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Abstract  

 

Reconstructing Past Climate by Using XRF and Loss of Ignition on Loess From 

Adventdalen, Svalbard 

Albin Andreasson, Noa Lind 

 

By analyzing the texture, composition and chemical composition of loess soils, the reconstruction of 

past climate regimes is enabled, which can improve our understanding of current and future climate 

change. Properties such as grain size and composition, mineralogy, organic matter and chemical 

composition can provide information about which environmental factors were present during the 

deposition of the sediment, which can lead to a detailed picture of the climate history of a site. Research 

on loess soils in the polar regions is particularly valuable because its climate is most rapidly affected by 

global warming. The purpose of the study has therefore been to understand and convey new data to the 

paleo-climate around the Arctic by examining and analyzing loess soil sequences at a depth between 0 

and 175 cm from Adventdalen, Svalbard. In this study, the samples are analyzed with XRF (X-ray 

fluorescence) and LOI (Loss of Ignition). XRF is used to find out the mineral composition of the soils, 

while LOI is used to find out the percentage of organic content and carbonates. 

Data from the oldest part of the stratigraphic section indicate a sharp increase in weathering, from a 

cooler period about 3000 years ago to a warming until about 2000 years ago. Weathering intensities 

derived from Na/Al-based indices show relatively frequent oscillations throughout the section, but are 

stable from about 100-70 cm. The high and stable weathering values during this period can probably be 

attributed to the Medieval Warm Period, which coincides with the relative dating of the site. Data 

collected from the LOI shows a clear trend throughout the section, with a decrease in organic matter 

from 3000 BC to the present. 
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Sammanfattning 

 

Rekonstruktion av tidigare klimat genom att använda XRF analys och antändnings-

förlust på lössavlagringar från Adventdalen, Svalbard 

Albin Andreasson, Noa Lind 

Genom att analysera textur, sammansättning och kemisk komposition av lössjordar möjliggörs 

rekonstruering av tidigare klimatregimer, vilket kan förbättra vår förståelse av nuvarande och framtida 

klimatförändringar. Egenskaper som kornstorlek och sammansättning, mineralogi, organiskt material 

och kemisk sammansättning kan ge information kring vilka miljöfaktorer som varit närvarande under 

depositionen av sedimentet, vilket kan leda till en detaljerad bild av klimathistoriken på en plats. 

Forskning av lössjordar i polarområdena är särskilt värdefull eftersom dess klimat påverkas snabbast av 

global uppvärmning. Syftet med studien har därför varit att förstå och förmedla nya data till paleo-

klimatet kring Arktis genom att undersöka och analysera lössjordsekvenser på ett djup mellan 0 till 175 

cm från Adventdalen, Svalbard. I denna studie analyseras proverna med XRF (X-ray fluorescens) och 

LOI (Loss of Ignition). XRF används för att ta reda på mineralsammansättningen hos jordarna, medan 

LOI används för att ta reda på andelen organiskt innehåll och karbonater. 

Data från den äldsta delen av den stratigrafiska sektionen indikerar en kraftig ökning av vittring, från 

en kallare period för cirka 3000 år sedan till en uppvärmning fram till cirka 2000 år sedan. 

Vittringsintensiteter som härstammar från Na/Al-baserade index visar relativt frekventa oscillationer 

genom hela sektionen, men är stabila från cirka 100-70 cm. De höga och stabila vittringsvärdena under 

denna period kan troligen tillskrivas den Medeltida värmeperioden, vilket sammanfaller med den 

relativa dateringen på platsen. Data som samlats in från LOI visar en tydlig trend genom hela sektionen, 

med en minskning av organiskt material från 3000 år före nutid till idag. 
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1. Introduction 
 

On a dynamic planet like Earth changes are as common as they are natural. The climate is always in a 

flux of warm and cold, humid and dry, stable and non stable. Since the climate system of Earth is 

incredibly complex, it’s really important that more research is done to help us understand the 

paleoclimatic conditions of the past. Not only to understand and record the changes of our planet but 

also to help mitigate changes which may happen and are not favorable to us humans. To also be able to 

predict future climatic events can be extremely useful in that we as a species can prepare and be ready 

when they occur.  

A good way to help prepare for and mitigate future climate change is to analyze and understand 

previous climate change. To have a good understanding of Earth's dynamic climate system is vital to 

be able to understand how humans may affect and change the natural climate of Earth. Loess soils in 

the arctic region may be very valuable sources of data to understand this issue as their elementary 

composition, grain size, amount of weathering and more all give clues about paleoclimatic conditions. 

Climatic changes in the Arctic regions may be especially valuable to record since these regions are 

faster and stronger affected by global warming. Therefore one might find future trends in global climate 

in the Arctic region before finding it anywhere else, and this is very helpful when trying to mitigate a 

climate crisis.  

Loess is a fine grained wind blown sediment originating from the grinding of crystalline rock by 

glaciers. Loess soil covers approximately 10% of the earth's surface and is an excellent tool to research 

when trying to understand paleoclimatic conditions (Muhs, 2007). Not only because it is very prevalent, 

but also because changes in the climatic history can with advanced analytical methods such as XRF be 

found even in the atomic composition of this soil as it is modified by its surroundings. The elemental 

composition of loess is directly associated with different types of chemical weathering acting upon it. 

As chemical weathering increases, less stable mobile elements decrease in percentage as they are slowly 

removed from the soil. Stable and immobile elements tend therefore to increase in percentage because 

they are more weathering resistant due to their chemical stability(Muhs, 2007). This information does 

not directly tell us what the climatic conditions may have been like at a given time, but it can be 

explained by extension. Since the amount of chemical weathering is directly associated with an increase 

in warmth and humidity, an increase in immobile and insoluble elements should coincide with those 

conditions (Buggle et al 2008, 2011; Muhs 2013). 

In this study loess samples were gathered from Svalbard which is an island group located in the 

Arctic ocean. Since Svalbard is located very far north it can be viewed as a good representation of what 

climate conditions are present in the Arctic region. Grain size, LOI and XRF analyses were done on all 

gathered samples and from this data weathering indices will be constructed to interpret trends and 

changes in the elemental composition. The purpose of the study is to find out if weathering has been 

active at the site and if it differs by depth. Also if any trends and or differences in soil weathering can 

be explained and supported by already established climate research in the arctic region. The Holocene 

period has a relatively stable climate with few significant global climate changes. The later part of this 

period, which this paper aims to research, does however contain a few climatic changes that are known 

from previous research. We can expect to see a rather cool period in the earliest part of the stratigraphic 

section which would coincide with the Homeric Minimum, then a gradual warming in the mid part of 

the section which would overlap with the Roman warm period. Other significant events which could be 

expected to be found would be the Medieval warm period, followed by the Little ice age (Mann et al., 

2009; Campbell et al., 1998) 

https://www.zotero.org/google-docs/?3OsF2M
https://www.zotero.org/google-docs/?HvinT7
https://www.zotero.org/google-docs/?V7IUeG
https://www.zotero.org/google-docs/?V7IUeG
https://www.zotero.org/google-docs/?V7IUeG
https://www.zotero.org/google-docs/?V7IUeG
https://www.zotero.org/google-docs/?hnao9c
https://www.zotero.org/google-docs/?hnao9c
https://www.zotero.org/google-docs/?hnao9c
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The changes in climatic conditions in the Arctic region is also of special interest since when global 

temperature changes, the poles are most affected. They also harbor excellent conditions for research 

since they are the least inhabited, therefore free from error sources linked to human activity. Marine 

and ice core samples gathered from the Arctic region are constantly used to plot and measure long term 

Quaternary changes, however they do lack information about terrestrial environment and climate. What 

these samples may lack in information, Loess might complement, as it is a purely terrestrial sediment.  

 

2. Background 

2.1 Loess Sediment and the chemical composition 

Loess comes is a highly fine-grained, wind-transported sediment, where most of the content consists of 

silt-sized particles which range from 0,002-0,005 mm. Often around 60-90% of the Loess is silt but it 

can also consist of sand particles (>0,005 mm)  and clay particles ( <2 mm). Loess sediment is 

widespread and is estimated to cover around 10% of the earth's land surface (figure 1). In the Eurasian 

area, the loess is distributed such a way as it forms a latitudinal belt covering large areas between 40 to 

60°N. In Northern America, the loess is spread at pretty similar latitudes with big deposits in for instance 

Alaska, along the Mississippi River and the Palouse area (Muhs, 2007).  

 

 
Figure 1.  Map showing worldwide Loess distribution. Modified from (‘LOESS IN TRANSLATION’, 2020). 

 

 

Factors such as the texture and mineral content of loess have made it form one of the principal 

agricultural soils on earth. The mineralogy includes most often plagioclase, calcite, K-feldspar, quartz, 

phyllosilicate clay minerals, and also some smaller amounts of heavier minerals. SiO2 is the most 

common content in loess sediment with a content typically around 55-65%(Muhs, 2007). The high SiO2 

content is often a reflection of a dominant part of quartz but also some smaller parts of clay minerals 

and feldspar. The percentage of the mineral content tells a lot. For instance, a sample with high content 

of MgO or CaO is carbonate supported and a sample with high content of Al2O3 or Fe2O3 has high clay 

content (Muhs, 2007).   

https://www.zotero.org/google-docs/?ne6vP6
https://www.zotero.org/google-docs/?rLsLMi
https://www.zotero.org/google-docs/?0lJxiC
https://www.zotero.org/google-docs/?RZLuE7
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A Large accumulation of loess soil is mainly deposited in well-protected natural landscapes, such as 

valleys or generally broad and flat low-lying areas. The thinnest loess deposit sequences are oftentimes 

found in less protected areas such as hillcrests where the wind-blown Loess can't accumulate as rapidly. 

Loess sequences are commonly characterized as massive, loosely consolidated and very lacking in 

primary structures. Although cross-bedding and laminations can be found in certain places in a deposit 

it is not as common as in other aeolian or fluvial sediments. However, phyllosilicates and clay minerals 

in Loess soils often make strong interparticle bonds which can help hold the deposits together. Also 

making it possible for large loess accumulations to form in vertical faces in river banks for example 

(Muhs, 2007). 

Even though primary structures in loess soils aren't very common, secondary structures are more 

prevalent and can function as good indicators for the paleoclimatic conditions during deposition. 

Secondary structures often found in loess deposits are for example burrows, root casts composed of Fe 

oxides or carbonate, paleosols, and bands or streaks showing oxidation of reduction conditions. These 

have all been formed after deposition but can still indicate how the climatic conditions were at the time 

(Muhs, 2007). A larger amount of carbonate material, burrows and roots for example indicates warmer 

climatic conditions where animals and plants could grow more easily. There are also primary indicators 

which really are not classified as sedimentary structures but are still very useful when trying to interpret 

the conditions during deposition (Muhs, 2007).  

The grain size of a Loess sequence depends on how strong the winds that transported the grains were 

before depositing them. Stronger winds can carry heavier and bigger grains while weaker winds could 

carry only finer grains. Wind strength and circulation patterns are directly associated with different 

types of climatic conditions and the grain sizes of accumulated loess deposits can therefore help give 

clues about how the wind behaved at the time of deposition. Loess deposit thickness also decreases as 

the distance from the source increases, this is also many times applicable for grain size. As the grains 

are transported further away from source to site of deposition the grain size decreases as the winds have 

a lesser chance of being of the same or higher strength distance progresses therefore losing larger-sized 

grains on the way. A larger amount of sand-sized particles and larger grain size in general may also 

signify reduced vegetation levels. A larger amount of clay-sized particles may suggest that more 

pedogenic processes have been active, meaning that the climatic conditions favored soil formation 

which breaks down minerals, hence decreasing grain size (‘LOESS IN TRANSLATION’, 2020).  

Loess soils are formed by glacial grinding which gives them their small grain size. Grinding of 

crystalline rock by glaciers, particles deposited in till, reworked by fluvial processes as outwash, then 

transported by wind and deposited again. Aeolian sediments from desert environments are silt-sized 

particles formed under other conditions and have nothing to do with glacial grinding. Loess sequences 

are generally interbedded with paleosols sequences, loess is typically deposited during glacial and 

stadial periods while paleosols are indicative of an interglacial period. These loess-paleosol packages 

are mostly found in locations where glaciers expand and retreat, changing from glacial and interglacial 

environments. Svalbard is however located very far north and would not experience as warm interglacial 

temperatures as locations further south experienced during the bigger part of the Quaternary period. 

Paleosols are therefore not as common in loess sequences in svalbard, because for paleosols to be able 

to form, the rate of pedogenesis must exceed the rate of dust accumulation. This only occurs when the 

climate is substantially warmer and wetter than what is generally the case in places located as far north 

as Svalbard. The Loess sequences can still however contain useful information about paleoclimatic 

conditions during the time of deposition when looking at factors such as grain size, organic material 

and weathering based indices (Muhs, 2013).  

As the model for Loess formation has its origins in glacial grinding of crystalline rocks, it is possible 

to correlate loess deposits as main markers of global ice ages. This theory has been strengthened by 

radiometrically dating Loess deposits in North America during the 50s and 60s, which showed that the 

https://www.zotero.org/google-docs/?bSPAWW
https://www.zotero.org/google-docs/?OHaMA2
https://www.zotero.org/google-docs/?zWoMNM
https://www.zotero.org/google-docs/?tWIV1B
https://www.zotero.org/google-docs/?K6kE0x
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youngest layers originated from the Laurentide Ice sheet and its last expansion. In more recent years 

the youngest Loess deposits have been dated to have its origin from Europe's last glacial period as well. 

Although there is much evidence that loess deposits originate from glacial periods, there is still an 

ongoing debate as to whether these silt-sized particles originate from other types of mechanisms. 

Something that has been noticed with the presence of Loess deposits in desert areas closer to the equator. 

In glacial environments, several different mechanisms are important for the production, transport and 

deposition of loess. The model includes, among other things, frost shattering and glacial grinding as 

production and transport through wind and water in figure 2.  

On the Great Plains of North America, non glacial loess has been dated to the last Ice Age. Dating of 

non glacial loess from the Great Plains of North America indicates that it originated from the last ice 

age. This suggests that areas with less glacial sediment as a loess source can benefit in the form of eolian 

silt from glacial periods as these lead to, for example, increased entrainment, deposition, transport and 

availability. This is due to ice age factors such as increased wind strength, reduced vegetation cover, 

increased dryness and reduced intensity of the water cycle, which means that the suspension lasts for a 

longer distance for silt (Muhs, 2007).  

 

 

Figure 2. Glacial model of loess formation. Modified from (Muhs, 2007). 

2.2 Arctic climate during late Holocene 

The Holocene is the most recent interglacial interval in the Quaternary period starting at approximately 

12 000 years ago. The climate regime has been very relatively stable throughout the Holocene but still 

contains some oscillations and climatic events worth noting. The later part of the period is what the 

gathered Loess data dates back to, more precisely the last 3000 years (Kjellman et al., 2020). The 

Homeric Minimum is a period that lasted from 2800-2550 years BP and can be characterized as a rather 

cool period. The cause of the cooling seems to stem from a grand solar minimum which affected the 

climatic regime. This period has been linked to a cooling of the North Atlantic as well as a wetter 

terrestrial climate. Since Svalbard is an island group, the climate is highly affected by ocean temperature 

and circulation. The period from around 5000- 3000 years BP is characterized as a Neoglacial cooling, 

that is suggested by increased glacier activity and advancement on Svalbard. The advancement of 

https://www.zotero.org/google-docs/?bDNafx
https://www.zotero.org/google-docs/?zOTCbj
https://www.zotero.org/google-docs/?OAvPrZ
https://www.zotero.org/google-docs/?OAvPrZ
https://www.zotero.org/google-docs/?OAvPrZ
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glaciers on Svalbard from 4000-3000 years ago coincides with decreasing summer insolation as well as 

ocean cooling. The sea ice cover around Svalbard also increased during this period (Kjellman et al., 

2020). 

Following the Homeric Minimum is the Roman warm period or Roman Climatic optimum which 

was substantially warmer relative to the Homeric Minimum. This period lasted from approximately 

2250 years BP- 1600 years BP and especially affected Europe and the North Atlantic where ocean and 

terrestrial temperatures increased (Campbell et al., 1998).  

Other important climatic events that caused notable changes in climate during the late Holocene are 

the Medieval Warm Period and the Little Ice Age, the latter being the most recent one. The onset of the 

Medieval Climate Optimum started around 950 CE, culminating in the mid part of the period before 

ending at approximately 1250 CE. It is characterized as a warm period with La-Niña like conditions in 

the tropical pacific that especially affected the North Atlantic but does not seem to be globally uniform, 

since the peak warmth occurred at different times in different regions. This warm period was followed 

by a regional cooling of the North Atlantic which caused the onset of the Little Ice Age which lasted 

from around 1300 CE to 1850 CE. It was not a true ice age as the ones occurring during the larger part 

of the Quaternary but rather a regional cooling in an interglacial period, mostly affecting northern 

Europe and the North Atlantic (Mann et al., 2009). 

 

2.3 Description of location  

The sample comes from a site called Adventdalen at central Svalbard. The area is surrounded by 

mountain peaks with numerous glaciers and ridges that stretch down to the valley. It is a U-shaped 

glacial valley composed of deposits of marine, colluvial, eolian, alluvial and glacial types originating 

from the Holocene (Oliva et al., 2014). It is situated along the river Adventelva about 20 km SE from 

the village of Longyearbyen. Just like many of the rivers on Svalbard, Adventelva is a braided river 

system and transports a lot of sediment into the fjords. In the autumn when the river beds dry up, wind 

erosion makes fine-grained become even finer and finally get deposited as loess further down the rivers. 

This eolian sediment process ends in October-November when the snow gets deposited on top of the 

sediment (Ingólfsson, 2022). The loess soils in the area are largely aeolian deposits that have 

accumulated in the bore of the valley. Higher up along the walls of the valley, the lamination is 

horizontal as a result of partial cementation when salt is fielded. A gray layer settles deeper into the 

ground. This is seen as a result of low oxygen soil conditions which cause manganese and iron to reduce 

and give the soil its gray color (Bryant, 1982). 

To make the interpretation of the stratigraphic column easier it was divided into four different units. 

The boundaries separating the units are based on the accumulation rate of the loess soil and the relative 

dating of the sequence. Unit IV is the oldest one, and unit I is the youngest one as can be seen in figure 

3 below.  

https://www.zotero.org/google-docs/?DqkNU0
https://www.zotero.org/google-docs/?DqkNU0
https://www.zotero.org/google-docs/?DqkNU0
https://www.zotero.org/google-docs/?DqkNU0
https://www.zotero.org/google-docs/?broken=bJapmD
https://www.zotero.org/google-docs/?broken=bJapmD
https://www.zotero.org/google-docs/?broken=bJapmD
https://www.zotero.org/google-docs/?broken=qSdwQw
https://www.zotero.org/google-docs/?broken=qSdwQw
https://www.zotero.org/google-docs/?broken=qSdwQw
https://www.zotero.org/google-docs/?roi1Os
https://www.zotero.org/google-docs/?roi1Os
https://www.zotero.org/google-docs/?roi1Os
https://www.zotero.org/google-docs/?Dqa4Ls
https://www.zotero.org/google-docs/?Dqa4Ls
https://www.zotero.org/google-docs/?Dqa4Ls
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Figure 3. Picture of the stratigraphic column on the left made by supervisor Thomas Stevens. The photo on the 

right is taken by supervisor Thomas Stevens showing the stratigraphic column correlated to the drawn stratigraphic 

column to the left 

   

 
Figure 4. Stratigraphic column of site ranging from top (0 cm) to bottom (180 cm) based on optically stimulated 

luminescence dating of a nearby core with similar stratigraphy. y/o signifies years old.  

 

The Stratigraphic column ranging from top (0 cm) to bottom (180 cm) was correlated to estimations 

based on optically stimulated luminescence dating of a nearby core with similar stratigraphy (T, Stevens 

2023, personal communication). The oldest part of the sequence is approximately 3000 years old, the 

other known age markers occur at 300, 500, 700 years ago. Since the accumulation rate of unit IV has 
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been relatively constant, the age estimations at 1300, 1900 and 2500 years ago were also added to help 

correlate the sequence to climatic events in the past.  

Previous studies in the area indicate that the layer closest to the surface must be of eolian origin. 

This is because there is a large absence of grains that have a diameter of more than 0.75 cm and that the 

deposits are found at considerably higher levels than the river level. During the summer, fine-grained 

sediment from the more abandoned parts of the central floodplain is carried by the wind and can be 

deposited several kilometers away. The lower reaches of Adventelva have ripple-topped longitudinal 

bars which are considered to be another source of fine-grained sediment for the area. These longitudinal 

bars are considered to be fluvial deposits that during July are exposed to the surface where eolian 

reworking then takes place. The sedimentary material from the deposits has many characteristics similar 

to loess deposits in Europe and North America (Bryant, 1982). 

The discharge in the river system is high from May and continues during the summer due to the 

discharge coming from both winter´s precipitation and the melting of all the glaciers within the area.  

A succession in the fan front of Adventelva at the Bolterdalen area typically consists of  an about 1 m 

thick layer of poorly sorted gravel with a <1m laminated silty sand with ripples (Bryant, 1982 The 

adjacent terrace has been shown to have a stratigraphy of about 1m of horizontally laminated silt in the 

uppermost part with a sequence of >3m of sandy silt below(Bryant, 1982). 

The Adventdalen area consists of Quaternary sediments and with Tertiary, Cretaceous and Pre-

Cretaceous rocks as bedrock (Sørbel and Tolgensbakk, 2002).  

 

 

  
Figure 5. Map of the sample location situated in Adventdalen, Svalbard. 

 

2.3 Soil weathering indices and elements in Loess 

Some of the different ways to analyze past climatic conditions is through comparing different elements 

present in the Loess soil to one another. An increase or decrease in certain elements compared to others 

can give useful information about certain conditions that had to be present for this to occur. The XRF 

laboratory methods were used to gather the elementary composition data from the Loess samples. To 

accurately use the gathered data, weathering indices can be constructed to be able to compare different 

types of weathering intensities. The XRF analysis is very valuable for Svalbard since it is a terrestrial 

https://www.zotero.org/google-docs/?broken=PX9xop
https://www.zotero.org/google-docs/?8rrAqp
https://www.zotero.org/google-docs/?QNz6n1
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sediment in the arctic region where most paleo climatic models are based on ice core data and not 

terrestrial sediment. Therefore, the application of XRF and the construction of weathering indices can 

give useful insight on past climate regimes on Svalbard.  

The XRF method functions by exposing atoms in the samples to high-energy X-rays which cause 

the atoms to emit X-ray fluorescence radiation which is analyzed. This process can be seen in figure 6 

below.  

 
Figure 6. Picture showing how X-Ray Fluorescence functions, modified from (How does XRF work?, no date). 

 

 

Geochemical weathering indices are tools used to quantify and measure the extent of weathering that 

has occurred in a certain geological setting. The indices also known as geochemical proxies of mineral 

alteration functions by removing certain soluble and mobile elements from a given weathering section 

while comparing these to the relative enrichment of immobile and insoluble elements. From this 

principle different types of indices have evolved that can take into account different types of weathering 

for different types of sediment. There is still debate on how accurate some indices are compared to 

others and which is more appropriate to apply on a given weathering profile. The following section 

gives some background information about which indices were used during analysis of elemental 

composition from XRF data and how they function (Buggle et al., 2011).  

An element's solubility is determined by its ionic potential which is the ratio between ionic charge 

and ionic radius. As elements with a lower ionic potential form a weak connection with oxygen and are 

liberated from their host mineral during weathering, cations with an ionic potential lower than 3 are 

considered to be soluble in solution. Strong bonds with oxygen are possible when the ionic potential is 

greater than 3, which is caused by the density of the positive charge. As a result, weathering-resistant 

oxides are formed by the elements. The positive charge of an ion can deprotonate water molecules in 

the hydration shell of a cation if its potential is between (3–10) and (12). To achieve charge neutrality, 

oxyhydrates and insoluble hydroxides are generated. The components in this category weather quickly 

compared to the elements which creates strong bonds with oxygen to resist weathering. This principle 

is therefore by extension very useful when analyzing the amount of weathering in loess soils when 

looking at the relative proportions of soluble versus insoluble elements (Buggle et al., 2011).  

https://www.zotero.org/google-docs/?bqwJWF
https://www.zotero.org/google-docs/?bqwJWF
https://www.zotero.org/google-docs/?bqwJWF
https://www.zotero.org/google-docs/?ibkrA0
https://www.zotero.org/google-docs/?ibkrA0
https://www.zotero.org/google-docs/?ibkrA0
https://www.zotero.org/google-docs/?06BX1b
https://www.zotero.org/google-docs/?06BX1b
https://www.zotero.org/google-docs/?06BX1b
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Figure 7. Graph showing the classification of different elements depending on the ionic potential. Modified from 

(Buggle et al., 2011). 

 

 

Chemical Index of Alteration (CIA): The CIA weathering Index measures the degree of chemical 

weathering of silicate minerals in the stratigraphic column of loess deposits. The calculations are based 

on the relative proportions of the main oxides and how they relate to one another. The relative 

proportions of the oxides SiO2, Al2O3, CaO, K2O and Na2O gives a CIA value expressed as percentage. 

The higher the CIA value is the more chemically weathered the loess soil has been (Buggle et al., 2011).  

 

Equation 1:  Equation for calculating chemical index of alteration (CIA) 𝐶𝐼𝐴 =

(
𝐴𝑙2𝑂3

(𝐴𝑙2𝑂3+ 𝑁𝑎2𝑂3 + 𝐶𝑎𝑂∗ + 𝐾2𝑂
) × 100 

The chemical proxy of alteration (CPA) which takes into account the molar ratio of Al2O3 and Na2O 

is an appropriate index for measuring silicate weathering (Buggle et al., 2011).  

 

Equation 2:  Equation for calculating chemical proxy of alteration (CPA)  

𝐶𝑃𝐴 = (
𝐴𝑙2𝑂3

(𝐴𝑙2𝑂3  +  𝑁𝑎2𝑂)
) × 100 

 

Plagioclase Index of alteration (PIA), is calculated by measuring the relative proportions of plagioclase 

to its alteration products such as clay minerals. The index ranges from 0 to 100 where 100 is the highest 

amount of alteration and 0 is the smallest. A high amount of alteration suggests that the sample has 

undergone substantial weathering and a lower amount of alteration suggests less weathering(Buggle et 

al., 2011).  

 

https://www.zotero.org/google-docs/?VoxrSL
https://www.zotero.org/google-docs/?msHQRa
https://www.zotero.org/google-docs/?msHQRa
https://www.zotero.org/google-docs/?msHQRa
https://www.zotero.org/google-docs/?PISO3M
https://www.zotero.org/google-docs/?PISO3M
https://www.zotero.org/google-docs/?PISO3M
https://www.zotero.org/google-docs/?Sstcmz
https://www.zotero.org/google-docs/?Sstcmz
https://www.zotero.org/google-docs/?Sstcmz
https://www.zotero.org/google-docs/?Sstcmz
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Equation 3:  Equation for calculating Plagioclase index of alteration (PIA)  

𝑃𝐼𝐴 =  (
(𝐴𝑙2𝑂3  −  𝐾2𝑂)

(𝐴𝑙2𝑂3 + 𝑁𝑎2𝑂 − 𝐾2𝑂)
) × 100 

 

Chemical Index of weathering (CIW), is calculated by comparing the sum of the relative concentrations 

of more weathering resistant elements to more easily weathered elements. Elements such as potassium, 

silicon and aluminum are oftentimes selectively removed from soil during weathering while more stable 

elements such as magnesium and iron stay stable as they are more weathering resistant (Buggle et al., 

2011).  

 

Equation 4:  Equation for calculating chemical index of weathering (CIW)  

𝐶𝐼𝑊 = (
𝐴𝑙2𝑂3

(𝐴𝑙2𝑂3  +  𝑁𝑎2𝑂 +  𝐶𝑎𝑂 ∗)
) × 100 

 

Index B refers to the ratio of CaO to Na2O + K2O in a soil sample. A low Index B value suggests that 

the soil has undergone more significant weathering as the relative concentrations of CaO increases as 

weathering increases. This is because CaO is more weathering resistant than both Na2O and K2O and 

as weathering increases the amount of potassium and sodium decreases while the calcium concentration 

stays more stable (Buggle et al., 2011). 

 

Equation 5:  Equation for calculating Index B  

𝐼𝑛𝑑𝑒𝑥 𝐵 = (
(𝑁𝑎2𝑂 +  𝐶𝑎𝑂 ∗ + 𝐾2𝑂)

(𝐴𝑙2𝑂3  +  𝑁𝑎2𝑂 + 𝐶 𝑎𝑂 ∗  + 𝐾2𝑂)
) 

 

Silicate minerals such as pyroxene, biotite, amphibole or plagioclase often contain elements such as 

Mg, Ca and Sr, all of which are alkaline earth elements. The silicate minerals are weather sensitive and 

because of its low ionic radius and relatively high charges are highly mobile in a weathering 

environment and are found in the majority of weathering indices. Ba/Sr and Rb/Sr ratio can therefore 

both be used as weather indicators as these Ba and Rb are immobile due to their properties such as the 

radius thereof are less sensitive to weathering. According to this principle, a sample with a high Ba/Sr 

and Rb/sr ratio has undergone less weathering (Buggle et al., 2011) .  

The different properties of the alkali metals mean they have different geochemical behaviors during 

weathering. By using the ratio between two alkali metals, one of which is more mobile than the other, 

it is possible to determine the amount the sediment sample has undergone intense weathering  . Since 

Rb is generally the most immobile metal between Rb and K, a low Rb/K ratio means the sediment in 

the sample has undergone more intense weathering, while a high value indicates the sediment sample 

has undergone less intense weathering (Buggle et al., 2011). 

2.4 Grain size 

There are three basic categories of sediment transport by the wind. The particles can either jump along 

the surface, roll over the surface or float freely in the air. Hence, the transport speed of the sediment 

particles, as well as its distance and height, will be dependent on factors such as the grain properties, 

sediment availability and the direction of the wind. The air circulation pattern then determines what the 

wind strength will be. The availability of sediment for wind transport is therefore fully proportional to 

the degree of weathering, as well as unconsolidated sediment and inversely proportional to the 

https://www.zotero.org/google-docs/?n4UVs7
https://www.zotero.org/google-docs/?n4UVs7
https://www.zotero.org/google-docs/?n4UVs7
https://www.zotero.org/google-docs/?n4UVs7
https://www.zotero.org/google-docs/?rTU1ut
https://www.zotero.org/google-docs/?rTU1ut
https://www.zotero.org/google-docs/?rTU1ut
https://www.zotero.org/google-docs/?8B1OFX
https://www.zotero.org/google-docs/?8B1OFX
https://www.zotero.org/google-docs/?8B1OFX
https://www.zotero.org/google-docs/?HdTdSh
https://www.zotero.org/google-docs/?HdTdSh
https://www.zotero.org/google-docs/?HdTdSh
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smoothness of the soil surface, the amount of organic matter, intergranular cohesion and the individual 

weight of the sediment grains. Since, among other things, the size, shape and density of a particle 

influence how much wind energy is needed for the particle to be transported, environmental parameters 

have a direct decisive role on the sediment size for different locations. A site with a high proportion of 

larger particles has therefore been deposited at higher wind speeds and less vegetation than a site with 

smaller particles. Based on the same law, a place with varying sizes has had varying wind energy 

(Vandenberghe, 2013). 

 
 

Figure 8. Stratigraphic column of site ranging from top (0 cm) to bottom (180 cm) plotted against Mode, sand % 

and U ratio. (T, Stevens 2023, personal communication). 

 

2.5 Loss on ignition 

Loss on ignition (LOI) is a method often used in soil science to analyze the content of different soil 

samples. The LOI method is widely used in soil science and functions by using high temperatures to 

eliminate organic material from the sediment. Since soil can consist of very different types of material, 

“igniting” or heating it to specific temperatures makes it possible to gather data on the soil composition 

and how it may differ between different samples. When heated, volatile components such as carbonates, 

organic material and hydrates can be removed from the bulk sample decreasing the total weight. After 

comparing the lost volatile materials to the remaining material left after heating the results can be 

interpreted as to how the soil composition differs in different stratigraphic layers.  

Through LOI analysis on the Loess samples, information about the amount of organic material on 

Svalbard can be gathered. Hopefully, this will function as an extra set of data where trends can be 

correlated to XRF data and weathering indices. The amount of organic material on Svalbard can also 

help interpreting more local and regional environmental changes as these factors also affect the 

pedogenic processes and conservation of organic material (Vereș, 2002).  

Organic material in soil is often a sign of more bioactivity which in the arctic is more prevalent 

during a warmer and more humid climate. Colder and more arid conditions would prevent plant growth 

and therefore also bioactivity of different sorts. LOI data would therefore show that a significant change 

in weight of sample after heating would imply warmer climatic conditions while a very small weight 

change would imply colder climatic (Juselius et al., 2022). A larger percentage of organic material 

https://www.zotero.org/google-docs/?HTHBzy
https://www.zotero.org/google-docs/?8UHsXa
https://www.zotero.org/google-docs/?5PZh7H
https://www.zotero.org/google-docs/?5PZh7H
https://www.zotero.org/google-docs/?5PZh7H
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might also be attributable to a faster accumulation rate of loess soil because the loess soil would function 

as a cover against weathering therefore preserving it more easily. It might also be attributable to a bigger 

permafrost layer since this would function as a preserver of organic material, protecting it from 

weathering and pedogenesis, suggesting that the climate was colder at the time (Juselius et al., 2022). 

 

3. Method 

3.1 Loss on ignition 

Loss on ignition is a tool used to measure the amount of organic material in soil samples. By heating 

soil samples to certain temperatures organic material will be burnt and evaporated from the bulk sample 

which is non organic. By weighing the samples before and after heating and ignition the total amount 

of carbon content can be determined by carefully comparing the difference in weight.  

The procedure was done as follows. First the ceramic crucibles which would function as containers 

for the soil samples were weighed. Once their weight had been precisely determined, the bulk soil 

samples were put in the crucibles, the soil samples ranging from 4-5 grams in weight. When the total 

weight of both soil samples and crucibles had been thoroughly recorded the heating process could be 

initialized. To minimize error sources the samples first had to be heated at 105 °C for approximately 24 

hours to remove potential water content and moisture from the sample. After water content had been 

removed the samples were weighed again. After weighing, the samples were heated again for 4 hours 

at 550 °C and then once again at 950 °C for 4 hours to completely remove organic material from the 

bulk. The difference in weight of the samples were calculated by subtracting the weight of the samples 

after organic material and carbon content had been removed with the weight of the samples after water 

content had been removed. The first heating which reaches 550 °C is done to remove organic material 

from the sample. The second heating which reaches 950 °C is performed to eliminate carbonate content 

from the bulk of the sample.  

The limitations with the LOI method is that one can not be certain that only organic material is 

removed during heating. If samples contain high concentrations of volatile salts, inorganic carbon and 

bound water these may affect the results. This is because it is hard to distinguish the removal of these 

elements to the organic carbon which is what the study aims to record. Even though the LOI method 

can be viewed as a very simple and effective method to measure organic and carbon material, factors 

such as exposure time, placement of crucibles and laboratory equipment also may influence the result 

(Heiri et al. 2001). 

The correlation between LOI and XRF data may be unreliable since the exact same samples were 

not used for the different analyzes. For the LOI data 4-5 gram samples were taken from the bulk 

collected from Svalbard. The same samples could not be used during XRF analysis because they were 

heated during LOI and therefore lost important elementary information. New samples therefore had to 

be taken from the bulk of collected loess soil. Even though they originate from the same layers and are 

collected from the same site there might be error sources as they may differ depending on how the 4-5 

grams were collected from the bulk sample (Robertsson, Sarah 2019)  

EQUATION 6: Equations used for calculating loss of ignition after burning on 550°C and 950°C 

 

𝐿𝑂𝐼950 = (
𝑇𝑊100 − 𝑇𝑊950

𝑇𝑊100

) × 100 

https://www.zotero.org/google-docs/?SnSUz9
https://www.zotero.org/google-docs/?SnSUz9
https://www.zotero.org/google-docs/?SnSUz9
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Figure 9. Samples after burning on 950 °C. 

 

3.2 X- ray fluorescence spectroscopy (XRF)  

The XRF method is a common non-destructive analytical technique which is used to determine the 

elemental composition of materials such as loess soils. It functions by exposing a sample to high-energy 

X-rays which cause the atoms in the sample to emit characteristic X-ray fluorescence radiation. The 

emitted radiation is then analyzed and compared to default earlier measurements to determine the 

elemental composition of the sample (Bruker Corporation, 2023).  

 
Figure 10. The mortal grinder used to pulverize the samples. 

 

https://www.zotero.org/google-docs/?broken=WgV7Ff
https://www.zotero.org/google-docs/?broken=WgV7Ff
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Since organic material, as well as larger particles and clusters of grains can manipulate the XRF results, 

the samples needed to be homogenous and powdered. For this a mortal grinder was used (figure 10). 

Each sample was in the Mortal grinder for 7 minutes and then transferred to a small cup. Between the 

measurements the mill was cleaned with both paper and acetone to prevent the samples from getting 

mixed with each other. To prevent the sample material from moving around in the cups, they were filled 

as much as they could and compacted with a stick of quartz before a plastic film was pulled over it to 

stop the sand from getting out of the cup. 

The first application for XRF was used to find and record the heavier elements in the samples such 

as SiO2, Al2O3 and more which made up the majority of the total composition. For measuring this a 

portable XRF was used. The model of the XRF was Bruker TRACER 5. Each sample was placed with 

the side of the plastic film to the bottom toward the XRF. The XRF instrument was set on multi-element 

calibration, called Geomining. For each sample three 90 second measurements were recorded, changing 

the position of the sample slightly in between measurements to avoid errors. Five test samples were also 

used to correlate previous data to the current measurements.  

 
Figure 11. The XRF instrument used for tracing metal contents. 

 

The second application focused on finding the lighter elements in the Loess samples. These elements 

might be hard to detect as they are attenuated in air, the addition of helium in the XRF instrument does 

however help detect these elements. Therefore the XRF instrument was switched from Geomining to 

Geoexploration. Again, for each sample three 60 seconds measurements were recorded, changing the 

position of the sample slightly in between measurements to avoid errors. Five test samples were also 

used to correlate previous data to the current measurements.  

After the tests were done for all of the samples for heavier and lighter elements the test results were 

transferred to an excel file. For each sample the mean value was calculated. For some of the elements 

the results weren't relevant for us and therefore removed.  
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4. Results 

4.1 Loss on ignition (LOI)  

 

 
Figure 12. Weight % of lost material during heating on x-axis plotted against depth on y-axis. 

 

The Loess samples originating from the bottom most part of the stratigraphic column have the most 

amount of lost organic material in weight percentage as can be seen in figure 12 Starting at around 15% 

at 175 cm depth and steadily decreasing to around 5 % at the top of the column. The decreasing trend 

is pretty clear throughout the section, only having a few oscillations that also occur in the bottom part 

of the section. The values on the x- axis as seen in figure 12 are mostly stable starting at around 110 cm 

and continuing to the top of the section at 0 cm.  

4.2 Weathering indices  

The results from XRF analyzes are illustrated in graphs where concentrations are plotted against the 

depth of the samples. The graphs below also show soil weathering conditions and indices are also 

plotted against sample depth. In the discussion part differences, trends and similarities between the 

depths will be interpreted and discussed. 
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Figure 13. K2O, Al2O3, Na2O and CaO on the x-axis plotted against depth on the y-axis. The values on the x-axis 

are in weight percentage divided by their molar masses (M). Representing the oxides used in Na/Al based indices.  

 

The trends in the oxides are relatively stable throughout the section, peaking in value at approximately 

100 cm in both mK2O and mAl2O3. mNa2O does have a similar peak but at around 110 cm. Both mK2O 

and mAl2O3 show very similar values and trends, increasing in value until reaching the peak and then 

decreasing again. mNa2O shows two significant peaks, at both 110 cm and 70 cm.   

 

 

 

 
 

Figure 14. Ba/Sr, Rb/Sr and Rb/K ratio on the x-axis plotted against depth on the y-axis. Sr (Strontium) and 

potassium are the mobile elements, Ba (Barium) and Rb (Rubidium) are the immobile elements.  

 

The Ba/Sr and Rb/Sr indices show very similar trends throughout the entire section, both having the 

same significant peak low value as can be seen in figure 14 at 130 cm. The Rb/K index does follow 

some of the trends seen in both the Ba/Sr and Rb/Sr ratios but also differs somewhat. It does for example 
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display two clear peaks in value at 120 cm and 40 cm, both of which can also be seen in the Rb/Sr ratio 

but being slightly less significant. The Rb/K index does display a decrease in value at 130 cm depth but 

it is not as evident as in the remaining two indices.  

                                                                                    

 
 

 

Figure 15. Weathering indices CIW, PIA, Index B, CPA and CIA plotted against depth. For CIW, PIA, CIA and 

CPA increasing values on x-axis signifies stronger weathering intensities. For index B increasing values on the x-

axis signifies weaker weathering intensities.  

 

Indexes CIW, PIA, CPA and CIA show very similar trends throughout the entire section. Since Index 

B unlike the other indices indicates higher weathering intensities with low values on the x-axis, similar 

trends can be seen there as well but being in the opposite order. The overall trend of weathering 

intensities seems to be decreasing from the bottom of the section to the top, they do however oscillate 

and change quite frequently. The most stable period of relatively intense weathering occurs from around 

100- 75 cm where high values can be seen in all indices. This stable and intense weathering period is 

preceded by a short period of very low weathering and followed by a sharp decrease in weathering.  
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5. Discussion 

5.1 LOI  

The LOI data set shows a very clear decreasing trend in the amount of organic material present from 

the bottom of the unit to the top as seen in figure 12 and figure 17. The organic content peaks at around 

15% at 175 cm and goes down to around 5% at 110 cm where it stays relatively the same throughout to 

the top of the section. The high amounts of organic material could be attributed to more pedogenic 

processes being active during time of deposition. That would however indicate that the climate was 

warmer at that time, and the XRF data from this study suggests the opposite. Therefore it is possible 

that the high amounts of organic material found in the bottom part of the section can be attributed to a 

higher permafrost table which would prevent the decay of organic matter. More permafrost would be 

attributed to colder climatic conditions. That would match the low weathering intensities present at 

around 2800-2500 years BP where also the organic material is most abundant.  

 
 

Figure 16.  LOI data correlated to the stratigraphic column and units. 

 

Paleosols are not as common in loess sequences in Svalbard, because for paleosols to be able to form, 

the rate of pedogenesis must exceed the rate of dust accumulation. This only occurs when the climate 

is substantially warmer and wetter than what is generally the case in places located as far north as 

Svalbard. It is not therefore surprising to find only dust accumulated Loess in the sedimentary 

stratigraphy on the site where the samples in this study was gathered.  

5.2.1 Unit IV 

The Na/Al based weathering indices show very similar trends through the entire section with the most 

notable changes happening around 130-180 cm. This part of the stratigraphy is the oldest and is 

estimated to be around 3000 years old at bottom going up to around 1800 years old at 130 cm. During 

this period the indices suggest that weathering increased substantially before leveling out and then 

decreasing slightly again. Even though the weathering increased during this period it was still according 

to the trends the lowest recorded in this section during depths of approximately 165-140 cm. This would 
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coincide with dates going back to about 3000 to 2000 years ago, with the lowest values peaking in the 

earliest part of this period. The LOI data also shows a notable increase in lost weight going from 145 

cm to 175 cm suggesting that more organic material which could be burnt during heating were present 

at this time.  

A high percentage of organic material might not only suggest that there was more vegetation cover 

during the time of deposition. It might also indicate that the conditions for preservation were better at 

the time of deposition. The organic carbon measured in the LOI method is carbon that has been 

preserved in the permafrost layer, therefore more permafrost can more easily preserve organic material 

hence indicating that the climatic conditions actually were cooler rather than warmer. The amount of 

organic material is also affected by the accumulation rate of loess soil. If more loess soil accumulates 

at a rapid rate it functions as a protective layer for the organic carbon, preserving it against weathering. 

The accumulation rate is not dependent on the climatic conditions being warmer or cooler but rather 

wind strength and circulation patterns. To decide which of these factors actually played a part in the 

amount of organic carbon material in the loess sequence one can correlate it to the weathering indices 

to see if the changes in LOI data are attributable to changes in weathering. The results can however be 

affected by all these factors simultaneously and one cannot say with absolute certainty which factor 

played the biggest part. One can only speculate and lean towards one way or the other by comparing 

the LOI data to the XRF data and other previous studies on paleoclimatic conditions at site.  

The percentage of mobile elements in the oxides except K2O also shows an increase ranging from 

140-175 cm. This trend also suggests that weathering was less active during this time, an increase of 

concentration in mobile elements suggests that weathering did not remove them and thus their 

concentration is higher while the concentration of immobile elements decreased. Immobile elements Ba 

and Rb show a very significant decrease in value going from 120-140 cm in depth. This spike has its 

lowest peak value at 130 cm and correlates to the Na/Al based indices which also bumps at the same 

point. The Na/Al indices do increase in value at the same depth suggesting that more weathering was 

active during this time. A lower value of the Ba/Sr ratio indicates that weathering has been more active 

since the ratio of mobile elements decreased as they are the first to be removed from the bulk when 

weathering is active. When looking closer at the stratigraphic column as seen in figure 3, the section at 

130 cm depth shows cm-thick vertical orange bands. Precipitation of compounds such as iron oftentimes 

result in orange streaks in soil and sediment suggesting that oxidative conditions were present during 

and after deposition of this layer.  
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Figure 17. Relative dating of loess sequence in correlation to Na/Al based weathering index CIA and Ba/Sr index. 

 

Since there is no absolute dating of the stratigraphic column which the samples are taken from it is only 

possible to estimate correlations to trends in global climate during the late holocene. The bottom most 

layer of the loess sequence (180 cm) is estimated to be about 3000 years old. Further up in the 

stratigraphy different age markers have also been set as references, these are however only estimations 

and can not be valued as absolute dates. Since the stratigraphic column only is estimated to be around 

3000 years old at the bottom, the date estimations can be viewed as relatively precise even though some 

deviations may be expected. The age estimations are based on optically stimulated luminescence dating 

of a nearby core that has a similar stratigraphy as the one in question (Thomas Stevens, personal 

communication) 

Between approximately 100 cm to 70 cm depth there is a relatively stable period of similar 

weathering. The weathering in this section does not oscillate as much as in other sections of the 

stratigraphy according to the Na/Al based weathering indices. CIW, CPA, CIA, PIA and Index B all 

show the same trend of active weathering being relatively high in comparison to other depths. 

According to the date estimation this period would be circa 700- 1100 years CE. The Medieval Warm 

Period is recorded as being more humid and warm than earlier and later ages and lasted from 

approximately 900- 1300 years CE. Since the dating of this section is not absolute it is possible that the 

high and stable values from the weathering indices can be attributed to this period. The time frame 

would coincide as both the medieval warm period lasted for circa 400 years and the weathering indices 

suggest that weathering was more active for the same amount of time. Even though they do line up with 

one another precisely this is most likely due to the dating of the section not being absolute. It is however 

reasonable to attribute the active weathering as suggested by the XRF data to this period as no other 

similar warm period has been recorded in close time proximity either before or after.  

5.2.2 Unit III 

This unit goes from 55- 20 cm and is estimated to have been deposited approximately 500- 700 years 

ago. The deposition rate is relatively fast here compared to the other units, in total 35 cm of loess have 

been deposited in a time period of circa 200 years. Unit III consists mainly of alternating coarse silt to 

fine grained sand bands, some cross bedded fine to medium grained sand can be seen at the bottom of 
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the unit. What is notable in this unit is that the grain size is quite rapidly increasing from the bottom of 

the unit peaking at around 15-20 cm. Larger grain size is an indication of stronger winds which is the 

medium of transport for loess sediment. This is because stronger winds can transport larger grains.  

The unit seems to be the one that had the most rapid deposition since the dating only goes back to 

around 700 years BP at 55 cm depth. The grain size data indicates that the grain size was rapidly 

increasing from bottom (55 cm) to top (20 cm) having the biggest proportion of sand out of the entire 

stratigraphic column. The sand percentage peaks at around 20 cm being approximately 60% while the 

LOI data has one of its lowest values at the same time. The weathering indices indicate that the 

weathering activity was peaking during around 25 cm depth before steadily decreasing into the 

overlying units. Due to rapid deposition and not having access to any absolute dating this section is 

especially difficult to interpret. The period known as the little ice age indicates that the period ranging 

from 1300- 1850 CE was substantially colder and more arid than the periods before and after. Climate 

data from both Mann et al (2009) on late holocene climate anomalies as well as the data from D`Andrea 

et al (2012) as seen in figure 16 proves this very thoroughly, it is however very hard to attribute our 

Loess data from Svalbard to this period as there are no notable differences in the stratigraphic column 

during this time. The Ba/Sr ratios indicate that weathering was relatively low at the time, Na/Al based 

indices also show relatively stable values but suggesting that weathering was relatively low in the mid 

part of the unit but increasing in the top of the unit at around 23 cm. It may also be that the lower little 

ice age temperatures as recorded on other locations was more severe than on Svalbard. Since no notable 

changes in weathering can be seen in the data set during this period it would be biased to try to 

manipulate the assessment of data to show what earlier established research has shown.  

5.2.3 Unit II 

This unit consists of gray silt-sand bands and is the thinnest unit in the section and is dated to around 

1500- 1700 CE. The amount of organic material is relatively low in this thin unit suggesting that 

pedogenesis and bioactivity was relatively inactive during this time frame. The sand percentage as 

shown in figure 8 has its highest peak value in this layer suggesting that winds were strong enough to 

transport and deposit larger grains. It could also imply that pedogenic processes were very inactive 

during this time, hence not being able to break down minerals and larger grains during soil formation. 

The latter is however only a possibility during summer months when temperatures can get high enough 

to achieve this. A series of relatively cold and arid summer months may therefore hinder pedogenic 

processes which would result in a layer with higher sand content. In the arctic region however, 

pedogenic processes are very inactive relative to milder climates. It would therefore be more reasonable 

to attribute a higher percentage of sand content to stronger winds when looking at locations as far north 

as Svalbard. The unit also has inclined beds as described in figure 3 which also can be evidence for 

stronger winds during deposition. Cross beds in and inclined beds are in sedimentology signs of higher 

energy modes of transport. One might therefore interpret the inclinations in the unit from 20-10 cm as 

being deposited by either stronger winds or non aeolian transport such as water.  

5.2.4 Unit I 

The top most unit starts at 10 cm depth and goes to the top of the loess unit at 0 cm. It consists of yellow 

gray silt containing modern roots. The sand percentage decreased from 60% in the top of unit II to 

around 25% in unit I, suggesting that wind strength also decreased a lot from 1700 CE to present. The 

weathering indices also show a slight increase during this period, suggesting that weathering became 

more active due to a more humid and warm climate. The differences in values as shown by the Na/Al 

based indices in figure 15 do however not differ by a lot, but a trend can be seen. The relative proportions 

of immobile elements as shown by the Sr/Ba ratios in figure 14 also indicate a slight decrease in value, 
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coinciding with the weathering indices. This also suggests higher weathering activity and warmer, more 

humid climate. Weather indices PIA, CPA, CIA, CIW increase with decreasing depth. At the same time, 

Index B decreases with decreasing depth. All indices therefore indicate that weathering has increased 

over the past 300 years. 

5.3 Overall trends and changes in paleoclimate  

The data gathered from the XRF analysis indicate a slight warming of the climate going from 

approximately 3000 years ago to present. There are many oscillations and sharp changes in weathering 

intensities during this time but the overall trend seems to point towards an increase in weathering (figure 

13, 14 and 15). The most stable and warm period occurs in the top part of unit IV, dating to circa 700-

1100 CE (figure 17). This period could possibly be attributed to the medieval warm period which dates 

to 900- 1250 CE which experienced an increase in temperature which especially affected Western 

Europe and the North Atlantic ocean. According to Mann et al (2009) the period could be characterized 

as having La-Niña like conditions in the tropical pacific which then affected water temperatures in the 

North Atlantic. The warmer temperatures during this period seen in figure 17 and 18 does not however 

seem to be globally uniform as peak warmth occurred at different times in different regions (Mann et 

al 2009). This could potentially be the reason why the increase in weathering intensities in this study 

does not exactly overlap the time frame given to the medieval warm period. According to our data, 

Svalbard seems to have experienced the warming of this period earlier than other locations. It is also 

possible that the relative dating of the section is a little off, and it could be that Svalbard experienced 

an increase in weathering at the same time as other locations. 

   
Figure 18. Graph showing temperature changes in the arctic region during the last 2000 years. Modified from 

(D’Andrea et al., 2012).  

The overall warming of the climate can likely be attributable to that the bottom most part of the section 

is deposited during the period called the Homeric Minimum which lasted from 2800-2550 years BP. 

This period is known as a Grand Solar Minima and had relatively low solar activity which cooled down 

the climate. Hence, the trend seems to be warming from this period and up throughout the section. The 

period following the Homeric Minimum, that is around 2500 years BP to present, does oscillate quite 

frequently and no warming or cooling trend can be seen if the Homeric Minimum is not included in the 

section. Similar results can be seen in figure 17 where temperature data from Svalbard seems to be 

relatively stable during the last 2000 years. The differences in our results compared to that being shown 

https://www.zotero.org/google-docs/?broken=652H9u
https://www.zotero.org/google-docs/?broken=652H9u
https://www.zotero.org/google-docs/?broken=652H9u
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in the study by D’Andrea et al (2012) in figure 18 would be the cold period at the end of the Little Ice 

Age dating to around 1500 CE- 1850 CE which can not be seen in the data produced by this study.  

 

6. Conclusion  
 

The climate in the arctic region during the late Holocene according to the trends found in our data seems 

to have been relatively stable, but the overall trend is a slight warming of the climate. The LOI data 

does show a quite clear decrease in the amount of organic material from the bottom of the loess sequence 

all the way to the top. The weathering indices do however show quite frequent oscillations where the 

amount of weathering shifts rather rapidly. Since Svalbard is located very far north and generally has 

an extremely cold climate, small colder changes in temperature might not really affect the results as 

plotted in the data sets as much as in locations further south. For example, since it already is very cold, 

even colder periods might be difficult to observe since the overall change in climate won't be that 

significant. That might be why the period known as the Little Ice Age really can't be observed in the 

data while the period correlated to the medieval warm period can be observed as a relatively warmer 

one.  

The bottom most part of unit IV correlated to approximately 2800-2500 years ago deposited during 

the Homeric Minimum is the coldest period in the stratigraphic section. Weathering intensities are as 

lowest during this time, while the amount of preserved organic material is the highest during the same 

period. Following the low weathering intensities of the Homeric Minimum, weathering increased and 

organic material decreased. This relatively warmer period can most likely be attributable to the Roman 

warm period which especially affected Western Europe and the North Atlantic ocean. The most stable 

warm period in the stratigraphic section occurs in the top of unit IV, between 100-70 cm and coincides 

relatively well with the Medieval warm period. Like the Roman warm period, this climate anomaly is 

also characterized as having significantly affected Western Europe and the North Atlantic with warmer 

temperatures. The Little Ice Age is not seen as having affected weathering intensities or the 

perseverance of organic material in the Loess sediment at site even though it was expected.  

The LOI data was especially difficult to interpret and correlate to the data gathered by XRF since there 

evidently is many different factors which can affect the amount of preserved organic matter in the Loess 

sediment. It is hard to determine which of these factors played the biggest part in the perseverance of 

organic material but compared to loess samples on latitudes further south the percentage of organic 

material in Svalbard often exceeds that of other loess sequences. Even though locations on lower 

latitudes have more active pedogenesis, bioactivity and a warmer climate the organic material preserved 

is relatively low to that of Svalbard. Hence indicating that for organic material to be more easily 

preserved, colder conditions with permafrost seems to play a vital role. 

 

 

7. Acknowledgment 

We would like to give a big thank you to our supervisor Thomas Stevens for all the help and guidance 

we received with our bachelor's thesis. We would also like to thank Yunus Bakal who helped us a lot 

with the practical part of Loss on ignition, as well as the XRF. 

 

8. References 
 

Bryant, I. (1982) ‘Loess deposits In Lower Adventdalen, Spitsbergen’, Polar Research, 1982. 

https://www.zotero.org/google-docs/?broken=FLvYVJ
https://www.zotero.org/google-docs/?broken=FLvYVJ
https://www.zotero.org/google-docs/?broken=FLvYVJ
https://www.zotero.org/google-docs/?broken=FLvYVJ
https://www.zotero.org/google-docs/?broken=FLvYVJ
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1


 

24 

Available at: https://doi.org/10.3402/polar.v1982i2.7006. 

 

Buggle, B. et al. (2011) ‘An evaluation of geochemical weathering indices in loess–paleosol studies’, 

Quaternary International, 240(1), pp. 12–21. Available at: 

https://doi.org/10.1016/j.quaint.2010.07.019. 

 

Campbell, I.D. et al. (1998) ‘Late Holocene ∼1500 yr climatic periodicities and their implications’, 

Geology, 26(5), pp. 471–473. Available at: https://doi.org/10.1130/0091-7613(1998)026 

 

Ingólfsson, Ó. (no date) ‘Outline of the geography and geology of Svalbard’. 

 

Juselius, T. et al. (2022) ‘Newly initiated carbon stock, organic soil accumulation patterns and main 

driving factors in the High Arctic Svalbard, Norway’, Scientific Reports, 12(1), p. 4679. Available at: 

https://doi.org/10.1038/s41598-022-08652-9. 

 

Kjellman, S.E. et al. (2020) ‘Holocene precipitation seasonality in northern Svalbard: Influence of sea 

ice and regional ocean surface conditions’, Quaternary Science Reviews, 240, p. 106388. Available at: 

https://doi.org/10.1016/j.quascirev.2020.106388. 

 

Mann, M.E. et al. (2009) ‘Global Signatures and Dynamical Origins of the Little Ice Age and 

Medieval Climate Anomaly’, Science, 326(5957), pp. 1256–1260. Available at: 

https://doi.org/10.1126/science.1177303. 

 

Muhs, D. (2007) ‘LOESS DEPOSITS, ORIGINS AND PROPERTIES’, in Encyclopedia of 

Quaternary Science, pp. 1405–1418. Available at: https://doi.org/10.1016/B0-444-52747-8/00158-7. 

 

Muhs, D.R. (2013) ‘11.9 Loess and its Geomorphic, Stratigraphic, and Paleoclimatic Significance in 

the Quaternary’, in J.F. Shroder (ed.) Treatise on Geomorphology. San Diego: Academic Press, pp. 

149–183. Available at: https://doi.org/10.1016/B978-0-12-374739-6.00302-X. 

 

Oliva, M. et al. (2014) ‘Sedimentological characteristics of ice-wedge polygon terrain in Adventdalen 

(Svalbard) &ndash; environmental and climatic implications for the late Holocene’, Solid Earth, 5(2), 

pp. 901–914. Available at: https://doi.org/10.5194/se-5-901-2014. 

 

Sørbel, L. and Tolgensbakk, J. (2002) ‘Ice-wedge polygons and solifluction in the Adventdalen area, 

Spitsbergen, Svalbard’, Norsk Geografisk Tidsskrift-norwegian Journal of Geography - NORSK 

GEOGR TIDSSKR-NOR J GEO, 56, pp. 62–66. Available at: 

https://doi.org/10.1080/002919502760056369. 

 

Vandenberghe, J. (2013) ‘Grain size of fine-grained windblown sediment: A powerful proxy for 

process identification’, Earth-Science Reviews, 121, pp. 18–30. Available at: 

https://doi.org/10.1016/j.earscirev.2013.03.001. 

 

Vereș, D. (2002) ‘A Comparative Study Between Loss on Ignition and Total Carbon Analysis on 

Mineralogenic Sediments’, Studia Universitatis Babes-Bolyai, Geologia, 47(1), pp. 171–182. 

Available at: https://doi.org/10.5038/1937-8602.47.1.13. 

8.1 Internet resources 

Bruker corporation (2023). How does XRF work? Available at: https://www.bruker.com/en/products-

and-solutions/elemental-analyzers/xrf-spectrometers/ho w-does-xrf-work.html (Accessed: 24 April 

2023) 

 

Fenn, K (2020) ‘LOESS IN TRANSLATION’ (2020) Climate: Past, Present & Future, 30 

November. Available at: https://blogs.egu.eu/divisions/cl/2020/11/25/loess/ (Accessed: 25 April 

https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.3402/polar.v1982i2.7006
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1016/j.quaint.2010.07.019
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1130/0091-7613(1998)026
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1038/s41598-022-08652-9
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1016/j.quascirev.2020.106388
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1126/science.1177303
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1016/B0-444-52747-8/00158-7
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1016/B978-0-12-374739-6.00302-X
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.5194/se-5-901-2014
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1080/002919502760056369
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.1016/j.earscirev.2013.03.001
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://doi.org/10.5038/1937-8602.47.1.13
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1
https://www.zotero.org/google-docs/?795Wr1


 

25 

2023). 

8.2 Personal communication  

Stevens, T (2023) Supervisor, Uppsala University, oral and written Communication 

 
 
 
 
 
 
 
 
 
 

https://www.zotero.org/google-docs/?795Wr1






 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


