at the end of the SAR-protocol: no dose is added, a 

preheat is applied and the luminescence under optical stimulation is measured and followed by a 

sensitivity correction. The sensitivity corrected luminescence signal is divided by the natural dose as 

R4/N where R4 is 0 Gy added dose and N is the natural sensitivity corrected dose. The recuperation 

should be close to 0 %, and below 5 % of the natural signal to pass this test (Wintle and Murray, 

2000). The recuperation tests also indicate if the bleach at the end of each SAR cycle bleaches the 

entire luminescence signal (Wallinga et al., 2000). 

    A recycling test is routinely conducted for every aliquot during a SAR-protocol, which entails a 

cycle with a repeated added dose value. The repeated sensitivity corrected luminescence response is 

divided by the original sensitivity corrected luminescence signal as R5/R1, where R5 is the repeated 

luminescence value and R1 is the value from the first measurement. If the ratio diverges < 10 % from 

1, the aliquot can be considered to produce repeatable results (Murray and Wintle, 2000). 

    Preheating samples before optical stimulation in the SAR-protocol is required order to emptying 

unstable shallow traps which has been filled mainly during laboratory irradiation (Wintle & Murray, 

2000, Murray & Wintle, 1999) as well as reducing the effect of anomalous fading (Wintle, 1997), but 

can also cause sensitivity change and thermal transfer (Murray and Wintle, 2000). Too low preheat 

temperatures do not empty the shallow traps sufficiently resulting in underestimations of De-values 

(Buylaert et al., 2011). If the temperature is too high, charges trapped in shallow traps can be thermally 

transferred to deeper traps and give off additional luminescence resulting in overestimations of the 

equivalent doses (Wintle & Murray, 2006), which young samples are more susceptible to and should 

usually thus be preheated at a lower temperature (Rhodes, 2000). To test what temperatures are 

suitable, a range of preheats from 160-300 °C is tested on groups of aliquots in steps of 20 °C is often 

applied. If a “preheat plateau”, a range of preheat temperatures where the De does not change, is 

evident, any of those temperatures are suitable (Murray et al., 2009). If the estimated doses or error 

bars are increased, thermal transfer or remaining charges in unstable traps are likely the cause (Wintle 

and Murray, 2006). 

    The infra-red stimulated luminescence signal is usually measured at 50 °C, denoted IR50 and the 

post-IR IRSL (pIRIR) at an elevated temperature around 180-290 °C. The pIRIR signal requires very 

little fading correction (Buylaert et al., 2009) or in the case of pIRIR at 290 °C, possibly no fading 

correction at all (Buylaert et al., 2011 and references therein). IR50 signal are stable over geological 

time periods (109 years; Murray et al., 2009) and comes from shallow electron traps that are quickly 

and completely bleached, making it suitable for use in an Arctic environment. However, the IR50 



16 
 

signal also fades at higher rates compared to the pIRIR which comes from deeper, more stable traps 

(Buylaert at al., 2009, Li & Li, 2010, Thomsen et al., 2010).  

Dose recovery tests are applied to test of the behavior of the sediments and if the application of the 

SAR protocol is successful by measuring if doses added without any previous thermal treatment or 

stimulation can be well estimated by the SAR-protocol. Specifically, this evaluates if the natural signal 

of a sample is well reproduced, or if sensitivity changes upon preheat or stimulation has occurred 

(Wintle & Wintle, 2006) which would result in an erroneous De. The dose recovery test can be made 

by adding a known laboratory dose to a young sample of known natural dose, estimating the De using 

the standard SAR-protocol and subtracting the natural dose. If the sample is behaving as expected, the 

estimated De should be the same as the laboratory added dose. Wintle and Murray (2000) suggests a 

10% deviation from the added dose to be acceptable. Instead of using a young sample with known 

natural dose, the sample can be optically bleached by sunlight or a solar simulator before laboratory 

irradiation in order to produce a sample with a known added dose that has not been previously been 

laboratory heated or stimulated, which would have altered its sensitivity. The added dose should be 

approximately equal to the natural dose of the sample (Wintle & Murray, 2006). 

    When exposed to sunlight, the luminesce signal is bleached. The signal does not however 

completely reset to zero, and a residual dose remains (Buylaert et al., 2011, Reimann and Tsukamoto, 

2012). If this residual dose is significant, it has to be accounted for when calculating the age of a 

sample. Quantifying the residual dose is easily done by measuring the equivalent dose following 

intense light exposure which should completely bleach the sample. 

 

 

2. Sections and samples 
Ten field sites were sampled during June and July 2018 (Figure 1). Sediments collected for charcoal 

analysis were taken at 5cm resolution from each site, with 5cm vertical extent, i.e. continuous samples 

from the sequence with no hiatuses. Magnetic susceptibility measurements were done on the same 

samples used in charcoal analysis, except for section K1 where a resolution of 2 cm was used for a 

total of 176 samples. 22 OSL samples were collected from four sites. Organic rich sediments for 

radiocarbon dating were picked from the sections where possible, and for sites lacking large fragments 

roughly 2-3 kg sediment were collected for later sieving in the laboratory. A total of 35 radiocarbon 

samples were collected.   

    High resolution pictures of each section can be found in the appendix (Appendix figures 2-10). The 

stratigraphies are outlined in the results section and additional information is found in table 1. Three 

sites burned by wildfire were sampled between Kangerlussuaq and Sisimiut, on the Arctic Circle Trail. 

The wildfire sites are here referred to as F1S2, F2S1 and F3 (see table 1). F1S2 was burnt in August 

2017 (NASA, 2018), F2S1 burnt in August 2016 (NASA, 2018), and F3, the smallest wildfire site, had 
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an unknown burn date but fire scars appear relatively fresh so was likely burnt in the last few years. 

Site F1S2 was sampled on the edge of a burnt peatbog, mostly composed of peat moss but a large 

contribution of sorted fine grained material, possibly aeolian silt towards the bottom where permafrost 

was encountered at 56cm depth. Only the a few upper centimeters of the moist peat were affected by 

the fire, but the surrounding tundra vegetation and dry soils/sediments were highly affected and eroded 

following the fire. The wildfire had affected approximately 1200 by 300 meters of land roughly 

estimated. Site F2S1 burn area was roughly 600 by 200 meter. The sampled section is located, 

approximately 10 m away from burn affected ground on a small hill and consists of fine sands that 

seem well sorted. The sample’s elevated position in the surrounding landscape, appearance, grain size 

and degree of sorting suggests that the sediments are of aeolian origin and that some coarser particles 

observed at the surface and near the bottom are from upslope colluvium. There were however no 

apparent similar deposits observed in the area, and no obvious aeolian sediment source nearby, so the 

possibility that the sediments may have been deposited in a lake environment can’t be ruled out, even 

though it would have required substantially changed landscape and hydrology in the area. Wildfire site 

F3 is an approximately 100 by 100 meter burned area characterized by glacial tills sediments and 

sparse vegetation, some of it burned. This site is near the coast where the precipitation is significantly 

higher compared to Kangerlussuaq (Mernild et al., 2015), and the tundra ground and vegetation is 

much less severely burnt here compared to the two other drier fire sites. No easily dug sediments were 

available at site F3, and a very thin peat/till section as well as surface samples were collected. 

 

 
Figure 7. Tundra charred during a wildfire in 2017 near site F1S2. 
 

Seven aeolian sections were samples between Kangerlussuaq and the GIS. Two sections, A2 and A6, 

were sampled near the Ammalortoq lake, 25 km south east of Kangerlussuaq. The lake has dried up 

significantly, exposing around 100 meters of the beach, which supplies large amounts of sandy and 
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silty sediments which are entrained by wind and deposited in aeolian sand dunes near the beach and 

silty deposits on the adjacent hill sides, in particular on the moraine complex (most likely the Umîvît-

Keglen deposited approx. 8 ka BP) the on the western flank of the lake. The nearby river floodplain 

Pinnguarsuup Alannguata Kuussua also likely provides sediment input from the glaciers to the south 

east. Approximately 3-4 m thick varved clay outcrops are being eroded on the edges of the dried up 

Ammalortoq lake bed. Section A2 is a dune form sampled on the edge of the beach and section. 

Section A6 is situated on a moraine ridge on the hill slope and consists of silt and sand. Site K1 is 

situated on Kitchen Mountain overlooking Kangerlussuaq Airport and consists of aeolian silt. The 

Sandflugtdalen section is a silty to sandy sequence, located on a gently sloping hill approximately 30 

m above the Sandflugtdalen flood plain which is one of the major sources of sediments in the area (see 

e.g. Willemse et al., 2003a or Bullard and Mockford, 2018). The two sites near Russel’s Glacier 

overlooks the ice sheet on a small mountain and are loess like in appearance. Section RS2 is located 

near the top of the mountain and RS1 60 m further down. Downslope from these sites are much 

coarser sand dunes/sheets (see e.g. Willemse et al., 2003a, Hällberg, 2017, Kumpala, 2018). The Lake 

Isrand site L1 is an ice-dammed lake that was partly drained during the last decades (it presently 

appears drained on Google Earth (June 2018) but is filled on our satellite image map anno 2007). The 

sequence sampled is taken from near the old lake bottom. This lake and its Holocene evolution has 

previously been described in detail by Carrivick et al. (2017).  

 

 

Table 1. Field sites. One sediment profile was collected from each site. 

Name Code North West Thickness 
(cm) 

# of 
luminescence 
samples 

# of 14C 
samples 

Elevation 
(m a.s.l.) 

Fire 1 F1S2 66.91980 51.79896 56   1 145 
Fire 2 F2S1 66.97288 52.15960 123   3 296 
Fire 3 F3 66.95032 53.45779 22    369 
Russel low RS1 67.09043 50.26257 92  10 6 290 
Russel top RS2 67.08965 50.27686 95  3 3 348 
Kanger K1 67.02688 50.69279 62   2 328 
Ammalortoq silty 
slope 

A6 66.90000 50.25156 105   2 nd 

Ammalortoq 
sand dune 

A2 66.89342 50.25090 130  3 3 42 

Sandflugtdalen F1 67.06147 50.40383 84  6 6 182 
Lake Isrand L1 67.14455 50.06666 170   9 381 
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3. Methods: 
3.1 Magnetic susceptibility 
Magnetic susceptibility (χlf) and the frequency dependence (χfd) of 176 bulk samples of around 10g 

each was measured using an Agico Kappabridge MFKA-1 at 200 A/m field strength and 976 and 

15616 Hz frequencies. Magnetic susceptibility measured at 976 Hz is referred to as χlf. The samples 

were quite dry in their natural state and were not oven dried, as previous attempts has shown that this 

may alter the magnetic properties of some samples (Hällberg, 2017). Frequency dependence is 

calculated as χfd (%) = 100 (χ976Hz – χ15616 Hz) / χ976 Hz where χ976Hz and χ15616 Hz are the magnetic 

susceptibility measured at 976 and 15616 Hz.  

 

 

3.2 Radiocarbon dating 
35 bulk radiocarbon samples were sent to Isoptoptech AMS laboratory for AMS radiocarbon dating. 

Sample sizes ranged from approximately 50g in organic rich samples up to ~3kg where useful carbon 

fragments were expected to be less abundant. Samples were dried for a week at 60°C and subsequently 

sieved using four stage sieving, with the smallest mesh being 40 µm. The remaining material was 

checked under a microscope. Bulk combustion of ten samples following density separation in water 

and removal of floating root contamination.    

 

 

3.3 Luminescence dating 
Luminescence samples were collected using steel tubes with an internal diameter of ~40 mm and a 

length of 19 cm resulting in a sediment volume of roughly one liter. The samples were wet sieved into 

size fractions <63 µm, 63-90 µm, 90-180 µm, 180-250 µm, 250-300 µm and >300 µm. The silt and 

clay (<63 µm) fraction were collected in a ~10 litre bucket and after subsequent settling and decanting 

dried. For the purposes of this thesis, the 63-90 µm and 250-300 µm fractions were analysed. Samples 

were treated with 10% HCl and 10% H2O2 for one hour to remove carbonates and organic material and 

subsequently etched for 40 minutes using 10% hydrofluoric acid (HF). To remove any remaining 

fluorides after rinsing, the samples were treated with 30% HCl. Heavy liquid separation using LST 

fast float at 2.58 g*cm-3 density was applied to separate the heavy (quartz and Na- or Ca-rich feldspars 

(Wintle, 1997)) and the lighter potassium feldspar fractions of the samples. The quartz fraction was 

etched for one hour in 40% HF to remove any feldspar contamination (Wintle, 1997) and subsequently 

washed in 30% HCl. The samples were then rinsed three times with distilled water and dried at 50°C 

before the luminescence measurements. 
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    All luminescence measurements were conducted on the Risø TL/OSL reader ‘Mars’, model 

TL/OSL-DA-20 (Bøtter-Jensen et al., 2010, Risø Product catalogue 1803a, 2018). The instrument 

accommodates a calibrated 90Sr/90Y beta source with a dose rate of 3.66 Gy/min and LED’s with 

both blue (470 nm) and infra-red (870 nm) emission. 

    Dose rate was measured for 24 hours in a gamma spectrometer (Murray et al., 1987) sing 

approximately 150 g samples, taken from the immediate surrounding of each inserted sample tube in 

the section. The sediments were ground to a very fine and homogenous texture and cast in wax after 

ashing at 450°C for 24 h to remove organic material and calculate the organic matter content. 

Saturated water content was estimated by measuring the weight loss of saturated samples upon drying 

for at least 24 h at 50°C. In the dose rate calculations, the modern water content was assumed to be 

representative for each sample since its deposition. Since the deposits are of aeolian origin, relatively 

thin, and due to their position in the landscape, it is unlikely that they have previously been affected by 

for example running water which would have saturated the sediments with water. 

    The OSL-signal were measured on 11 quartz extracts on 8 mm aliquots on grain size fractions 63-90 

µm and 250-300 µm as well as 180-250 µm for one sample. The quartz extracts were stimulated using 

IR (870 nm) and blue LED’s (470 nm) for 40s at 125 °C and a preheat temperature of 180 °C using a 

heating rate of 5°C per second and held at 180 °C for 10s before cooling to room temperature. The IR 

stimulation resulted in no luminescence signal, indicating that the pure quarts had been achieved and 

no feldspar contamination was present (Stokes et al., 1992). The blue light stimulation produced 

almost no luminescence response from the quartz, so the potassium feldspar extracts was targeted 

using infrared light for the rest of the measurements. 

    Infrared stimulated luminescence (IRSL) measurements of potassium-rich feldspar extracts on 3 

mm aliquots was conducted using a single aliquot regeneration, SAR50, 180, protocol. The SAR cycle is 

repeated six times with variation of the dose in step 1 (Table 2) to construct a growth curve (Figure 

20) of regeneration dose over test dose (Lx/Tx). In cycle 1 the laboratory irradiation is zero and the 

observed dose in step 3 and 4 originates from natural radiation in the sediment’s proximal 

surroundings. A well-constructed growth curve has measurements of larger and smaller added 

laboratory doses compared to the natural dose, and the irradiation doses in cycle 2, 3 and 4 are 

approximately 50%, 100% and 150% of the natural dose respectively. Cycle 5 applies zero dose to 

perform a recuperation test and cycle 6 repeats the first dose to perform a recycling test. The 

acceptance criteria for aliquots were set to 10% maximum test dose error and recycling ratio limit. 

Aliquots with larger errors were rejected. The calculated equivalent doses are estimated using the 

signal emitted during the initial 0.8 seconds of stimulation minus the background signal derived from 

the last ten seconds (Murray & Wintle, 2000). An exponential fit to the growth curve is used in the 

Risø Analyst software.  

    Two different dose recovery tests were conducted in the same way as Buylaert et al., (2009) with 

the modification of five laboratory doses to be recovered instead of just one. For the young sample 
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A2-90, 250-300 µm fraction, dose recovery test without preceding laboratory bleaching was conducted 

on 15 aliquots in five groups which received 0, 15.3, 30.5, 53.4 and 76.3 Gy of laboratory added dose 

respectively on top of the 0.9 Gy IR50 or 4.3 Gy pIRIR180 natural dose. The SAR50,180 protocol was then 

applied to estimate the equivalent doses which were plotted against added (natural + laboratory) dose 

to quantify how well the added doses translates into a luminescence signal.  

    Dose recovery test following laboratory bleaching for 4 hours in a solar simulator (Hönle SOL2, 

which delivers much more intense light than the sun and bleaches samples highly efficiently (Wintle, 

1997) but has a similar emission spectrum (Baray & Zöller, 1994)) were done on 8 samples using 

three aliquots per sample. Subsequently the residual equivalent dose was measured using the SAR50,180 

protocol. The aliquots were then bleached in the solar simulator for 4 hours and subsequently 

irradiated with a dose close to their natural equivalent dose before the SAR50,180 protocol was applied. 

Ratios of measured dose/added dose were calculated to evaluate how well the measured dose reflects 

the laboratory added dose.  

 

 
Table 2. The SAR50,180 protocol used in the K-feldspar IRSL measurements. 
Step Treatment  Observed 

1 Irradiation 0, ~50%, ~100%, ~150%, 0, ~50% of natural dose in cycles 1-6 

respectively 

 

2 Preheat 1. 200°C for 200s  

3 IR50 stimulation 50°C for 100s Lx 

4 pIRIR180 stimulation 180°C for 100s Lx 

5 Test dose ~50% of natural dose  

6 Preheat 2. 200°C for 200s  

7 IR50 stimulation 50°C for 100s Tx 

8 pIRIR180 stimulation 180°C for 100s Tx 

9 Bleach IR illumination at 220°C for 200s  

10 Return to step 1 and repeat six cycles  

 

 

Preheat plateau test were conducted on two samples, A2-90 250-300 µm and A2-60 250-300 µm, by 

applying a modified SAR50,180 protocol (Table 3) with varying preheat and post-IR IR stimulation 

temperatures as per Murray and Wintle (2000). 24 aliquots per sample were divided into 8 groups of 

different preheat temperatures, from 160-300°C (step 2 and 6, table 3). Post-IR IR stimulation (step 4 

and 8, table 3) was kept 20°C below the preheat temperature. The final bleaching of each cycle (step 9, 

table 3) was kept 20°C above the preheat temperature. 
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Table 3. Modified SAR50,180 protocol for the preheat plateau test. 
Step Treatment  Observed 

1 Irradiation 0, 0.49, 0.92, 1.53, 0 and 0.49 Gy in cycles 1-6 respectively  

2 Preheat 1. 160-300°C for 200s  

3 IR50 stimulation 50°C for 100s Lx 

4 pIRIRx stimulation 140-280°C for 100s Lx 

5 Test dose 0.49 Gy  

6 Preheat 2. 160-300°C for 200s  

7 IR50 stimulation 50°C for 100s Tx 

8 pIRIRx stimulation 140-280°C for 100s Tx 

9 Bleach IR illumination at 180-320°C for 200s  

10 Return to step 1 and repeat six cycles  

 

 

 
Figure 8. Visualization of luminescence signal integration over different time intervals for an aliquot of sample 
A2-90 KF 250-300um fraction. For a) the initial 0.8s of stimulation and b) the signal with the integration limits 
of 5.6-6.4s of stimulation. Red lines represent integration limits and stimulation starts after 2 seconds in the 
graph. For this aliquot the De is 0.53 +- 0.08 and 0.83+-0.09 integrated over the initial 0.8s or 5.6-6.4s of 
stimulation respectively. 
 

 

Varying the IRSL signal integration intervals during stimulation used was done by comparing the use 

De’s calculated from the 0 to 0.8s and 5.6 to 6.4s intervals following stimulation (Figure 8). Ratios of 

the De’s from these integration limits were calculated as De5.6-6.4/De0-0.8. 

    Fading rates were measured on all samples by applying a 9.15 Gy dose and varying the amount of 

time between irradiation and luminescence measurement from approximately 7 minutes to 10 hours. 

Fading rates, termed G-values, are reported as G2d (%) which represents the loss of signal over time. 

The fading correction of ages was conducted using a Microsoft Excel macro supplied by Reza Sohbati 

at the Risø Luminescence Laboratory. 

b) a) 
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3.4 Charcoal: 
Bulk sediment samples were air dried for 24 hours and weighed. Charcoal fragments larger than 

approximately 150 µm were counted using a stereo microscope (Nikon SMZ745T) with 10-50x 

magnification. Charcoal particles are black, opaque and has clear structure. A charcoal particle is 

brittle, and breaks into many pieces when pressed on with a scalpel unlike uncharred organic material.  

 

 

 
Figure 9. Large wood fragments with blackish outer layer. These fragments have not been charred which is 
obvious from the woody edges and softer deformation upon scalpel pressure. 
 

 
Figure 10. Charcoal particle a) intact and b) broken with a scalpel, showing brittle deformation into small 
pieces. 
 
 

 

b) a) 
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4. Results: 
4.1 Magnetic susceptibility and stratigraphy: 
Magnetic susceptibility (χlf) and its dependence on measurement frequency (χfd) was measured on 7 

sections (Figures 10-16) as well as on surface samples from the two fire sites F2S1 and F3 (Table 4) 

for a total of 176 samples. χfd and χlf values are low, mostly staying between 2 and 3 % and 20-40*10-7 

m3kg-1 respectively. No clear difference is observed between sandy and silty sediments. A6 and RS2 

display excursions to extremely low susceptibilities around 1*10-7 m3kg-1 in many samples in 

succession through the profiles. In RS2 this is accompanied by χfd excursions down to 0.3 % but for 

A6, the χfd excursion becomes negative down to -3.4 %. A2 and RS1 also display low χlf (approx. 

10*10-7 m3kg-1) for a handful of samples.  

    Three sequences contain both sandy and silty units: A2 and A6 display lower χlf in the silts than in 

the overlying sands while there is no obvious difference in section F1. 

    In F2S1, there is small variation of χfd around 2.6 %. A notable, albeit small, excursion is in the pale 

fine sand layer which has a negative excursion accompanied by slightly lowered χlf. The two bluish 

grey layers in that sections which was interpreted in the field as gleying horizons are marked by 

positive, but very minor, Χfd excursions.  

    There are recurring unit series in the silty profiles RS1, K1 and F1: a yellowish (5Y 8/4 Munsell 

colour code) unit of silt underlying a pale grey (5Y 7/2 Munsell colour code) unit in direct succession. 

This is also observed in section A2, but colourless sands rather than silts overlie the yellowish silt unit. 

In section RS2, the characteristic pale silt layer is underlain by brownish, instead of yellowish, silts 

and rust stains is observed towards the base of the section. A pattern in magnetic susceptibility data 

corresponding to the pattern unit succession is not observed: lower χlf (but increased χfd) is observed in 

RS1 for the silty pale grey layer compared to the underlying yellowish/buff coloured silt, through K1 

the differently coloured units have nearly similar magnetic susceptibility, and in F1 the pattern is 

reversed. 
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Figure 11. Magnetic susceptibility, it’s frequency dependence and a photograph of section A2. 
 

 
Figure 12. Magnetic susceptibility, it’s frequency dependence and a photograph of section A6. 
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Figure 13. Magnetic susceptibility, it’s frequency dependence and a photograph of section RS1. 
 

 
Figure 14. Magnetic susceptibility, it’s frequency dependence and a photograph of section RS2. 
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Figure 15. Magnetic susceptibility, it’s frequency dependence and a photograph of section F2S1. 
 

 
Figure 16. Magnetic susceptibility, it’s frequency dependence and a photograph of section K1. 
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Figure 17. Magnetic susceptibility, it’s frequency dependence and a photograph of section F1. 
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Burnt surface samples from wildfire sites F2S1 display increased χfd compared to reference unburnt 

surface samples around 4.8 % instead of 2.3 % (Table 4) and no increase in χlf. From site F3 which is 

far to the west of the other sites and with till rather than aeolian sediments, the χfd is low, but χlf is 

highly variable ranging from 7*107m3kg-1, similar to the aeolian sections, up to 193*107m3kg-1, and 

there is no significant difference between unburnt and burnt samples.    

 

 
Table 4. Χlf and Χfd on burnt and unburnt samples from wildfire sites. 
Site  χfd χlf *10-7 

F2S1 
 

Burnt surface sediments 
 

4.75 14.38 

  4.88 18.03 

 Unburnt surface avg (n=3) 2.31 16.10 

F3 Burnt surface sediments 2.45 41.62 

  1.91 193.50 

  0.98 7.45 

  2.29 16.87 

  2.30 21.02 

 Unburnt underlying till 2.24 96.30 

  2.09 172.20 

  2.08 47.17 
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4.2 Radiocarbon dating 
35 samples were sent to an external laboratory for AMS radiocarbon dating. At time of writing this 

report, no age results from the lab had returned due to the absence of large organic fragments suitable 

for dating. Modern root contamination was abundant in the samples. Combustion of 9 aeolian 

silty/sandy samples showed that the samples were very sterile with organic contents ranging from 0.7 

to 0.01 % (Table 5). Analysis is currently being conducted by the external laboratory on the bulk 

carbon fraction of the samples. 

 

 
Table 5. Organic contents of silty bulk samples collected for radiocarbon analysis.  
Sample Total for 

prep (mg) 

After acid 

prep (mg) 

Combusted sample 

(mg) 

Org content (%) at 

400°C combustion 

Org content (%)  

at 800°C 

combustion 

F2S1-79 3028.04 2819.53 988.91 0.02% 0.01% 

F2S1-3 3085.06 2823.51 2596.16 0.01% 0.01% 

RS1-0 3458.63 3033.98 2649.73 0.11% 0.04% 

RS1-21 3411.85 3028.11 2533.25 0.09% 0.03% 

RS1-40 3023.43 2852.14 2540.16 0.11% 0.16% 

RS1-52 3205.25 2916.07 1015.46 0.28% 0.17% 

RS1-60 3415.92 3090.7 496.43 0.55% 0.36% 

RS1-80 3014.48 2712.75 1545.79 0.24% 0.22% 

RS2-30 3051.29 2688.62 508.3 0.71% 0.69% 
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4.3 Luminescence dating 
The first step of the luminescence dating was to assess the quartz OSL signal of 11 samples (Table 6) 

with two 8mm aliquots per sample. Only one aliquot displays a slight increase in luminescence upon 

stimulation (Figure 18b), albeit too little to estimate equivalent doses. The rest of the aliquots showed 

no increased luminescence upon stimulation compared to the background signal. After laboratory 

irradiation of 12.2 Gy, the OSL signal (Figure 19) was larger compared to the natural signal, but still 

very weak. As the quartz mineral extracts were insensitive to stimulation, the potassium rich feldspar 

mineral extracts were used in the subsequent luminescence work. 

 

 
Table 6. Samples assessed by quartz OSL. 
Sample Grain size fraction (um) 

A2-35 63-90 

A2-60 63-90, 250-300 

A2-90 63-90, 180-250, 250-300 

RS2-20 63-90 

RS2-50 63-90 

RS2-80 63-90 

F1-10 63-90, 250-300 

 

 

 
Figure 18. Quartz extract natural OSL signal for a) A2-90 250-300 and b) RS2-50 63-90.  

a) b) 
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Figure 19. Quartz extract OSL signal after 12.2 Gy laboratory irradiation for a) a2-90 250-300 and b) RS2-50 
63-90 (same aliquots as in fig. xxx a and b.). 
 

 

To estimate equivalent doses, growth curves were constructed for each aliquot, based on at least 6 

cycles of the SAR50,180 protocol (Figure 20). De’s range from 0.71 to 91 Gy based on the IR50 signal, 

and from 2.27 to 67.7 based on the pIRIR180 signal. 

 

 
Figure 20. Sensitivity corrected growth curve for sample A2-90 250-300 µm. Inset shows the luminescence 
decay curve during stimulation for 100s. 
 

 

 

 

 

 

a) b) 
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Suitable preheat temperatures for the IR50 and the pIRIR180 signals were tested on two samples, A2-90 

and A2-60, in the 250-300 µm size fraction (Figure 21 and 21). A total of 24 aliquots were used per 

sample, with 3 aliquots per temperature in a range from 160-300°C. There is a slight rise in De’s 

following higher (greater than ~240 C) preheat temperatures, and a preheat of 200°C were adopted in 

all the subsequent measurements.  

 

 
Figure 21. A2-90 250-300µmpreheat plateau test for the IR50 and pIRIR180 signals. Error bars represent one 
standard error. 

 
Figure 22. Preheat plateau tests for A2-60 250-300um. Error bars represent one standard error. 
 

 

Dose recovery tests without prior laboratory bleaching was done on A2-90 in the 250-300 µm fraction 

by recovering the natural and four additional laboratory irradiated doses on five groups of three 

aliquots for a total of fifteen aliquots (Figure 22). The equivalent doses derived from the IR50 signal 

were highly correlating with the laboratory irradiated doses: the slope of a straight-line regression 

between De’s and the added plus natural dose are 0.97x with an R2-value of 0.996. The pIRIR180 added 

doses are slightly less reproducible with slightly larger error bars and a regression slope of 0.87x and 

an R2-value of 0.984.  

a) 

a) 

b) 

b) 
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Figure 23. Dose recovery test for A2-90 250-300 µm. Error bars represent one standard error (error bars are 
smaller than the symbol for some data points). 
 

 

The equivalent dose estimated following a complete bleach, referred to as the residual dose, was 

measured on 8 samples for both the IR50 and pIRIR180 signals. The IR50 residual dose ranged from 0.01 

to 0.08 Gy (Table 7). For the pIRIR signal, the residual ranges from 0.17 to 0.91 Gy. Following this 

residual dose test, a second dose recovery test was conducted by adding a laboratory irradiated dose 

approximately the same as the natural dose, and subsequently estimating the De by applying the 

standard SAR50, 180 protocol. The IR50 dose recovery ratio between added and estimated dose was near 

one for most samples (Figure 23a), a ratio between 0.9 and 1.1 is considered acceptable (Murray and 

Wintle, 2000), but for A2-60 63-90 µm the ratio was 1.16, and 0.88 for sample F1-10 250-300um. 

Dose recovery ratios for the pIRIR180 signal are more scattered (Figure 23b), with four out of the eight 

samples are outside the acceptable range.  

 

 
Table 7. Residual doses after 4-hour bleaching in a solar simulator on 8 samples. Number of aliquots passing the 
rejection criteria out of 3 measured aliquots in brackets. 
Sample 

 

IR50 

(Gy) 

pIRIR180 

(Gy) 

A2-35 63-90 0.08 (3) 0.91 (3) 

A2-60 63-90 0.05 (3) 0.49 (3) 

A2-60 250-300 0.01 (3) 0.46 (1) 

A2-90 63-90 0.08 (3) 0.90 (3) 

A2-90 180-250 0.04 (2) 0.22 (1) 

A2-90 250-300 0.06 (2) 0.58 (2) 

F1-10 63-90 0.04 (3) 0.32 (3) 

F1-10 250-300 0.02 (2) 0.17 (2) 

a) b) 
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Figure 24. Dose recovery tests on 8 samples. Each data point is the average of three aliquots and the error bars 
represent one standard error. 
 

 

The fading rates attained range from 4.0 to 9.0 G2d (%) and from -1.3 to 2.5 G2d (%) for IR50 and pIRIR180 

measurements respectively (Figure 24 and Table 8). 

 

 

 
Figure 25. 10 hour fading test for one aliquot from sample A2-90 250-300 µm.  Inset shows the IRSL decay 
curve.  
 

 

 

 

 

 

 

 

a) b) 
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Table 8. Fading rates. 
Sample and grain 

size 

# of 

aliquots 

IR50 

G2d (%) 

pIRIR180  

G2d (%) 

A2-35 63-90 3 7.3 ± 0.4 2.3 ± 0.5 

A2-60 63-90 3 4.3 ± 1.2 0.6 ± 0.7 

A2-60 250-300 3 5.9 ± 0.1 -0.5 ± 0.3 

A2-90 63-90 3 7.6 ± 0.5 2.5 ± 0.6 

A2-90 250-300 3 6.0 ± 0.7 0.5 ± 0.9 

F1-10 63-90 2 9.0 ± 0.9 2.1 ± 0.7 

F1-10 250-300 3 8.1 ± 0.9 1.5 ± 0.1 

F1-22 63-90 3 6.2 ± 0.2 2.2 ± 0.5 

F1-34 63-90 3 4.2 ± 0.4 0.7 ± 1.2 

F1-46 63-90 3 5.5 ± 1.1 0.3 ± 0.7 

F1-58 63-90 3 6.6 ± 0.3 1.6 ± 0.6 

F1-58 250-300 3 5.9 ± 0.6 1.4 ± 0.6 

F1-70 63-90 3 6.6 ± 0.7 2.0 ± 0.9 

F1-70 250-300 3 4.4 ± 1.0 0.1 ± 0.9 

RS1-2 250-300 3 7.7 ± 0.5 -1.3 ± 1.1 

RS1-10 250-300 3 4.0 ± 0.2 -0.7 ± 0.9 

RS1-20 250-300 3 6.0 ± 0.6 1.6 ± 1.0 

RS1-30 250-300 3 5.6 ± 0.5 -0.8 ± 1.7 

RS2-20 63-90 3 6.5 ± 0.4 1.4 ± 0.6 

RS2-50 63-90 3 5.0 ± 0.4 1.9 ± 0.7 

RS2-80 63-90 3 4.3 ± 0.1 0.0 ± 0.5 

 

 

 

4.3.1 Dose rates 
Laboratory dose rates were measured on all samples and ranged from 2.4 to 3.3 Gy/ka (Table 9). Finer 

grains absorb dose more effectively than coarser grains and dose rates for the 63-90 µm fraction is 

slightly higher than for the 250-300 µm fraction. The radioactive decay is dominated by the potassium 

(K-40) content in the sediments, while thorium (Th-232), radon (Ra-226) and uranium (U-238) 

radioactivity has a minor effect on total dose rate.  

    Water content was measured on the samples and range from 2-20 %, where the fine sediments 

generally hold more water. RS2-50 which holds 20% water, by far the highest value, is silty and dark 

brown, indicating elevated organic content. Saturated water content is the maximum amount of water 

the sediments can hold without being drained by gravity and ranges from 18-38 %. 
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Table 9. Radioactive isotope concentrations and the total dose rates (DR) of all 22 samples. 
Sample

# 

Laboratory 

code 

Sampl. 

depth 

U-238  

Bq/kg 

Ra-226 

Bq/kg 

Th-232 

Bq/kg 

K-40 

Bq/kg 

w.c.

% 

Sat.  

w.c. 

% 

Org 

C 

% 

DR63-90 

Gy/ka 

DR250-300 

Gy/ka 

A2-35 MD629F.01 100 13.2 ± 14 7.22  ± 0.9 12.25 ± 0.79 569 ± 21 10 20  3.07 ± 0.12 2.95 ± 0.11 

A2-60 MD634D.01 75 -3.0 ± 4.1 3.95  ±0.3 11.61 ± 0.37 555 ± 11 3 25  3.11 ± 0.11 2.99 ± 0.11 

A2-90 MD646I.01 45 7.5 ± 7.1 3.38  ± 0.5 9.70 ± 0.65 509 ± 15 2 18  2.97 ± 0.11 2.86 ± 0.11 

F1-10 MD636F.01 74 8.9 ± 11.6 7.83  ± 0.8 22.22 ± 0.73 532 ± 17 3 31  3.30 ± 0.13 3.18 ± 0.12 

F1-22 MD628F.01 62 12.0 ± 7.6 8.62  ± 0.5 15.27 ± 0.45 453 ± 12 5 32  2.91 ± 0.11 2.81 ± 0.10 

F1-34 MD641I.01 50 1.7 ± 5.2 7.66  ± 0.4 13.68 ± 0.51 434 ± 11 4 31  2.83 ± 0.10 2.74 ± 0.10 

F1-46 MD626F.01 38 8.0 ± 11.5 6.97  ± 0.8 14.99 ± 0.69 444 ± 17 3 26  2.92 ± 0.11 2.82 ± 0.11 

F1-58 MD642I.01 26 -0.1 ± 4.4 4.67  ± 0.3 10.17 ± 0.43 433 ± 11 2 25  2.80 ± 0.10 2.70 ± 0.10 

F1-70 MD633F.01 14 0.0 ± 12.0 6.10  ± 0.8 11.70 ± 0.69 437 ± 18 3 30  2.86 ± 0.11 2.77 ± 0.11 

RS1-2 MD631F.01 90 25.4 ± 13 9.68  ± 0.9 25.10 ± 0.81 446 ± 18 8 32  3.01 ± 0.11 2.91 ± 0.11 

RS1-10 MD639I.01 82 15.3 ± 5.0 7.58  ± 0.4 19.85 ± 0.52 463 ± 11 3 19  3.04 ± 0.11 2.93 ± 0.11 

RS1-20 MD635D.01 72 7.1 ± 4.2 6.07  ± 0.3 10.45 ± 0.35 354 ± 9 4 24  2.48 ± 0.09 2.40 ± 0.09 

RS1-30 MD638F.01 62 17.5 ± 12 8.54  ± 0.8 15.62 ± 0.71 476 ± 18 5 27  2.98 ± 0.11 2.88 ± 0.11 

RS1-40 MD643F.01 52 -0.8 ± 16.2 9.47  ± 1.1 15.43 ± 0.96 564 ± 24 5 31  3.27 ± 0.13 3.15 ± 0.12 

RS1-50 MD637I.01 42 10.8 ± 3.9 7.19  ± 0.3 10.78 ± 0.36 412 ± 9 4 28  2.74 ± 0.10 2.65 ± 0.10 

RS1-60 MD627I.01 32 8.2 ± 25.2 3.24  ± 19 9.84 ± 0.53 405 ± 11 2 33  2.68 ± 0.20 2.60 ± 0.19 

RS1-70 MD630I.01 22 2.2 ± 6.1 7.58  ± 0.4 13.80 ± 0.49 421 ± 11 3 36  2.86 ± 0.10 2.77 ± 0.10 

RS1-80 MD644I.01 12 12.1 ± 5.5 6.61  ± 0.4 12.24 ± 0.52 410 ± 11 3 25  2.80 ± 0.10 2.71 ± 0.10 

RS1-90 MD640I.01 2 6.8 ± 5.6 7.56  ± 0.4 13.10 ± 0.53 405 ± 11 6 35  2.80 ± 0.10 2.71 ± 0.10 

RS2-20 MD625D.01 75 12.6 ± 5.2 7.77  ± 0.4 13.50 ± 0.42 438 ± 11 11 28  2.71 ± 0.10 2.62 ± 0.09 

RS2-50 MD645I.01 45 8.3 ± 4.7 7.11  ± 0.4 12.65 ± 0.45 393 ± 10 20 42  2.47 ± 0.09 2.40 ± 0.08 

RS2-80 MD632I.01 15 8.4 ± 3.3 7.42  ± 0.3 14.04 ± 0.33 416 ± 8 8 38  2.77 ± 0.10 2.68 ± 0.09 

 

 

4.3.2 Luminescence ages 
Luminescence dating was undertaken on 22 samples of which 16 has been processed at time of 

writing. Quartz were first targeted, but since the quartz OSL signal dim, the potassium rich feldspar 

fraction was targeted using IRSL. Two size fractions, 63-90- and 250-300 µm grains were analysed. 

All samples contained enough material in the 63-90 µm size range, but only nine samples contained 

enough coarse (250-300 µm) material for measurements of at least 6 aliquots per sample. The results 

are presented in Figure 25 and Table 10. 
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Figure 26. Fading corrected IR50 ages ± one standard error (ka). Red text = 250-300μm, Green text = 63-90μm 
grain size fractions. Red circles indicate sampling points (not all samples and size fractions have been processed 
at time of writing). 
 

 

Table 10. Equivalent doses and ages derived from the pIRIR180 and the IR50 luminescence signals. 
Sample and 
grain size 

De pIRIR180  
(Gy) 

pIRIR180 
# 
aliquots 

Age  
pIRIR180 

(ka) 

Fading 
corrected 
pIRIR180 
age (ka)  

De  

 IR50 

(Gy) 

IR50 
# of 
aliqu
ots 

Age 
IR50 
(ka) 

Fading 
corrected 
IR50 
age (ka) 

pIRI
R/IR 
ratio 

De5.6-6.4/ 
De0-0.8 
ratio 

A2-35 63-90 7.36 ± 0.46 6 2.40 ± 0.18 2.9±0.26 1.76 ± 0.20 6 0.57 ± 0.07 1.1 ± 0.14 2.7 1.3 

A2-60 63-90 5.02 ± 0.39 6 1.61 ± 0.14 1.7±0.17 1.39 ± 0.23 6 0.45 ± 0.07 0.63 ± 0.13 2.7 1.3 

A2-60 250-300 2.27 ± 0.34 7 0.76 ± 0.12 0.76 ± 0.12  0.71 ± 0.07 7 0.24 ± 0.02 0.38 ± 0.04 2.0 1.0 

A2-90 63-90 19.60 ± 0.55 6 6.60 ± 0.34 8.2 ± 0.65 4.83 ± 0.83 6 1.63 ± 0.29 3.3 ± 0.67 2.5 1.3 

A2-90 250-300 4.33 ± 1.1 6 1.51 ± 0.39 1.6 ± 0.42 0.90 ± 0.18 12 0.31 ± 0.06 0.51 ± 0.12 3.1 0.9 

F1-10 63-90 21.65 ± 2.6  7 6.56 ± 0.82 7.9 ± 1.1 21.54 ± 1.42 7 6.53 ± 0.50 18 ± 4.9 0.4 0.9 

F1-10 250-300 68.7 ± 20.73 7 21.62 ± 
6.59 

25 ± 7.5 42.55 ± 8.15 6 13.39 ± 2.61 33 ± 10 0.8 0.9 

F1-22 63-90 7.69 ± 0.34 7 2.64 ± 0.16 3.2 ± 0.24 4.91 ± 0.05 7 1.68 ± 0.06 3.0 ± 0.16 1.1 1.0 

F1-34 63-90 7.22 ± 0.65 7 2.55 ± 0.25 2.7 ± 0.34 1.91 ± 0.08 7 0.67 ± 0.04 0.95 ± 0.07 2.8 1.2 

F1-46 63-90 20.32 ± 1.0 6 6.97 ± 0.46 7.14 ± 0.55 3.80 ± 0.23 7 1.30 ± 0.09 2.1 ± 0.34 3.4 1.3 

F1-58 63-90 53.82 ± 6.4 3 19.25 ± 
2.44 

22 ± 3.0 12.05 ± 0.51 6 4.31 ± 0.24 8.2 ± 0.63 2.7 0.8 

F1-58 250-300 31.87 ± 4.30 4 11.80 ± 
1.67 

13 ± 2.0 11.85 ± 1.12 7 4.39 ± 0.45 7.7 ± 1.1 1.7 0.8 

F1-70 63-90 27.90 ± 2.76 4 9.75 ± 1.05  12 ± 1.6 4.99 ± 0.08 6 1.74 ± 0.07 3.2 ± 0.37 3.6 1.3 

F1-70 250-300 12.34 ± 3.75 5 4.46 ± 1.37 4.5 ± 1.4 2.21 ± 0.76 6 0.80 ± 0.28 1.1 ± 0.40 3.9 1.7 

RS1-2 250-300 43.67 ± 6.71 3 15.0 ± 2.39 15 ± 2.4 80.1 ± 10.26 3 27.50 ± 3.67 66 ± 12.3 0.2 0.9 

RS1-10 250-300 67.69 ± 2.04 2 23.17 ± 
1.19 

23 ± 1.1 91.58 ± 8.97 3 31.22 ± 3.27 46 ± 4.9 0.5 0.8 

RS1-20 250-300 13.08 ± 0.85 4 5.45 ± 0.42 6.2 ± 0.76 11.01 ± 0.90 4 4.58 ± 0.41 8.2 ± 1.0 0.8 1.1 

RS1-30 250-300 33.06 ± nd 1 11.48 ± nd 11.5 ± 1.2 16.49 ± 6.66 4 5.73 ± 2.32 10 ± 4.1 1.2 0.9 

RS2-20 63-90 42.97 ± 9.87 4 15.85 ± 
3.70 

18 ± 4.3 11.18 ± 0.47 6 4.12 ± 0.23 7.7 ± 0.65 2.3 1.2 

RS2-50 63-90 7.48 ± 0.38 5 3.03 ± 0.20 3.6 ± 0.23 3.54 ± 0.19 6 1.43 ± 0.09 2.2 ± 0.18 1.6 1.0 

RS2-80 63-90 22.57 ± 5.20 5 8.14 ± 1.90 8.1 ± 1.9 3.79 ± 0.28 6 1.37 ± 0.11 2.0 ± 0.16 4.1 1.2 
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4.4 Charcoal analysis 
Charcoal contents were analyzed for one section near Russel’s Glacier (RS1) and two reference 

samples at and proximal to a wildfire site that burned in 2016 (near section F2S1). No charcoal 

fragments were found in section RS1 (Table 11). The reference sample from burned ground contained 

202 charcoal fragments in a sample weighing approximately 1g. The second reference sample was 

taken approximately 10 meters from burned ground and contained 34 charcoal fragments (sample 

weight 3.59g). 

 
Table 11. Charcoal analysis results. 
Location 
 

Depth Number of 
charcoal 
fragments 

Sample weight 

Near F2S1 – burned ground Surface 202 Approx. 1g 
F2S1 surface – 10 meters 
from burn site 

Surface 34 3.59 

RS1 Surface 0 2.07 
 0-2 0 1.80 
 2-7 0 3.37 
 7-12 0 2.72 
 12-17 0 2.54 
 17-22 0 1.77 
 22-27 0 3.95 
 27-32 0 2.90 
 32-37 0 3.52 
 37-42 0 4.08 
 42-47 0 2.87 
 47-52 0 3.34 
 52-57 0 4.11 
 57-62 0 3.43 
 62-67 0 3.70 
 67-72 0 6.06 
 72-77 0 4.50 
 77-82 0 7.00 
 82-87 0 6.81 
 87-92 0 6.11 
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5. Discussion 
5.1 Magnetic properties 
The generally stable and low χlf values indicate that magnetic mineral concentrations are low and 

similar between samples and sections. This suggests that 1) the source material is quite homogenous in 

terms of magnetic minerals and 2) that post-depositional processes, such as gleying or pedogenesis, 

has not substantially altered the magnetic mineral assemblage. χlf and χfd values are similar to the 

likely source materials from Watson River bank sediments and Russel’s Glacier freshly deposited till 

(Hällberg, 2017). Exceptions to this are the extremely low χlf and χfd in sections A6 and RS2, which 

display χlf more than an order of magnitude lower than the rest of the sequences. This is similar to the 

extreme difference seen between units in Hällberg (2017) who saw a shift in Χlf by an order of 

magnitude between a sandy aeolian unit and peaty silt. Here, however, there is no visually clear 

sedimentological difference to account for the change in magnetic properties and further analysis of 

this requires in depth XRF or grain-size analysis of material from the section. Low χlf is an effect of a 

large proportion of diamagnetic minerals in the sample, and low concentrations of magnetic minerals. 

This could either be the result of 1) source material geochemistry, or 2) due to in situ transformation of 

magnetic minerals into less magnetic versions due to post-depositional conditions. 2) is a possible 

explanation for the rapid shift in magnetic properties: section A6 has abundant roots and an air-filled 

void in the middle of the section which is probably the result of previous ground ice, suggesting the 

possibility that the sediment profile has at some point in time been humid and that reduction may have 

affected the magnetic minerals. Sections RS2 display low χlf and χfd where there are weak signs of rust 

staining on the sediments which could indicate oxidation of magnetite into hematite (Maher, 2007). 

Both these sections only show weak signs of waterlogging or oxidation, which suggests that 1) also is 

a feasible explanation for the sudden change in magnetic properties. Due to glacial retreat during the 

Holocene temperature optimum roughly 8-3ka BP, the GIS was situated up to around several 10’s of 

km further inland (van Tatenhove et al., 1996). At that time, the proglacial runoff and flood plains in 

the area - the major aeolian sediment sources (Bullard & Mockford, 2018, Willemse et al., 2003a, 

Dijkmans and Törnqvist, 1991) – received much less sediment laden water, providing less sediments 

supply for aeolian transportation. Possibly the water was redirected and there were other sandur or 

flood plain areas further inland that was more important. These changes in glacial runoff may have 

caused other dust sources – potentially with other bedrock lithologies and magnetic properties - to be 

the dominant sediment source for the area. The Archaean gneisses and granites in the study area are 

intruded by dykes rich in iron and magnesium, in particular near Russel’s Glacier, while the bedrock 

to the north and south of the study area is more felsic (Engström and Klint, 2014). Input of sediments 

from these areas would likely result in lower χlf due to lower iron contents. 

    The negative χfd values in A6 is interpreted as an instrumental effect of very low susceptibilities due 

to the signal being dominated by diamagnetic (i.e. negative magnetic susceptibility; Maher, 2007) 
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minerals. Since the χlf signal is not much higher than the sensitivity limit of the instrument, and χfd is 

calculated by measuring χlf twice, on different frequencies, any instrumental uncertainty results in a 

large percentage change, i.e. large χfd which can be either under- or over-estimated.  

    In terms grain size effects, there is some evidence for a difference in χlf and χfd between coarse and 

fine sediments, where two sections show lower χlf in the silts compared to the sands, but no significant 

difference in the third sequence that is composed of both silty and sandy units. This suggests that grain 

size play a minor role on magnetic properties and that environmental conditions and source differences 

are more important. Hällberg (2017) noticed a big difference in χlf between a silty and organic rich 

aeolian unit and overlying sands where the silt displayed χlf values an order of magnitude lower than in 

the sands while χfd was elevated. The results here suggest that those differences were not controlled by 

grain size and that source, pedogenesis or gleying may have been more important.  

    The burnt and unburnt samples from F2S1 and F3 indicate that fire can affect the magnetic 

properties of sediments. In F2S1 the FD is significantly increased. No change is however seen in F3, 

this may be due to a less severe fire at F3, which was smaller in area and due higher annual humidity 

and rainfall at F3 compared to F2S1 the sediments were most likely wetter and did not burnt as 

intensely. This is mainly supported by field observations that the F2S1 vegetation seemed much more 

intensely burnt. Many F3 samples, both burnt and unburnt, display greatly elevated χlf values, most 

likely reflecting a different source lithology (Engström and Klint, 2014). 

    There is an excursion to lower χlf and χfd in F2S1 pale sandy layer between 33 and 46 cm depth. 

This is the only layer in the section without darker banding, probably a sign of less biological activity 

at time of deposition – possibly due to high sediment accumulation rates or a cold and/or arid period.  

Pale sediments overly yellowish (brownish in the case of RS2) sediments in several section: based on 

colour, this could be an effect of leaching of easily dissolved organic matter or elements such as iron 

from the pale units which are precipitated in the yellowish units. No corresponding variations in 

magnetic data is however observed, an increase in χlf may be expected if iron is built up in the lower 

layer, but this depends on what specific iron bearing minerals are formed. 

 

 

5.2 Radiocarbon dating 
The external radiocarbon dating laboratory found no suitable large organic fragments for dating. The 

amount of carbon in the 10 aeolian silt/sand samples combusted were too low to reliably allow for 

bulk AMS radiocarbon analysis. 25 samples remain to be combusted, and at least some (such as 

samples from F1S2 (peaty silt or silty peat) and L1 (lake peat/gyttja sediments) are expected to contain 

enough organic carbon. At time of writing, no results have returned from this, but the lab will run the 

samples to see what can be achieved. The carbon contents are in line with previous findings of Sundin 

(2017) who has studied the same section as Kumpala (2018) and Hällberg (2017) and measured an 
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average LOI of 0.5% in the aeolian sand and 7.9% in a peaty aeolian silt. Kumpala (2018) did however 

find four large organic fragments in that aeolian sand (centimeter scale vascular plant, salix wood, and 

dicranum moss) - and the peaty silt was abundant in large fragments. The complete lack of suitable 

organic material in the samples analyzed here was thus unexpected.  

    Several previous papers have published radiocarbon dates in the area, but they are mostly from 

either bulk C or organic fragments from intercalated paleosol layers or gyttja (Dijkmans and 

Törnqvist, 1991, Van Tatenhove et al., 1996, Willemse et al., 2003a, Müller et al., 2016, Carrivick et 

al., 2017). Other dates come from lakes using bulk C, organic fragments or humic acids (Anderson et 

al., 2012, Perren et al., 2012) or marine shells in coastal terraces (Storms et al., 2012). Peat cores are 

somewhat used, especially in South Greenland near Norse settlements, but these chronologies often 

age inverted due to massive cryoturbation (see e.g. Edwards et al., 2006). The lack of organic 

fragments found in the sections sampled here, and the predominance of paleosol dates in the literature 

suggests that to be able to reliably radiocarbon date environmental material in the study area, paleosols 

or other highly organic sediments must be targeted. This greatly limits the number of field sites 

available for radiocarbon dating as only a small fraction of aeolian and glaciogenic sediments contain 

these organic rich horizons. For future work it may be worth sieving sediments using a coarse mesh 

(~0.5 to 3mm) in the field or at the nearby Kangerlussuaq International Science Support (KISS) station 

in attempting to locate useful organic fragments from aeolian sediments. 

 

   

5.3 Luminescence dating 
Dating using optically stimulated luminescence techniques obviously challenging in Greenland, and 

glaciogenic sediments in general, due to short transport distances, long dark season and insensitive 

quartz (Thrasher et al., 2009). These problems are also evident in our samples which are characterized 

by dim quartz yielding useless OSL signals and K-feldspar IRSL signals which over-estimate many 

ages due to poor bleaching.  

    Not all sections had enough coarse (250-300 micron) potassium feldspar. This reflects the grain size 

distribution of the sections, where the sediments are very silty, the coarse grains are very few. The HF 

treatment of the samples may further reduce this content as it dissolves the mineral. 

   Quartz OSL did not yield a useful signal. This is previously been observed in the region by Müller et 

al. (2016) and Larsen et al., (2014), but Forman et al. (2007) successfully dated two silt sized (4-11 

µm fraction) samples by blue light SAR quartz OSL just north of the study area. 

    The high resolution (3 to 10 samples per 0.9-1.3 m section) sampling and use of two different grain 

size fractions (and an additional grain size fraction, the fine silt 4-11 µm, is currently being prepared 

for further analysis) is a major strength of this study. The many dates provide a good representation of 

the luminescence characteristics of the sediments – allowing for a complex picture which fewer dates 
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would not have given. For example, if only considering the results from the coarse (250-300 µm) 

fraction, at 2-4 dates per section, all dates are coherent within error, with no age inversions in the 

sections. Luminescence papers are often published using a single grain size fraction and/or very few 

samples per section (e. g. Forman et al., 2007). This approach here fails, and it’s only when 

considering the additional grain size fraction (63-90 µm) that some of the dates from the coarse dates 

are obviously over-estimated. These results highlight the need for several approaches to dating, 

especially in regions like Greenland where luminescence dating is particularly challenging. This can 

be achieved by using different minerals or grain size fractions for luminescence, and where possible, 

independent dating methods such as 10Be exposure dating or AMS radiocarbon dating. 

 

 

5.3.1 Successful SAR protocol – but poorly bleached signals 
The K-feldspar IRSL SAR50, 180 protocol adopted in this study is able to accurately estimate absorbed 

dose with the using the IR50 signal following bleaching. This is shown through successful dose 

recovery tests, insignificant residual dose after bleaching, no obvious thermal transfer effect in the 

preheat plateau tests as well as successful sensitivity change correction tested by recuperation and 

recycling tests. The pIRIR180 signal is less consistent than the IR50 signal with samples showing poor 

dose recovery results and the equivalent doses are often highly scattered within the same sample. The 

pIRIR180 signal overestimates most ages, most likely an effect of slower bleaching rates compared to 

the IR50 signal (Yi et al., 2016) - this difference in De’s can thus be used to quantify the degree of 

bleaching.  

    Despite the success of the measurement protocol to be able to accurately measure laboratory 

induced signals, there are three obvious problems with the derived ages: different age estimation 

within grain sizes, inverted age sequences within sections and ages from three samples that suggest 

that they were deposited when the area was glaciated. Age estimates of different grain size fractions 

within the same samples are non-overlapping within error for four out of five samples where two grain 

sizes fractions were analyzed. The finer (63-90 µm) fraction generally gives higher De’s compared to 

the coarse (250-300 µm) fraction, indicating that the coarse grains are better bleached, this can be an 

effect of the coarser grains take longer to transport since they are heavier and thus has a higher chance 

of being exposed to sunlight. Due to the large seasonal variability in sunlight duration and brightness, 

it is also possible that the finer grains are more often transported in the beginning or end of the light 

season (approx. March to September) resulting in less sunlight exposure. Inverted age sequences are 

observed in section A2 and F1 where the youngest ages are found in the middle of the sections. This 

could be an effect of post-depositional cryoturbation, but the field observations suggest that the 

sections are not significantly disturbed as discrete, horizontally continuous layers seem well preserved 

with alternating grain sizes and some ripple forms. Section RS2 show obvious signs of cry- or bio-

turbation but the three IRSL dates from that section are not inverted. Since the SAR-protocol works 
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well on the samples and the laboratory induced luminescence signals are highly reproducible, there is 

no obvious error in the measurement procedure. The most likely explanation for the problems 

described above is that the luminescence signal is for most samples only partially reset in the 

environment. This is probably an effect of short transport distance and weak sunlight during transport 

and while the grains are freshly deposited and lie on the surface. This suggests sediment transport 

during the dark season, in line with a recent study of dust transport seasonality (Bullard and Mockford, 

2018) but also suggests the sediments are not bleached during the following summer season, 

indicating that depositional events are transporting enough material that only a fraction is exposed at 

the surface for an extended period of time. If deposition of dust was slow and continuous over at least 

5 ka (Willemse et al., 2003a), it is possible that sand particles are transported in large chunks during 

storms but that the finer dust (silts and below) are more slowly deposited and may have a higher 

probability of being bleached. 

 

 

5.3.2 Bleaching: pIRIR180 signal compared to the IR50 signal 
Post-IR IR180 ages can be compared to the IR50 ages (Figure 27a) to quantify the degree of bleaching 

(Yi et al., 2016). The fading corrected pIRIR180/IR50 age ratios plotted against fading corrected IR50 

ages (Figure 27b) show that the younger (less than 10 ka) samples have higher pIRIR180 ages 

compared to their corresponding IR50 derived ages, while samples with ages greater than 10 ka all 

show the opposite pattern. Fitting an exponential curve to this data gives an R2 value of 0.69 (equation 

y = 2.52e - 0.039x). This relation is strongest within the coarse fraction, and the exponential fit to that 

data yields an R2 value of 0.82 (y = 2.22e-0.035x). This relationship is still clear for the coarse fraction 

even when not considering the old (greater than 10ka) samples, R2-value is 0.66 and the equation of 

the fitted line is 3.08e-0.112x. The relationship is weaker for the finer fraction at R2 = 0.54 (y = 3.28e - 

0.093x).  

 
 
5.3.3 Bleaching: Integration limits 
Assuming that the initial 0.4 or 0.8s luminescence emission is less optically and thermally stable than 

the succeeding luminescence decay, which can be inferred from the fact that it takes longer stimulation 

to emit this part of the signal than the initial part, a ratio between the initial and succeeding 

luminescence signal can be used in a similar fashion to the IR50/pIRIR180 ratio to quantify the degree of 

bleaching.  

    Here the IR50 De calculated from the initial 0.8s luminescence is compared to the De calculated from 

the luminescence emitted between 5.6 and 6.4s of stimulation and expressed as a ratio as De5.6-6.4/De0-

0.8, and plotted as a function of sample age (Figure 23a). High values indicate poor bleaching. The 

general pattern is the same as the pIRIR180/IR50 ratio (see Figure 27), with higher ratios observed in 
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younger samples, and low ratios for the old samples. By plotting the integration limit ratio against the 

pIRIR180/IR50 ratio (Figure 28b), shows that there is only weak correlation (R2-value of a linear fit 

regression is 0.46) between the ratios if all samples and both grain size fractions are considered. The 

correlation is strongest for the 64-90 µm fraction where the R2-value is 0.75 if one outlier is excluded.  

In the coarse fraction, only the extreme sample with highly elevated integration limit and pIRIR180/IR50 

ratios (sample F1-70) stand out. 

 

 
Figure 27. a) Fading corrected pIRIR180 ages plotted against fading corrected IR50 ages and b) fading corrected 
pIRIR180/IR50 age ratio against fading corrected IR50 age.  
 

 

 
Figure 28. Ratio of equivalent doses derived using different integration time intervals a) against sample age and 
b) against fading corrected pIRIR180/IR50 ages. 
 

  

a) 

a) 

b) 

b) 
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5.3.4 Revised chronostratigraphy 
Considering that the issue with the luminescence ages is poor bleaching, and that this effect has here 

been quantified, the ages derived by IRSL can be re-interpreted. Poorly bleached sample ages can be 

regarded as the maximum possible age for that sample. By discarding the results that are either 

mismatched between grain size fractions, older than underlying samples, or ages that are highly 

unlikely due to geological constraints due to deglaciation timings, the best attempt at singling out the 

accurate ages is shown in figure 28. Here, it is evident that section A2 has been laid down during the 

LIA and for the most part during the last few hundred years. The majority of section F1, the sandy part 

in particular, was deposited during the LIA while the underlying silts were more slowly deposited 

during the earlier parts of the Holocene, in line with fast sand sheet development during the LIA 

following slow continuous dust deposition as proposed by Willemse et al. (2003a). Both section A2 

and F1 suggests faster built-up of sandy material than of silt. Sections RS1 and RS2 are silty 

sequences at higher elevations with initial deposition in the early Holocene with ages that 

approximately coincide with moraine system formation in the valley below (Levy et al., 2012).  

 

 
Figure 29. Fading corrected IR50 luminescence ages. Modified geochronology based on discarding dates that are 
most likely erroneous due to mismatch in age between grain sizes, age inversions within sections or ages that are 
most likely incorrect for landscape-development timing reasons. Less than sign (<) indicate if age is likely over-
estimated based on bleaching ratios (Table 12).  
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Further dating efforts are required to test the assumptions underlying this analysis and to fully develop 

the chronology for the sites. A first assessment of the validity of the revised chronostratigraphy in 

figure 28 can be done by considering the pIRIR180/IR50 and integration limit ratios. In section A2, the 

basal sample dated to 1.1±0.14 ka is poorly bleached according to pIRIR180/IR50 and integration limit 

ratios at 2.7 and 1.3 respectively, and can thus be considered a maximum age.  The overlying 

0.38±0.04 ka age is better bleached with pIRIR180/IR50 ratio at 2.0 and integration limit ratios 1.0. 

Considering that the pIRIR180/IR50 ratio is probably slightly overestimated for samples this young due 

to the residual dose contribution in the pIRIR180 signal, this date is considered accurate and likely not 

significantly over-estimated.  

    Section F1 samples F1-22 and F1-34 are dated to 3.0±0.16 and 0.95±0.07 ka respectively. F1-22 is 

well bleached at pIRIR180/IR50 and integration limit ratios at 1.1 and 1.0 respectively. The F1-34 

sample dated to 0.95 ka is poorly bleached, suggesting that this age is over-estimated. This suggests 

very slow deposition or possibly a depositional hiatus, between 3 and less than 0.95 ka. 

Stratigraphically, these samples are only 12 cm from each other vertically, but F1-22 is in a yellowish 

silty unit and F1-34 is in the overlying pale silty unit. 

    All samples from section RS1 are well bleached according to both the pIRIR180/IR50 and integration 

limits ratios, suggesting that the derived ages are not over-estimated. 

    The sample from mid-section RS2 is well bleached with an estimated age of 2.2±7.7 ka. The over- 

and underlying samples dated to 2.0±0.16 and 7.7±0.65 ka respectively are both poorly bleached, 

indicating that these dates are overestimated.  

     

Table 12. Bleaching ratios of the ages in the revised chronostratigraphy (Figure 28). 

 

 

 

 

 

 

 

 

 

 

  

Sample and grain 
size 

Fading 
corrected 
IR50 
age (ka) 

pIRIR/
IR 
ratio 

De5.6-6.4/ 
De0-0.8 
ratio 

A2-35 63-90 1.1 ± 0.14 2.7 1.3 
A2-60 250-300 0.38 ± 0.04 2.0 1.0 
F1-22 63-90 3.0 ± 0.16 1.1 1.0 
F1-34 63-90 0.95 ± 0.07 2.8 1.2 
RS1-20 250-300 8.2 ± 1.0 0.8 1.1 
RS1-30 250-300 10 ± 4.1 1.2 0.9 
RS2-20 63-90 7.7 ± 0.65 2.3 1.2 
RS2-50 63-90 2.2 ± 0.18 1.6 1.0 
RS2-80 63-90 2.0 ± 0.16 4.1 1.2 
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In a recently exposed well bleached sample, the pIRIR signal as well as the IR50 signals will be zero 

(in practice the pIRIR signal will usually be slightly higher due to a larger unbleachable component 

(Buylaer et al., 2011), but as shown here this effect is small in the sediments analyzed here). In a 

poorly bleached environment however, the IR50 signal will diminish in a matter of minutes to hours 

while that takes considerably longer for the pIRIR180 signal (Yi et al., 2016, Tsukamoto et al., 2017) 

which may then retain a larger unbleached trapped charge. The ratio pIRIR180/IR50 is expected to 

decrease with sample age, considering that the partial bleaching differentiated dose difference is 

absolute and the natural dose increases with age. The relative importance of the differential bleaching 

thus decreases with age and the ratio decreases. This has however not had a significant impact on the 

results here, as the absolute difference between the pIRIR180 and IR50 signals is smallest and positive 

for the youngest samples, generally increase up to around 10 ka and for the oldest samples become 

highly negative (see appendix figure 1). 

 
 
5.3.5 Uncertainties 
The large fading rates of the IR50 signal introduces large uncertainties in the fading corrected ages. 

When fading rates are small, the age correction is minor; 0.5 and 3 % fading require a 5 and 36 % 

correction, but fading rates of around 8-9% means that the age estimate has to be corrected by ~200 % 

compared to the IR50 De derived age (Thomsen et al., 2008). A minor error in the fading correction 

measurement of correction model will thus have a large impact on the age estimation. Smaller fading 

rates, near zero with large error bars, observed in the pIRIR180 signal compared to the IR50 is in line 

with the findings of Thomsen et al (2010). This is an advantage of the pIRIR180 signal since the age 

derived from it is less dependent on a high accuracy fading correction model.  

    Residual doses from the IR50 signal are between 0.01 and 0.08 Gy, corresponding to around 3 to 26 

years of natural dose, indicating that these samples are almost completely reset by sunlight exposure. 

For the pIRIR180 signal, this is larger between 0.17 and 0.91 Gy, and measuring this on all samples and 

correcting for this would increase the accuracy of the pIRIR180 derived dates, in particular for the 

young samples where the residual dose may be a significant part of the natural dose. The larger 

residual dose in the pIRIR180 signal could be due to thermal transfer (Buylaert et al., 2011, 

Alexanderson and Murray, 2012, Reimann and Tsukamoto, 2012) of charges in shallow light-

insensitive traps to deep light-sensitive traps (Li and Li, 2010).  
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5.3.6 Glacial ages 
Unexpectedly high ages are derived for samples F1-10 and RS1-2 and RS1-10. These are samples near 

the profile bases and have some small contents of coarser particles (sand to gravel, possibly 

incorporated in the sediments from slope wash or erosion/weathering of the underlying rock) in their 

silty matrix. Larger particles or the bedrock can be more radioactive, but this is only very weakly 

observed in elevated dose rates at around 13% increase for F1-10 compared to the average for the rest 

of the F1-section, while RS1-2 and RS1-10 also display a minor increase in dose rates at 

approximately 6% compared to the rest of the samples from the RS1-section. This is adjusted for in 

the age calculation, however, if the underlying bedrock has a much higher dose rate than the 

sediments, this could skew the results as gamma rays penetrates approximately 30 cm in sediments 

(Aitken, 1985) and influence the basal sample ages. Beta radiation which usually makes up 

approximately half of the total dose rate but has a penetration range of only 2-3 mm (Aitken, 1985) or 

as little as 1 mm (Vafiadou et al., 2007) and would thus not affect the samples. The overestimation of 

ages very near the bedrock due to high rock gamma dose rate can thus be significant, but since beta 

radiation does not contribute to the dose rate, not major. Rock and glacial till data from Russel’s 

Glacier LIA moraines are approximately double the dose rate of these sediments at ~7 Gy/ka 

(Sellwood, work in progress, personal communication). A simple calculation considering these dose 

rates (DR), assuming that the sample is taken at the interface between sediment and bedrock (see 

schematic, figure 29) i.e. half the radiation comes from rock radioactivity and half comes from the 

sediment, and that gamma radiation makes up half the total dose rate, gives us:  

 

𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐷𝐷𝐷𝐷𝑠𝑠  +  𝛾𝛾𝐷𝐷𝐷𝐷𝑅𝑅

2
=  

3 + 7 ∗ 0.5
2

=  3.25 

 

Where DRsample is the total dose rate for the sample, DRS is the dose rate of the sediments, and γDRR is 

the gamma dose rate of the rock. Using the a sediment dose rate of 3 Gy/ka and rock dose rate 

measured by Sellwood at 7 Gy/ka, the total dose rate for the sample is thus 3.25 Gy/ka, equalling an 

increased dose rate of 8 %. Note that total dose rate will be decreasing with distance from rock 

(Aitken, 1985 appendix H), and that this number will in practice likely be much lower, but can be 

considered a maximum limit of age overestimation for a sample taken from the contact between 

sediments and bedrock. Recalculating the age of the lowermost sample in section RS1, which is taken 

from right above the bedrock, gives us an age of 61 ka (66ka/1.08=61ka). Since the area was 

deglaciated during the Holocene, this age can be considered highly unlikely, and can only be correct if 

these relatively loose sediments were preserved underneath the glacier. It has been hypothesized that 

landforms can be preserved underneath an ice sheet, for example in north Sweden (see e.g. Hall et al., 

2013), and this raises the question if the preservation of this thin layer of basal material may have been 

preserved from earlier deglaciated periods. 
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.   

 

 
Figure 30. Schematic of bedrock gamma ray contribution to overlying sediments. 
 

The quantification of the degree of bleaching using the integration limits and pIRIR180/IR50 ratios 

suggests that these glacial aged samples are well-bleached. There are two possibilities for the IRSL 

signal reset: either it was bleached during the last transport event and the glacial age derived here 

correctly reflects the depositional event, but it is also possible that these sediments were completely 

bleached at some prior well-bleached event during the Pleistocene and later reworked and deposited at 

the present location during the Holocene, for example during winter when no sunlight could bleach the 

signal. It is thus hard to confidently determine which depositional event is being dated. Considering 

the large scatter in De’s (Table 10) for some of the older samples, it could be possible to constrain this 

using single-grain analysis to see if there are several age subpopulations within the grains in the 

samples (Duller et al., 2008).  

    It is also possible that the ages of these samples are over-estimated if the coarse particles originate 

from freshly eroded bedrock that has absorbed large amounts of radiation but never been bleached. 

The total luminescence signal would then be higher for these samples since the aeolian derived 

particles with low absorbed dose and slope wash with high absorbed dose are mixed and averaged in 

the measurement as the aliquots used contain hundreds to 1000’s of grains (Duller, 2008b. This could 

be tested by using single grain measurement techniques (Duller, 2006).  
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5.4 Charcoal analysis 
It has been shown here that Greenlandic tundra wildfires produce charcoal particles that are suitable 

for optical counting, measuring and subsequent quantification by identifying an abundance of charcoal 

particles at site F2S1 which burned in august 2016 according to NASA FIRMS/MODIS data (NASA, 

2018). It is also shown that the charcoal fragments remain on the fire site for at least two years in very 

high abundance on the site as well as in close proximity by assessing the charcoal counts of samples 

taken both on and near burned ground. Assuming ongoing local aeolian deposition, the charcoal 

fragments will most likely be preserved as it’s buried by deposition of dust. No charcoal fragments 

were found in the sediment profile assessed, which is interpreted as an absence of local fires in is the 

vicinity during deposition. Macrocharcoal (larger than approximately 150 µm) particles reflects 

proximal fires however (Stahle et al., 2017) and it’s possible that there has been fires in the region 

despite the lack of char in the studied section. To robustly assess the regional fire activity, 

macrocharcoal contents of several more sediment profiles needs to be measured, and alternatively 

targeting the microcharcoal fraction as well as the small charcoal fragments have longer transport 

distances.    

    This study does not test how far the charcoal particles travel during fires or subsequent wind 

transport, and thus pinpointing the range of macrocharcoal transport, or if they are reliably preserved 

over long (100’s to 1000’s of years) time scales in this Arctic setting. It is highly unlikely that char 

would decompose at those time scales due to low temperatures, aridity and permafrost conditions in 

the region (Bird et al., 2015). However, charcoal has much lower density (0.1-0.6 g/cm3; Conedera et 

al., 2009) compared to mineral particles, so it must be considered possible that charcoal can be 

selectively entrained by wind, removing charcoal even though the dust deposition in the region has 

been continuous (Willemse et al., 2003a), although this does not seem to be the case elsewhere 

(Lindskoug and Marconetto, 2014, Wang et al., 2005, Miao et al., 2016).   

 

 

5.5 Further studies: 
Luminescence: 

• Integration limits and differential bleaching. The work on integration limits in this study is 

highly experimental and needs to be validated. The applicability of this method could easily be 

tested in the lab by solar simulator differential bleaching of samples with known previous 

dose. 

• Silt (4-11 µm) fraction has been successfully dated by Forman et al. (2007) and may be 

transported suspended in the air as opposed to by saltation, offering in an additional mode of 

bleaching. This fraction is currently being prepared for dating by the luminescence laboratory 

in Sardinia. 
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• Single grain analysis could distinguish the age even though there are problems with 

incomplete bleaching (Duller 2008). 

• Luminescence dating of bedrock surface burial age could give a maximum age limit of the 
overlying sediments.    
 

Magnetics:  

 
• Are the extreme variations in magnetic properties seen in two sections here and in Hällberg 

(2017) an effect of source differences or in situ processes? This could be investigated by 

measuring magnetic and chemical properties (using for example XRF) in different source 

locations, i.e. floodplains around the region, as well as in the sediment profiles analysed here. 

A more in depth magnetic susceptibility analysis could indicate the type of iron ozides present, 

thus shedding light on formation mechanisms. 

• The results here from the surface sediments from fire sites point to that the burnt sediments 

were changed, but not exactly why or in what way. Magnetic susceptibility measurements 

under varying temperature and field strengths may provide more insights into how the 

magnetic properties of sediments change during wildfire events in this setting. Using routine 

magnetic measurements could then provide a first indication of wildfire affected sediments, 

and more in-depth magnetic analysis and charcoal or chemical fire proxies could then be used 

on select sediment layers. 

• Anisotropy (direction) of magnetic susceptibility may be used to validate assumptions that 

sections have not been cryoturbated in situ.  

 

Fires:  

• More aeolian sequences should be analysed for charcoal content to expand the results of this 

study to a regional level. Sediment sequences for this are already available. 

• To provide more validation for this method, charcoal transport from the fire sites could be 

characterized by sampling transects around the recently burned wildfire sites. This would yield 

information on how far charcoal fragments of different sizes are typically transported. 

• Macro-charcoal fragments, as analysed here, are transported a short distance. Micro-charcoal 

could also be analysed to get a more regional estimation of wildfires. 

• Other archives: either lakes or peat cores are also potential mediums which could be analysed, 

and they are potentially good at preserving charcoal or fire proxies. Additionally, they are 

possibly more likely to yield good radiocarbon-datable material and other fire proxies such as 

levoglucosan or BPCA may be well preserved. 
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6. Conclusions 
The environment in West Greenland is in a constant and highly dynamic disequilibrium with climatic 

and physical factors. This has led to vast changes in glaciation extent and landscape changes during 

the Holocene, and according to projections the rate of change may increase in the near future – this 

may lead to increased dust and wildfire activity. How Greenland’s ice responds to the climate 

warming will have global effects on sea level rise and temperature feedbacks. Understanding 

Greenlandic landscape development as well as dust and black carbon emission from wildfires which 

can alter the Ice Sheet’s albedo is thus crucial. Here, aeolian dust deposits are characterised and dated, 

and the feasibility of using these deposits as archives for environmental and wildfire proxies is tested.   

 

 

6.1 Charcoal analysis 
• Charcoal analysis was conducted on one section near Russel’s Glacier, which according to this 

first luminescence data from the base of that section, cover almost the entire Holocene. No 

charcoal particles were found in the section, suggesting that no wildfires have burnt in the area 

around the site.  

• Charcoal analysis was also conducted on surface sediments from a wildfire site which burned 

in 2016. Considering the abundance of charcoal particles found there, and the persistence of 

charcoal in the environment, it seems likely that charcoal particles have a high chance of being 

preserved in aeolian sections following burial by aeolian sediment input.  

• Combined this suggests that environmental change and/or human activity are driving an 
increase in fire activity which is unprecedented in the Holocene, but further testing of this 
hypothesis is required. 
 

 

6.2 Luminescence dating 
• OSL dating results show that the quartz luminescence signal is very weak. The K-feldspar IR50 

and pIRIR180 signals are strong and well reproducible in the laboratory. A SAR50,180 protocol 

using a 200 C preheat is adopted. The natural signals are highly impacted by poor bleaching, 

resulting in large scatter and uncertainties in many age estimates, as well as inverted age 

sequences in profiles and age divergence between size fractions within the same sample.  

• By discarding obviously problematic sample ages, a revised geochronostratigraphy is achieved 

(Figure 29) which represent ages that are the most likely to be correct. 

• The ratio of pIRIR180 and IR50 ages is utilized as a proxy for degree of bleaching as the signals 

bleach at different rates, which has previously been done by Buylaert, Yi et al., 2016 (and 

more?). This shows that young samples are poorly bleached compared to older samples.  
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• A ratio of integration limits set to the initial 0.8s luminescence signal decay and a delayed 

integration limit (here 5.6 to 6.4s) is proposed as an additional method of estimating the 

degree of bleaching of an aliquot. By this method, the same general pattern as the 

pIRIR180/IR50 method of poor bleaching of younger samples is observed. The correlation 

between the ratios is strongest for the finer fraction, with an R2-value of 0.75 if one outlier is 

excluded.  

• Paleoenvironmental implications: the aeolian deposition of two silty sections near Russel’s 

Glacier approximately coincided with the deposition of the Ørkendalen moraine system and 

the deglaciation of the area. This implies that aeolian dust deposition began as soon as the area 

was ice-free, which extends the ~5000 ka record of dust activity reported by Willemse et al. 

(2003a) by about two-three millennia. 

• That older samples seem better bleached may be an effect of changed aeolian seasonality, i.e. 

more dark season transport during the last millennia.  

• Four basal samples dated to last glacial ages (18-66 ka) that appear to be well-bleached 

according to the two bleaching indicators used here raises the question if some basal 

sediments were preserved under the ice sheet during the glaciation or if some other process is 

responsible for this gross potential age over-estimation. These results are preliminary and 

needs further testing. 

 

6.3 Radiocarbon dating 
• The radiocarbon dating attempted by the Hungarian Isotoptech laboratory has not yet yielded 

successful dating results due to a lack of large datable fragments in the samples collected. 

Dating of the bulk C fraction will be attempted by the lab. This is expected to yield good 

results for peaty samples, but since most aeolian sections have a very low fossil carbon 

content, below 1%, the radiocarbon dating of most samples is likely to fail. The results 

received so far suggests that terrestrial sections without paleosol or peat layers will be hard to 

date using radiocarbon, providing a major limitation of 14C datable sediments in this cold and 

arid environment.  

 

6.4 Magnetic susceptibility 
• Magnetic properties of surface sediments from two wildfire sites were measured. Increased 

Χfd was observed for fine sediments collected on one of them. This suggests promise for 

locating a first indication of wildfire events in terrestrial or aquatic sediments, as proposed 

elsewhere. 

• Two sections show extremely low Χlf excursions (lowered by a factor of 20 compared to the 

rest of the sections). This reflects either a sudden change in source material (which for 
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example could be a result of altered glacial meltwater production during the Holocene 

temperature optimum), or post depositional alteration of highly magnetic minerals into less 

magnetic versions under oxidising or reducing conditions.  

• Through five of the seven sections analysed, the magnetic properties are stable and 

susceptibility as well as its frequency dependence is moderate, suggesting that no clear post-

depositional processes such as gleying or pedogenesis has affected the sediments. 

  

6.5 Synthesis 
The results of this study suggest that aeolian deposits which are widespread proximal to the Greenland 

Ice Sheet in the Kangerlussuaq area hold promise as an environmental archive. The sediment 

accumulation rate records the aeolian activity and changes in grain size distributions can be used to 

infer the proximity to and development of flood plain sources or wind strengths. The basal 

luminescence ages from two sections indicates that the sedimentary achieve may span the entire 

deglaciated history of the area. The dating results from two independent techniques highlight the 

difficulty of reliably dating a wide range of materials in this Arctic setting. The need for continued 

efforts in the luminescence field of research should be emphasized, as this may be the technique with 

the highest potential to date proglacial sediments ranging from boulders, moraines, fluvial sands and 

aeolian dust, whereas radiocarbon require organic material which in many cases, as observed here may 

be absent. The charcoal analysis conducted here is a first step towards constructing a wildfire history 

of West Greenland – one section has been analysed which suggests that no fire had burned the tundra 

in its vicinity; to infer the wildfire history of the extended area or region, more sections has to be 

analysed, ideally in both the micro and macro fractions as well as in a range of additional 

sedimentological archives such as peat bogs and lakes.  
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Appendix 
 

 
Fig 31. Absolute difference in fading corrected ages between the pIRIR180 and the IR50 signals. 
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Fig. 32. Section A2. 
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Fig. 33. Section A6. 
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Fig. 34. Section RS1. 
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Fig. 35. Section RS2. 
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Fig. 36. Sections F2S1. 
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Fig. 37. Section K1.
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Fig. 38 Section K1. 

 

 



74 
 

Fig. 39. Section F1S2. 
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Fig. 40. Section L1. 
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Fig. 41. Section F3. 
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