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Abstract 

Atmospheric mineral dust plays a dynamic role in the climate system acting both as a 
forcing and a feedback mechanism. To date, the majority of paleodust studies have 
been conducted on marine sediments or polar ice cores, while terrestrial deposition 
has been less studied. As such, it is important to produce new terrestrial Holocene 
paleo–dust records and fill existing regional gaps. Ombrotrophic (atmospherically–
fed) peat bogs can be used to reconstruct dust deposition through elemental chemistry 
analysis. Multi–elemental data sets are commonly used infer net dust deposition rates, 
source changes, grain size, and mineral composition. Mineralogical identification of 
dust particles is particularly important because it allows both provenance tracing and 
increased understanding in climate and ecosystem feedbacks. Establishing mineralogy 
from elemental data of mixed mineral matrixes can however be challenging. X–ray 
diffraction analysis (XRD) is a standard technique for mineral identification, that 
rarely has been applied on peat samples, which ideally requires removal of organic 
matter (OM). Therefore, a test procedure was undertaken where common OM 
removal methods were evaluated on bulk peat samples. The results showed that 
combustion at 500°C was most efficient in removing OM, while leaving the majority 
of minerals intact, but not all. In this Licentiate thesis, early result of a paleodust study 
from Draftinge Mosse, southern Sweden, are also outlined. Here, the method 
development mentioned above was applied, enabling a combination of elemental data 
with mineralogy. Future work includes minor and trace element analysis by ICP–AES 
and ICP–MS, evaluation of the reproducibility of single core reconstructions, tests of 
some of the methodological assumptions used in previous paleodust studies, source 
tracing and paleodust reconstruction from a second site (Gällsered Mosse).  
 

 
  



 
Sammanfattning 

Atmosfäriskt mineraldamm, mineralpartiklar som lyfts upp i atmosfären och avsätts 
via eoliska processer, spelar en komplex roll i klimatsystemet då partiklarna påverkar 
klimatet, samtidigt som rådande klimat också påverkar partikelmängden. De flesta 
hittills genomförda mineraldamms- studier har utförts på marina sediment eller 
iskärnor trots att mineraldammspartiklar i störst utsträckning deponeras på 
kontinenterna. Ombrotrofa mossar (högmossar) kan användas för att rekonstruera 
avsättning av mineraldamm över tid genom geokemiska analyser på olika djup i 
torvkärnor. Den kemiska sammansättningen ger information som kan användas för att 
härleda variationer i partikelmängd, källområden, kornstorlek, samt mineralogisk 
sammansättning. Bestämning av mineralen är av särskild vikt då det möjliggör 
identifikation av partiklarnas källområden samt ger kunskap om partiklarnas del i 
klimat- och ekosystem processer. Att via geokemiska data identifiera mineral prover 
av blandad sammansättning är dock utmanande, särskilt då många mineral har en 
liknande kemisk sammansättning. Röntgen diffraktions analys (XRD) är en 
standardmetod inom berggrundsgeologi för att identifiera mineral, som här används 
på torvprover. Metoden är icke-destruktiv, men kräver att provet är relativt rent från 
amorfa faser, så som organiskt material. Då torv innehåller stora mängder organiskt 
material (>98 %), som dessutom karaktäriseras av att vara svårnedbrutet, utformades 
ett testprotokoll för att studera vilken metod som är bäst lämpad för att ta bort 
organiskt material från denna specifika jordtyp. Resultaten från genomförda tester 
visade att förbränning (500°C) är mest effektivt och även lämnade en majoritet av 
mineralen intakta, dock inte alla. I denna licenciatavhandling beskrivs även de 
övergripande målen med min forskning samt tidiga resultat från en 
mineraldammstudie från Draftinge mosse (Småland), där resultaten från metodstudien 
ovan applicerats och kombinerats med andra geokemiska data. Vidare arbete inom 
detta doktorandprojekt kommer innefatta ytterligare geokemiska analyser 
(spårämnesanalys med ICP-MS och ICP-AES) samt identifiering av källområden. 
Dessutom kommer ytterligare en mosse (Gällsered mossse) att studeras för 
förändringar i avsättning av mineraldamm under de senaste 7000 åren. 
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1. Introduction 

Atmospheric mineral dust is soil particles uplifted from continents by aeolian 

processes, which can affect the global climate system both as a forcing and a feedback 

mechanism (e.g. Albani et al. 2015). Mineral dust plays direct and indirect roles in the 

climate system by scattering and absorbing incoming radiation, affecting atmospheric 

photochemistry, acting as cloud condensation nuclei, and by transporting nutrients 

(e.g. Fe, P) to marine (Shao et al. 2011) and terrestrial ecosystems (Yu et al. 2015, 

Kylander et al. in review).  

Dust deposition is unevenly distributed with ~75 % being deposited over the 

continents and the remaining 25 % over the oceans (Fig. 1, A) (Shao et al. 2011). In a 

global context, the northern hemisphere is generally dustier than the southern 

hemisphere and three continental regions dominate as sources of atmospheric dust: 

arid regions in North Africa (Sahara), the Arabian Peninsula and eastern Asia. Of 

these dust sources, North Africa is estimated to contribute to 40–60 % of all mineral 

dust globally, with the Arabian Peninsula contributing 10–20 %, and eastern Asia 15–

20 % (Maher et al. 2010). Within the northern hemisphere, higher dust loads are 

recorded at lower than higher latitudes (Harrison et al. 2001). In periods of sparser 

vegetation cover the potential source areas generally increase (Harrison et al. 2001), 

which in combination aeolian activity can cause increased atmospheric dust loads. 

Dust loads in the contemporary atmosphere are mainly surveyed by weather stations 

and satellites (Maher et al. 2010). 

Dust variability during the Holocene has mainly been reconstructed from 

marine sediments and polar ice cores, and to a lesser extent from terrestrial archives 

such as loess, lakes and peat bogs (Fig. 2, B) (Albani et al. 2015). Loess deposits 
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accumulate exclusively aeolian particles but are often constrained to relatively dry 

regions in close proximity to extensive dust source such as deserts, are low resolution 

and often have age dating issues (Kohfeld and Harrison 2001). Lakes are 

geographically widespread but can be used for paleodust studies only if the aeolian 

dust is mineralogically distinct from fluvial inputs (Albani et al. 2015).  

Figure 1. (A) Global map over average atmospheric dust deposition. From: Jickells et al. 2005. (B) 
Location of conducted paleodust studies, including type of archive. From: De Vleeschouwer (2014). 
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Ombrotrophic peat bogs are abundant in northern latitudes, receive all their 

nutrients and moisture from the atmosphere (e.g. Rydin et al. 2006) and thereby act a 

natural archive of atmospheric mineral dusts (e.g. Shotyk 1988) through either dry 

(gravity) or wet (precipitation) deposition (Bergametti and Forêt, 2014).  

In the northern hemisphere, high latitudes are generally less studied for 

terrestrial dust deposition than lower latitudes (Fig 1. B). These areas are 

characterized by cool and wet conditions, supporting the existence of large peatland 

areas. Due to the relatively high accumulation rate of peat bogs, paleodust deposition 

can be reconstructed at a high temporal resolution (Albani et al. 2015) with an 

abundance of material suitable for 14C dating, enabling construction of robust age 

depth models. Despite an increase in studies of terrestrial archives during the last 

decade, spatial coverage remains poor (Fig 1, B) and additional studies are required 

for better understanding of dust dynamics (e.g. grain size, mineralogy, provenance) 

during the Holocene. For example, recent studies have shown that dust deposition can 

significantly affect terrestrial nutrient limited ecosystems (Yu et al. 2015, Aciego et 

al. 2017, Kylander et al. in review), which can alter ecosystem productivity and 

thereby carbon uptake. In northern latitudes, dust deposition is an often–overlooked 

process, with Scandinavia currently being represented by only one study site 

(Kylander at al. 2013; 2016). Further studies are required to gain a more complete 

regional paleodust understanding, constrain dust sources as well as to be able to 

distinguish local, regional and global dust events. Increased insights into how 

atmospheric dust interacts with climate and ecosystem feedbacks are important for 

better recognition of both past and projected future changes.  

In this Licentiate thesis the initiation, function and succession of peatlands is 

presented. This is followed by an overview of the peat paleodust reconstruction field 
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where selected Holocene dust studies are reviewed, existing methodological gaps are 

discussed and overall aims with this PhD projected are presented.  

Paleodust deposition in peat sequences is generally reconstructed through 

analyzing for elemental concentrations by ICP–AES and ICP–MS. This allows for 

calculating mass accumulation rates, as well as inference of mineralogy and grain size 

based on those elements commonly found in minerals (i.e., lithogenic elements). 

However, there are some limitations with using elemental data sets such: as relying on 

only one element as a soil dust proxy can lead to over– or under estimation of total 

dust fluxes (Kylander et al. 2016), many minerals have a similar chemical 

composition leading to difficulties in establishing mineralogy, and the pre–treatment 

for trace element analysis is destructive, preventing further analysis of the finite 

amount of material available in high-resolution studies of peat cores. Because many 

minerals have a similar chemical composition, mineralogical identification from 

elemental data is limited. By identifying the mineralogy of the deposited dust both 

radiative and potential fertilization effects can be better understood. The mineralogy is 

also an important clue in dust provenance tracing, which can be used to infer 

atmospheric circulation changes (Kylander at al. 2007, Ferrat et al. 2012). 

For more than a century Swedish peat bogs have been recognized as valuable 

archives of climate and environmental changes (e.g. Sernander 1894, Von Post and 

Granlund 1926). To date however only one site, Store Mosse, has been studied for 

paleodust deposition (Kylander et al. 2013; 2016). In this study, the authors identified 

four dust events based on minor and trace elemental data from a peat sequence 

covering the last 8.9 ka BP. The four dust events were interpreted to host distinct 

mineralogical composition, implying a source shift between the different dust events 

but the dust sources were not constrained. This work is built upon in this PhD project 
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by coupling elemental data from peat profiles to direct mineralogical identification, 

and by presenting two additional paleodust studies, including their dust sources, from 

south–central Sweden and linking these to previously undertaken studies. 

Methodological assumptions and constraints of paleodust methods will also be 

evaluated.   

1 .1 Study aims 

The overall aim with this PhD project is to reconstruct Holocene dust deposition in 

two bogs in south–central Sweden using a multiproxy approach, and to compare 

timing and extent of recorded dust events at the study sites. By comparing dust 

deposition at several sites, on an east–west transect, the aim is to achieve a better 

regional understanding of dust dynamics. Elemental data from quantitative WD–XRF 

analysis, ICP–AES and ICP–MS will be coupled with direct mineralogical 

identification by XRD. Additional proxies include peat botanical composition, bulk 

density, ash content, stable isotopes (d13C), grain size, pollen, and spectral data. 

Interpretation of the different proxies will be guided by statistical analysis. The 

objectives of this project are to: 

1) Test and evaluate pre–treatments for organic matter removal from peat samples in 

order to allow direct mineralogical identification of paleodust by X–ray 

diffraction analysis. 

2) Build a paleodust record covering the last 8300 years from Draftinge Mosse, an 

ombrotrophic peat bog in south–central Sweden based on elemental and 

mineralogical data, radiocarbon dating, bulk density, ash content and major 

botanical composition.  
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3) Examine methodological assumptions regarding inferences of elemental 

composition and mineralogy by comparing the inferred and directly measured 

mineralogy. 

4) Build a paleodust record for Gällsered Mosse using the same methodological 

approach as in objective 2 and to compare timing and extent of paleodust events 

across Gällsered, Draftinge and Store Mosse and link commonalities to 

atmospheric circulation changes. Evaluation of the representativeness of single 

core reconstructions will also be conducted.  
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2.  Peatlands: initiation, function and archives of paleodust 

2.1 Initiation and function  

Peatlands cover about 4 x 106 km2 globally, and a vast majority (>80 %) of these 

organic rich soils are found in northern latitudes where the climate is generally cool 

and moist (e.g. Vitt 2006).  Peat soils forms when organic plant litter accumulation 

exceeds decomposition rates in water logged (anaerobic) soils, which slow 

decomposition rates (Clymo 1984). Peatlands initiate by different processes 

depending on factors such as geographic setting, geologic substrate and morphology, 

vegetation, hydrology and climate. Generally, temperature and precipitation are the 

most important factors supporting the existence of ombrotrophic Sphagnum peat bogs. 

This type of bog typically exists in climatic regions where the annual precipitation 

ranges from ~500 to 900 mm yr–1 and yearly average temperatures range between c. 0 

to 10°C (Granlund 1932, Vitt 2006).  

The successional evolution from fen to bog is vertically reflected in the peat 

profile both floristically and by the inorganic ash content. Floristically the transition is 

indicated by a shift from typical fen species such as sedges and minerotrophic 

Sphagnum species (e.g. S. teres, S. platyphyllum, S. subsecundum) to a dominance of 

bog associated Sphagnum species such as S. fucscum, S. rubellum, S. magellanicum 

(Rydin et al. 2006). The ash remaining after organic matter has been removed by 

combustion (loss-on-ignition), has also been shown to be a reliable indicator of a 

peatlands nutrient and successional status where low ash contents (<5wt % ash) can 

be regarded as an indicator of a peatland system that is decoupled from the nutrient–

rich groundwater as well as from surface run–off (Tolonen 1987).  

Ombrotrophic peat bogs are composed of two layers – the upper aerobic 

catotelm and the deeper, and generally thicker, anaerobic acrotelm. In the oxygenated 



 8 

aerobic layer decomposition rates are higher compared to the acrotelm where 

decomposition rates are significantly reduced (Clymo 1984). The depth of the 

catotelm fluctuates depending on the hydrological status of the peatland, which in turn 

is dependent on climate related changes (e.g. precipitation and evaporation). During 

drier periods groundwater levels will drop and the catotelm will become deeper 

causing the plant litter to be exposed to decomposition for a longer time (Clymo 

1984). In peat paleodust studies, periods of increased decomposition are important to 

note, because they will result in concentrated levels of inorganic ash residue (Shotyk 

1988), which might be interpreted as increased dust deposition. This requires careful 

study of humification (decomposition) and/or bulk density (e.g. Kylander et al. 2013) 

in order to related the dust deposition to the peat bulk density. 

2.2 Peat bogs as archive of atmospheric mineral dust deposition 

During the 1970s to 1980s ombrotrophic peat bogs were recognized as potential 

archives for atmospherically derived pollutants such as lead (e.g. Aaby and Jacobsen 

1978, Madsen 1981, Shotyk 1988) and became an established pollution archive in the 

late 1990s (e.g. Martínez Cortizas et al. 1997, Steinmann and Shotyk, 1997, Weiss et 

al. 1997). A few years later studies that included a wider array of elements were 

conducted, including those typically associated with minerals e.g. scandium (Sc), 

titanium (Ti), and zirconium (Zr), and peat was recognized as a valuable archive not 

only for anthropogenic pollutants but also atmospherically derived soil mineral dust 

(Shotyk et al. 2002). A more detailed description of these scientific developments can 

be found in Bindler (2006). Since then, an increased number of terrestrial peat 

paleodust studies have been conducted in different countries and regions, e.g.; 

Switzerland (Steinmann and Shotyk 1997), Indonesia (Weiss et al. 2002), Australia, 

(Kylander et al., 2007, Marx et al. 2009), Spain (López–Buendía et al. 2007), Chile 
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(Sapkota et al. 2007), Tibet (Ferrat et al. 2012), Northeast China (Bao et al. 2012), 

Sweden (Kylander et al. 2013), Easter Island (Margalef et al. 2014), and Canada 

(Pratte et al. 2016). During this time, available methods and techniques for conducting 

paleodust reconstruction in peat deposits have developed and potential 

methodological problems have also been recognized.  

2.3 Preservation of minerals in peat 

 The geochemical conditions in peatlands are characterized by an excess of organic 

acids, low to circumneutral pH, reductive conditions, aerobic decomposition in the 

acrotelm and slow anaerobic organic decay in the catotelm. Taken together these 

conditions might be challenging for mineral stability and studies have shown that 

active weathering of minerals does occur in peatlands (Bennet et al. 1991). The rate of 

mineral weathering and/or dissolution is dependent on several factors such as pH, 

type of mineral, temperature, geologic substrate and microbial community inhabiting 

the different parts of the peat column (Bennet et al. 1991, Bennet et al. 2001). Some 

minerals have been shown to dissolve rapidly, e.g. calcite and apatite, whereas 

silicates are suggested to weather to a lesser extent (Le Roux et al. 2006). Bennet et 

al. (1991) found that quartz and feldspar dissolved rapidly in the deeper part of the 

peat column where anoxic, organic–rich, neutral pH conditions prevailed whereas Le 

Roux et al. (2006) found that silicate minerals (quartz and feldspar) were preserved on 

millennial time scales in acidic conditions. Thus, neutral pH conditions seem to 

promote more accelerated mineral weathering and/or dissolution compared to acidic 

conditions, at least if minerals in the peat are mainly derived from acidic bedrock. The 

bedrock in south–central Sweden is generally composed of acidic granites and 

granitoids (Wik et al. 2007), dominated by silicate minerals quartz and feldspars with 

inclusions of biotite and other accessory minerals in different combinations. In acidic 
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conditions these minerals are generally stable, and the weathering that does occur is 

slower than the millennial time scales of the Holocene (Le Roux et al. 2006). 

Preservation of quartz in these conditions are unsurprising whereas preservation of 

feldspar in aqueous acidic solutions is in contrast to the result of numerous studies 

(Brantley 1996, Stilling and Brantley 1995, Welch and Ullman 1993).  

  The inorganic ash content of a peat profile generally displays a C shape, with 

elevated inorganic concentrations at the top and bottom (Malmer 1988). The 

lowermost part of the sequence generally represents the mineral soil. The elevated ash 

content towards the lower parts are indicative of when the profile was in contact with 

geogenous groundwater and thus contains higher amounts of solutes. This part may 

also have received minerogenics by surface run–off. The elevated values in the upper 

parts of the profile are partly attributed to biological uptake and recycling of elements 

by living plants (e.g. K, N and P) and partly due to increased human activities in the 

last century (e.g. agriculture, deforestation, construction, transportation) causing 

increases in soil dust uplift (Le Roux and Shotyk 2006, Malmer 1988).  

  



 11 

2.4  Holocene paleodust deposition in peat bogs  

During the last 20 years the approach to conduct paleodust studies in peat bogs has 

evolved. In this section key paleodust studies are mentioned, including choice of 

analytical equipment, aiming to exemplify how the (elemental) data can be used to 

infer dust deposition, mineralogy, source changes and grain size. Shotyk et al. (2001) 

constructed a Holocene Pb and paleodust deposition record from a peat bog in Jura 

Mountains by analysing the concentration of elements Pb, Sr, Sc, Ti, Y, Zr, Hf and 

rare earths elements (REEs). Isotopic analysis of Pb was used to distinguish natural 

from anthropogenic Pb, while ratios of selected elements were used to detect fen/bog 

transition (Sr/Sc) and detect paleodust deposition (Al/Sc). Elements Sc, Ti, Y, Zr, Hf, 

Al and Si are reported as conservative and of lithogenic origin in peat samples, while 

Sr is suggested to be released from the underlying sediments/soils by dissolution and 

migrating upwards in the peat column (Shotyk et al. 2001). The authors report 

increased dust deposition during the cold and dry conditions of the Younger Dryas 

(YD), early and mid Holocene, as well as during the Little Ice Age (Shotyk et al. 

2001). A year later a study from tropical Indonesia was published by Weiss et al. 

(2002). The authors studied a 10 m long ombrotrophic peat core by combining a suite 

of elemental analytical methods in order to retrieve a large array of elements: ICP–

MS (Ti, Ca, K, Zr, Y), ICP–AES (Si, Al, Fe, Mg, Mn, Na, P, S), WD–XRF (Al, Ca, 

K, Mg, P, S and Si), and ED–XRF (Br, Sr, Rb). The authors concluded that Si, Al, Ti 

and Fe showed a similar behavior throughout the profile and therefore likely are 

related to atmospheric dust deposition (Weiss et al. 2002). Calcium, Mg, K, Na, P and 

S were concluded to be strongly related to the living vegetation due to their status as 

essential nutrients as well as the observed enrichment in the uppermost 2 m of the 

profile. The authors noted increases in dust deposition in the Indonesian bog during 



 12 

the YD and inferred that the source of the dust had changed during the Holocene by 

comparing ratios of Al/Ti and Fe/Ti.  

 Aubert et al. 2006 investigated the fate of REEs in ombrotrophic peat bogs by 

comparing REE concentrations from local soil samples, lichens, and snow samples 

collected at the surface of a bog with downcore REE concentrations (25 cm) and 

concluded that REEs are immobile in peat and furthermore seemed to mainly be of 

non–local origin. Later, Kylander et al. (2007) developed the use of REE ratios and 

the Eu anomaly as a tool for source tracing.  

Ferrat et al. (2011; 2012) studied Holocene paleodust deposition to a peat bog 

on the Tibetan plateau (2011) and later constrained source changes (2012) by 

comparing ratios of selected REE’s in deposited dust to both local and regional soil 

samples. This approach led the authors to be able to detect that the dust originated 

from local soils until 4.9 ka BP after which non–local dust sources dominated. These 

results were used to infer atmospheric changes, including periods of changes in 

dominant wind directions. 

 In south–central Sweden, increases in dust deposition have been noted in 

periods coinciding with colder conditions, but with variable humidity (Kylander et al. 

2013). The Store Mosse dust record, analysed on cm resolution both for humification 

and elemental concentration (by ICP–MS and ICP–AES), depicts a long–term trend 

towards warmer (and wetter) conditions starting from ca 8.1 ka BP, which culminated 

between 6.9 to 6.6 ka BP. A significantly drier period is recorded between 6.5 to 5.6 

ka BP during which dust deposition was significantly higher which is defined as Dust 

Event 1 (DE1). In the mid– to late Holocene three additional dust events are recorded 

5.3–4.4 ka BP (DE2), 2.4 –2.2 ka BP (DE3) and 1.3–1.1 ka BP (DE4). But their 

magnitude differs depending on which element is chosen as proxy for dust deposition 
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(Kylander et al. 2016). DE2 is also coupled to a significant accumulation rate 

increase, potentially linked to input of phosphate minerals fertilizing the Sphagnum 

ecosystem causing increased productivity and carbon uptake (Kylander et al. in 

review). In Scandinavia, the dust sources are more diffuse compared to lower 

latitudes, but glaciogenic sediments deposited by the retreating ice sheet are likely 

sources, but source areas in the region still remain to be constrained (Kylander et al. 

2016). 

2.5 Peatlands in south–central Sweden 

The peatlands studied within this PhD project are located in a peatland rich 

area in south–central Sweden (Fig. 1). Draftinge Mosse (57°06'27.6"N 13°42'54.1"E) 

is located in the south–central highlands (150–170 m.a.s.l.), whereas Gällsered Mosse 

(57°10'27.4"N 12°35'52.3"E) is located closer to the coast (120 m.a.s.l.). Peatland 

initiation in the area of Draftinge Mosse occurred directly on sandy soils deposited by 

the retreat of a former ice lake, Lake Fornbolmen (Nilsson 1968, Svensson 1988). The 

ice lake was drained by isostatic rebound around 11,000 years ago, leaving the sandy 

soils exposed to wind erosion (Nilsson 1968). The warm and wet climate of the early 

Holocene (Fig. 2., e.g. Almquist-Jacobson 1995, Seppä et al. 2009, Marcott et al. 

2013,) led to paludification of the sandy soils which were terrestrialized by Sphagnum 

(e.g. Store Mosse), brown mosses and/or sedges around 9000 to 8000 years ago 

(Svensson 1988).  The vegetation caused damming of water allowing an even greater 

area to become paludified.  
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During the initiation phase, the peatlands in the study area were generally 

minerotrophic fens (Granlund 1932), i.e. the peat soils were below or in contact with 

groundwater. During the transition from fen to bog the systems became decoupled 

from groundwater and the nutrient status changes accordingly. In the study area, the 

transition was caused by a combination of a natural successional process, mediated by  

a shift towards cooler and drier climate between 6000 to 5000 years ago (Svensson 

1988, Kylander et al. 2013).  

 The existence of peatlands in the study area is supported the maritime climate 

with dominantly south–easterly Atlantic winds, leading to a relatively cool summers, 

mild winters and high moisture availability (Länsstyrelsen i Jönköpings län, 2012). 

Current annual average precipitation is 800 mm yr–1 and the average temperature is 

5.5°C (Fig. 3, SMHI, klimatdata, 2009). The bedrock is dominated by granite and 

granitoid gneisses of 1.67 Ga age (Wik et al. 2007), with a mineralogy consisting of 
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quartz, feldspar, biotite mica and amphiboles. Within the general bedrock type, 

intrusions of younger bedrock with a distinct mineralogy are also found, such as the 

Vaggeryds syenite (Quensel, 1960), and local minor intrusions of garnet amphibolites 

(Wik et al. 2007). The bedrocks is generally covered by glaciogenic sediments, 

deposited either directly by the ice (e.g. till, moraines, boulders), glaciofluvial 

processes (e.g. eskers, ice lake sediments), and/or aeolian processes (sand dunes) 

(Persson 2008). 

 

Figure 3. A) Orientation map including B) general geology (from Kylander et al. 2016) and C) yearly 
average precipitation (1961–1991) (SMHI, 2009) Location of the bogs that will be studied here 
(Gällsered and Draftinge Mosse) are indicated on the maps, as well as the previously studied Store 
Mosse (Kylander et al. 2013; 2016). 
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3. Methods for reconstruction of mineral dust deposition in 
peatlands (Manuscript) 

 

Within this PhD project the general analytical work–flow for reconstruction of 

paleodust deposition will be undertaken as outlined in Fig. 3. Peat cores from 

carefully selected bogs (Fig. 3) on an east–west transect were retrieved in 2014. The 

cores were subsequently cut into centimeter slices and freeze dried. From these 

subsamples macrofossils (mainly Sphagnum leaves and stems) were picked out and 

submitted for AMS radiocarbon dating. The planned, and partly already conducted 

geochemical analyses, includes wavelength dispersive X–ray fluorescence (WD–

XRF) to obtain total concentrations of major and selected minor elements (Al, Ca, Fe, 

K, Mg, Na, P, Pb, S and Ti), followed by destructive inductively coupled plasma 

(ICP–AES and/or ICP–MS) analyses to obtain additional minor and trace element 

information (e.g., Shotyk 2001, Givelet et al. 2004, Sapkota et al. 2005). Due to some 

of the aforementioned methodological difficulties in establishing mineralogy from 

elemental data, direct mineralogical identification by XRD on selected samples, will 

also be conducted (Fig. 4, C). XRD analysis is a standard technique within bedrock 

geology whereby powdered rock and soil samples are X–rayed and minerals are 

identified by the detected recorded intensity and angle of diffraction (Moore and 

Reynolds, 1997).  
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Figure 4. Schematic overview of work–flow for analysis of peat samples within this PhD project. (A) 
Peat cores retrieved from two overlapping bore holes (25 cm vertical overlap) with a Russian corer 
equipped with a 1 m long and 7.5 cm wide sample chamber. (B) The cores are cut in 1 cm slices and 
freeze dried. In order to calculate bulk density each slice is weighed and height and area is measured. 
The bulk density is used to aligning the cores as well as for calculating dust mass accumulation rates. 
One third of each slice is used to determine ash content and the rest to conduct geochemical analysis. 
Prior to geochemical analysis macrofossils are picked out for radiocarbon dating. (C) The samples are 
analysed in different steps, firstly non–destructive XRF analysis is conducted on milled bulk samples, 
of which ca 1 mg is analysed for d13C, C and N. The remaining bulk sample is ashed and XRD analysis 
is conducted on selected samples. Lastly, destructive ICP–AES and MS analysis is undertaken. 
  

3.1 Introduction to X–ray diffraction analysis 

In XRD analysis, X–rays are produced in the X–ray tube by heating a cathode, which 

produces free electrons that are accelerated and pulled through the tube until the high–

energy electrons strikes a target (the anode) releasing energy in the form heat and X–

rays in a continuous and characteristic spectra. The characteristic spectrum is created 

by the high–energy electrons dislodging electrons in the innermost shell of the anode 

atoms. Electrons from outer (high energy) shell will immediately drop into the inner 

shell to replace the missing electron and in this process releases energy in the form of 

radiation in a wavelength specific for that element (Moore and Reynolds 1997). To 

effectively use the X–rays unwanted wavelengths as well as the continuous spectrum 

are filtered away. The remaining X–ray, Ka, is around 1–2 Ångströms (Å), similar to 



 18 

the spacing of atoms in many minerals. This similarity causes X–rays to be diffracted 

by the regularly spaced atoms in the crystal lattice. By analyzing diffraction in three 

dimensions, minerals can be identified based on their cell dimensions, which is in turn 

is governed by the minerals chemical composition and bonding.  

 The diffraction angle (2θ) and intensity (counts per second, cps) of individual 

peaks are registered in an xml file. The graphical display of the data, the 

diffractogram, shows the angle on the x–axis and intensity (cps) on the y–axis. 

Processing of the data prior to mineral identification includes determination of 

background, identification of peaks, and correction of eventual off–set errors. After 

this procedure, the peaks of a given diffractogram are compared to mineral peaks in a 

reference database. In a sample containing several unknown minerals, as in the case 

of the peat samples studied here, it is recommended to start by identifying quartz, 

which has its’ most intense peak at 3.34Å. When quartz has been identified the 

remaining peaks can be compared to the database. Generally, at least 2–3 peaks are 

required to identify a mineral.  

3.2 Pre–treatments for XRD analysis 

Bulk peat samples from raised peat bogs contain large amounts of organic matter 

(OM), which might prevent mineral phases from being detected. The general 

recommendation is that OM needs to be removed prior to XRD analysis which needs 

to be balanced against the general recommendation that minimal pre–treatment should 

be applied in order to avoid altering the minerals under study (Moore and Reynolds 

1997). When reviewing the literature, different applications and recommendations for 

OM removal were found, including examples of bulk peat samples being analysed by 

XRD without prior removal of OM (Table 1). 
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Table 1. List of articles/books reviewed for OM removal procedures 
Author/Organisation Year Purpose Bulk Chemical oxidation Combustion 
Björck and Clemmensen 2004 Grain size   550 
Marx et al. 2009 Grain size   450 
Andrejko 1983 Method paper   100–150 

(LTA) 
López–Buendia et al. 2007 Mineral id. Peat. X   
Smieja–Król et al. 2014 Mineral id. Peat X   
Ferrat et al.  2011 Mineral id.  

Peat and soil. 
X   

Le Roux et al. 2006 Mineral id. Peat   550 
Moore and Reynolds 1997 XRD: soils  H2O2 or NaOCl  
Gievelet et al. 2004 Mineralogical 

analysis 
 H2O2 65 %.  

Combination w  
ultrasound. 

Carrado et al. 2006 Purification of 
clays 

 H2O2 10 %.  

Erik Jonsson, SGU* 2015 
 

Removal of 
organics 

 H2O2  

*Personal communication, Swedish Geological Survey 

 From the review, it was recognised that chemical oxidation using H2O2 or 

combustion (450–550°C) are the most common approaches to remove OM.  Both 

methods risks altering the minerals under study however, by either acid dissolution 

(Mikutta et al. 2005) or alteration of mineral structure (Andrejko et al. 1983, Moore 

and Reynolds 1997). Low Temperature Ashing (LTA) has been shown as a promising 

alternative where combustion of organics at low temperature (100–150°C) in an 

oxygen plasma chamber caused minimal alterations (Andrejko et al. 1983) but this 

method is limited to small samples sizes and thus not applicable to peat samples.  

After some initial tests where XRD analysis was conducted on bulk peat and 

on ash residue (after combustion at 500°C) as well as after oxidation with H2O2 it was 

clear that the choice of method for OM removal led to both different mineralogical 

results and that the methods were not equally successful in removing OM. XRD 

analysis of the ash residue yielded diffraction data without visual amorphous residual 

OM humps but lacked clay mineral peaks, whereas clay minerals were identified in 

the chemically oxidised samples but large amounts of residual OM were present 
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(Manuscript I, Fig. 2). A previous study had found that Na2S2O8 more effectively 

removed OM compared to H2O2, and was particularly suitable for preserving clay 

minerals (Mikutta et al. 2005) but had not been tested on peat samples. In order to 

evaluate which method was most efficient in removing OM for peat samples, while 

preserving the majority of minerals, a test procedure was established. Triplicates of 

bulk peat samples were subjected to each removal method and combustion 

temperature. Within the bulk peat quartz and feldspar were present (based on XRD 

analysis) and two different clay standards were added to the samples. The samples 

were oxidised by combustion at different temperatures (300, 350, 400, 450, and 

500°C), as well as subjected to chemical oxidation by H2O2 and Na2S2O8. The 

residues were then analysed by XRD and residual carbon measured by elemental 

analysis (CarloErba NC2500) at the Department of Geological Sciences, Stockholm 

University. 

 The results showed that combustion is preferred over chemical oxidation as 

the latter requires lengthy oxidation procedures and even then, residual OM still 

remained. Combustion at 500°C was most efficient at removing OM (0.5 % of 

residual C), but dehydration and collapse of one of the clay minerals 

(montmorillonite) occurred after combustion this temperature as well as at 450°C. 

However, the mineral could still be identified based on the remaining peaks. After 

combustion at 450°C the residual carbon was 4 %, (~8 % OM), high enough to reduce 

the possibility to detect all constituting mineral phases as potentially affecting the 

recorded intensities. Concordantly, combustion at temperatures lower than 450°C left 

even greater amounts of residual OM and is not recommended for OM removal. If the 

aim is to specifically analyze clay minerals chemical oxidation by Na2S2O8 could 

potentially be considered (Mikutta et al. 2005) but the test undertaken here showed 
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that initial splitting of the bulk sample (removal of particles over 63 µm) was required 

to avoid oxidation times of several weeks, and minerals were recorded in the > 63 µm 

residue (data not shown) . 

Combustion furthermore fits well within the existing methodological procedures 

of peat paleodust studies where loss of ignition (LOI) is routinely conducted. 

Combustion might alter some minerals (e.g. some iron oxides, amorphous phases, 

sulfates and more sensitive clay minerals) and this needs to be taken into 

consideration when analyzing the XRD data, but still allows identification of 

paleodust minerals commonly occurring in granitic settings. Thermal treatment is 

commonly applied to identify minerals and therefore literature describing the 

expected affects after thermal treatment are available (ie. Neumann 1977, Brindley 

and Brown 1980); which can be used to guide mineral identification after combustion. 

The OM removal procedure suggested here can also be used for other mineralogical 

analysis tools, such as Raman spectroscopy or grain–size analysis. The mineralogical 

data from XRD analysis can thus complement the major and trace element data 

typically conducted within paleodust studies.   

4. Future perspectives  

Three additional articles are planned within this PhD project and progress has been 

made on both data collection and analysis for these manuscripts. Manuscript II will 

present a paleodust study covering the last 8.3 ka BP years from Draftinge Mosse in 

south–central Småland (Fig. 3). Here elemental data will be coupled with 

mineralogical data from XRD analysis, both from peat and local soil samples. 

Manuscript III keeps the focus on Draftinge Mosse but incorporates a wider array of 

proxies that have been collected by different collaborators (spectral data by A. 
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Martínez–Cortizas, pollen analysis by N. Silva Sánchez, and elemental data and age–

model by J. Sjöström). The results from this multiproxy dataset will be combined, 

enabling evaluation if the proxies indicate similar or divergent environmental 

development as well as to elaborate on potential relationships of dust events and 

vegetation cover. The timing, extent, and mineralogy of the recorded dust events in 

Draftinge and Store Mosse, located 18 km to the SE (Fig. 3, Kylander et al. 2013; 

2016), will also be compared. Manuscript IV will present another paleodust 

reconstruction covering the last 7.5 ka BP from a second site located closer to the 

west coast (Gällsered Mosse, Fig. 3). In this manuscript, the methodological lessons 

from Manuscript II and III will be applied and dust deposition in a wider regional 

scale presented.  

4.1 Early resuls of an 8.3 ka BP paleodust study from Draftinge Mosse, 

southern Sweden  

Here, early work from the next planned manuscript is presented. Bulk density, ash 

content, Ca, Fe, Si, Al and Ti profiles from XRF analysis combined with mineralogy 

from XRD analysis are presented with the purpose to exemplify how the method 

development described in Manuscript I can be applied and how the result can 

complement elemental data. 

 4.2 Methods 

 A 390 cm long peat sequence was retrieved from Draftinge Mosse during 

fieldwork in the summer of 2014. In order to calculate the bulk density throughout the 

sequence the cores were subsampled into 1 cm slices, freeze dried, weighed, the 

height measured and area estimated using a tracing method. Fourteen samples were 

sent to Beta analytics and Direct AMS for AMS radiocarbon dating (10 macrofossil, 

and 4 bulk samples). Calibration and age–depth modelling was conducted in Bacon 
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(Blaauw and Christen 2011), version 2.2 including calibration of the 14C dates using 

IntCal13 14C calibration curve (Reimer et al. 2013). Furthermore, loss on ignition 

(every 1–3rd cm), WD–XRF (every 3rd to 5th cm) and XRD (n=11) analyses have been 

conducted. The XRF analyses were conducted on milled bulk peat samples in a 

Bruker X8–Tiger analyzer equipped with a Rh–anticathod X–ray tube at the 

Department of Ecology and Environmental Sciences, Umeå University. A suite of 

elements was analysed, but only Ca, Fe, Al, Si and Ti are presented here. 

Measurement precision for these elements was < 3.6% (1s) and accuracy 10% or 

better (Rydberg 2014). Of these bulk samples 20 were ashed at 450°C and 11 have so 

far been analyzed by XRD at the Department of Geological Sciences, Stockholm 

University with the same settings as described in Manuscript I, but with increased 

count time (5s).  

4.3 Early results 

The paleodust record from Draftinge Mosse presented here is based on ash content, 

major and minor elemental data and mineralogical data from XRD analysis on 

discrete samples. Throughout the profile the ash content ranged from 0.15 to 7.30 %, 

Al concentrations ranged from 0 to 0.43 %, Si from 0.01 to 0.79 %, Ti from 4 to 199 

ppm, Ca from 0.01 to 0.57 %, and Fe from 0.02 to 0.83 %. From 6.2 to 4.6 ka BP Al 

was below the detection limit of the WD–XRF analysis. Based on field observation of 

the core the bottom (8.3 ka BP, 390 cm) up to 6.5 ka BP is dominated by humified 

Carex species with a distinct black color from 7.5 to 6.5 ka BP (Fig. 5). From 6.5 to 

6.0 ka BP the composition transitioned to a lightly humified Sphagnum which 

dominates the peat assemblage until 4.7 ka BP. At which both the composition and 

humification abruptly changes to more humified peat and Carex species re–appear. 

From the age–depth model a hiatus is recorded at this depth. The peat accumulation 
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rate is calculated by dividing density (g cm3) with the slice height (1 cm), upscaling 

from cm2 to m2 (X10,000), divided with years per cm growth. From the result a high 

accumulation event, earlier recorded at Store Mosse around 5.5 ka BP (Kylander at al. 

2016; Kylander et al., in review), is detected with a rapid accumulation increase from 

around 50 g cm2 yr–1 to 300 g cm2 yr–1 and a return to lower values again within 700 

years.  

Based on the elemental concentration of Si, Ti and Al throughout the sequence 

two, possibly four, periods of elevated dust deposition can be noted. The mineralogy, 

established by XRD, showed that quartz and feldspar dominate throughout the profile, 

suggesting mainly local sources of the dust, supporting the findings from nearby Store 

Mosse by Kylander et al. (2013, 2016). In the lowermost (fen) part of the sequence 

(Fig. 6, a d) the minerals quartz and feldspar are recorded, while in the three of the 

seven analyzed samples (Fig. 5 f, k, and h) from the bog stage only quartz is 

identified. A broad hump is recorded in three samples of the fen stage (b, c and d), 

indicating presence of an amorphous phase, which might have prevented 

identification of further minerals. At 5.6 ka BP (Fig. 5 e) the mineralogy shifted to be 

dominated by calcite, quartz and clay minerals. After this, quartz and feldspar 

dominate again in all analysed samples towards the top of the profile. The presence of 

carbonates (calcite) in the peat profile is surprising because these minerals typically 

dissolve rapidly in acidic environments. The pH throughout the Draftinge Mosse 

sequence was not measured during fieldwork in 2014, but in field trip in 2017 the pH 

was measured every 10 cm directly in field on a 465–cm long peat sequence. The pH 

was acidic throughout the sequence, with increasing values towards the mineral soil 

limit (min: 3.51 and max: 5.18).  
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4.4 Discussion  

Based on a combination of the botanical composition, inorganic ash concentrations and 

elemental concentrations of Ca and Fe, the transition from fen to bog occurred around 6.0 ka 

BP (Fig. 5), in line with the results of transitions from fen to bog in the area (Svensson 1988, 

Kylander 2013: 2016). Two, possibly four, dust events are tentatively detected at Draftinge 

Mosse based on concentrations of the major elements Al, Si and Ti. These elements are 

regarded as conservative and of lithogenic origin in peat profiles, particularly Al and Ti 

(Shotyk et al. 2001). Silica is mainly hosted by minerals but can also be of biogenic origin 

(opal–A from phytoliths and/or diatom frustules) (e.g. López–Bundía et al. 2007), which has 

to be taken into consideration when interpreting fluctuations of this element through a profile. 

In the ombrotrophic part of the sequence elements Si, Al and Ti profiles generally change 

simultaneously, suggesting these elements mainly derive from the same process. The broad 

hump recorded by XRD analysis of three samples from the fen stage (Fig. 6) likely related to 

residual OM (Manuscript I). The mineralogical analysis confirmed that the majority of 

minerals likely are of local origin (quartz and feldspar), but granitic accessory minerals such 

as biotite, amphibole were not detected, possibly related to the detection limit of XRD 

analysis or residual organic matter preventing detection of some mineral phases. This result 

emphasizes the importance of efficiently removing OM for successful detection of all mineral 

phases. Size fractionation of samples before analysis may enable detection of additional 

mineral phases.  

The presence of calcite and clays at 5.6 ka BP could be related to either autigenic or 

allogenic process. Autogenic processes that could generate carbonates in peat are, for 

example, carbonate precipitation in Ca saturated (alkali) water or microbiological activity 

(anaerobic oxidation of methane) (Rask and Schoenau, 1993). Carbonate precipitation, 

however, seems unlikely given the low pH throughout the peat and d13C analyses do not 
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support the occurrence of methane related carbonate precipitates (data not shown). The 

carbonates might also have precipitated as an effect of the pre–treatment, e.g. during 

combustion of organics containing oxalic acids (Bauer et al. 2011), or during freeze–drying 

which removes the acidic carbon dioxide, causing increased pH and subsequent precipitation. 

However, the first process creates the carbonate whewillite and not calcite, and if it was an 

effect of the freeze drying one could expect to find calcite precipitates in more samples than 

just at 5.6 ka BP, particularly in the lowermost parts of the sequence where higher Ca 

concentrations were observed. 

Alternatively, the minerals are allogenic in origin, and because the bog was decoupled 

from geogenous water, aeolian transport from a source with a different mineralogy than the 

dominating granitic and granitoids gneisses of the area may have occurred. Contemporary to 

this mineralogy shift at Draftinge Mosse a dust event (DE2a) is recorded at Store Mosse 

(Kylander et al. 2016). During the early parts of DE2 (5.3–5.0 ka BP) elevated ratios Ga/Al, 

La/Lu and Gd/Lu, and [Eu/Eu]* were interpreted to indicate increased deposition of 

phosphate  and plagioclase feldspar minerals. At Draftinge Mosse no dust event was recorded 

at this time, at least not as indicated by the available major element data. However, a 

mineralogical shift is noted at the two sites but with different mineral compositions suggested: 

phosphates minerals and plagioclase feldspars at Store Mosse while calcite, quartz and clay 

minerals were identified at Draftinge Mosse. At the same time a rapid change in peat 

accumulation occurred at both sites.  
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4.5 Preliminary conclusions  

Based on the elemental concentration data of Al, Si and Ti two, possibly four dust events are 

recorded at Draftinge Mosse. At least two of these (2 and 3) match dust events previously 

recorded at Store Mosse despite that different analytical methods were applied to the the 

different sites (WD–XRF and ICP–AES and ICP–MS), and thereby slightly different elements 

retrieved (Al, Ga, Rb, Sc, Y, Zr, Th, Ti and REE compared to the major elements Al, Ti and 

Si studied here). The WD–XRF analysis yielded elemental data on bulk peat samples, 

allowing further analysis to be conducted on the same samples such as organic geochemistry 

and XRD analysis. The results of the XRD analysis indicate that the dominating minerals 

throughout the sequence are quartz and feldspar, with one exception at 5.6 ka BP where the 

mineralogy consisted of calcite, clays and quartz. The carbonates would have gone undetected 

if only elemental data were analysed because the elemental composition of carbonates 

(CaCO3) cannot be distinguished from calcium and carbon in organic matter.  

The lithogenic elemental concentrations (Al, Si and Ti) combined with direct mineral 

identification by XRD likely represent the minerals dominating the assemblage, whereas 

minerals and elements occurring in minor amount will be further elaborated on through trace 

elemental analysis, possibly combined with size fractionation to enable detection of a wider 

array of minerals by XRD in combination with increased scanning time. The mineral 

identification confirms the interpretation that local sources (mainly granites) dominate the 

mineral assemblage, as suggested by Kylander et al. (2016).  

Despite a limited number of samples analysed by XRD so far (n=11) interesting and 

useful results were obtained. Combined with further analysis for minor and trace elemental 

data from the Draftinge sequence I can hopefully further elaborate on mineralogical shifts in 

the two peat bogs. The different analytical tools applied within this PhD project (WD–XRF, 

XRD, ICP–AES and MS) all yield slightly different components of the paleodust picture and 
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combining the results will hopefully help to establish dust sources, untangle some 

methodological questions and yield more comprehensive paleodust understanding in the 

northern latitudes. Grain size analysis will also be performed to elaborate further is any 

relationship to elemental profiles and grain size. Lastly, local soil and dune samples from all 

three bogs will be analysed to identify mineralogy, grain size and chemical composition of 

local dust sources. 

5. Conclusions 

Although the majority of dust is deposited over the continents the spatial coverage of 

terrestrial paleodust sites are still incomplete, leading to a limited understanding of both 

climate and ecosystem feedbacks to dust dynamics in many regions. In Sweden, only one 

paleodust study has been undertaken so far. Within this PhD project the aim is to elaborate on 

methods for direct mineral identification of paleodusts, conduct additional paleodust studies 

from raised peat bogs in southern Sweden, to compare timing and magnitude of recorded dust 

events, and to identify potential dust sources. Early result indicate that two dust events 

recorded at Drafinge Mosse occurred temporally simultaneously as previously recorded dust 

events at Store Mosse. A shift in dust mineralogy is furthermore noted at the same time (but 

different minerals suggested). Following this shift a rapid peat accumulation increase 

occurred at both sites. By coupling elemental data with mineralogy interpretation of elemental 

data sets can hopefully be guided, while trace elemental analysis can capture minerals that 

have either been weathered in the peat or that occur in minor amounts and therefore might be 

overlooked by the other analytical methods.  
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