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g Department of Geosciences, Swedish Museum of Natural History, Stockholm, Sweden   

A R T I C L E  I N F O   

Editor: Dr. Karen Johannesson  

Keywords: 
Peat 
Mineral dust 
Peat accumulation rate 
Storms 
Carbon accumulation 
Fertilization 

A B S T R A C T   

Atmospheric mineral dust not only interacts with the climate system by scattering incoming solar radiation and 
affecting atmospheric photochemistry, but also contributes critical nutrients to marine and terrestrial ecosys-
tems. In a high-resolution analysis of paleodust deposition, peat development and soil dust sources, we assess the 
interplay between dust deposition and bog development of the Davidsmosse bog in south-western Sweden. 
Analyses of the 5400-year record (458 cm) included radiocarbon dating, bulk density, ash content, chemical and 
mineralogical composition and carbon stable isotopes, subsequently explored using principal component anal-
ysis. Fourteen dust events (DEs) were recorded (cal BP) in the peat sequence: 3580–3490; 3280; 3140; 
3010–2840; 2740; 2610; 2480; 2340; 2240–2130; 1690; 1240; 960, 890–760, and 620–360. The majority of the 
DEs were coupled to increases in peat accumulation rates and increased nutrient content (N, P and K) suggesting 
that the DEs contributed with nutrients to the bog ecosystem, promoting increased accumulation. We also 
analyzed the chemical and mineral composition of potential mineral source deposits (separated into 6 grain-size 
fractions) from sites within a 4 km radius as well as aeolian dunes closer to the coast (25 km). The composition 
deposited on the present-day bog surface indicates that the bulk of the contemporary minerals have a local origin 
(<1.5 km), but the DEs may be of a more distant origin. The results also indicate that quartz and plagioclase 
feldspar content consistently increase with increasing grain-size, both in the source samples as well as in the peat 
sequence, and that the Si/Al ratio can be used to infer grain size changes in the peat. Two longer phases saw 
numerous DEs, between 2800 and 2130 cal BP and a stepwise increase from 960 towards 360 cal BP. The 
episodic character of the events, together with the inferred coarse grain size, suggest that the particles were 
deposited by (winter) storms. Future studies should include grain size analysis as well as a more in-depth 
comparison with regional paleo dust and storm records to increase knowledge on both transport processes 
(creep, saltation, suspension) and the climate processes driving late Holocene dust and storm events in 
Scandinavia.   

Abbreviations: calendar years before present, Cal BP; dust event, DE; principal component analysis, PCA; powder X-ray diffraction, pXRD; scanning electron 
microscope – energy dispersive spectroscopy, SEM-EDS; wave-length dispersive X-ray fluorescence, WD-XRF; accelerator mass spectrometry, AMS; north atlantic 
oscillation, NAO. 
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1. Introduction 

Atmospheric mineral dust interacts with Earth’s climate system by 
affecting incoming solar radiation, atmospheric chemistry, cloud for-
mation, and by contributing with essential nutrients to marine and 
terrestrial ecosystems (Knippertz and Stuut, 2014; Yu et al., 2015; 
Albani et al., 2015; Kylander et al., 2018; Gu et al., 2019). To date, 
Holocene paleodust reconstructions have focused mainly on lower- 
latitude marine sediment cores or higher-latitude polar ice cores, with 
less attention paid to terrestrial records from the mid-latitudes (Harrison 
et al., 2001). While marine records capture dust loads from distant 
sources, continental records (e.g., lakes, loess, and bogs) also receive 
inputs of mineral particles derived from local and regional sources. 
Regional terrestrial dust loads are affected not only by climate factors, 
but also by a range of human activities such as forestry, agriculture, and 
industrial activities (Martínez Cortizas et al., 2005; Kylander et al., 
2005; De Vleeschouwer et al., 2012; Silva-Sánchez et al., 2014). 

Reconstructions of paleodust deposition in peat sequences are ach-
ieved through down-core geochemical analysis of conservative lith-
ophile elements such as Sc, Ti, Zr, or rare earth elements (REE) 
(Steinmann and Shotyk, 1997; Shotyk et al., 2002; Aubert et al., 2006) 
which are used to infer changes in dust deposition rates, mineralogy, 
grain size and provenance. To date, a number of geochemical ap-
proaches have been applied to study changes in the grain size, miner-
alogy and, thereby, source of dust deposited in peatlands, e.g., Pb and 
Nd isotope analyses (Kylander et al., 2005; De Vleeschouwer et al., 
2012; Li et al., 2020), particle-size analysis (Panait et al., 2019; Pratte 
et al., 2019) and/or elemental ratios (Shotyk et al., 2002; Kylander et al., 
2016). Elemental ratios can be used to infer changes in grain size or 
mineralogy because some elements are enriched or depleted in certain 
grain sizes and/or mineral groups. 

Current challenges within paleodust studies of ombrotrophic (rain- 
fed) bogs include identifying peatland succession and the relative 
importance of fluvial and aeolian transport processes (Sjöström et al., 
2020), identifying and separating local from regional sources within 
dust events (Shotyk et al., 2001; Albani et al., 2015), separating detrital 
from authigenic minerals (López-Buendía et al., 2007; Rudmin et al., 
2018; Sjöström et al., 2020) and establishing a reliable proxy for 
quantifying dust deposition (Shotyk et al., 2002; Kylander et al., 2016; 
Martínez Cortizas et al., 2019). 

Few peat paleodust studies have included an assessment of local dust 
sources, limiting the understanding of how mineral composition (i.e., 
grain size, mineralogy, geochemistry) may vary with, as well as within, 
different local sources. Here, we sampled and analyzed a peat sequence 
from Davidsmosse, ~30 km from the coast, south-western Sweden. The 
specific objectives were to: 1) reconstruct peat accumulation rates, 
paleodust deposition and mineral composition in the Davidsmosse peat 
sequence; 2) determine the mineralogical and geochemical fingerprint 
of local sources; and 3) explore the links between local sources, dust 
events and peat accumulation rates through time. To address these ob-
jectives, we analyzed a 458-cm-long peat sequence from Davidsmosse 
for its botanical composition, bulk density, peat accumulation rate, ash 
content, major and trace elemental geochemistry (WD-XRF), mineral 
composition (pXRD), and radiocarbon dating of peat plant macrofossils. 
The resolution of the analyses varied by analytical approach. To obtain 
information on the mineral composition deposited currently at Davids-
mosse, a living vegetation sample (20 × 30 cm) from the bog surface was 
also collected from the coring location, subsequently analysed by pXRD. 
In addition to the peat sequence, we sampled potential dust sources, 
which included five sites located within a 4 km radius of Davidsmosse 
representing the dominant soil and sediments in the area, and two 
aeolian dune samples located at the coast, 35 km west of our study site. 
These samples were separated into 6 grain-size fractions that were 
analyzed for chemical and mineralogical composition. 

1.1. Study site 

Davidsmosse (56◦ 59′ 10" N, 13◦ 00’ 32" E, 170 ha, m a.s.l. 143 m) is 
located 30 km from the west coast in the eastern part of the Halland 
province, south-western Sweden (Fig. 1). The bog is located in the 
Nissan catchment area, which drains towards the south-west to the 
Kattegat Sea. The study site is located in a maritime climate, with a 
contemporary average annual temperature of 7 ◦C, 1050–1125 mm 
annual precipitation, 7.3 m s− 1 average wind strength, and westerly 
winds dominate (Alexandersson, 2006; SMHI, 2009). The growing sea-
son in the area (i.e., starting from the first 4 days above 5 ◦C) is 230–240 
days (SMHI, 2015). 

Geologically the area consists of granitic gneisses of 1.74–1.66 Ga 
age, with local occurrences of syenite and amphibolites (Samuelsson and 
Larson, 1987). The Halland region was deglaciated between 16 and 15 
Ka (Lundqvist and Wohlfarth, 2001; Stroeven et al., 2016) and was 
above the marine limit both during and following deglaciation (Påsse, 
1993). The current bog vegetation is dominated by Sphagnum mosses 
together with heather and sedges, while the mire edges are forested by 
pine trees. Davidsmosse has two distinct lobes, separated by a forested 
area, with our study site located in the larger, eastern lobe. Local soils 
are dominated by till, glaciofluvial sediments and peat (Påsse, 1993. 
Fig. 1). 

2. Materials and methods 

2.1. Core retrieval, subsampling, bulk density and loss on ignition (LOI) 

The peat sequence was collected in May 2014 with a Russian peat 
corer (100 × 7.5 cm barrel), reaching a total depth of 488 cm. Seven one- 
meter cores with 25-cm overlap were retrieved from two alternating 
boreholes. The uppermost 30 cm was not collected. The cores were 
stored frozen (− 18 ◦C), cut into 1-cm slices with a stainless-steel band 
saw, followed by freeze-drying. The volume and dry weight of each slice 
were measured to calculate bulk density (n = 458) (Givelet et al., 2004), 
which was used to align the cores and make a composite sequence of 
458 cm. Loss-on-ignition (LOI), the weight loss after combustion at 
550 ◦C (Dean, 1974), was determined at 1 to 3 cm intervals (n = 193). 

2.2. Local source samples 

Seven local source samples were collected (~500 g, 30–50 cm below 
the surface) in August 2020 (Fig. 1). The samples were insonicated and 
wet sieved into six size fractions (>500; 500–250; 250–150; 150–63; 
63–38; and < 38 μm) using standard sieves. The respective residues were 
dried (105 ◦C) and weighed to calculate the relative grain size distri-
butions, followed by analysis for both mineralogical (pXRD) and 
chemical content (WD-XRF), described further below. 

2.3. Radiocarbon dating and chronology 

Six macrofossil samples were sent for AMS radiocarbon dating to 
Beta Analytic Inc. (n = 5; Miami, FL, USA) and the Radiocarbon Labo-
ratory (n = 1; Uppsala University, Sweden) (Table 1). Peat samples were 
wet sieved in deionized water, the >125 μm residues put in a petri dish 
and suitable macro-fossils were picked out under a light microscope (10- 
40× magnification), guided by Wohlfarth et al. (1998), Mauquoy and 
van Geel (2007) and Mauquoy et al. (2010). Calibration and age–depth 
modelling (Fig. 2) were conducted using Bacon (Blaauw and Christen, 
2011), version 2.5, which includes the IntCal20 14C calibration curve 
(Reimer et al., 2020). The acquired weighted mean and the accumula-
tion rate (cm yr− 1), together with the bulk density, were used to 
calculate peat accumulation rate, ash accumulation rate and elemental 
mass accumulation rates (PAR, AAR and MAR, respectively), as well as 
to plot data on a calendar age scale. 
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2.4. Elemental analysis 

Total C and N as well as stable isotopes of carbon (δ13C) of the bulk 
peat samples were measured using a Carlo Erba NC2500 elemental 
analyzer, coupled to a Finnigan MAT Delta + mass spectrometer at the 
Department of Geological Sciences, Stockholm University. The relative 
error for the measurement was <3%. The δ13C data are reported in per 
mil (‰) relative to V-PDB. WD-XRF analysis on both peat and soil 
samples was conducted at the Department of Ecology and Environ-
mental Science, Umeå University, in a Bruker X8-Tiger analyzer equip-
ped with a Rh-anticathode X-ray tube. Peat elemental concentrations 
were measured in dried and milled subsamples (400–500 mg), which 
were placed in plastic cups covered with 2.5 μm Mylar® film, using a 

calibration method developed by Rydberg (2014), adapted to peat and 
plant samples by Hansson et al. (2013). The analytical performance was 
assessed through SRM NIST-8437 (Hard Red Spring Wheat Flour) and by 
replicate analysis of a previously measured internal peat sample. Ac-
curacy was calculated as the relative difference between the average 
concentration and the certified values of the SRM. Precision was 
calculated as the relative standard deviation of repeated measurements 
of the SRM and of peat samples. Precision (n = 9 NIST-8437, n = 6 peat) 
was within ±10% (or a few ppm) for Al, Ca, Cl, P, K, Mg Ca, S, Si, Ti, Fe, 
and Sr with slightly higher values noted for Na (±13%). Accuracy for P, 
K, Ca, Fe and Zn was within ±10%, while remaining elements were 
below the detection limit in the SRM. Replicate analysis of the internal 
peat standard indicated accuracy was within ±10%. The surface source 

Fig. 1. (A.) Orientation map, (B.) regional map, including the location of the current study site (black dot), (C.) quaternary deposits map, including sample locations 
(triangles) and Davidsmosse bog (black dot), (D.) satellite image of Davidsmosse, (E.) picture from coring location. Maps based on SGU open database (www.sgu.se), 
ESRI Grey and Google satellite (2020), compiled and edited in QGIS, ver. 3.10. 

Table 1 
Result of radiocarbon dating. Calibration and age-depth model constructed using Bacon (Blaauw and Christen, 2011), version 2.5.  

Depth  
(cm) 

Laboratory ID Material Used for Dating 14C yr ±1σ Calibrated Age 
Range, BP. 2σ 

120 Beta414244 Sphagnum leaves and stems 1720 ± 30 1710–1555 
193 Beta414240 Sphagnum leaves and stems 2430 ± 30 2700–2355 
304 Beta414241 Sphagnum leaves and stems 3220 ± 30 3545–3380 
411 Beta414242 Sphagnum leaves and stems 3950 ± 30 4515–4300 
468 Ua52055 Sphagnum leaves, betula and larix seeds. 4419 ± 30 5290–4860 
487 Beta414243 Insect and plant remains 4630 ± 30 5455–5305  
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samples were analyzed using 200 mg of finely milled sample using the 
calibration developed by Rydberg (2014), with reported accuracies 
within ±10% and precision within ±5% (except for Br, 18%). 

2.5. Statistical analysis 

Principal component analysis (PCA) was applied to explore statistical 
associations of the peat sequence and source samples. The PCA for the 
peat samples was based on the elemental data, AAR and bulk density, 
while the PCA on the surface samples only included elemental data. 
Analysis was done in JMP 15, applying a correlation mode with a var-
imax rotation. For the peat sequence (n = 126), concentration values 
from the WD-XRF analysis were calculated to MAR (concentration x peat 
accumulation rate), screened for outliers, and subsequently converted to 
z-scores following (Martínez Cortizas et al., 2019). The source samples 
data-set was also converted to z-scores. By transforming values to z- 
scores the data are transformed to average-centered distributions 
(Eriksson et al., 1999), which avoids scaling effects. The z-scores were 
calculated as: 

Z = (X − μ)/σ (1)  

where Z represents the z-score, X is the measured value at each data 
point (depth), μ represents the average value of each variable and σ 
represents one sigma standard deviation of the variable. 

2.6. Powder X-ray diffraction (pXRD) analysis 

The pre-treatment of ashed peat samples followed Sjöström et al. 
(2019). The source samples were analyzed following the pre-treatment 
described in section 2.2. The sample from the current bog surface, was 
soaked in deionized water and insonicated to wash out detrital minerals. 

The water was thereafter evaporated and the residue ignited at 500 ◦C to 
remove organic matter (Sjöström et al., 2019). All samples were milled 
into a fine powder prior to analysis. pXRD analyses were conducted at 
the Swedish Museum of Natural History, Stockholm, using a PANalytical 
X–ray diffraction system (X’Pert3 Powder) equipped with a multi de-
tector. The samples were analyzed from 5◦ to 70◦ 2θ, with CuKα radi-
ation (λ = 1.5406 Å) at 45 kV and 40 mA, passing through a curved 
graphite monochromator, fixed divergence and receiving slits (1◦), step 
size 0.017◦ and a count time of 38 s. Processing of the diffractograms, 
such as determination of background, smoothing, peak localization, 
mineral identification and quantification, was done in HighScore 4.6, a 
PANalytical software (Degen et al., 2014) with integrated mineral 
reference patterns from the ICSD database (2012). Brindley and Brown 
(1984) and Moore and Reynolds (1997) were also used to guide mineral 
identification. The Rietveld refinement method (Rietveld, 1969), which 
quantifies the relative occurrence of the mineral phases, was conducted 
(5–55◦ 2θ) using the HighScore default settings (Degen et al., 2014). 

2.7. Scanning Electron Microscope – Energy Dispersive Spectroscopy 
(SEM-EDS) analysis 

To verify the pXRD mineral identification and chemical composition, 
two samples were also analyzed by SEM-EDS. One source sample (3A >
500 μm) and one ashed peat sample (C3, 34–45) were mounted in epoxy 
resin, polished with 3 μm and 1 μm diamond spray (Akasel) to expose a 
cross-section of the mineral grains, and coated with carbon. A FEI 
Quanta 650 field emission scanning electron microscope, fitted with an 
80 mm2 X-MaxN Oxford Instruments EDS detector (working distance 10 
mm, beam size >1 μm, acceleration voltage 20 kV), was used to deter-
mine the composition. The instrument was calibrated against metal and 
mineral standards for each individual element, while the beam current 

Fig. 2. Age-depth model for Davidsmosse. Calibrated 
probability distributions of the six 14C dates are 
shown in blue. The red dotted line represents the 
weighted mean of the age-depth model, and the grey 
shading indicates the 95% confidence range. The 
three top boxes show information about the model, 
from the left: quality of the iteration; predicted (grey 
shape) versus actual mean (green line), and values 
used in the a priori information used in the Bayesian 
approach (Blaauw and Christen, 2011). (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   
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was calibrated on Co metal. 

3. Results 

3.1. Radiocarbon ages and age-depth model 

The lowermost sample showed a calibrated age of 5335 cal BP 
(weighted mean), indicating that the sequence has been accumulating 
the last 5400 years (Table 1). The results of the age-depth modelling 
show that the average temporal resolution of Davidsmosse is 11 ± 3.5 
yr cm− 1 (average ± 2σ standard deviation, Fig. 2). All results reported in 
the following sections are described relative to the calendar ages (mean 
cal BP) rounded to the nearest decade. 

3.2. Peat properties 

Between c. 5350 and 5230 cal BP the peat mainly consists of Carex 
and woody fragments. After 5230 cal BP the woody fragments disappear 
and Carex dominates the peat until 4760 cal BP when Sphagnum mosses 
appear (Fig. 3). Sphagnum mosses dominate from 4610 cal BP towards 
the present, with sedges reappearing at (cal BP): 4270–4130; 
3820–3620; 3440; 2960–2830; 2160; and 2090–1400 (Fig. 3). The up-
permost part of the sequence, 440–340 cal BP, is dominated by roots 
from the surface vegetation. The bulk density varies from 0.04 to 0.18 g 
cm− 3 (average: 0.08 ± 0.05 g cm− 3, n = 458, all standard deviations 
here are given as 2σ) throughout the sequence, with higher values 
occurring in the oldest (5350–4600 cal BP, 0.12 ± 0.06 g cm− 3, n = 73) 
and most recent (0.12 ± 0.05 g cm− 3, n = 20) sections of the record 

(Fig. 3). The peat accumulation rate ranges from 29 to 202 g m− 2 yr− 1 

(average: 73 ± 42 g m− 2 yr− 1, n = 462). Because of the nearly linear age- 
depth model (Fig. 2), the peat accumulation rate profile follows the 
trend of bulk density, with higher values noted in the lowermost, Carex 
part, of the sequence (5350–4670 cal BP) and in the Sphagnum-domi-
nated section (cal BP): 4610–4530; 4280–4000; 3940–3770; 
3640–3455; 3020–2880; 2230; 2180–2150; 1860; 1920; 1005–920; 
900–830; and 610–340. The ash content varies from 0.8 to 6.4% 
(average: 1.3 ± 1.6%, n = 191) with the highest concentration noted at 
410 cal BP. The AAR varies from 0.2 to 6.3 g m− 2 yr− 1 (average value 1.1 
± 1.9 g m− 2 yr− 1, n = 191), with the highest values occurring from 450 
to 360 cal BP (5.8 ± 1.4, g m− 2 yr− 1, n = 4). 

Carbon accumulation rates (CAR) range from 16 to 117 g m− 2 yr− 1 

(average 41 ± 32 g m− 2 yr− 1, n = 96), while N accumulation range from 
0.2 to 3.5 g m− 2 yr− 1 (average 0.9 ± 1.2 g m− 2 yr− 1, n = 96). The two 
profiles largely follow each other, but with larger variability recorded in 
the N as compared to C accumulation rates. The C/N profile average is 
66 ± 17 (n = 96) with above average values noted at (cal BP): 4450 (n =
2); 4075 (n = 2); 3910–3670 (n = 7); 2700–2650 (n = 2); 2570–2510 (n 
= 2); 2450–2390 (n = 2); 2270 (n = 1); 1980–1920 (n = 2); 1810–1750 
(n = 2); and 1630–1300 (n = 6). Lower C/N values were recorded be-
tween (cal BP) 5350–4530 (n = 16) and 4370–4140 (n = 6). In-between 
these trends, episodic drops are also observed (Fig. 3), particularly after 
3000 cal BP. From 1130 cal BP towards the top the C/N values decrease. 
δ13C values range from − 28.5 to − 25.1‰ (average 26.7 ± 1.4‰, n = 81) 
and largely follow the C/N profile but with a lower magnitude of the 
variability. 

Fig. 3. Peat composition, bulk density, peat accumulation rate (PAR), ash content, ash accumulation rate (AAR), δ13C, carbon accumulation rate, nitrogen accu-
mulation rate, and C/N and plotted against age. The profile average for each parameter is indicated by a dotted grey line. For a version depicting these results plotted 
against depth, please see the Appendix (A.Fig. 1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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3.3. WD-XRF, principal component analysis and elemental ratios 

3.3.1. Peat sequence 
Based on the analytical performance and relevance to the study ob-

jectives a number of elemental MARs were selected from the WD-XRF 
analysis of the peat sequence (Al, Br, Ca, Cl, Fe, K, Na, Mg, S, Si, Ti, P, 
and Sr). The individual MAR profiles can be viewed in the appendix (A. 
Fig. 2). Two samples from the uppermost part of the sequence were not 
included in the PCA because they displayed highly elevated values and 
therefore had a disproportionate effect on the z-scores and the extraction 
of components in the PCA (Eriksson et al., 1999). In the PCA, three 
components (CP) account for at least 85% of the total variance (Table 2). 
The first component (CP1) accounts for 39% of the variance and very 
strongly associated (>0.9) variables include Fe and Ca, while AAR, S, 
bulk density and P are strongly associated (0.7–0.9) (Table 2). CP2 ac-
counts for 28% of the total variance with Si, Ti, and Al very strongly 
associated, while Br is strongly associated. Chlorine, K, Sr, S, AAR and 
bulk density are moderately associated (0.3–0.7). CP3 accounts for 19% 
of the total variance with Mg and Cl strongly associated, while Na, K, Sr 
and Br are moderately associated. A few variables are almost equally 
associated to two or more components: Br, Cl, K, Na and Sr. 

Plotting the factor scores against age provides a visual representation 
of the variability of the components with time (Fig. 4) (e.g. Martínez 
Cortizas et al., 2019). The profiles show deviations from the average (0). 
CP1 is highly elevated between 5350 and 4830 cal BP, followed by 
slightly positive values until 4150 cal BP. After this, below-average 
values are recorded towards the present. CP2 displays a general, but 
stepwise, decrease from 5340 cal BP, followed by below-average values 
between 4940 and 3630 cal BP (n = 28). Thereafter, fourteen (1–14) 
above-average (>0.1) episodes are noted at (cal BP): 1) 3580–3490 (n =
3); 2) 3280 (n = 1); 3) 3140 (n = 2); 4) 3010–2840 (n = 5); 5) 2740 (n =
1); 6) 2610; 7) 2480 (n = 2); 8) 2340 (n = 1); 9) 2240–2130 (n = 8); 10) 
1690 (n = 1); 11) 1220 (n = 2); 12) 960 (n = 1), 13) 890–760 (n = 2) and 
14) 615–490. Minor increases (>0.01) are noted at (cal BP): 2050, 1890 
and 1360. CP3 is generally below average between 5350 and 4420 cal 
BP (n = 19), except for an above-average peak centered around 5030 cal 
BP (n = 2). Between 4380 and 2610 cal BP above-average scores are 
noted, followed by variable, but mostly below-average values. The two 
uppermost samples show above-average values. 

To explore changes in mineral composition and grain size, two 
elemental ratios were plotted for the peat sequence: Si/Ti and Si/Al 
(Fig. 4). The Si/Ti ratio ranges from 10 to 50 (average: 27 ± 15) with the 
lowest values recorded in the lowermost part of the sequence, while the 
highest occur in the uppermost parts of the sequence. Between 5350 and 

4990 cal BP the ratio stays below the average, followed by an increase 
until 3870 cal BP. The ratio thereafter decreases until 3125 cal BP. 
Around average values are again noted between 3070 and 2660 cal BP, 
followed by greater variability until 1920 cal BP. The value thereafter 
stays around the average until 1530 cal BP, after which a decrease oc-
curs. Below-average values are then noted until 1270 cal BP. The value 
thereafter generally increases, with peaks noted at (cal BP): 1040; 840; 
615; and 360. 

The Si/Al ratio averages around 1.6 ± 1.4 with below average values 
noted in the lowermost part of the sequence (5350–5050 cal BP). Be-
tween 5000 and 2920 cal BP around average, and a decreasing trend, is 
recorded. From 2880 cal BP and onwards greater variability, and overall 
higher values, are recorded, with peaks noted at (cal BP): 2880; 2610; 
2490; 2340; 2200; 2050; 1690; 1400; 1240; 960; 760; 615; and 410. 
Highly elevated values and an increasing trend is noted from 1040 until 
410 cal BP. 

3.3.2. Surface source samples 
The chemical composition of the surface source samples, including 

grain size distributions, is found in Appendix A (A.Table 1) (n = 42). The 
results show that grains over 63 μm dominate over smaller grain sizes in 
all samples, and that sizes >500 μm dominate in four samples (3A, 8B, 
6B, 7A) (A.Table 1). The two dune samples (9AB and 11B) are well 
sorted, dominated by two size fractions: 150–250 μm (41% and 53%, 
respectively) and 250–500 μm (48% and 35%, respectively). In total 40 
sub-samples (A.Table 1) were analyzed by WD-XRF (two subsamples, 
11B: <38 and 38–63 μm, had insufficient sample weight for XRF anal-
ysis). Based on the relevance for the study questions, concentration 
values for twelve elements were selected (ordered by concentration): Si, 
Al, Fe, K, Na, Ca, Mg, Ti, P, Zr, Cl, and Br. The WD-XRF results indicated 
that soil fractions <150 μm contained OM, and LOI analysis was 
therefore conducted on these size fractions, these results are included in 
A.Table 1 (LOI, %). 

Silicon is the most commonly occurring element, with an average 
concentration of 30 ± 15 wt%. The Si concentration generally increases 
with increasing grain size up to250 μm, after which the trend levels off 
(A.Table 1). Potassium (2 ± 1%) and Na (2.5 ± 2%) also follow a similar 
pattern. The highest Si content is observed in the size fraction above 150 
μm of the dune samples (9AB, 11B). The variability of Al is relatively low 
throughout the data-set, with average values around 6 ± 2%. Somewhat 
lower Al values were noted in the two dune samples (9AB and 11B, 
~5%). Iron (4 ± 2%), Ca (1.5 ± 1.5%), Ti (1 ± 2‰), Zr (0.5 ± 1‰), and 
Mg (0.5 ± 1%) display similar variability in concentrations, first 
increasing sharply from the finest grain size (<38 μm), peaking either in 
the size fraction 63–150 μm (1A, 3A, 7A, 8B, 9AB) or 150–250 μm (6B), 
followed by decreasing concentration values with increasing grain size. 
Phosphorus (1 ± 2‰), Cl (113 ± 178 ppm), and Br (26 ± 110 ppm) 
decrease sharply with increasing grain size and decreasing OM content. 

The Si/Ti ratio displays a large range (min: 6, max: 933), which 
varies both with grain size as well as soil type. The dune samples display 
the highest values, as well as the largest ratio variability, of all the 
analyzed samples (A.Table 1). In all the source samples, the ratio is 
markedly lower below 150 μm (average: 36) compared to above this size 
class (average: 199). In four samples (1A, 6B, 7A, 9B) minimum ratios 
are observed in the 63–150 μm size fraction, reflecting a higher Ti 
content in these samples. The Si/Al ratio average is 5 ± 3.3, and 
generally increases with increasing size fractions (6 out of 7 samples) 
until 250 μm after which the increase levels off. Again, distinct values 
are reported for both dune samples, with overall higher Si/Al ratios 
reported above 63 μm. In sample 9AB a steeper Si/Al increase is 
observed with increasing grain size, while 11B (which lacks data for the 
<63 μm fraction) shows a decreasing Si/Al ratio trend with increasing 
grain size. 

The results of the PCA of the surface source data show that three 
components explain 82% of the variability (Table 3). The first compo-
nent (CP1) captures 36% of the variance and strongly associated (>0.7) 

Table 2 
Result of the PCA analysis of the WD-XRF peat samples.  

Variables CP1 CP2 CP3 

Expl. var. % 39% 28% 19% 

Cum. var. % 39% 67% 86% 

Fe 0.99 0.00 − 0.15 
Ca 0.94 0.12 0.28 
AAR 0.90 0.34 0.10 
S 0.89 0.33 0.19 
Bd 0.78 0.33 0.25 
P 0.77 0.13 0.07 
Sr 0.66 0.45 0.55 
Si 0.06 0.95 0.05 
Al 0.29 0.91 0.21 
Ti 0.37 0.91 0.08 
Br 0.23 0.71 0.47 
Mg − 0.07 − 0.02 0.86 
Cl 0.09 0.54 0.74 
Na 0.47 0.17 0.64 
K 0.51 0.49 0.61  
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elements include Ti, Fe, Ca and Zr. The second component (CP2) cap-
tures 32% of the variance and strongly (positively) associated variables 
include P, Cl and Br, while Si is strongly negatively associated. Sodium 
and K display a moderate negative association to CP2. The third 
component captures 15% with a strong association of Al and moderate 
associations of K and Na. 

3.4. pXRD mineral analysis and SEM-EDS 

3.4.1. Peat sequence 
The results of the peat pXRD analysis (n = 16) and Rietveld refine-

ment quantification are summarized in Table 4. Albite and oligoclase are 
here presented under their group name, plagioclase, since they are 
difficult to separate by pXRD analysis alone due chemical similarity and 
substitution (solid solution, e.g., Moore and Reynolds, 1997). The group 
term alkali feldspars includes microcline and orthoclase and the mineral 
group mica here includes biotite, muscovite and vermiculite. The term 
“iron oxide” is here used for magnetite, because this phase may have 
formed during the pre-treatment (ashing, 500 ◦C) (Brindley and Brown, 
1984). The remaining phases are presented by their assigned mineral 
names (Whitney and Evans, 2010). Throughout the sequence a layered 
double hydroxide-like (LDH) mineral was identified (Constantino and 
Pinnavaia, 1995; Frost et al., 2009; Iorio et al., 2010; Mills et al., 2012), 
which is an uncommon mineral in granitic settings, but may have 
formed as a secondary mineral after Ca-plagioclase weathering (Hangx 
and Spiers, 2009), or during the pre-treatment (ashing, 500 ◦C). This 
phase has previously been identified in peat sequences, co-occurring 
with calcite, both likely having an authigenic origin (Sjöström et al., 
2020). 

In the peat sequence, the lowermost part (5290–4100 cal BP) is 
dominated by iron oxides and LDH, together with the occurrence of 
quartz (<20%). A similar composition is observed at 3460 cal BP, 

Fig. 4. (A.) Weight components (CP), throughout the sequence. (B.) Elemental mass ratios Si/Ti and Si/Al. Dust events (CP2 > 0.1) are numbered 1–14, smaller 
events (>0.01) indicated by stars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Result of PCA analysis of elemental concentrations in local source samples.  

Variable CP1 CP2 CP3 

Expl. var. % 36 32 15 

Cum. var. % 36 68 82 

Ti 0.94 0.13 − 0.08 
Fe 0.92 0.23 0.10 
Ca 0.91 − 0.04 0.16 
Zr 0.85 0.05 − 0.27 
Mg 0.83 0.15 0.18 
P 0.15 0.89 − 0.17 
Cl 0.11 0.87 0.11 
Br − 0.19 0.85 − 0.21 
Al 0.24 − 0.09 0.85 
K − 0.35 − 0.62 0.63 
Na − 0.10 − 0.64 0.60 
Si − 0.31 ¡0.82 0.16  
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together with the presence of plagioclase. At 3100 cal BP only two 
phases dominate: quartz and LDH. In the samples from 3000 cal BP 
towards the present, more felsic minerals are noted (quartz, plagioclase, 
alkali feldspar, mica), with the LDH remaining a major constituent until 
c. 1200–1000 cal BP. The relative quartz to feldspar ratio was calculated 
for all the samples (Table 4, Qz/Fs) showing values ranging from 0.6 
(surface) to 4.9 (2500 cal BP). The sample from the current bog surface 
(2020A) included quartz, plagioclase and alkali feldspars, amphibole, 
mica and a minor occurrence of clay minerals. To verify the pXRD 
mineral phase identification, one sample, C3 34–35, was also analyzed 
by SEM-EDS. The analysis confirmed, based on the chemical composi-
tion (A.Fig. 3), that quartz, plagioclase, alkali feldspars and a fine- 
grained LDH-like phase (Mg, Al) dominated the sample composition. 
In addition to these dominant phases, occurrence of chlorite, rutile, 
biotite and monazite was observed (A.Fig. 3). 

3.4.2. Source samples 
The results of the local source pXRD analysis and Rietveld refinement 

quantification are summarized in Table 5 (n = 24). Quartz, plagioclase 
and alkali feldspar were identified in all subsamples. Plagioclase is the 
most commonly occurring phase, followed by quartz and alkali feld-
spars, amphiboles, mica and chlorite. Plagioclase content increases with 
increasing grain size until 500 μm in the till (3A and 8B) and glacio-
fluvial sample, while the dune sample (9AB) shows the reverse trend. 
Alkali feldspars decrease with increasing grain size, in contrast to the 
elemental data where increased K content was observed with increasing 
grain size (A.Table 1), likely related to a relative enrichment of plagio-
clase feldspars. In the till (3A, 8B) and dune sample (9AB) quartz content 
increases with increasing grain size. The glaciofluvial sample (6B) dis-
plays a higher quartz content in the finer-grain sizes (38–63 μm and <
38 μm) compared to above 63 μm. Amphiboles were identified in the 
majority of samples (39 of 40) and occur in relatively higher 

Table 4 
Result of XRD mineral identification and Rietvield refinement quantification. A ratio between total quartz and feldspar content is also displayed (Qz/Fs).  

Cal BP 
AD 

Sample Qz Pl Afs Qz/Fs Amp Mica Clay LDH Iron 
oxides 

Un. Rwp 

2020 2020A 35 33 27 0.6 4 1 *    14.7370 
420 C1, 5–7 48 27 22 1.0  3    * 11.1226 
910 C1, 41–42 64 19 12 2.1  5   *  9.7463 
960 C1, 45–46 36 10 14 1.5  *  39   9.7381 
1240 C1, 66–67 61 13 22 1.7  1  3   10.6331 
1590 C2, 23–24 18 8 5 1.4  1  68   12.1359 
1720 C2, 34–35 32 8 4 2.8  1  55   11.8375 
2160 C2, 70–71 48 12 22 1.4  *  18   11.7182 
2500 C3, 34–35 34 6 1 4.9  *  57   14.9269 
2890 C3, 76–77 33 6 3 3.7  1  57 *  14.0498 
3100 C4, 23–24 70       22  * 9.3790 
3460 C4, 63–64 21 11      68   10.9432 
4100 C5, 61–62 8       53 39  8.3685 
4200 C5, 71–72 18       39 42  8.8474 
4860 C6, 58–59 8       2 83 * 7.6016 
5290 C7, 95–96 10        87  7.5713 

Qz; quartz. Pl: plagioclase. Afs: Akali feldspar. Amp: Amphibole. Mica: bitotite, muscovite and/or vermiculite. LDH: layered double hydroxides (hydrotalcite). Iron 
oxides: Magnetite. Unkn: unkown. * = occurrence. Abbreviations follow (Whitney and Evans, 2010). Rwp is a discrepancy value between the data and the model (Toby, 
2006). 

Table 5 
Result of pXRD mineral analysis and Rietveld refinement quantification for selected source samples. Soil type code: (1) = glaciofluvial sediments, (2) = till, (3) =
aeolian dune).  

Id Size, μm Qz Pl Afs Qz/Fs Amp Mica Chl. Clay Ilm Sd Rwp 

3A <38 25 42 23 0.4 10  1 1   10.2365 
(2) 38–63 31 41 24 0.5 3  1    12.8403  

63–150 31 45 21 0.5 3    *  16.5156  
150–250 36 43 19 0.6 1  * *   19.9261  
250–500 36 45 17 0.6 2  *    17.6279  
>500 31 44 22 0.5 2 * *    18.6596 

6B <38 42 31 24 0.8 3 1     8.6897 
(1) 38–63 38 34 23 0.7 3 2     9.2404  

63–150 30 40 23 0.5 4 4     11.7432  
150–250 30 47 20 0.4 3 *     16.9602  
250–500 30 47 20 0.4 3 * *    16.9602  
>500 25 44 29 0.3 * * *    21.3915 

8B <38 26 32 26 0.4 14  3    9.8602 
(2) 38–63 29 39 23 0.5 8  1    11.2908  

63–150 26 41 24 0.4 8  *    14.3522  
150–250 32 41 20 0.5 6  1    16.7413  
250–500 29 44 19 0.5 7 * * *   16.2583  
>500 20 53 13 0.3 11 * * *   16.8155 

9AB <38 17 54 22 0.2 7  1    10.1308 
(3) 38–63 15 52 21 0.2 11  *    15.2594  

63–150 24 44 13 0.4 18    * * 17.7278  
150–250 46 41 12 0.9 *      21.6098  
250–500 52 33 15 1.1 *      16.7964  
>500 52 33 15 1.1 *      20.8313 

Qz; quartz. Pl: plagioclase feldspar. Afs: Akali feldspar. Amp: Amphibole. Mica: bitotite, muscovite and/or vermiculite. Chl: chlorite. Clay: kaolinite or smectite. Ilm: 
ilmenite. * ≤1% occurrence. Mineral abbreviations follow (Whitney and Evans, 2010). Rwp: discrepancy index between the fitted model and data (Toby, 2006). 
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concentrations in grain sizes below 150 μm (3A, 6B, 9AB). Mica min-
erals, chlorite and ilmenite were identified in minor amounts 
throughout all samples, without any clear relationship with grain size or 
soil type. The mineral composition observed in these surface samples are 
in line with a previous study where soil chemistry and mineral compo-
sition at twelve locations around the Halland province were studied 
(Sjöström and Lin, 1996). The SEM-EDS analysis of sample 3A > 500 µm, 
confirmed, based on the chemical composition (A.Fig. 4) that quartz, 
albite, microcline and amphibole dominated the sample. In addition to 
the dominant phases identified by pXRD, minor occurrences of ilmenite, 
apatite, magnetite, diopside, rutile and titanite were also observed (A. 
Fig. 4). 

4. Discussion 

4.1. Deposit characterization 

The oldest part of the sequence (~5350–5230 cal BP) consists of 
woody Carex peat, indicating that initiation of the mire occurred 
through soil paludification, a common peatland initiation process in the 
region (Nilsson, 1968; Påsse, 1993) (Fig. 3). This was followed by a 
period of non-woody Carex peat that, together with relatively high ash, 
AAR, C, Ca, Fe and N contents, indicates that fen conditions prevailed 
until ~4760 cal BP (Charman et al., 2015; Shotyk, 1988). From ~4760 
cal BP the ash, AAR, C, N, Ca and Fe contents drop and Sphagnum mosses 
appear (Fig. 3), indicating a shift towards ombrotrophic conditions. 
Sphagnum mosses thereafter dominate the sequence, with sedges co- 

occuring at times. 
This peat record displays a relatively linear age model (Fig. 2), also 

reflected in a strong co-variability of bulk density and peat accumulation 
rate (Fig. 3). The peat accumulation rate is generally higher in the fen 
(121 ± 42 g m− 2 yr− 1, n = 50), compared to the bog phase (73 ± 42 g 
m− 2 yr− 1, n = 431). Peat decomposition and accumulation rates are 
affected by several factors, including vegetation, temperature, succes-
sional stage, moisture access, nutrient availability and fire occurrence 
(Yu et al., 2010; Charman et al., 2013; Hansson et al., 2013; Loisel et al., 
2014; Schillereff et al., 2021), with a stronger relationship with nutrient 
(P), temperature and moisture availability on millennial timescales 
(Charman et al., 2015; Schillereff et al., 2021). The relatively stable peat 
accumulation rate at Davidsmosse (Fig. 2) suggests that during the 
studied period conditions stayed within the temperature and precipita-
tion envelope required for stable peat accumulation at the site. This is 
also reflected in a generally high C/N ratio, a commonly used decom-
position proxy (Kuhry and Vitt, 1996). In addition to the general trends 
outlined in section 3.2, drops in the C/N ratio co-occur with mineral dust 
events, discussed further below. Highly elevated ash and lithogenic 
element input are noted in the most recent part of the sequence (Fig. 3, 
Fig. 5). 

4.2. Geochemical and mineralogical character of the peat sequence 

The PCA of the elemental, AAR and bulk density data shows that 
three CP capture 85% of the total variance (Table 2). The first compo-
nent (CP1) displays elevated scores in the oldest part of the sequence 

Fig. 5. Summary figure. (A.) Peat stratigraphy, peat accumulation rate (PAR), ash accumulation rate (AAR), C/N ratio and mineral dust events at Davidsmosse. (B.) 
Downcore nutrient content (N, P and K MAR). (C.) Inferred grain size changes (Si/Al) and relative mineral occurrence (based on Table 4, values rounded to nearest 
5), and information on the genesis of the dominant mineral assemblage.(For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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with a strong decreasing trend upwards through the profile (Fig. 4) with 
Fe, Ca, AAR, S, bulk density and P as strongly associated variables. Iron, 
Ca, P and S occur in higher concentrations in the fen peat, which can be 
explained by the presence of geogenic groundwater and contact with the 
underlying sediments (Shotyk, 1988; Malmer, 1988; Steinmann and 
Shotyk, 1997). The AAR is also generally higher in the fen compared to 
the bog (Fig. 3), which reflects a greater relative contribution of Fe and 
Ca in the ash residues. The high Fe content and dominance of iron oxides 
(Table 4) in the mineral assemblage indicate that oxic conditions pre-
vailed, at least seasonally, as iron oxides precipitate in the presence of 
oxygen (Shotyk, 1988), indicating that authigenic minerals dominate in 
the oldest part of the sequence (Fig. 5). That the bulk density is also 
associated with CP1 reflects the higher density of the more-easily 
degradable Carex peat (Biester et al., 2014). 

The second component (CP2) includes the lithogenic elements Si, Al 
and Ti. In peat paleodust studies, conservative lithophile elements (e.g., 
Al and Ti) are commonly used as proxies for atmospheric mineral dust 
input (Steinmann and Shotyk, 1997; Shotyk et al., 2002; Aubert et al., 
2006). Silicon can be of biogenic origin (e.g., phytoliths, diatoms) but 
the strong association with Al and Ti in Davidsmosse indicates that most 
of the Si variance is related to detrital mineral phases, which is sup-
ported by the absence of amorphous Si peaks in the downcore pXRD 
data, and absence of biogenic Si particles in the SEM-EDS results. We 
therefore interpret the above-average scores of CP2 as reflecting periods 
of detrital mineral deposition, with fourteen periods/peaks of elevated 
mineral input (DE1–14) observed in the ombrotrophic part of the 
sequence (Fig. 4). The DEs are also coupled to increasing Si/Al ratios, 
and higher Qz/Fs ratios (Table 4, Fig. 5), particularly after 3000 cal BP. 

Between 4760 and 3000 cal BP, when mineral deposition was 
generally low, authigenic iron oxides and LDH dominate the mineral 
assemblage (Fig. 5). Between 3000 and 420 cal BP typically felsic 
minerals are identified: quartz, plagioclase, alkali feldspar and micas, 
together with varying occurrence of LDH (Table 4, Fig. 5). In the surface 
bog sample (Table 4, 2020A) detrital minerals quartz, plagioclase, alkali 
feldspar, amphibole, mica and clay minerals were identified. When 
comparing the surface minerals to those in the peat sequence we note 
that neither amphiboles nor clay minerals were detected, indicating 
these minerals weathered rapidly in the peat. 

The third component (CP3) captures the main variance of Mg, Na 
and Cl, all of which can be associated with sea salt spray (Malmer et al., 
1992), a phase that is typically not stable in the peat. The distribution of 
these elements in the peat is believed to be governed by changes in 
cation exchange capacity, which differs with both dominant vegetation 
and decomposition (Malmer, 1988). However, CP3 does not co-vary 
with either the decomposition proxies (bulk density, C/N ratios) or 
vegetation changes, indicating that some other process, at least partly, 
controls the variations in this component. 

A few elements are associated with more than one CP (Br, Cl, K, Na 
and Sr), suggesting a complex fate in the peat. This may also reflect that 
they are bound to multiple phases, e.g., salt spray, soluble and insoluble 
minerals, organically bound etc., that are subject to different post- 
depositional processes. 

4.3. Geochemical and mineralogical character of the potential source 
samples 

Iron, Ca, Ti, Zr and Mg in the source samples are associated with the 
same component in the PCA analysis (CP1, Table 3) and generally occur 
in greater concentrations in the <150 μm sizes compared to the coarser 
grain sizes, with highly elevated concentrations of Ti noted in the 
63–150 μm size fraction in four samples (1A, 6B, 7A, 9AB). Potential 
mineral hosts of these elements identified by the pXRD (Table 5), or 
SEM-EDS analysis (A.Fig. 3, A.Fig. 4), include: amphiboles (mainly 
pargasite (NaCa2(Mg4Al)Si6Al2O22(OH)2) and Mg-hornblende (Ca2(M-
g4Al)(Si7Al)O22(OH)2), biotite (K(Mg,Fe)3AlSi3O10(OH)2), ilmenite 
(FeTiO3), rutile (TiO2), and zircon (ZrO2). Amphiboles and biotite host 

Ti as an accessory element (e.g. Nesse, 2017). Taken together, the ele-
ments associated with CP1 seem to reflect a specific composition, e.g., 
amphiboles and heavy minerals, which are enriched below 150 μm 
throughout all sample types (Table 3, Table 5). Based these mineralog-
ical association, lower Si/Ti ratios in the source samples reflect a 
increased occurrence of amphiboles and heavy minerals. We note that 
above 250 μm highly elevated Si/Ti values (>100) occur in all samples, 
indicating that the coarser grain sizes are depleted in Ti-bearing min-
erals, in line with both the findings of the pXRD quantifications (Table 5) 
and previous studies (Taboada et al., 2006). This trend is particularly 
pronounced in the dune samples (9AB and 11B), which display values 
above 300. 

CP2 depicts the relationship between P, Cl and Br (strong positive 
association) and Si, Na and K (negative association), where the first 
group occurs in higher concentrations in the finer grain sizes while the 
latter group generally increases with increasing grain size (A.Table 1). 
Apatite was identified in the SEM-EDS analysis (A.Fig. 2.), indicating 
that some of the P in the source material is hosted in this mineral 
(Ca5(PO4)3(F,OH,Cl)), but the strong association of P with Cl and Br also 
indicates an association with the higher OM content of the finer grain 
sizes, as Cl and Br accumulate as organo-halogens in OM (Martínez 
Cortizas et al., 2016). Silicon, Na and K are (negatively) associated 
because these elements increase in concentration with increasing grain 
size. 

The third component (CP3) captures the major feldspar elements 
(strong association of Al, K and Na) (Table 3). These elements show a 
somewhat different pattern between the different deposits, likely 
reflecting different degrees of sorting and maturity in the source samples 
(Table 5, Nesbitt et al., 1997). The split of the major quartz and feldspar 
elements (Si, Al, K and Na) into two components in the PCA analysis is 
thus related to the somewhat different feldspar and quartz contents of 
the different types of deposits. The aeolian dune deposits (9AB, 11A) 
display the highest degree of sorting and also a higher enrichment of 
quartz relative to the feldspars (A.Table 1, Table 5). Si/Al ratios increase 
with increasing grain size in six out of seven samples (A.Table 1), 
showing that this ratio reflects grain size changes in the majority of 
source samples, in line with previous studies (Pye, 1987). 

4.4. Linking the peat sequence to the potential source samples 

The elemental groupings in the PCA of the source samples differ from 
those of the peat samples, where Si, Al and Ti are associated with the 
same CP in the peat (Table 2), but two different CPs in the source 
samples (Table 3). This likely reflects i) that the source samples were 
split into different size fractions whereas the peat samples represent all 
deposited size fractions, ii) the different settings of the two sample 
matrices (i.e., water-saturated, acidic, high organic content peat vs 
mainly inorganic soils) and iii) distinct transport processes. Some ele-
ments are also linked to different processes in the two data-sets. For 
example, Ca is associated with upwards diffusion in the peat, while Ca in 
the soil samples is related to a specific mineral composition. In addition, 
many minerals are weathered in the acidic peat, such as carbonates, 
apatite (Le Roux et al., 2006), amphiboles and clay minerals (this study, 
see section 4.2). These factors and resulting differences in elemental 
associations in the different sample matrices need to be considered when 
comparing the two data-sets. 

The pXRD results show that the local surface samples around 
Davidsmosse are dominated by quartz, plagioclase, alkali feldspars, 
mica and amphiboles together with minor occurrences of ilmenite, 
rutile, zircon and apatite (Table 5, A.Fig. 4). A similar mineral compo-
sition was also identified at the bog surface (Table 4). The Rietveld 
quantification shows that the detrital mineral sample from the bog 
surface (Table 4, sample 2020A) consists of quartz (35%), plagioclase 
(33%), alkali feldspar (27%), amphibole (4%), mica (1%) and the 
presence of clay minerals (broad peaks at ~12 and ~ 7 Å). The relative 
distribution between quartz, feldspars, amphiboles and micas deposited 
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on the bog are more similar to the till and glaciofluvial sediments close 
to the bog (samples 3A and 6B, within 1.5 km radius) compared to the 
till located 4 km west of the bog (8A) or the aeolian dune (9AB). 
Furthermore, we note that source sample 6B (glaciofluvial sediment, 
directly north of the bog) is the sample that displays the most similar 
composition, with the grain size between 38 and 63 μm being most 
similar (38% quartz, 34% plagioclase, 23% alkali feldspar, 3% amphi-
bole and 2% mica; Table 5). Due to weathering, direct source identifi-
cation based on the mineral assemblage in the peat is prevented, and 
instead the ratios of lithogenic elements (Si/Ti, Si/Al), with support of 
the pXRD data (Table 4), will be explored. 

When comparing the Si/Ti ratio of the peat profile with the source 
samples we find that the average in the non-dust events is ~26, and that 
the DEs are somewhat elevated (~28), with the uppermost parts of the 
sequence displaying significantly higher values (~50). Most source 
samples and grain sizes display either higher or lower values, but two 
source samples, namely 6B (63–150 μm and 150–250 μm) and 9AB 
(<38 μm and 38–63 μm) display somewhat similar ratios (24). For the 
uppermost part of the sequence, where higher Si/Ti values are noted, it 
is again sample 6B that shows the most similar ratio value (49, 250–500 
μm), indicating that coarse particles and a local source, located within 
1.5 km from the bog, provided the bulk of the minerals deposited around 
400 cal BP. A period of decreased Si/Ti ratios (~13) is noted around 
1400 cal BP, indicating increased input of Ti-bearing minerals during 
this period. 

The Si/Al ratios in the peat sequence average around 1.8, whereas 
the average value in the soil samples is 5 (Fig. 4, A.Table 1). This dif-
ference might be a result of mineral weathering in the peat (i.e., 
amphibole, Ca-plagioclase) and the presence of authigenic minerals 
(LDH) dominated by Mg and Al (A.Fig. 3). Nevertheless, elevated Si/Al 
values in both the peat and the surface soil samples coincide with 
increased occurrences of quartz and plagioclase, which from the analysis 
of the surface samples, as well as previous studies (Pye, 1987) is asso-
ciated with increasingly coarse particles. It should be noted that relative 
enrichment of quartz over feldspars could also indicate feldspar 
weathering (Nesbitt et al., 1997), but the presence of more weathering 
susceptible minerals (e.g., chlorite, biotite, A.Fig. 4), in combination 
with the sharp increases compared to background values during DEs, 
rather points towards a grain-size shift during DEs. In support of this 
interpretation, previous studies from the Halland province, ~30 and ~ 
60 km south of our study site, also found coarse particles (>200 μm) 
deposited in bogs during the same periods as many of the DEs identified 
here (Björck and Clemmensen, 2004; de Jong et al., 2006). Based on the 
Si/Al ratio, the coarsest minerals were deposited during the last DE 
(DE14, c. 620–360 cal BP). 

4.5. Nutrient content in the peat sequence and source samples 

Bogs are nutrient-limited ecosystems, deficient in N, P and K 
(Malmer, 1988; Malmer and Wallén, 2004; Limpens et al., 2006; Wieder 
and Vitt, 2006), with other macronutrients (e.g., Ca and Mg) also 
potentially being important (Bauer et al., 2011; Wang et al., 2015). In 
this study, the majority of DE are coupled to elevated peat accumulation 
rates. By exploring the concentration of these elements in the peat 
sequence and local sources we can consider the potential role of dust 
fluxes as nutrient providers. While N MAR in peat sequences largely 
reflect past deposition rates, P and K are typically recycled in the 
acrotelm by the living plants (Malmer and Wallén, 2004; Limpens et al., 
2006; Wieder, 2006; Schillereff et al., 2021)(Fig. 5), but elevated P 
deposition is still reflected by increased burial in the catotelm (Schil-
lereff et al., 2021), and K behaves as an conservative lithogenic element 
below the acrotelm (Kylander et al., 2013; Sjöström et al., 2020). With 
this in mind, downcore variability can be indicative of relative (but not 
absolute) P and K deposition. At Davidsmosse, the DEs are associated 
with increases in N, P and K MAR (A.Fig. 2, Fig. 5, B). In the source 
samples P is enriched in the finer grain sizes, likely associated with both 

organic matter and apatite (Table 3, A.Table 1, A.Fig. 3), while K content 
increases with grain size, likely related to alkali feldspar and mica 
minerals (A.Table 1). Mica minerals were identified (biotite, muscovite) 
in both the peat and source samples, but less mica was observed in the 
peat samples, indicating weathering losses in the peat. Despite the fact 
that the N content was not analyzed in the soil samples, the variability of 
the peat N MAR profile indicates that the DEs also contained this 
element (Fig. 5). In general, the grain sizes <150 μm contained higher 
OM concentrations and amphiboles, which rapidly weather and release 
Ca and Mg to the peat (together with Al, Fe, Si; Table 5, A.Table 1). 
Taken together, the increases of N, P and K contemporary with the DEs 
(Fig. 5), and that the local sources contain these nutrients, both in 
minerals that rapidly weather in peat (apatite, amphiboles, mica, Ca- 
plagioclase) and in organic form, indicate that the aeolian dust fluxes 
contributed with elements of nutrient value to the bog ecosystem. 

4.6. Dust events and bog development 

Based on the occurrence of the DE, together with peat accumulation 
rate, AAR and C/N ratios, we divided the peat sequence into units I to VI 
(Fig. 5). The first unit (I: 5540–4760 cal BP) represents the fen stage with 
a mineral assemblage that is dominated by authigenic iron oxides. Early 
in the ombrotrophic stage (Unit II: 4760–3630 cal BP), low levels of 
detrital mineral deposition are recorded, and authigenic minerals 
continue to dominate (LDH, iron oxides, see section 3.4 and 4.2). The C/ 
N profile shows an increasing trend that is interrupted by lower values 
between 4370 and 4140 cal BP, which co-occurs with a shift to more 
sedges. This period coincides with the 4.2 Ka event, which marks the 
transition to the late Holocene, when an onset of colder and wetter 
conditions has been recorded in northern Scandinavia (Walker et al., 
2019). During this period, low levels of mineral deposition were also 
inferred at bogs located both in the Halland region, as well as further 
inland (Björck and Clemmensen, 2004; Kylander et al., 2016; Sjöström 
et al., 2020). 

In Unit III (3580–2800 cal BP) there are three short episodes (DE1–3 
centered on 3500, 3280; and 3140 cal BP) and one DE of longer duration 
(DE4, 3010–2835 cal BP) (Fig. 5). Increases in peat accumulation rates 
are recorded during all four events, while the C/N ratio stays close to the 
average, indicating little change in decomposition and/or vegetation 
during this unit. The Si/Al ratio is close to the average during DE1–3 
indicating that the size of deposited particles did not differ much from 
background levels, while somewhat elevated Si/Al values, and thus 
grain size, are recorded during DE4. 

In Unit IV (2835–2130 cal BP) five DEs occur (5–9) (Fig. 5). The 
earlier events are episodic in character, recorded in only one (DE5, 6, 
and 8) or two (DE7) samples, while DE9 is more prolonged (n=8, 
2240–2130 cal BP). All the DEs in Unit IV co-occur with increasing Si/Al 
ratios, indicating that relatively coarser minerals were deposited during 
these events. The DEs are also coupled to increases in peat accumulation 
rate, with the exception of DE8. The C/N ratios drop in conjunction with 
the DEs, suggesting either that the DEs occurred during periods of 
episodic lowering of the water table or that the DEs affected the C/N 
ratio. That the peat accumulation rate increases during the DEs conflicts 
with the idea that the C/N ratio shift was caused by increased decom-
position due to drier conditions. A closer look at the C and N MAR 
profiles (Fig. 3) show that both elements increase during the DEs, but 
that the N increase is relatively higher than C, thus driving the observed 
ratio decrease. The overall climate trend during this period is towards 
cooler and drier conditions (Borgmark, 2005; Wanner et al., 2011; 
Kylander et al., 2013; Sjöström et al., 2020; Martínez Cortizas et al., 
2021), but the high C/N ratios and peat accumulation rates suggest that 
the moisture balance in the bog was maintained. Starting from c. 3000 
cal BP regional pollen records suggest a progressive opening of the 
landscape (de Jong et al., 2006; Jong et al., 2009), which would lead to 
more exposed soils and thus an increased availability of soil particles for 
aeolian transport. The nearby peat records from Hyltemossen as well as 
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Undarsmossen (de Jong et al., 2006; Björck and Clemmensen, 2004), as 
well as dune formation in Denmark (Clemmensen et al., 2001), also 
recorded increased aeolian activity during this period. 

Unit V (2070–1000 cal BP) is characterized by generally low levels of 
mineral deposition, with two dust events noted at 1690 (10); and 1240 
cal BP (11) together with three minor increases around 2050, 1890 and 
1360 cal BP. Increases in peat accumulation rates are co-occuring with 
the events. C/N is generally high, implying that mostly wet conditions 
prevailed during this period, with decreases noted during the DEs, likely 
related to elevated N associated with the mineral dust (Fig. 3, Fig. 5). 
From the Si/Al ratio, elevated grain sizes are inferred during all DEs. 

Unit VI (1000–360 cal BP) is characterized by a general increase in 
mineral fluxes and the highest mineral input throughout the entire 
sequence (Fig. 5). A stepwise increase in mineral input is recorded, with 
peaks centered around 960 (12), 890–760 (13) and 615–490 cal BP (14). 
Based on the AAR profile, this latest event (DE14) continued until 360 
cal BP (Fig. 3). The C/N value displays a generally decreasing trend 
throughout this unit, with reductions noted during the DEs. Again, in-
creases in the Si/Al ratio are observed during the DE, indicating that 
increasingly coarse minerals were deposited. During this period, human 
activities such as forestry and agriculture intensified (de Jong and 
Lagerås, 2011), contributing to a more open landscape and more 
exposed soils. This, in combination with colder conditions during the 
Little Ice Age (c. LIA, 700 to 150 cal BP)(Wanner et al., 2011), increased 
sea-ice in the North Atlantic, a negative NAO, and a southward shift in 
winter storm tracks (Björck and Clemmensen, 2004; Olsen et al., 2012) 
likely contributed to the larger scale mineral input observed during 
DE14. Synchronous with this latest, and largest mineral peak at 
Davidsmosse, elevated inputs of coarser particles were also recorded in a 
nearby bog (Hyltemossen, Björck and Clemmensen, 2004). The latest 
episode contains the coarsest grains and is associated with elevated 
decomposition, and a shift towards more sedges indicating either that 
the elevated mineral input affected the plant and microbial commu-
nities, which affected the decomposition rates (Bragazza et al., 2006; 
Schillereff et al., 2021; Ryberg et al., 2022), or that this was a drier 
period, assoicated with lowered water tables. 

5. Conclusions 

This study presents a paleodust and peat accumulation rate record 
from 5400 to 360 cal BP from Davidsmosse bog, south-western Sweden, 
coupled with analysis of local soil dust sources. In total 14 DEs were 
observed, with two periods seeing particularly many, episodic, DEs 
dominated by coarser particles (2800–2130 and 960–360 cal BP). Pre-
vious studies have suggested increased winter storms in the region for 
these time periods (Björck and Clemmensen, 2004), indicating that 
Davidsmosse received, in addition to fine-grained mineral dust, also 
coarser-grained minerals deposited by winter storm events. Generally 
stable conditions for peat accumulation prevailed following the transi-
tion to an ombrotrophic bog, indicating that precipitation (present-day 
average: 1100 mm yr− 1) has remained high throughout the studied 
period. Increases in peat accumulation rates were recorded during a 
majority of the DEs at Davidsmosse (13 of 14). Contemporary with these 
events, important nutrients (N, P and K) increased, which, together with 
the finding that local sources contained both K and P, show that atmo-
spheric mineral dust affect bog ecosystems, as previously suggested by 
(Kylander et al., 2018; Sjöström et al., 2020; Schillereff et al., 2021). 
However, the observed trend that DEs are coupled to elevated peat 
accumulation rates breaks down in the most recent part of the sequence, 
where highly elevated mineral input co-occurs with decreasing accu-
mulation rates and C content, indicating that a threshold effect may have 
been reached (Moore et al., 2019; Schillereff et al., 2021; Ryberg et al., 
2022). Future studies should include studies on grain size analysis, peat 
mineral weathering, and a regional aeolian activity review, which could 
increase the knowledge on past storminess patterns in Scandinavia, 
including its driving mechanisms. 
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Sjöström, J.K., Bindler, R., Granberg, T., Kylander, M.E., 2019. Procedure for organic 
matter removal from peat samples for XRD mineral analysis. Wetlands 39, 473–481. 
https://doi.org/10.1007/s13157-018-1093-7. 
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J.K. Sjöström et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/S0016-7037(01)00586-5
https://doi.org/10.1016/S0016-7037(01)00586-5
https://doi.org/10.1016/S0012-821X(02)00553-8
https://doi.org/10.1016/S0012-821X(02)00553-8
https://doi.org/10.1177/0959683614526934
https://doi.org/10.1080/11035899609546258
https://doi.org/10.1080/11035899609546258
https://doi.org/10.1007/s13157-018-1093-7
https://doi.org/10.1016/j.chemgeo.2020.119795
https://www.smhi.se/data/meteorologi/dataserier-med-normalvarden-1.7354
https://www.smhi.se/data/meteorologi/dataserier-med-normalvarden-1.7354
https://doi.org/10.1016/S0009-2541(96)00171-4
https://doi.org/10.1016/j.quascirev.2015.09.016
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0395
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0395
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0395
https://doi.org/10.1154/1.2179804
https://doi.org/10.1007/s12594-019-1141-9
https://doi.org/10.1002/2014GB005000
https://doi.org/10.1016/j.quascirev.2011.07.010
https://doi.org/10.1016/j.quascirev.2011.07.010
https://doi.org/10.2138/am.2010.3371
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0420
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0420
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0425
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0425
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0430
http://refhub.elsevier.com/S0009-2541(22)00175-9/rf0430
https://doi.org/10.1029/2010GL043584
https://doi.org/10.1002/2015GL063040
https://doi.org/10.1002/2015GL063040

	Late Holocene peat paleodust deposition in south-western Sweden - exploring geochemical properties, local mineral sources a ...
	1 Introduction
	1.1 Study site

	2 Materials and methods
	2.1 Core retrieval, subsampling, bulk density and loss on ignition (LOI)
	2.2 Local source samples
	2.3 Radiocarbon dating and chronology
	2.4 Elemental analysis
	2.5 Statistical analysis
	2.6 Powder X-ray diffraction (pXRD) analysis
	2.7 Scanning Electron Microscope – Energy Dispersive Spectroscopy (SEM-EDS) analysis

	3 Results
	3.1 Radiocarbon ages and age-depth model
	3.2 Peat properties
	3.3 WD-XRF, principal component analysis and elemental ratios
	3.3.1 Peat sequence
	3.3.2 Surface source samples

	3.4 pXRD mineral analysis and SEM-EDS
	3.4.1 Peat sequence
	3.4.2 Source samples


	4 Discussion
	4.1 Deposit characterization
	4.2 Geochemical and mineralogical character of the peat sequence
	4.3 Geochemical and mineralogical character of the potential source samples
	4.4 Linking the peat sequence to the potential source samples
	4.5 Nutrient content in the peat sequence and source samples
	4.6 Dust events and bog development

	5 Conclusions
	Data availability
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


