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Abstract 
Arctic Loess as an Environmental Archive – Identifying Weathering with XRF 
Analysis in West Greenland 
Isabelle Karnik 
 
Loess from west Greenland was studied to evaluate Holocene paleoclimate in the 
Arctic region. Deposits of loess are formed over long time scales through deposition 
of fine aeolian sediment and they exist in several places in the world. The main 
aeolian dust source in the study area is glaciofluvial material derived from the 
Greenland Ice Sheet (GrIS). Studying and understanding paleoclimate can help to 
make better predictions about the future in this sensitive region. Apart from sea level 
rise, melting of the GrIS also leads to an increase of aeolian dust as it gets released 
from the ice, which influences atmospheric and metrological phenomenon as well as 
the ice sheet’s albedo. This creates negative feedback mechanisms through 
increasing melting rates of glaciers and warming of the Arctic.  

Loess samples from two sites in the Kangerlussuaq area were analyzed and the 
mineral composition was measured with X-Ray Florescence Spectroscopy (XRF).  
With the measured mineral content, weathering indices were calculated to identify 
rates of weathering during the Holocene. Increased weathering intensities indicate 
warmer and more humid climate. The deposits in Greenland are relatively thin. 
Radiocarbon dating of the sediment suggests that the oldest parts of the profiles are 
about 4000 cal. yr B.P. (calibrated years before present). 

Arctic loess has not been studied very extensively. Weathering indices and ratios 
developed for classical loess, that had not been tested on Arctic loess, was used. 
The results were plotted by depth and age to visually identify changes over time. By 
considering the geology, climate and local conditions of the study area, some 
weathering indices seemed to be suitable, generating matching trends between the 
two sites. Compared with results from previous studies, the results also seemed 
credible. 
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Sammanfattning 
Arktiska lössjordar som miljöarkiv - Identifiering av vittring med XRF-analys på 
västra Grönland 
Isabelle Karnik 
 
Löss från västra Grönland studerades för att utvärdera holocent paleoklimat i Arktis. 
Lössjordar bildas över långa tidsskalor genom avsättning av fint vindburet sediment 
och de finns på flera platser i världen. Den huvudsakliga källan till det vindburna 
sedimentet i studieområdet är glaciofluvialt material härstammande från 
Grönlandsisen (GrIS). Att studera och förstå paleoklimat kan underlätta skapandet av 
bättre prognoser om framtiden i denna känsliga region. Bortsett från höjning av de 
globala havsnivåerna leder smältningen av GrIS också till en ökning av vindburet 
sediment då det frigörs från isen, vilket påverkar atmosfäriska och metrologiska 
fenomen samt isens albedo. Detta skapar negativa återkopplingsmekanismer genom 
ökande smälthastighet av glaciärer och uppvärmning av Arktis.  

Lössprover från två ställen i Kangerlussuaq-området analyserades och 
mineralsammansättningen mättes med röntgenstrålningsspektroskopi (XRF). 
Med det uppmätta mineralinnehållet beräknades vittringssindex för att identifiera 
vittringshastigheter under Holocen. Ökad vittringsintesitet indikerar varmare och 
fuktigare klimat. Avlagringarna på Grönland är relativt tunna. Kol-14-datering av 
sedimentet antyder att de äldsta delarna är cirka 4000 cal. yr B.P. (kalibrerade år före 
nutid). 

Arktisk löss är relativt ostuderad. Vittringsindex som har utvecklats för klassisk 
löss i tempererade regioner, och tidigare inte testats på arktisk löss, användes. 
Resultaten ritades i grafer efter djup och ålder för att visuellt identifiera förändringar 
över tid. Genom att ta hänsyn till geologin, klimatet och lokala förhållanden i 
studieområdet, verkade några av vittringsindexen ge trovärdiga resultat då 
matchande trender mellan bägge profiler kunde utläsas. I jämförelse med resultat 
från tidigare studier verkade resultaten också trovärdiga. 

 
Nyckelord: löss, XRF, vittringsindex, holocent klimat, Grönland 
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1. Introduction 
Paleoclimatic research is important to understand climatic changes and the overall 
behaviour and function of the climate system. Studying trends of the past can 
increase our understanding of future climate and its impacts on ecosystems and 
landscape development. There has been an increased interest in studying the Arctic 
climate-induced environmental change after noticing faster temperature increase 
compared to the global mean (Yde, 2018). Consequences of the Arctic warming are 
for example, enhanced permafrost melting, dust activity, and sea level change. 

One method to analyse past climate is to study loess deposits, which can be seen 
as an archive of environmental change (Schaetzl et al., 2018; Muhs, 2013, Willemse 
et al., 2003). Loess deposits are built up by accumulated aoelian silt-sized particles, 
over long time scales (Buggle et al., 2011). Research on loess in Polar Regions has 
not been as frequent as on classical loess in temperate regions (e.g. in China and 
east Europe), largely because the Polar loess deposits are thin, discontinuous or not 
recognized as loess. Loess deposits found in Greenland are only about one meter 
thick but could still potentially yield a detailed and valuable climate and dust archive 
for the Arctic.  

In this study, weathering indexes were used to identify periods of increased 
weathering intensities. Post-depositional weathering gives insight to past climate, 
since intensive weathering indicates increased humidity, and thereby a warmer 
climate (Schaetzl et al., 2018; Buggle et al., 2011). Buggle et al. (2011) evaluated 
and compared different weathering indices that were developed in temperate regions 
of east Europe. Inspired by that study, same weathering indices and ratios were 
tested and compared in this study. They had not yet been tested on Arctic loess, so it 
was uncertain how suitable they would be for evaluating loess weathering under 
Arctic climate regimes. 

X-ray fluorescence (XRF) analysis was used to measure the chemical 
composition of loess samples and the results were used to determine weathering of 
past climate records. The sediments were dated by radiocarbon method, with the 
oldest estimated to about 4000 cal. yr B.P. The dating results are unpublished and so 
presented here only as a guide to age (personal communication P. Hällberg and T. 
Stevens, 2019). Calculated weathering indices were plotted by depth and 14C age to 
gauge the timing of weathering changes. 

This is a study of local climate conditions, but the results can hopefully be linked 
to climatic events that has been explored in other studies, and as noted above, local 
to regional scale changes in the Arctic can impact the global climate system and alter 
patterns of climatic change. 

2. Background 

2.1. Aeolian dust deposits (loess) 
Loess are terrestrial deposits of aeolian sediment, built up over long periods, 
extending in some localities for 10s of millions of years. They mainly consist of silt-
sized particles (50-2 µm diameter) but usually contain sand (>50 µm diameter) and 
clay (<2 µm diameter) as well. The thickness of the deposits can vary from a few 
centimeters to 100s of meters. Building rate depends largely on available material 
and wind directions. The fine sediment source material often has glaciofluvial origin, 
but the source can vary; another common source area are deserts. As much as 10 % 
of the Earth’s land surface could be covered by loess. Its mineralogy and fine texture 
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make it excellent soil substrate for agriculture. Clay and/or carbonates keep the 
structure together by interparticle binding (Muhs, 2013). 

Loess is massive and homogenous when unaltered by pedogenic processes, but 
the stratigraphy of loess can be quite complex with a mix of primary aeolian sediment 
and paleosols that have experienced varying degrees of weathering and soil-forming 
processes. Soil-formation is more prominent during periods of low loess 
sedimentation rates since pedogenesis can extend deeper into previously deposited 
loess. Globally, deposits of aeolian dust primary form during glacial periods and soil-
formation occurs with increased weathering during interglacial periods, when the 
climate is warmer and more humid (Muhs, 2013, Buggle et al., 2011). The record of 
alternating glacial-interglacial cycles recorded in loess and palaeosol are sometimes 
useful as a relative dating tool (Muhs, 2013). During glacial phases on Greenland 
however, the ice sheet extended to the continental shelf break, making loess 
sedimentation impossible. All current loess on Greenland has deposited after 
withdrawal of the Greenland Ice Sheet (GrIS), meaning that all loess is Holocene in 
age (Dijkmans and Törnqvist, 1991). 

Circulation of paleowinds can be reconstructed by looking at thickness, particle 
size and carbonate content since these factors generally decrease with increased 
distance from the source (Muhs, 2013). 

2.1.1. Aeolian dust deposits in west Greenland 
Aeolian silt deposits around Søndre Strømfjord (the fjord in the study area, see figure 
1 and 2) differ from ‘typical’ loess by being coarser, having lower clay content and 
lacking strong cohesivity and it has been debated whether they should be referred to 
as loess (Dijkmans and Törnqvist, 1991). Dijkmans and Törnqvist (1991) suggested 
to use the term ‘proximal loess’ for aeolian silt deposits where the source area is 
located only a few kilometers away and deposition is controlled by topographic 
barriers, since these conditions create specific characteristics that are different from 
‘typical’ loess. With one main source area and a steep valley side nearby, the 
deposits are represented by coarse silt and very fine sand with decreasing thickness 
and mean grain-size with increasing distance from the source (Dijkmans and 
Törnqvist, 1991). They will be referred to as loess in this text, but the location/type of 
loess should be clear by the context. 

The location of sediment accumulation is largely controlled by vegetation and 
topography but rising capillary groundwater and frosty surfaces are also capable of 
trapping aeolian dust. Proximal loess occurs on bare rock as well, so vegetation is 
not necessary for initial deposition but since it stabilizes the aeolian silt it is often 
present (Dijkmans and Törnqvist, 1991). 

Radiocarbon dating made on organic material from the aeolian deposits indicates 
that the sediment has occupied the valleys during most of the Holocene deglaciation, 
with the oldest dated at 6500-6000 yr B.P. The dating also indicates that the aeolian 
activity has varied and more or less been interrupted at times (Dijkmans and 
Törnqvist, 1991). When studying the profiles, it should be remembered that the 
sedimentation rate has not been constant and that the thickness of sediment does 
not necessarily reflect how much time that has passed.  

2.2. Study area 
Samples from two loess sites, in the Kangerlussuaq area (Fig. 2) in southern west 
Greenland, were collected by Stevens and Hällberg in June-July 2018 for Hällberg’s 
master thesis (Hällberg, 2018). Two locations named K1 and RS1 are studied in this 
project (Fig. 2). K1 comes from Kitchen Mountain, nearby Kangerlussuaq Airport, and 
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has a thickness of 62 cm. The site named RS1 has a thickness of 92 cm and is 
located near Russell Glacier, about 60 m further down from the top of a small 
mountain. Samples were collected every two cm, resulting in 31 measured samples 
from K1 (though the deepest samples of K1 at 58-60 cm and 60-62 cm had 
insufficient quantity and were therefore removed from results) and 46 samples from 
RS1 (Table 1) (Hällberg, 2018). 
 

 
Figure 1. Overview of the study area. Markers indicate sampling sites. In the sites marked in yellow, dating was 

undertaken by using both luminescence and radiocarbon methods. The red sites were only dated with 
radiocarbon method and only the radiocarbon dates are mentioned in this study. Satellite data: Google Maps 

(Hällberg, 2018). 

 
Figure 2. Magnified view of the study area around Kangerlussuaq. Markers indicate sampling sites from Hällberg 
(2018). Note that only sites K1 and RS1 are studied here. In the sites marked in yellow, dating was undertaken by 
using both luminescence and radiocarbon methods. The red sites were only dated with radiocarbon method and 

only the radiocarbon dates are mentioned in this study. Modified from Anderson et al., 2017 (Hällberg, 2018). 
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Table 1. Information about the two sample sites. 

Name Code North West Thickness 
(cm) 

Elevation 
(m) 

14C 
samples 

Russell Glacier RS1 67.09043 50.26257 92 290 6 
Kangerlussuaq K1 67.02688 50.69279 62 328 2 

 

 
Figure 3. K1 profile picture and stratigraphic description (Hällberg, 2018) 

 
Figure 4. RS1 profile picture and stratigraphic description (Hällberg, 2018). 
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2.2.1. Climate, landscape and sediments 
The Kangerlussuaq area is one of the most studied areas in the Arctic and has 
relatively dry and stable weather conditions, which makes it suitable as the 
placement of Greenland’s international airport (Yde et al., 2018). It has a continental, 
subarctic climate with a mean annual temperature of -5.1 °C, mean precipitation is 
<250 mm/year and mean annual evapotranspiration is about 300 mm. Since the 
mean temperature of the warmest month is <10 °C and mean annual precipitation is 
<250 mm/year, it is defined as a cold and arid climate (Bullard and Mockford, 2018; 
Bullard and Austin, 2011). Precipitation, temperature and wind speed changes with 
distance from the GrIS. Highest wind speeds are close to GrIS, mainly because of 
strong katabatic winds that are created from steep pressure gradients (Bullard and 
Mockford, 2018; Müller et al., 2016). Wind direction is mainly controlled by 
topography. A meteorological station located about 25 km from the GrIS, 10 m above 
ground and over a 70 year period (1945-2015), measured mean daily wind speeds of 
3.54 m/s with variations from 0 m/s to 14.18 m/s. Dust emissions are largest in the 
spring when the thin snow cover quickly melt away and exposes the sediment 
(Bullard and Mockford, 2018). Dust emission is less in the summer since it is the 
main rainfall period. Snow is present during a major part of the year, but the mean 
monthly snow cover is less than 20 cm, though variations in snow depth over the 
year is large (Dijkmans and Törnqvist, 1991). 

Ørkendalen (Fig. 2) is located in the Søndre Strømfjord area and is a valley with a 
1-2 km braided river system. Sandflugtdalen (Fig. 2), another valley in the study area, 
has a wide valley floor in the eastern part and 5-10 m high fluvial and glaciofluvial 
terraces in the western part. Aeolian dust has been deposited in these valleys, 
creating at least 8 km of an almost continuous belt, situated on the northern valley 
walls and fringes of the valley floors. The central part of Ørkendalen hosts the largest 
sand sheet in the Søndre Strømfjord area and its shape tells that the wind direction 
(as well as transport of sediment direction) goes from the flood plain to the northwest 
(Dijkmans and Törnqvist, 1991). Loess deposits are formed around these river 
systems since large amounts of eroded material from the GrIS is supplied by these 
glacial rivers (Hällberg, 2018; Bullard and Austin, 2011). Aeolian activity at the glacier 
margins is likely to increase as climate gets warmer, since more material will be 
released from the ice and increased evapotranspiration will dry out sediments faster. 
Dust that falls on the ice also affects its albedo, which can increase the melting rate 
(Bullard and Austin, 2011; Bullard and Mockford 2018). 

Weather stations has been maintained by Utrecht University since 1993 and the 
data has been used for surface mass balance changes of the GrIS. This has 
contributed to making the recent deglaciation history during the Holocene in west 
Greenland well known (Yde et al., 2018). Before the Holocene, all of Greenland was 
covered by ice. Thanks to submarine moraines there is evidence that the GrIS 
started retreating from its last glacial maximum about 10,800 cal. yr B.P. The GrIS 
margin stretched further than today’s coast line and the global sea level was about 
120 m lower than present. By looking at lake sediments and valley fill sediments, a 
general retreat of the GrIS between 9000 and 5000 cal. yr B.P has been estimated 
(Carrivick et al., 2018). The peak-warming of the Holocene Thermal Maximum 
probably happened somewhere between 5000 and 6000 cal. yr. B.P. and the 
greatest retreat of the GrIS margin in west Greenland was probably reached during 
the period 5000-4000 cal. yr B.P., located about 80 km inland from its current 
position. The tundra between Russell Glacier (close to the RS1 site) and Isunnguata 
Sermia (located about 10 km north of Russell Glacier) has probably been 
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continuously ice free between 6000 and 2000 cal. yr B.P and in the last 2000 years, 
the position of the ice margin is likely to have been quite stable (Carrivick et al., 
2018). 

2.3. Weathering  
Loess weathering is a strong index for climatic change during the period when loess 
was deposited. The geochemical composition of loess is mainly controlled by the 
original composition of the source material, grain size sorting and the weathering 
after deposition (Liang et al., 2013).  

Classical loess deposits are often built up by a stratigraphy of loess and 
paleosols. A paleosol section indicates slower deposit of aeolian sediment since it 
has been exposed to more weathering (Schaetzl et al., 2018). It also indicates a 
more humid and hence warmer climate since water is vital for chemical weathering. 
In classic loess sequences, periods of less sedimentation have generally been 
identified as corresponding to interglacial periods, when climate is warmer and 
paleosols are created. Loess sequences have been deposited during glacial periods 
when dryer climate has made more aeolian dust available and the colder climate has 
been less suitable for weathering (Buggle et al., 2011). Since Greenland was 
completely covered in ice during the last glaciation, all the deposits are of Holocene 
age. No glacial and interglacial periods can therefore be identified in these deposits 
but well enough periods of warmer and wetter climate. 

2.3.1. Weathering indices  
Weathering indices can be used for identifying rates of weathering at a soil profile. 
Looking at post-depositional weathering is an effective paleoclimate index, but 
weathering of the sediment could also have taken place before deposition so results 
from multiple indices should be compared (Schaetzl et al., 2018). Furthermore, no 
analysis of the geochemistry of Greenland loess had been undertaken and the 
weathering indices used in this study had not been developed for Arctic loess so it 
could not be assumed that they would work as accurately there. 

Chemical weathering changes the composition of elements. Some elements are 
more soluble and mobile and will leave or change from the parent material when 
weathered. By comparing these elements with immobile elements (that are assumed 
to be constant) and calculate the ratio with a weathering index, we can get an idea of 
how much weathering that has taken place (Buggle et al., 2011). Identifying 
quantities of different elements in the material is necessary to identify rates of 
weathering (Schaetzl et al., 2018) and for that XRF was used in this study. 

Solubility of elements is controlled by ionic potential, where cations with higher 
ionic potential (>3) create stronger bonds with oxygen, which make them less soluble 
(Buggle et al., 2011). If an ion has high ionic potential (3-10 or 12) it can cause a 
deprotonation of water molecules in the cation’s hydration shell because the density 
of the positive charge is large enough. Hydroxides or oxyhydrates are then formed, 
which are insoluble and when released during weathering, they quickly form insoluble 
and immobile hydrolyzates. For this reason, it is good to choose an insoluble 
hydrolyzate as immobile element in the weathering index like Al, Si, Ti and Zr 
(Buggle et al., 2011; Liang et al., 2013). Solubility of ions are also influenced by pH-
values, redox conditions (for this reason, Fe and Mn should not be used in 
weathering index) and temperature.  

The bedrock in the area consists of granodioritic gneisses (Willemse et al. 2003), 
which means that the sediment should have a high concentration of plagioclase 
feldspar. All alkali- and earth alkali-elements (except Be) can be categorized as 
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soluble elements since they have low ionic potential, for example Ca, Mg and Sr, 
which are all common in plagioclase (Buggle et al., 2011).  

Solubility does not have to be synonymous with mobility, since an ion with larger 
radius has a higher tendency to be absorb by clay minerals, which leads to reduced 
mobility. Because of this property, it is better not to use larger cations, like Rb and 
Ba, as mobile elements in an index. They can on the other hand be good choices as 
immobile elements for weaker weathering rates (Buggle et al., 2011). Ba/Sr and 
Rb/Sr are two ratios that were used by Buggle et al. (2011) on east European loess 
and they will be used in this study as well to compare the suitability on Arctic loess.  

Being immobile is not the only requirement, but also that the element is resistant 
to the effects of weathering since it can transform elements and form secondary 
minerals, for example clay minerals or iron oxides (Buggle et al., 2011). Intense 
weathering can make elements with large ionic radius, like Rb and Ba, act as mobile 
elements so indices focusing on the insoluble hydrolyzates, especially Al, Si, Ti and 
Zr, as immobile elements are good to check and compare with as well (Buggle et al., 
2011). 

It is important that the chosen mobile and immobile elements for a weathering 
ratio are hosted by the same sediment parent material. Na and Li were suggested as 
the most suitable mobile elements based on the criteria for loess-paleosol 
sequences. Na is more common than Li and has feldspar as its main host group in 
unweathered loess, which also Al has. This indicates that Na and Al are a suitable 
pair of elements to use in alteration indexes in the study area (Buggle et al., 2011). 

A few of the specific indices of feldspar weathering discussed by Buggle et al. 
(2011) are mentioned in the next sections.  

CIA – Chemical Index of Alteration (1982) 
Developed by Nesbitt and Young (1982) to give a quantitative measure of feldspar 
weathering. In the case of weathering intense enough to change K-feldspar and 
plagioclase, mobile elements Na, Ca and K should all be removed from the soil, 
leading to enrichment of immobile element Al (Buggle et al., 2011). Al is expected to 
maintain in the profile by forming secondary clay minerals and/or Al-oxides. A higher 
value on the index will ultimately indicate higher rates of weathering as Al increase 
relative to the more mobile elements.  

!"#$%&
!"#$%& + !()%∗ +!+)$% + !,$%	

∗ 100 

The molar masses of the minerals (marked by m) are used in this index as well as 
the following four indices. The principles of all indices are to compare how the ratio 
between mobile elements and immobile elements change. Mobility of elements are 
controlled by several factors, as explained earlier. 

CaO* is a corrected value for CaO. If the CaO value is lower or equal to Na2O, 
then that value is used but if CaO is higher than the Na2O content, a corrected value 
(Na2O/56,0778; 56,0778 is the molar mass for CaO) is used instead. The correction 
is done to minimize influence of CaO from carbonates and phosphates instead of 
silicate minerals. 

Index B (1981) 
This index was developed by Kronberg and Nesbitt (1981) and is based on same 
principles as CIA. 
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!()%∗ + !+)$% +!,$%	
!"#$%& + !()%∗ +!+)$% +!,$%	

 

CIW – Chemical Index of Weathering (1988) 
Developed by as a K-free version of CIA by Harnois (1988). K was removed because 
of inconsistent behavior during weathering (Buggle et al., 2011). 

!"#$%&
!"#$%& +!()%∗ + !+)$%	

∗ 100 

PIA – Plagioclase Index of Alteration (1995) 
A modified version of CIW developed by Fedo et al. (1995). The Al content in K-
feldspar is corrected to avoid misleadingly high CIW values (Buggle et al., 2011).  

!"#$%& −!,$%
!"#$%& + !()%∗ +!+)$% − !,$%	

∗ 100 

CPA – Chemical Proxy of Alteration – CPA (2000) 
Developed as a Ca-free version of CIW by Cullers (2000) to be used for carbonate 
rich shales, siltstones and sandstones. Since carbonates weather easily, it can be a 
good idea to use a Ca-free index to be more certain that the weathering rate 
represents the true silicate weathering.  

Instead of doing a basic Al/Na ratio, this index was used to restrict the values 
between 0 and 100 (same principle as for CIA, CIW and PIA) to avoid great 
variations if the values of Na would be low.  

!"#$%&
!"#$%& + +)$%

∗ 100 

The mentioned Al/Na indices were tested and compared at three different loess 
paleosol sequences (LPSS) in east Europe (Serbia, Romania and Ukraine), as well 
as the Rb/Sr and Ba/Sr ratios. The sites represent archives from Late (126,000 to 
11,700 yr B.P.) and Mid-Pleistocene (781,000 to 126,000 yr B.P.) climate change, so 
considerably older than the archives from west Greenland.  

It is suggested from the study by Buggle et al. (2011) that Ba/Sr and Rb/Sr ratios 
are connected with high and low values of CaCO3. The strong correlation might be 
caused by Sr bound to carbonates (Buggle et al., 2011). As previously mentioned, 
carbonates weather easily and weathering of the sediment might have taken place 
before deposition. The results from these ratios might therefore be misleading by 
underestimating the postdeposition weathering intensity (Buggle et al., 2011). 

The weathering indices Index B and CIA are suggested for identifying feldspar 
weathering and CIW and PIA for plagioclase especially. Because of difficulty to 
measure accurate values of CaO, weathering intensity of CIW, PIA and CIA were 
underestimated for the LPSS (Buggle et al., 2011). CPA was suggested for the LPSS 
since it does not include CaO. The uncertainties of the CaO quantities in these three 
sites were seemingly small but it might have a big effect on other LPSS (Buggle et 
al., 2011). 

The indices for CPA, CIA, Index B, CIW and PIA all showed very similar trends at 
all sites in east Europe. The Ba/Sr and Rb/Sr ratios partly showed similar trends to 
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each other, as well as to the Na-based indices, but the index values had larger size 
fluctuations.  
 
Things to keep in mind when choosing suitable weathering indices for west 
Greenland and for when to interpret the results: 

• The bedrock of west Greenland is largely granodioritic gneiss where 
plagioclase feldspar is one of the largest mineral components. Since the 
glaciofluvial sediment is the main source material of the loess deposits, the 
type of bedrock should provide solid information about the geochemistry of the 
loess, and vice versa. 

• Identifying weathering indices suitable for plagioclase feldspar is suggested. 
• Intense weathering of elements with large ionic radiuses, like Rb and Ba, can 

lead to loss of these elements when the host material (for example feldspars) 
transform into secondary clay minerals (Buggle et al., 2011). 

• Values of CaO might be uncertain and can cause underestimations of post-
depositional weathering. 

 
All Na/Al-based indices could be suitable in the study area and they will all be 
calculated, plotted and compared. The Ba/Sr and Rb/Sr ratios does not seem as 
suitable but will be calculated and plotted as well to increase the comparison and 
ability to identify variations in weathering intensities. 

2.4. Dating 
Radiocarbon (or 14C) dating is a method that estimates the age of organic fossils by 
measuring the decay to nitrogen of radiocarbon. 14C is in all organic matter and 
decays slowly in living organisms. When organisms die, the absorption of 
radiocarbon stops and the decay can be measured on the amount that is left stored 
in the organism. The half-life is 5730 +- 40 years and the decaying rate is constant 
(Encyclopædia Britannica, 2019).  

Bulk organic matter found in the profiles was collected in 2018 by Stevens and 
Hällberg and analyzed at the MTA Atomki AMS laboratory at Debrecen, Hungary. 
The bulk organic carbon was at low concentrations and may therefore be susceptible 
to contamination, especially from modern carbon via root activity. This might have 
yielded ages that were too young but currently there is no way to test this, so the 
ages are interpreted at face value (personal communication T. Stevens, 2019). 

3. Method 

3.1. X-Ray Fluorescence (XRF) 
To obtain the elemental/oxide concentrations required for calculation of weathering 
indices on the Greenland loess, X-ray fluorescence spectroscopy (XRF) is used. In 
this method, X-rays are used to identify elemental concentrations in a sample. X-ray 
radiation excites electrons from inner electron shells of elements in the measured 
samples and electrons from outer shells fills the voids created (Fig. 5). As a result of 
this electron movement, fluorescence radiation is emitted and detected by the XRF. 
The energy distribution in the fluorescence is characteristic for specific materials 
(Fischer, n.d.). 
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Figure 5. Visual explanation of the method where a primary x-ray radiation hits and excites an electron from the 
inner shell (Kα). Electron from an outer shell fills out the void and release X-ray fluorescence. Kα and Kβ refer to 

difference fluorescence emissions resultant from movement of electrons from different shells (https://xrf-
spectroscopy.com, Fischer, n.d.). 

 
Figure 6. The handheld XRF (Bruker TRACER 5i) set up for measuring. The inside of the cup, covering the 

sample, is covered with lead to shield the x-rays from entering the surroundings. 

A portable XRF of model Bruker TRACER 5i was used for the study, set up in a fixed 
position. Measuring was done in a closed laboratory and a dosimeter was worn at all 
time to measure radiation exposure, controlling that it would not exceed safe levels. 
The samples were put in glass containers to dry for at least 12 hours at 50 degrees 
°C in a drying oven. 

Before measuring, the samples were pulverised to make them homogenous. 
Larger grains or clusters of grains, as well as organic material, can manipulate the 
results. A quartz mill was used for the purpose and each sample was ground for 10 
minutes. After each sample, the mill was cleaned with acetone and paper. 
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Figure 7. Finely grounded sample in the quartz mill. 

The ground samples were packed with as much sediment as possible in measuring 
containers (small plastic cups with transparent prolene film on top), a small stick 
made of quartz was used to compact them. The cups should ideally be so full that the 
sample won’t move around in the cup.  
 
 

The measuring was done with three different calibrations, starting with two inbuilt 
multi-element calibrations (GeoMining and GeoExploration). The device was tested 
by measuring a check sample and comparing the results with known values. A team 
of researchers (personal communication T. Stevens, Y. Baykal and C. Költringer, 
2019) assessed the validity of the calibrations for different elements based on 
comparisons to known values, and data for each analysed element was taken from 

Figure 8. Samples packed in the plastic cups 
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the most suitable calibration. In order to measure Na, which is unmeasurable under 
the inbuilt calibrations, a third calibration was also created by supervisor Thomas 
Stevens and PhD Yunus Baykal, using a He flush and with no filter window on the 
XRF gun. 

Each sample was measured three times for 90 seconds each (except for the Na 
measurement where each sample was measured for 60 seconds). The mean value 
was calculated for each sample. Some elements had to be corrected for known 
offsets, using an empirical slope and line offset regression function (SiO2 and Ba). All 
abundant elements are presented as oxides irrespective of machine output. All major 
oxides (SiO2, TiO2, Al2O3, FeOtot (FeO and Fe2O3; the XRF technique is not able to 
distinguish between oxidation states so iron can be expressed as FeO and not as 
Fe2O3), MgO, CaO, Na2O, K2O, MnO and P2O5) were added and the elemental 
values were normalized to 100%. The normalization removes the minor elements 
and oxides that are not of interest and/or showed insufficiently low content. The 
oxides used for the Al/Na indices were calculated according to their molar masses. In 
addition to major oxide-based weathering indices, elemental ratios of weathering are 
also presented. 

3.2. Weathering indices 
Weathering indexes were calculated and plotted by depth with hopes of identifying 
trends of weathering intensities between the profiles, indicating wetter and hence 
warmer periods in the past. Ages yielded by 14C were also added to the more reliable 
plots to easier be able to link weathering with climatic events discussed in other 
studies. 

As previously mentioned, these indices had not before been applied at Arctic 
loess so it was uncertain how suitable they would be. Microsoft Excel was used to 
handle the data and to make the calculations. Graphs were made in Microsoft Excel, 
MATLAB and Adobe Photoshop.  
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4. Results 

4.1. Major element variations for RS1 and K1  

 
Figure 9. Element content variation of Rb, Ba and Sr in RS1, plotted by depth. Rb and Ba are less mobile than Sr. 

Higher weight% of Sr is therefore supposed to indicate less weathering and vice versa. 

 
Figure 10. Element content variation of Rb, Ba and Sr in K1, plotted by depth. 

The XRF results are given in weight%. The plots for both Rb and Ba follow somewhat 
similar patterns in both of the profiles, but it is quite difficult to make an estimation. 
Similar trends can be seen when comparing the Rb-plot with the Ba-plot in both RS1 
and K1. The Sr-plot of RS1 (Fig. 9) and K1 (Fig. 10) looks completely opposite in the 
uppermost parts of the graphs but seem to follow a more common pattern in the 
lower part. Ratios of Rb/Sr and Ba/Sr for RS1 and K1 (based on 4.1) 
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Figure 11. Rb/Sr and Ba/Sr ratios with error bars for the RS1 profile. Rb and Ba are supposedly the immobile 

elements in the ratio, while Sr is mobile. Increasing weathering index therefore indicates increasing weathering 
intensities. 
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Figure 12. Rb/Sr and Ba/Sr ratios with error bars for the K1 profile. Rb and Ba are supposedly the immobile 

elements in the ratio, while Sr is mobile. Increasing weathering index therefore indicates increasing weathering 
intensities. 

For both the profiles, the ratio of Rb/Sr mainly follows the content of Rb and the ratio 
of Ba/Sr mainly follows the content of Ba. The two ratios of K1 strongly resemble 
each other while the ratios for RS1 look rather different.
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4.3. Major oxide variations for RS1 and K1  

 

Figure 13. Variations in oxide content for the RS1 profile, plotted by depth with the weight% divided by the oxide’s molar mass. Same is true here as for K1 (Fig. 13), that the 
lower part of the mCaO* graph shows corrected values for mCaO. 
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Figure 14. Variations in oxide content for the K1 profile, plotted by depth with the weight% divided by the oxide’s molar mass. 

The oxide variation is plotted by depth with the weight% divided by the oxide’s molar mass. Al is less mobile as compared to Na, Ca 
and K, so high levels of Al2O3 indicate higher degrees of weathering. CaO is the most mobile and can because of that sometimes 
create insecure results since it is difficult to know if weathering had taken place before or after deposition. The CaO* content plotted 
here is a corrected value to minimize the influence of CaO from carbonates and phosphates instead of silicate minerals. 

The oxide contents of mAl2O3 and mK2O at RS1 (Fig. 13) follow a rather similar pattern, at least in the top part of the profile. The 
Na2O content variation looks quite different from the mAl2O3 and mK2O graphs. 

The oxide variations for mNa2O and mK2O at K1 (Fig. 14) show somewhat similar results. It is quite evident that the weight% of 
mAl2O3 changes in relation to mNa2O and mK2O; higher values of mNa2O and mK2O yield lower weight% of mAl2O3 and vice versa. 
The mCaO* plots in both RS1 and K1 figures are made using the corrected values for CaO (see CIA p.7) after approximately 25 cm 
in both RS1 and K1. That means that the measured CaO values below 25 cm were considered to be too high to trust as coming 
from silicate minerals alone. The correction is done to minimize influence of CaO from carbonates and phosphates instead of 
silicate minerals. 
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4.4. Weathering indices CIA, CIW; PIA, CPA and Index B for RS1 and K1 (based on 4.3.) 

 
Figure 15. Weathering indices CIA, CIW, PIA, CPA and Index B for the RS1 profile. Increasing values for CIA, CIW, PIA and CPA indicate increasing weathering intensities. For 

Index B, it is the opposite since mAl2O3 is put in the denominator when calculating Index B and in the nominator of the other indices. 
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Figure 16. Weathering indices CIA, CIW, PIA, CPA and Index B for the K1 profile.  

The indices for both profiles generally show similar trends. CPA looks a bit different in the top part of the graphs in both profiles, 
probably because it does not include CaO* and CaO* differs from Na2O only in the top of the graph. Index B is opposite from the 
other indices since Al2O3 is put in the denominator when calculating the index, meaning that a decreasing weathering index 
indicates increasing weathering.  

CPA was plotted separately for both sites, with the profile photos in the background and radiocarbon ages added on a second y-
axis, for increased overview of the weathering history (Fig. 17). CPA was chosen since it was considered suitable for the area and 
representative of the other oxide-based weathering indices (see CPA p.8).  
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Figure 17. CIA plotted by depth over photos of the profiles. Error bars are added, and the radiocarbon ages are given on the right-hand side y axis. 
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5. Discussion 

5.1. Rb/Sr and Ba/Sr ratios 
The two plots of the immobile elements Rb and Ba for K1 have rather similar trends 
of general increasing content towards the top of the profile. The Sr-plot at K1 has a 
general decreasing trend towards the top. By only looking at plots of the single 
elements, it could be predicted that weathering is increasing towards the top of the 
K1 profile, and that is also what the Rb/Sr and Ba/Sr ratios seem to confirm. The 
Rb/Sr-plot looks like a smoothed-out version of the Rb-plot and the Ba/Sr-plot looks 
like a smoothed-out version of the Ba-plot. This is not very strange since the content 
values of the immobile elements Rb and Ba are larger than of Sr (Rb values are 
considerably larger than Sr). In a ratio with such uneven values, the impact of the low 
value element (Sr) will hardly be noticed.  

The plots for Rb and Ba follow some similar trends for RS1 as well, except in the 
lower parts. The Sr-plot for RS1 looks opposite to the Sr-plot for K1 since the content 
increases drastically in the top part of the plot. The increasing Sr value would 
normally indicate that weathering is decreasing in that section. A clear trend from the 
ratios of RS1 is not very easy to differentiate. Perhaps a slight decrease in 
weathering occurs towards the top of the profile based on the Rb/Sr ratio at RS1 and 
a slight increase in weathering towards the top of the profile suggested from Ba/Sr at 
RS1. Rb/Sr and Ba/Sr at RS1 look quite different from each other and this potentially 
suggests that the results are not trustworthy. 

Grain-size analyses of the two profiles by Tsiavaras (2018) showed increasing 
grain-sizes towards the top of both profiles, with more sand higher up. This would 
potentially result in naturally less Sr there since it mostly is hosted in finer material. 
The K1 profile shows decreasing Sr content but RS1 shows the opposite, potentially 
suggesting that the Sr content is not showing significant changes associated with 
weathering or grain-size. Decreasing amounts of Sr (like in K1) depending on 
increasing grain-size would make it look like weathering was increasing towards the 
top of the profile, which is true for the Rb/Sr and Ba/Sr ratios at K1.  

On the other hand, Rb is also mainly concentrated in fine sediments so another 
explanation might be that Sr could have been added to the system lower down in the 
section by secondary precipitation for CaCO2, something that can occur in loess 
sections (personal communication, T. Stevens, 2019). The increased CaO values 
lower down in the two profiles may support this latter hypothesis. 

The Rb/Sr ratio has been tested on Chinese loess deposits and efficiently 
identified sequences of loess (less weathered) and paleosols (intensely weathered) 
(Chen et al., 1998). As compared to the study by Chen et al. (1998), the Sr weight% 
measured in Greenland is considerably lower than the Rb content, and in China the 
difference down section was not as big. This seems to back up the theory that Sr has 
been mobilised and moved down parts of the sections and did not occur in great 
amounts at deposition, which probably makes Sr unsuitable to use as a weathering 
indicator in the study area.  

In China, Sr is removed via chemical weathering in warm humid climates and 
because of climatic differences, where the Greenland climate is more arid and colder, 
it may be that it is not a good weathering indicator in Greenland. The same 
weathering indices (CIA, CIW, PIA, CPA and Index B) and ratios (Rb/Sr and Ba/Sr) 
were evaluated in the study by Buggle et al. (2011) from different sites in east 
Europe. In that study, the results of the Sr-based ratios and the Na-based indices 
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were much more similar to each other than the results here in Greenland. The results 
from Greenland are instead conflicting each other (Fig. 11 and 12) and that could be 
viewed as another indication that the Sr-based ratios are unsuitable for the Arctic 
environment. 

Ba/Sr behaves in a similar way as the Rb/Sr ratio and it is concluded that these 
ratios are likely not accurate weathering indicators in the loess soils from the two 
profiles in west Greenland. Because of lack of consistency and conflicting results, not 
much emphasis is put on these indices for this study of Arctic Holocene climate 
variation. 

5.2. Na-based weathering indices (CIA, CIW, PIA, CPA and Index B) 
As previously stated, (see section 2.3.1., p.6), weathering indices based on an Al/Na 
index seems to be a suitable choice for the study area, based on its granodioritic 
bedrock and the weathering properties of the chosen mobile and immobile elements. 

All the weathering indices based on mobility of Na2O and immobility of Al2O3 (CIA, 
CIW, PIA, CPA and Index B) showed very similar trends, within both sites (Fig. 15 
and 16). Al2O3 is less mobile than the other elements, leading to enrichment of Al2O3 
during intense weathering conditions. Since the results are so similar it does not 
seem to matter much which indices are used, but because of uncertainties with using 
CaO content in these calculations, one could argue that a Ca-free index is a wise 
choice. Out of all indices used, only CPA is Ca-free. Because CPA does not include 
CaO, the trend looks slightly different at the top of the plot, as compare to the other 
four indices that look more or less identical. CPA on the other hand, only depends on 
the variations of two oxides and that can make it more sensitive. 

When comparing the two sites (RS1 and K1, Fig. 17), similar trends can quite 
evidently be observed. Both profiles have overall trends of decreasing weathering 
towards the top of the profiles. The two sites seem to share some similar patterns, for 
example between the approximate depths of 49 to 75 cm at RS1 and 17 to 41 cm at 
K1, and the ages between these sections also seems to coincide. These results 
imply that these geochemical weathering indices may be useful in this region. 

Because of the relatively large error uncertainties on the measurements, these 
conclusions based on CPA are only tentative. However, the fact that the same trends 
are shown for both sites suggests that the changes are real. The only pattern that 
can really be pointed out though is the gradual change in weathering up section. This 
is clearest in K1 but slightly there in RS1 as well. 

5.3. Relating the sites to local climate studies  
According to previous research, peak-warming of the Holocene Thermal Maximum 
probably happened somewhere between 5000 and 6000 cal. yr. B.P. but regionally, it 
might have happened as late as 3500-2000 cal. yr B.P. (Carrivick et al., 2018). This 
supports the Na-based weathering indices of both sites (RS1 and K1) where the 
biggest peak of increased weathering happened around 2000-3000 cal. yr B.P. (Fig. 
17). After reaching the warmest climate and the greatest retreat of the ice margin, the 
climate ultimately must have become colder again. Going from a warmer to a colder 
climate likely leads to decreasing weathering intensities, which, if this continued, 
could be the explanation of decreasing weathering over from the last 2000-3000 
years to the present day.  

Willemse et al. (2003) estimated with radiocarbon dating that conditions have 
been favorable for aeolian silt deposition in the study area since around 4750 cal. yr. 
B.P. Data from Ørkendalen shows continuous deposition for the last 5000 years and 
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peat formation started in peat/silt sequences in Sandflugtdalen around 4510 cal. yr 
B.P. (Willemse et al., 2003). This coincides quite well with the dating of the lower 
parts of the RS1 loess deposit. However, the limited dating on the two sites (RS1 and 
K1) makes it difficult to relate them to climatic events from previous research in more 
detail than this. 

6. Conclusions 

• Before executing this type of study, it is vital to consider the geology, climate 
and local conditions of the study area to be able to properly interpret the 
results. 

• Because of limited research on aeolian sediment deposits as climate archives 
in the Arctic, different approaches and ratios might be required than for 
classical loess, since climate and weathering behaviour are different. 

• The matching results of the two sites (RS1 and K1), using the Na-based 
weathering indices supports that they are suitable to use for this climate and 
geologic conditions. However, the Sr-based ratios show more complex 
patterns between themselves and between sites and therefore may be 
considered unreliable weathering indicators in cold, arid west Greenland. 

• Using XRF analysis of loess deposits can be an efficient way of identifying 
weathering intensities in the Arctic, and as new technology spreads (such as 
portable XRF) these kinds of studies will advance (Schaetzl et al., 2018).  

• The trends in the oxide-based indicators show that the weathering intensities 
has varied a lot over time but there is a general decreasing trend in 
weathering, especially after suspected local thermal maximum ca 2000-3000 
cal. yr B.P.  

• By improving the dating of the loess profiles, better conclusions of the 
Holocene climate change could be drawn and the ability to link these events 
with previous research would improve. 

6.1 Error sources 
• Risk of contamination of sample in several steps: 

o Putting them in glass containers and keeping in drying oven. 
o Grounding them in the mill. It was cleaned with acetone and paper 

between each sample but there is always a risk that traces of 
sediments stays. 

o The quartz mill was chipped slightly and pose a risk for contaminating 
the samples. 

• Uncertainties with the XRF data: 
o Each measured element has an error uncertainty of different degree.  
o The calibration for sodium was the most uncertain one since it had to 

be developed within limited time and there were hardware problems 
with the handheld XRF (Bruker TRACER 5i). This may result in larger 
uncertainties for Na. 
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