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Abstract

The contamination history of Falun dates back several centuries due to its extensive mining industry.
An occurrence that may have reinforced the spreading of mining contaminants and contributed to
extensive erosion was the local extreme weather event that occurred on the 27% of July 1666, which
resulted in widespread flooding and put the Falun Copper Mine at risk of destruction. The aim of this
investigation is to establish how long-term or extreme weather events can be traced, identified, and
dated in peat stratigraphy, especially in an area with past mining contamination. Peat cores extracted
from a preserved peat bog northwest of the Falun Copper Mine were analysed using a multiproxy
approach, including methods like stratigraphy description, '*C dating, loss on ignition, and portable X-
ray fluorescence spectroscopy to pinpoint and analyse fluctuations of organic content, metal
concentrations, and geochemical proxies. The obtained age results of deposits within the peat cores
indicated ages spanning from pre-mining activity to modern times, thus encompassing the active period
of the mine. However, the identification of the extreme weather event proved difficult, as it occurred
close to both the peak productivity of the mine, and the great collapse in 1687. Despite this, declines in
organic content accompanied by fluctuations in Rb/Sr and Zr/Rb in the uppermost 30 cm in a number
of the cores could be an indication of potential flood deposits and would thus be of interest for further
investigation. Additionally, the methodology applied in this investigation proved to be an efficient and
cost-effective first step when conducting a paleoenvironmental investigation of intact peat cores and

could, in future investigations, be further improved.

Keywords: Multiproxy analysis, mining contamination, flood event, peat analysis, paleoenvironmental
investigation, 1*C dating, loss on ignition, pXRF analysis
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1. Introduction

The Falun Coppermine has a history stretching back at least a thousand years and has long been
recognised for its significant role in Sweden’s industrial heritage (Figure 1). Studies show that the
mining of copper in the area may have started as early as around AD 500. The Falun Copper Mine was
operational until 1992 and achieved peak productivity throughout the 17" and 18" centuries,
contributing to the economic advancement of both the region and Sweden as a nation (Lindestrom,
2003; Olsson, 2010). Hence, the area is rich in documented history, including notable events such as
the extreme weather event in 1666. This event, which took place on the 27" of July over a localised
area of about 2.5 to 7.5 km around the mine, was characterised by an intense, sustained rainfall lasting

for approximately three hours (Eriksson, 1986; Lindestrom, 2003).

The subsequent flooding resulted in the destruction of infrastructure, housing, and materials (Eriksson,
1986; Lindestrom, 2003), as well as extensive land erosion and the potential disturbance and
redistribution of contaminants from past mining activities (Hellqvist, 2018). Although many written
records recount the event, few physical investigations have been conducted on the matter. In this study,
loss on ignition, '*C dating, and portable X-ray fluorescence spectrometry were used to investigate the
environmental and historical signals preserved in local peat cores. With an increasingly changing
climate, extreme weather events are expected to become an increasing problem. This, in turn, stresses
the need to further our understanding of the effect of such events on the surrounding area and on peat

itself, especially in areas with potentially hazardous activities like mining.
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Figure 1. lllustration of the Falun Copper Mine in 1687. The illustration is part of a collection of photo archives from the
Kalmar County Museum (Kalmar ldins museum, 2024).



1.1.  Aim of investigation
This thesis acts as a pilot study into developing and improving methods for investigating historical

weather events and environmental signals, such as heavy metal contamination related to mining
activities, in the Falun area. This study utilises several methods as part of a multiproxy investigation,

including:

e Analysis and description of peat stratigraphy and associated deposits.

e Radiocarbon (*C) dating of deposits within the peat sequence.

e Loss on ignition (LOI) to determine organic content.

e Portable X-ray fluorescence spectrometry (pXRF) of intact peat cores and ash remnants from
the LOI analysis to determine heavy metal- and trace element concentrations. Additionally, the
geochemical proxies Rb/Sr and Zr/Rb are analysed, a method which has not been applied in

investigations of peat cores from the Falun area previously.

The main objective of this investigation is to establish if analysing peat core stratigraphy is a viable
method for tracing, identifying, and dating instantaneous or long-term extreme weather events in a
regional setting. Furthermore, the study examines the implications of tracing such events in an area
historically affected by intense mining activity, as well as how contaminants, primarily from mining

processes, may have been mobilised and dispersed within the investigated medium.



2. Background

2.1. Site of investigation
The study area encompasses a small peat bog in a

forest area approximately 1 km northwest from the
Falun Copper Mine (Figure 2). The peat bog covers
an area of about 3000 m? with a flora dominated by
sphagnum, sedge, reed, as well as birch. Although
situated between a residential area and the industrial
area of Ingarvet, the peat bog remains largely
undisturbed, most likely due to the low-accessibility
terrain. Despite this, the area has been subjected to
drainage or re-routing of water pathways, given the
old trenches present on both sides of the forest.
Furthermore, northwest of the forest area is the
location of a waste management facility, while a
deposit of old mine tailings is positioned to the

southeast of the forest area.

The area surrounding the study site is dominated by
sandy till and glacial clay according to the most
recent sediment map A (Figure 3). No peat is mapped
at the site, although a peat bog is illustrated northeast
of the investigation site. One reason for this may be
the small size of the peat bog, the varying peat layer
thickness of approximately 30—100 cm and that the
resolution of the map by Ising (2008b) is too low. On
the other hand, map B by Lundqvist et al. (1963)
indicates a peat layer at the site of investigation. The
study also mentions the presence of a forest peat bog

in an upper western area near the mine.

Following the retreat of the ice sheet, a large lake
formed at the present-day mine site approximately
8000 years ago. With the accumulation of clay
sediments and an increased vegetational coverage,
the lake transformed into a bog with an estimated

thickness of 1 m to 1.5 m, a process which is

Figure 2. Map of Falun with the area of investigation highlighted. The
old open pit copper mine is evident in the central, southern portion of
the map.
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Figure 3. Two different sediment maps of Falun. A) Based on the map by
Ising (2008b) from SGU (n.d.). The study area is indicated by the red star
and the two arrows, WE and NS, display the topographical profiles. B)
Established by G. Lundgvist 1941, provided in Lundgvist et al. (1963)
where the site of investigation is marked by a white circle.



estimated to have taken a few thousand years (Olsson, 2010). The peat bog at the study site may thus
have been formed in this process. The presence of clay below the peat reinforces this theory of its
emergence. Figure 3 displays topographical profiles, which shows that the investigated peat bog,
indicated by the red star, is situated in a low-lying area. From the peat bog, the terrain displays
increasing elevation towards the north, south, and west directions, with the east direction continuing at
a similar level. Assuming a similar topography throughout history, especially in 1666, the peat bog

would have been susceptible to flooding in the event of extreme or prolonged precipitation.

2.2. Environmental history of Falun

2.2.1. Impact of the 1666 weather event

The documentation of the 1666 weather event is an important part of the history of Falun, as it narrates
the environmental history of the area but also the historical importance of the Falun Copper Mine.
According to written sources, the event was described as a downpour of rain and hail that, in a matter
of a few hours, managed to wreak havoc by washing away loose soil layers and mine tailings, as well
as overturning cabins (Lindestrém, 2003). The chief mining officer Hans Lybecker furthermore
described it as an unnatural rain event where it appeared as if a lake had fallen from the sky. The Falun
River was rapidly flooded to the point where the water level stood as a lake between the cabins in the
town to the mine beds. The mine only narrowly avoided a disaster as the precipitation started to lessen
by the time the water was starting to carve into the mine (Eriksson, 1986).

The precipitation volumes have later been roughly estimated to at least 5 million m?

, assuming a
quantity of 220 mm in 3 hours over an area of 25 km?. These are volumes that translate into large
quantities of energy (Eriksson, 1986). In the aftermath of the cloudburst, substantial damage to cabins,
houses, coal beds, and other infrastructure remained, where some were documented to have floated into
lake Runn (Eriksson, 1986). Ingarvet was one of the areas with many affected inhabitants (Hellgvist,

2018). Some of the most affected inhabitants in Falun were economically compensated by the Royal

Majesty 21 years after the disaster, thus signifying the magnitude of the event (Eriksson, 1986).

2.2.2. Heavy metal pollution in Falun
The ore bearing bedrock in the Falun area is dominated by granites and leptites formed by volcanic

activity during the Precambrian period and succeeding metamorphism (Koark et al., 1986; Qvarfort,
1984). The sulphide ore has been exploited for its supply of chalcopyrite, pyrite, sphalerite, galena, and
more for hundreds of years (Koark et al., 1986; Lundqvist et al., 1963). Figure 4 illustrates the period
of peak productivity of the Falun Copper Mine, where the largest annual crude copper production

occurred primarily between the early 1600s to the early 1700s (Qvarfort, 1984).



The main metals found in the ore are copper, zinc, By
lead, silver, and cadmium. Arsenic is present in the

ore body but at relatively low concentrations (Koark 250
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products and ultimately disposed of as mining waste.

Volatile metals like zinc, cadmium, lead and arsenic
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were also introduced into the atmosphere by roasting
and smelting processes (Lindestrdm, 2003). Lead s
exhibits limited mobility in soil and sediments;

hence, concentrations found in these media may DL "0 P2 BT e

largely represent the atmospheric deposition (Renberg Figure 4. Graph of annual crude copper production from the
1620s to the 1890s. Data from Tegengren (1924) and redrawn

etal., 1994). The thousand years of mining have in total by Qvarfort (1984).

resulted in the transmission of approximately 6 million tons of sulphur dioxide into the atmosphere and,

in total, half to one million tons of copper, lead, zinc, and cadmium to the surrounding environment.

The largest sulphur dioxide emissions occurred during the mid and late 1600s (Lindestrém, 2003;

Qvarfort et al., 1998; Sandberg, 1995).

Due to the vertical orientation of the ore body within the host rock, it has been exposed to the ground
surface and thus subjected to erosional processes. The latest glacial period is responsible for some of
the more extensive erosion that the ore rock has had to withstand. Hence, large quantities of the ore
have been spread around the surrounding area, especially in the form of till deposits. Thus, naturally
high background concentrations of metals and sulphur are a common occurrence in the area
(Lindestrom, 2003). Another occurrence that reinforced the weathering of the ore rock is the large
collapse of the mine on Midsummer’s Day in 1687, which came to form “Stora Stoten” (the large open
pit) as we know it today (Olsson, 2010). This increased the exposure of the deposit to oxygen in the

atmosphere as well as to precipitation, further intensifying erosion and leaching (Lindestrém, 2003).

The humus layer around Falun is estimated to contain up to 120 tons of lead and 40 tons of copper,
excluding the natural background levels. A background concentration of 60 pg/g of lead is considered
normal in this part of the country. As opposed to lead, copper also appears in high concentration in
deeper soil layers due to its higher mobility compared to lead (Lindestrém, 2003). Thus, lead tends to
accumulate in the topsoil layer (Ek et al., 2001). Although zinc is more mobile and was expected to
display higher concentrations with steeper gradients towards the mine, studies have indicated that the
zinc levels are relatively uniform in the area. Additionally, cadmium indicates a similar behaviour to

zinc. A metal that displays opposite behaviour is manganese, which shows low concentrations close to



the mine. Normal background concentrations of manganese in the country are 400 pg/g, but

concentrations around the mine measure values of 100 ug/g (Lindestrom, 2003).

2.2.3. The effect on vegetation in the area
Large parts of the town of Falun are built on top of a foundation of mining waste, especially close to

the Falu River. Investigations in 1989 showed that mining waste frequently occurs in deeper layers of
the subsurface, and thus, large quantities of waste most likely exist below slag and other filling material
in the area around the Falun Copper Mine (Lindestrom, 2003). Various findings of peat bogs covered
with slag, wood, and other mining waste have been documented on different occasions in the area
around the mine, something that has inhibited further growth of the peat bogs (Lindestrom, 2003;
Lundgvist et al., 1963; Olsson, 2010). Additionally, wetlands close to the mine were subjected to
extensive water regulation, where some were laid dry and others water-filled to aid canal construction,
something that would have impacted the peat development in these areas (Ising, 2008a; Lindestrom,
2003). According to Lindestrém (2003) the thin humus layer in the area may also be a result of the

extreme weather event in 1666.

The mining activity in itself resulted in the cessation of growth of the surrounding vegetation and humus
layers, with the thinnest layers of humus occurring close to the mine. A significant contributing factor
to this is the acidification caused by the large sulphur dioxide emissions, from which sulphuric acid is
formed when it reacts with water. Investigations have shown that one of the closest lakes, Néstjarn,
started getting affected by acidification during the 1600s and that the metal concentrations increased in
the lake sediments around the 1000s (Lindestrém, 2003). Not only does the low pH of sulphuric acid
cause direct harm to the surrounding ecosystems, but it can also increase the solubility of metals, thus
enhancing their mobility and bioavailability (Sandberg, 1995). A large quantity of the leached metals
has been transported with the Falun River (Lindestrom, 2003). Investigations from 1980 and 1990 of
metal concentrations in lake sediments indicate a sharp increase in concentrations of heavy metals like
zine, lead, copper, and cadmium at a depth of approximately 2 m. This depth corresponds with an age
of about AD 650, indicating the start of mining activity (Olsson, 2010). Despite the historically large
sulphur dioxide emissions in Falun, the soil acidification is relatively low in modern times, with only
the most polluted areas close to the mine affected (Ek et al., 2001). Compiled data of pH values
measured in the humus layer around Falun in 1973 and 1974 show values ranging from 2.8 to 3.8

(Qvarfort et al., 1998).

Previously, large metal concentrations have been released from sand deposits in the Ingarvet area, which
today is the industrial area directly east of the study site. One of the main sources may be the older
mining waste placed below the sand deposits. An inventory from 1991 compared the thickness of humus

layers close to the old sand deposit with other areas around Falun, which indicated a thickness of barely



1 cm close to the sand deposit as opposed to 5 cm in other areas. Furthermore, the organic litter layer
was thicker than normal in the area with elevated metal concentrations. This, together with thin humus

layers, indicates inhibited degradation processes within the soil (Lindestrom, 2003).

Actions have been implemented to address some of the contamination sources, with Ingarvsdammen,
the topographically elevated area between the study site and the mine, being one example. This was
part of the Falun project, an initiative to conduct extensive remediation of contamination hotspots after
the closing of the mine in 1992 (Hanaeus & Ledin, 2010). Despite this, 16 tons of zinc were expected
to leach after the final sealing layer was installed in the remediation process (Lindestrom, 2003). Post-
treatment investigations conducted between 2005 and 2008 measured average zinc emissions of 7 tons
per year during this period. However, the decrease in metal emissions compared to during the

operational period was still confirmed to surpass 90% (Hanaeus, 2010).

2.3. Previous investigations in Falun
The area around Falun is well-investigated due to the history of the town and the longstanding

motivation to determine the origin of the Falun Copper Mine. Several studies have been conducted,
mainly on sediment cores sampled from lakes around the area, but also on peat cores from nearby peat
bogs. Most of the studies have utilised stratigraphy descriptions, '“C dating, and pollen analysis as
primary investigation methods. Additional methods have included loss on ignition, macrofossil analysis
and measurements of metal concentrations. Some of the most prominent research publications for this

investigation are described below.

2.3.1. Peat analysis in Gruvmyren by Lundqvist (1951 & 1963)

Lundqvist (1951) conducted a pollen analysis to date layers within Gruvmyren, a peat bog east of the
mine, buried below layers of slag and mining waste. Analysis of the peat indicated that it was rich in
mineral particles originating from the overlying slag, which had been carried down with precipitation.
From the pollen analysis it was derived that gyttja started forming in BC 4700 and that the
transformation into a bog occurred approximately in BC 3500 (Figure 5). Furthermore, the peat
appeared to have had a steady deposition rate until sometime before BC 1000, when it was briefly halted

before continuing until approximately AD 1100. The theory of Lundqvist (1951) was that this was due

NN\

= ==
Figure 5. Profile of the peat stratigraphv of Gruvmvren East. An illustration bv Lundavist (1951).



to a period of waterlogging, something that must have occurred in relation to mining activity.
Additionally, assuming the peat growth ceased because of the deposited slag and mining waste on top,
the ages of the surface layers of the peat bog should correspond to this. Pollen analysis yielded age
results of AD 1000 at Anfarten (entrance to the mine area) and AD 1500 at Krongarden (within the

mine area).

Lundqvist (1951) interpreted these results as an indication that the mining activity had started sometime
around AD 1000, close to Anfarten. An addition to the analysis in the form of '*C dating in 1956 and
1960 is described in Lundqvist et al. (1963) where samples from Krongérden, Anfarten and
Jordrymningen (northwest of Anfarten) were analysed. Samples from Krongarden displayed ages
ranging from BC 2260 to AD 1570 at a depth of approximately 220-310 cm. Anfarten displayed ages
of AD 1080-1265 in a sequence of only 10 cm from the surface layer of the peat. Lastly, the sample
from Jordrymningen indicated an age of AD 850, again in the peat surface layer. The interpretation of
Lundqvist et al. (1963) was that mining activity had yet to begin at AD 850, but had started by AD
1080.

2.3.2. Sediment core analysis in Tisken and Runn by Qvarfort (1984)

Qvarfort (1984) analysed metal concentrations in sediment cores from lakes Tisken and Runn. The main
elements of interest included lead, copper, zinc, iron, manganese, silver, and cadmium, with secondary
elements like chromium, cobalt, molybdenum, mercury, antimony, and selenium measured on a few
occasions. An increase in most metal concentrations dating back to AD 700 was concluded to be the
result of the initial mining activity. Furthermore, a significant peak in concentrations appeared in almost
all of the cores and was dated to around AD 1700, which Qvarfort (1984) claimed may be a result of

the increased leaching following the great collapse in 1687.

The distribution of the measured metals displayed similar patterns with lower concentrations deeper in
the sediment and sharp increases towards the surface of the cores. Table 1 shows the increase in
concentrations of all elements in the upper part of the cores when mining activity was ongoing compared
to further down in the core prior to mining activity. While the peaks appeared at different levels in the
cores, this was argued to be due to stratigraphy differences. Qvarfort (1984) emphasized that while the
elevated concentrations in the upper sections of the cores were partly a result of higher organic content,
it was primarily driven by increased mining activity. Additionally, copper and lead showed tendencies
of easier accumulation than, for example, zinc. The concentration results indicated a positive correlation
between most of the elements, except for iron, which displayed a low or negative correlation, a

relationship which may be due to the oxidising-reducing conditions.
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Table 1. Compiled pre-mining- and mining concentrations of iron, manganese, copper,
zine, and lead. The highest value was selected for each category (Qvarfort, 1984).

Element Pre-mining value (pg/g) Main mining value (pg/g)
Iron (Fe) 31000 165 000
Manganese (Mn) 1100 1700
Copper (Cu) 31 3689
Zinc (Zn) 197 4925
Lead (Pb) 45 518

2.3.3. Peat analysis in Gruvmyren by Eriksson and Qvarfort (1996)

This investigation utilised loss on ignition, pollen analysis and *C dating with the aim of tracing the
first mining activity in the peat stratigraphy. The hypothesis was that increased mining activity should
result in increased charcoal deposits within the stratigraphy. Furthermore, the vegetation coverage could
be expected to change with increased activity, something that would reveal itself through the pollen
analysis. Lastly, undisturbed layers within the peat stratigraphy and the contact to the disturbed layers
should be identifiable, thus signalling records of the first mining activity. Samples were extracted from
the northern slope of the mine, and loss on ignition tests were conducted every 5 cm along the
stratigraphy. The results revealed a contrast in the stratigraphy where material with low organic content
was overlying the peat, something that is indicative of anthropogenic impact in the area. Additionally,
the peat stratigraphy displayed evidence of the formation from a lake into a peat bog as indicated by the
gyttja underlaying the peat. Eriksson and Qvarfort (1996) argued that the contact between the peat and
the overlying layer with low organic content is where evidence of the first human activity in the area
can be found. Furthermore, the derived ages indicated an earlier initial mining activity than described
by Lundqvist et al. (1963). The operation of the mine must have been on a small scale, however, as no

large change in vegetation was displayed by the pollen analysis (Eriksson & Qvarfort, 1996).

2.3.4. Sediment analysis in Onsbacksdammen and Stora Villan by Hellqvist
et al. (2010)

Analysis of sediment cores from lakes Onsbacksdammen and Stora Villan was conducted with the
intention of finding new suitable investigation sites to further examine environmental effects in the area
by using '“C dating as well as pollen and macrofossil analysis. A total of 16 sediment cores were
extracted, representing different depths of the lakebed. The sampling spots that resulted in the longest
sediment cores were selected for further macrofossil and pollen analysis and '*C dating. The resulting
14C ages (BP) ranged from 7271 to 8855 years at depths of 77-175 ¢m in Stora Villan and from 7383
to 8879 years at 105-212 cm in Onsbacksdammen. The displayed ages were much older than expected
at that depth. As the aim was to analyse environmental changes over the last 2000 years, further analysis

could not be conducted on the extracted sediment cores (Hellgvist. et al., 2010).
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2.3.5. Peat core analysis in Vimmelmora by Edberg (2015)

The investigation by Edberg (2015) was conducted on peat cores extracted from different sites within
a 2 km radius of the mine. The aim of the study was to improve the understanding of environmental
changes from an undisturbed landscape to one affected by mining activities. One peat core extracted
close to the Vimmelmora area was selected for further analysis, an area less than 1 km northwest of our
investigation site, close to Ingarvet. The methods included *C dating to age determine layers within the
peat core, as well as plant macrofossil analysis and loss on ignition. The radiocarbon dating yielded '*C
ages (BP) ranging from 5830 to 8463 years at depths of 35-165 cm, indicating a very old origin for
large parts of the core. Due to the old age of the peat core, further analysis of the impact of the mine
proved difficult. The extracted peat core did, however, display signs of formation as a results of lakes

drying up and transforming into peatlands.

2.4. A multiproxy approach to investigating peat cores
By conducting a multiproxy investigation, different indicators are investigated, which offers a more

comprehensive understanding when analysed collectively. Peat formation is closely linked with
regional environment and climatic changes and is therefore an optimal medium for conducting a
multiproxy investigation (Shi et al., 2021). The naturally water-saturated and anaerobic conditions in
peat bogs contribute to slow decomposition rates, thus providing good preserving qualities.
Macrofossils, pollen, charcoal, element precipitates and anthropogenic relics are examples of items that
can be preserved in peat (Glatzel et al., 2025; van Breemen, 1995). Furthermore, the peat stratigraphy
grows over time, forming chronological layering according to the laws of superposition. By combining
the different parameters like organic content, heavy metal concentrations, and geochemical proxies with
14C dating, an approximate age estimate of the fluctuations within the stratigraphy can be established

(Davies et al., 2018; Pawlik et al., 2022).

2.4.1. Organic content and '*C dating

Loss on ignition is an easy and efficient way of quickly quantifying the organic content in media such
as peat by measuring the amount that is lost during combustion. The resulting organic content variations
measured in stratigraphic profiles can thus indicate past environmental and climatic conditions (Ma et
al., 2009). Since peat mainly consists of organic matter, changes along the stratigraphy are often
apparent and reflect fluctuations in peat formation processes. Thus, higher organic content levels
typically signify increased peat formation (Shi et al., 2021). In water-saturated conditions, peat tends to

decompose slowly, while the opposite is true for dry and cold climate conditions (Xiao et al., 2017).

2.4.2. Heavy metals and geochemical proxies
The analysis of element concentrations along the peat cores primarily provides an overview of

concentration peaks and valleys in the chronology of the peat core stratigraphy. Additionally, it displays
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the level of environmental contaminants in the peat stratigraphy, where lead, zinc, and copper in
particular, serve as indicators of past industrial pollution (Jones & Hao, 1993). Table 2 shows the
guideline values for heavy metals in soils and sediments, which are used to assess if the contamination

grade poses a health or environmental risk (Naturvardsverket, 2022, n.d.).

Table 2. General guideline values for contaminated soil provided by the Swedish Nature
Conservation Agency. KM is sensitive soil use (kinslig markanvindning) and MKM is
less sensitive soil use (mindre kdnslig markanvindning) (Naturvdrdsverket, 2022).

Element KM (pg/g) MKM (pg/g)
Arsenic (As) 10 25
Lead (Pb) 50 180
Copper (Cu) 80 200
Mercury (Hg) 0,2 25
Nickel (Ni) 40 120
Zink (Zi) 250 500

The application of geochemical proxies, such as Rb/Sr and Zr/Rb, is a common practice in
paleoenvironmental investigations to determine climatic and environmental changes in peat (Ma et al.,
2009; Yan et al., 2011). The ratio of Zr/Rb is an indication of bulk grain size variations in sediments,
as both Zr and Rb reflect grain size distributions. Higher Zr/Rb values typically represent coarser grain
sizes (Chen et al., 2006; Dypvik & Harris, 2001; Wang et al., 2011). A study by Wang et al. (2011)
indicated that high Zr/Rb values may be evidence of flood events due to the increased deposition of
coarse-grained sediment compared to fine-grained sediments. Since lower Zr/Rb values represent finer
grain sizes, which is a sign of regional climatic change, these represent warm and humid conditions

(Ma et al., 2021).

Rb/Sr is a ratio indicative of the degree of regional chemical weathering (Chen et al., 1999; Jin et al.,
2015). When analysing Rb/Sr ratios, the source of Rb and Sr is critical. The origin may either stem from
terrigenous debris in sediments or from dissolved substances. Rb/Sr ratios from terrigenous debris
typically convey the grain size of the terrigenous debris in the sediments. Higher Rb/Sr ratios usually
represent finer grain sizes with more clay particles, while lower ratios represent coarser grain sizes with
quartz and feldspars (Yan et al., 2011). Thus, if Rb/Sr ratios and organic content in sediments are low
simultaneously, it signifies increased input of coarse terrigenous debris (Chen et al., 2006; Dypvik &
Harris, 2001). Additionally, the co-occurrence of Rb and Fe may be associated with terrigenous mineral

input (Longman et al., 2019).

With limited terrigenous input and mineral formation dominated by dissolved substances, the Rb/Sr

ratio reflects the intensity of chemical weathering (Yan et al., 2011). Sr is more susceptible to
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mobilisation into water in dissolved form. Rb, on the other hand, usually persists in clay minerals and
is only mobilised under very strong weathering conditions (Chen et al., 1999; Shi et al., 2021; Xiao et
al., 2017). In general, higher Rb/Sr values indicate wetter climate conditions, as higher precipitation
may result in increased input of clastic debris (Xiao et al., 2017; Zhong et al., 2010). Similarly, lower

ratios instead signify a drier climate (Xiao et al., 2017).
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3. Method
3.1. Field work

Field work was conducted on the 23rd of October 2024 at the peat bog within the study site. A brief

sediment depth analysis using a soil probe was conducted along a northeast to southwest profile to

roughly estimate the depth to the underlying clay and till below the peat as well as outline the area of

the peat bog.

Figure 6. Sampling map of peat cores at the investigation site.

Following this, peat
cores were collected
using a 1 m Russian
corer, with a diameter of
7.5 cm, to maintain the
integrity of the peat
cores. Figure 6 displays
the map of the sample
site with five mapped
extraction points for peat
cores labelled CO1, CO02,
C03, C04, and CO0S5. In
total, seven cores were
collected in a semi-cross
transect. At both C04 and

CO05, two peat cores were

extracted, each distinguished by the addition of an @ and a b to the name. Figure 7 displays the extracted

cores, which were subsequently cleaned, documented, transferred to plastic core holders and wrapped

=30

g

5

Figure 7. Picture of peat core C4a immediately after extraction.

3.2. Laboratory analysis

The peat cores were cleaned up by lightly scraping off the outer layer of the peat in a motion

perpendicular to the length of the core to minimise the risk of cross-contamination between different
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stratigraphic layers. Five of the seven peat cores, including C01, C02, C04a, C04b, and CO5b, were

deemed to be of sufficient quality and were thus selected for further investigation (Figure 8).
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Figure 8. Peat cores lined up for the initial determination of peat core quality.
3.2.1. Stratigraphic description
The stratigraphy of the cores was carefully analysed by describing changes in colour, grain size,
material, potential deposits and deposit patterns, as well as humification along the length of the core.
The degree of humification was determined using the von Post humification scale, which was modified
into three categories: low (H1-H3), medium (H4-H6), and high (H7-H10) (von Post, 1922). Stratigraphy
patterns and similarities of deposits between the different cores were used to identify the sections of
particular interest which were selected for the multiproxy investigation. Specific deposits documented
during the stratigraphic description were selected for closer inspection and identification, including

pebbles, plant detritus, charcoal, and bog iron, using a microscope with a 10x-100x magnification.

3.2.2. Radiocarbon ('#C) dating

For this study, samples for radiocarbon ('*C) dating were extracted from peat cores CO1 and C05b and
sent to the Tandem Laboratory at Uppsala University. Three samples were collected from each core at
different depths and were characterised as either charcoal or macrofossil (Table 3). At the laboratory,
the samples were pre-treated with some slight variations in procedures for macrofossil samples and
charcoal samples. Visible root fibres were removed from the charcoal samples before carbonates were
removed from all samples by adding 1% HCI. Thereafter, 0.5% and 1% of NaOH were added to the
macrofossil and charcoal samples, respectively, where the step was repeated for the latter until the
soluble part ceased to be dark in colour. Concentrated HCI was then added to precipitate the soluble

part from the samples. The resulting precipitate (SOL) consisted mainly of humus and was subsequently
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washed and dried. The remaining insoluble fraction (INS), composed primarily of original organic
material, was thus better suited for dating to obtain reliable ages. Before the final measurements, the
washed and dried materials were adjusted to a pH of 3 and converted to CO, by combustion. The
samples were then graphitised with a Fe catalyst reaction before the '*C content was determined using
ultrasensitive accelerator mass spectrometry (AMS) of the type MICADAS (Uppsala University, 2025).
Details about the procedures conducted by the Tandem Laboratory can be found in Appendix X1.

Table 3. Extraction depth and material type of '*C samples for peat core CO1 and C05b.

Sample Depth (cm) Material
Cl1 28.5 Macrofossil - twigs
C1.2 49 Macrofossil - rootmass
C1.3 77-78 Charcoal
C5hb.1 12-14 Macrofossil - twigs
C5b.2 40-43 Charcoal - wood chunks
C5b.3 57-59 Charcoal - wood chunks

The derived '*C ages were calibrated to obtain calendar interval ages, with a distinction in methodology
applied to samples with elevated percent modern carbon (pMC). The calibration was performed to
account for variations in atmospheric '“C concentrations over time, as these variations render the initial
BP date unreliable as an exact calendar date (Reimer, 2020; Reimer et al., 2004). The “C ages before
present (BP), with present defined as 1950, were calibrated using atmospheric tree ring data (IntCal20)
by Reimer (2020). The data was calibrated in IOSACal v.0.4.1 (Costa, 2022). In samples with elevated
percent modern carbon (pMC), these values were converted to fraction modern carbon (F '“C) and
calibrated against the bomb curve (NHZ1), which represents atmospheric *C fluctuations caused by
nuclear weapons testing after 1950 (Hua et al., 2022; Reimer et al., 2004). The calibration was
conducted in CALIB (Stuiver & Reimer, 1993).

3.2.3. pXRF peat core analysis
Metal concentrations were measured along the length of the five peat cores using a pXRF spectrometer
(Thermo Fisher Scientific: Niton XL3t GOLDD+) (Figure 9). XRF spectrometry works by directing X-

ray photons at the analysed sample. The energy of the photons excites inner-shell electrons in the atoms,
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resulting in their ejection. The resulting vacancies are
filled by electrons from outer orbitals, leading to the
emission of secondary (fluorescent) X-rays from the
atom. Each element produces a unique fluorescent X-
ray, which is detected and processed by the pXRF
spectrometer. The measured magnitude of the
fluorescent X-ray determines the quantity of that
element present in the sample (Thermo Fisher

Scientific, n.d.; US-EPA, 2007)

Prior to the measurements, the cores were left to dry at Lo
Figure 9. The pXRF utilised in the investigation.
room temperature for four weeks to remove excess water

and minimise the risk of disturbance to the readings. The measurements were conducted prior to the
loss on ignition tests directly on the peat cores, as well as on the residual ash remaining after the loss
on ignition. The investigation of the intact peat cores was performed with an interval of 5 cm if every
stratigraphic layer was included. For stratigraphic layers thinner than 5 cm, the measurement was placed
in the middle of that respective layer so as not to miss any layer of significance. The setting used on the
pXRF was “Soils” with the default settings and a beam run time of 30 seconds. Three measurements

were executed at each sample point from which an average was calculated. The elements of interest

included Cu, Pb, Zn, Fe, Mn, As, Ni, Sr, Rb, Cd, Au, and Zr.

Although the pXRF has its own built-in calibration procedure and system checks were run frequently
throughout the measurements, standard reference material (SRM) was used to calculate a correction
factor for each element to increase the accuracy of the results. A total of 6 standards in powder form
were utilised, including SARM-2 (syenite), SARM-41 (carbonaceous shale), SARM-42 (soil), SARM-
46 (stream sediment), SARM-51 (stream sediment), and SARM-52 (stream sediment). The standards
were prepared by using the method described by Ekstrom and Hedeving (2021). Pucks were produced
by filling 5-mm-thick round plastic caps (13 mm inner diameter and 21 mm outer diameter) with
approximately 2 g of sample powder, which was levelled, compacted, and wrapped in a thin plastic film
(Figure 10). Each sample was measured 5 times with the same settings used for the peat samples, from
which an average value was calculated. Control measurements were also performed at the same
location, without any sample, to ensure that no false positives were measured from the surrounding

environment.
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Figure 10. Pucks of prepared standard reference material prior to measurements.

The correction factor calculations were based on the methodology described by Nordéas (2022) and
Fisher et al. (2014). The measured values of the SRM by the pXRF were plotted in a linear regression
against the standardised values of the SRMs provided by the geochemical database GeoReM, developed
by Jochum et al. (2005). The correction factor was calculated as the inverse value of the trend coefficient
from the linear regression. In the final step, the correction factors were multiplied by the measured

pXRF values of the peat cores.

The final pXRF measurements were conducted following loss on ignition analysis using the residual
ash to assess the effect of removing organic material on metal concentrations. Emphasis was placed on
samples CO1 and CO5b, which were radiocarbon dated, and on C04a due to its high quality. Due to the
nature of the ash being very light and difficult to manage, as well as being limited by the amount
available, the same sample preparation method could not be entirely reproduced as for the standard
pucks. The ash samples were placed in containers like the ones used for the standard pucks, compacted
and measured with the pXRF. The setting used was “TestAll Geo” with the default settings as it gave
better detection results on the ash. All remaining settings and measurement parameters were the same

as for the readings of the peat cores and the standards.

3.2.4. Loss on ignition

The organic content in the peat cores was measured by conducting a loss on ignition (LOI) analysis.
Slices of 1 cm were cut out at the same spots where the pXRF measurements were conducted, with the
aim of collecting at least 1 g of material. This allowed for higher resolution measurements at the same
spots as the pXRF analysis. Marked and weighed cubicles were placed in an oven at 105°C for 30
minutes to remove any volatiles before the sample slices were placed into them. The samples were
additionally dried at 30°C for 24 hours to ensure complete removal of any residual moisture before
being weighed. Organic material was removed in the next step by heating the samples to 550 °C in an

oven with a dwell time of 8 hours. The dwell time included the steady increase and decreases in
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temperature to prevent surface charring of samples caused by rapid temperature changes. After having
cooled, the samples were weighed, and the percentage of organic matter was calculated using Equation

1, modified from Heiri et al. (2001).

DW3;y— DW
LOIss, =% - 100 (Eq. 1)

Where LOlIss is the percentage of organic matter in the sample by weight, DW3 is the weight of the
sample in grams after having dried at 30°C, and DWss is the weight of the sample in grams after having
dried at 550 °C. From the calculated organic matter content, the sediment type of the samples could be
classified in accordance with Chawchai et al. (2016). Table 4 displays the categories based on the
organic matter content and includes peat, peaty gyttja, gyttja, clayey gyttja, gyttja clay/silt. The results
of the sediment classification were combined and analysed closely together with the described

stratigraphy from the initial observation to finalise the stratigraphy models.

Table 4. Sediment classification scheme based on the content of organic matter in the LOI samples. A
classification system as utilised by Chawchai et al. (2016).

Classification: Organic matter content (%)
Gyttja clay/silt 3-6
Claey gyttja 6-30
Gyttja >30
Peaty gyttja >40-60
Peat >60
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4. Result
4.1. Radiocarbon ('#C) dating

Table 5 gives an overview of the *C ages before present (BP), ranging from 113 to 3906 years in peat
core C1 and 98 to 929 years in peat core C5b. The samples have a standard deviation ranging from 28
to 31 years, except for the uppermost sample in C1, which displays a standard deviation of 0.5 years
and thus a higher precision. Note that the macrofossil samples, which were generally collected from the

shallower parts of the peat cores, show the youngest '“C ages (BP).

Table 5. '“C ages BP of samples from CI and C5b, where sample C1.1
contains modern_carbon.

Sample Depth (cm) Material C-14 age BP
Ci1 28.5 Macrofossil - twigs 161.6 +0.5
C1.2 49 Macrofossil - rootmass 113+ 29
C1.3 77-78 Charcoal 3906 = 31

C5b.1 12-14 Macrofossil - twigs 98 + 28
C5b.2 40-43 Charcoal - wood chunks 929+29
C5b.3 57-59 Charcoal - wood chunks 850+ 29

Figures 11 and 12 display graphs with calibrated calendar age intervals with 68% and 95% confidence
intervals for samples from core C1 and C5b, respectively, as provided by the Tandem Laboratory. The
graph for sample C1.1 indicates a calendar age of late AD 1967 with a 95% confidence (Figure 11).
Due to the high precision and the percentage of modern carbon in of sample C1.1, the sample could be
matched against the bomb curve to extract a high precision calendar age as opposed to sample C1.2 and
C5.1. The remaining graphs for samples from both core C1 and C5b present several calendar age
intervals resulting from the calibration with the atmospheric record data. C1.2 exhibit a greater variation
in calendar age intervals where the highest percentage of the sample, 68.8%, indicate an interval of AD
18011938, and the second highest percentage of the sample, 25.4%, indicate an interval of AD 1683—
1737, when looking at the intervals with a 95% confidence (Figure 11). In C1.3, which is the deepest
sample from C1, 95.3% of the sample displays a calendar age interval of BC 2468-2293 with a 95.4%

confidence. This represents the oldest dated sample of all the samples from both peat cores.
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Figure 11. '*C ages in peat core CI displayed in graphs from
the Tandem Laboratory, Uppsala University. C1.1) displays
the interval age by calibration of the percentage of modern
carbon to the bomb curve at 28.5 cm. Cl1.2) and Cl1.3)
displays the possible age intervals by calibration of
radiocarbon determination BP to atmospheric data based on
tree rings, at 49 and 77-78 cm, respectively.

Of the calendar age intervals with a 95.4% confidence presented in the graph for sample C5b.1, the

largest percentage of the sample, 69.5%, displays an interval of AD 18061926, and 25.8% of the

sample displays an interval of AD 1687—1730 (Figure 12). A major part, 93.4%, of sample C5b.2

displays a calendar age interval of AD 1033-1177 with a 95.4% confidence. In C5b.3, 94.9% of the

sample exhibits an interval of AD 1158—1265 with a 95.4% confidence. Keep in mind that although the

calendar age interval of the deepest sample, C5b.3, displays a younger result than that of C5b.2, there

is still an overlap of 19 years between the two.

22



Radiocarbon determination (BP)

Radiocarbon determination (BP)

300

200-\

100 -

—100 4
=200 -

—300

1100
1000 1
900 A
800
700 1
600 1

500 1

I0SACal v0.4.1; Atmospheric data from Reimer et al (2020)

IOSACal v0.4.1; Atmospheric data from Reimer et al (2020)

C5b.1) Ua-86065: 98 = 28 BP 12001 C5b.2) Ua-86067: 929 + 29 BP
68.2% probability ] 68.2% probabilit
AD 1696 - AD 1724 (20.9%) 1100 AD 1045 - AD 1084 (30.8%)
\ . ! T S AD 1094 - AD 1104 (7.8%
) /\ AD 1868 - AD 1870 (1.6%) & N AD 1122 - AD 1159 Eza UD}u]
\ //-\/ > \ AD 1879 - AD 1915 (25.6%) ¢ 10001 \ |
\ ——" < =1 = S 95.4% probability
N/ 95.4% probability < ey © == AD 1033 - AD 1177 (93.4%)
AD 1687 - AD 1730 (25.8%) £ g | AD 1194 - AD 1200 (1.8%)
AD 1806 - AD 1926 (69.5%) 5 Ny
5 = n
s N
£ 800 S
E
o
5
2 7001
(]
-4
600 1
T T T T T 500 b
1700 .~ 1800 1850 1900 1000 1050 1100 1150 1200 1250

Calibrated age (AD)

I0SACal v0.4.1; Atmospheric data from Reimer et al (2020)
Ua-86068: 850 = 29 BP

C5b.3)

Calibrated age (AD)

68.2% probability

AD 1168 - AD 1170 (2.8%)
AD 1175- AD 1196 (27.3%)
AD 1198 - AD 1223 (33.9%)

\** — —
N\ TN

.

“—.__— 95.4% probability
AD 1055 - AD 1056 (0.4%)
AD 1158 - AD 1265 (94.9%)

R

\

Figure 12. '*C ages in peat core C5b displayed in graphs
from the Tandem Laboratory, Uppsala University. The
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4.2. Stratigraphy and organic content
Figures 13 to 17 illustrate the stratigraphy of the peat cores with the variation of organic content along
the length of the cores. It is important to highlight that the stratigraphy is interpreted based on the
organic content and the initial stratigraphic analysis in the laboratory, and may thus deviate from the

sediment categories based solely on the organic content.

The uppermost 35 cm of peat core C1 consists of peat where humification increases with depth (Figure
13). The inorganic material content increases in the stratigraphic layers with depth, where a layer of
peaty gyttja is situated from 35-60 cm, followed by large parts of clayey gyttja with some instances of
gyttja and peaty gyttja. Furthermore, all the stratigraphic layers below the peat have a high degree of
humification. The last 0.5 cm consists of silty clay. The organic content exhibits two pronounced
declines in the direction of progressively older stratigraphic layers, the first one at approximately 35

cm, and the second one starting at approximately 62 cm.
The calendar age intervals displayed in Figure 13 against the peat core stratigraphy illustrate the total

interval of 4435 years from sample C1.1 at 28.5 cm to C1.3 at 77-78 cm. Note that sample C1.1 with

the youngest date coincides approximately with the upper major drop in organic content. At the dated
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Organic content (%)

sample in the middle, a slight peak can be observed in the slope of the organic content, and the oldest

sample coincides with the larger organic content peak at 78 cm.

m Peat —Low hum.
m Peat - Medium hum.
2468 — 2293 BC (95.3%)
m Peat-High hum.

eaty gyttja - High hum.

ransition layer
laey gyttja=High hum.

Gyttja- High hum.

|:| Silty clay
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Depth (cm)
Figure 13. Stratigraphy model and organic content of peat core CI with calendar age intervals from '*C dating.

Deposits found in peat core C1 were dominated by macrofossils, chiefly plant remnants, twigs and
wood pieces, with a few occurrences of quartz grains. The most notable deposits included:

*  Twigs at 18 cm.

* A dense twig layer from 27.5-30.5 cm (**C dated).

*  Small twigs and wood pieces from 35.5-36.5 cm.

 Large root mass at approximately 49 cm (**C dated).

* Large plant fossil from 66.5-68.5 cm.

» Large quartz grain at 58.3 cm with smaller ones above.

*  Charcoal at 77-78 cm (*C dated).

Peat core C2 presents greater variability in organic content throughout the core but with an overall
decreasing trend downcore (Figure 14). The upper 18 cm consists of low humified peat, followed by
low humified peaty gyttja and medium humified peat. A section of low organic content occurs from 29-
60 cm, dominated by clayey gyttja of medium and high humification. Similarly, organic content
decreases after approximately 70 cm and is dominated by high humified peat and medium humified
clayey gyttja. The two large peaks at 25 cm and 66 cm both occur in relation to peat of medium

humification.
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Figure 14. Stratigraphy model and organic content of peat core C2.

Peat core C2 featured a mix of deposits including twigs, wood pieces, reed, seeds, sand and other detrital

grains and pebbles. The most significant deposits are mentioned below:

Thin sand deposit at 20 cm.

Twig at 24 cm.

Large wooden stick at 32.5 cm.

Reed at 39.5 cm.

Twig at 48 cm, 54.5 cm, 63 cm and 70 cm.

Coarse sand clumps from 63.5-65.5 cm, 72.5-74 cm, and 75-79 cm. Where the sand grains

consist of quartz, feldspars and biotite.

The first 53 cm of peat core C4a consists mainly of peat where the humification increases with depth

(Figure 15). At 7-10 cm, however, a layer of medium humified peaty gyttja occurs as well as an evident

drop in the organic content. The deeper part of the core below the peat is composed of peaty gyttja,

gyttja and clayey gyttja.
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Figure 15. Stratigraphy model and organic content of peat core C4a.
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Peat core C4a contained mostly deposits in the form of twigs, wood pieces, and grain-sized detrital

matter. The most noteworthy deposits included:

Twigs at 26.2 cm and 29 cm.

Twig layer from 30.5-37.5 cm.

Large wood piece at 50 cm.

Detrital grains/pebbles and wood pieces from 53-56.5 cm.

Smaller detrital grains at 57.5 cm.

Twigs at 62.5 cm and 64.6 cm

Detrital pebble at 64 cm and 71.5 cm.

Dense layers of large wood pieces from 77.5-82.2 cm, and 86.5-99.5 cm.

The twig layer from 30.5-37.5 cm displayed similar characteristics to the dense twig layer in core Cl1.

Figure 16 displays the first 43 cm of peat core C4b, consisting of peat with increasing humification

downcore. The peat is followed by peaty gyttja and clayey gyttja with a transition layer in between. The

organic content is generally high in the first half of the core, to decrease after approximately 41 cm, as

well as at 52 cm.
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Claey gyttja = High hum.

Gyttja— High hum.

Depth (cm)

Figure 16. Stratigraphy model and organic content of peat core C4b.

The deposits in the upper layer of C4b differed somewhat from deposit in the upper layer of C4a.

Downcore, the similarities increased, however. Main findings included twigs, wood pieces, reed, and

detrital grains, with the most notable ones listed below:

Twigs at 11.5 cm, 16.5 cm, 20 cm, and 21 cm.
Detrital grain at 41 cm.

Large wood pieces at 66-67 cm.

Disintegrated wood and reed at 72 cm.

Large wood pieces from 80-94 cm.
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The organic content in peat core C5b remains high throughout most of the core, with major parts of the
core consisting of peat (Figure 17). Two declines in organic content are evident at 25 cm and 39 cm and
occur in gyttja as well as in peaty gyttja. The uppermost 22.5 cm of the core consists of peat of low and
medium humification, followed by gyttja and peaty gyttja. Peat with a high degree of humification
occurs further down in the core, in a major part of the section from 32-60 cm. A total calendar age

interval of up to 893 years is illustrated against the peat core stratigraphy.
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Figure 17. Stratigraphy model and organic content of peat core C5b.

Peat core C5b featured deposits of mainly twigs and wood pieces, with the most prominent ones listed
below:

e Twigs from 12-14.5 cm (**C dated).

* A layer of fibrous wood pieces from 18-21 cm.

*  Wood piece at 35 cm.

» Flat wood piece at 39 cm.

* A very thin layer of sand deposits from 40.7-41 cm.

« Large wood pieces from 40-44 cm (**C dated), and 51-60.5 cm (**C dated).
The layer of twigs from 12-14.5 cm exhibited similarities to the dense twig layers in C1 and C4a. The
deeper deposits of wood pieces occurring between 40 cm and 60.5 cm also demonstrated resemblances
to the dense wood deposit layers deep in C4a. Furthermore, note the concurrence of the sand deposit at

40.7-41 cm with the shallowest part of the large wood piece deposits.

4.3. Element concentration measurements

4.3.1. Calibration and correction factors
Table 6 presents the correction factors applied to the element concentration values measured with the

pXRF. The correction factors for Pb and Zn have values very close to 1, thus, the corrected values

have almost no deviation from the original ones. Cu, Ni, Sr, Zr, and Rb have values above 1, resulting

27



in corrected values higher than the original pXRF values. Note that the highest increase occurs in Rb,
which has a value increase of approximately 31.1%. The increase in value of the other elements
ranges from about 16 % to 22%. On the other hand, the corrected values of Fe, Mn, and As decrease,

with the most prominent decline, of 40.7%, occurring in Mn. Fe decreases by 27% and As by 12.5%.

Table 6. Calculated correction factors for the SRMs.

Correction Factors
Cu Fe Mn Ni Pb Zn Sr Zr Rb As
1,1695906| 0,726797| 0,5931198| 1,1642799| 1,0211375| 0,9965122| 1,1721955| 1,2168411| 1,3109596| 0,8750438

4.3.2. Element concentrations in the intact peat cores
Figures 18 to 20 display the concentrations of the analysed elements with corrected values in the intact

peat cores. Elements detected in significant concentrations, as well as detected along most of the cores,
are presented in these diagrams. Mn, Ni, Hg and As were detected at a few instances, but for the most
part not in large concentrations, hence they are not included in the diagrams. However, a few interesting
findings revealed high concentrations of Ni, As, and Hg. Ni was only detected in peat core C2, at a
depth between 45-54.5 cm, as well as 74.5-90 cm, with concentrations reaching 230 pg/g. These
concentrations exceed the guideline values for sensitive soil and less sensitive soil (Table 2). Arsenic
was found in the upper 62 cm of peat core C1 and the upper 40 cm of cores C4a, C4b, and C5b, while
core C2 displayed distribution of values. Concentrations of up to 23 pg/g were identified in C1, C2,
C4a, and C4b, which exceed the guideline value for sensitive soil. C5b revealed concentrations of up
to 45.5 pg/g, specifically in the topmost 14 cm, exceeding the guideline value for less sensitive soil. Hg
was only discovered in core Cl1 at a depth of 92.5 cm, however, with a concentration of 12 pg/g that
significantly surpasses the sensitive soil and less sensitive soil guideline values. Cd and Au were not

detected in the peat cores.

43.2.1. Pb, Cu, and Zn
Figure 18 displays the variations of Pb, Cu and Zn concentrations in peat cores C1, C2, C4a, C4b and

C5b. Note the trend of both Cu and Pb, where the slopes follow a similar pattern, only with some
variation in concentration. Zn differs from Cu and Pb, but still has some similar tendencies, especially
in cores C1 and C2. The highest concentrations of both Cu and Pb were detected in core C5b with values
reaching 2070 png/g and 258 pg/g, respectively. Zn also reaches its concentration peak, at 5088 pg/g, in
C5b. Nonetheless, all the peat cores display concentrations of Cu, Pb and Zn that surpass the guideline
values for sensitive soil and less sensitive soil (Table 2). Pay attention to the tendency for higher
concentrations of Cu and Pb, and to some degree Zn, in the upper half of the peat cores and lower

concentrations in the deeper end of the cores, except for core C2.

Concentration peaks are evident in all the cores, with some variation in concentration and depth (Figure

18). C1, C4a, C4b, and C5b all exhibit sharp peaks from previously low concentrations, of primarily Pb

28



and Cu, further down in the core. In C1, the concentrations of Pb and Cu increase drastically and peak
at 62 cm reaching concentrations of 171 pg/g and 247 pg/g, respectively. The other large peak of 168
ug/g of Pb and 272 ug/g of Cu occurs at 30 cm, where Zn also show a maximum value of 652 pg/g.
While Cu and Zn consequently decrease towards the horizon of the core, Pb display an obtuse peak at
18 cm. C2 show lower and more uniform concentrations of all three elements in the upper part of the
core down to approximately 45 cm. A large spike in Cu and Zn occurs at 65 cm, reaching concentrations

of 187 pg/g and 1831 ng/g, respectively, while Pb displays a plateau.

Since the first 90 cm of C4b overlaps with the last 90 cm of C4a, similar patterns are evident in both
diagrams. The four major peaks of Pb and Cu at approximately 13, 26, 40 and 50 cm in C4a are
displayed at approximately <5, 16, 25, and 40 cm in C5b, whereafter the concentrations plunge
downcore in both cores. C4a and C4b present the highest element concentrations after C5b, with Pb
reaching maximum concentrations of 189 pg/g at 40 cm in C4a and 220 pg/g at 25 cm in C4b. The
highest value of 383 ug/g Cu occurs at 13 cm in C4a and 25 cm with a value of 455 ug/g in C4b.

Single peaks of Pb and Cu are displayed at 10 cm in C5b, where Pb reaches levels of 258 ng/g and Cu
levels of 2070 pg/g. Additionally, Pb exhibits a rounded but distinct peak at 33 cm with very low
concentrations below 33 cm. Due to the large concentration differences of Cu in C5b, the smaller peak
at 33 cm is not as clearly illustrated. Zn displays a pattern that almost appears to lag behind the Cu and

Pb concentrations, with a strong increase towards the horizon of the core.
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Figure 18. Concentrations of Pb, Cu, and Zn in the intact

——-o peat cores, plotted against depth of the cores. Note that Pb

Zn, Cu concentration (ug/g)

axis is greater for C5b than the other diagrams.

4.3.2.2. Rb, Sr, Zr, and Fe
Figure 19 illustrates the variations and peaks of Rb, Sr, Zr and Fe in the intact peat cores C1, C2, C4a,

C4b, and C5b, where the elements exhibit very similar concentration patterns with the slight exception
of Fe in C5b. Note that the element concentrations follow an upward trajectory with the depth of the
peat cores as opposed to the concentrations in Figure 18. The concentrations generally increase as the
organic content decreases. Furthermore, Rb, Sr and Zr overall remain close in concentrations but show
a trend where the peaks occur, where Zr display the highest concentrations of the three, Rb the second

highest and Sr the lowest.

The concentrations remain low in the upper 35 cm of core C1, whereafter the concentrations start to
increase downcore with a sharp spike at 62 cm. Fe appears to follow the same trajectory but with a
slight delay. Core C2 indicate an increase in concentrations at 15 cm with one minor peak at 20 cm,
followed by three large ones at approximately 31 cm, 42 cm, and 75 cm, where Fe and Zr display a
slight lag at the latter. Additionally, C2 display the largest concentrations of Rb, Sr and Zr of all the
analysed peat cores, reaching up to 143 pg/g, 132 pg/g, and 214 pg/g, in that order.
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The slopes of the element concentrations are similar in cores C4a and C4b, with the rise in
concentrations starting at 50 cm and 40 cm, respectively. A smaller peak appears at 55 cm in C4a and
at 45 cm in C5Db to be followed by two larger peaks in C4a, at 75 cm and 85 cm, and 3 peaks in C4b at
65 cm, 80 cm and 90 cm. An important difference between C4a and C4b is the larger amplitude of the
peaks presented in C4a. Furthermore, note the slight peak that occurs at 10 cm in C4a. Two smaller
peaks are displayed in C5b at 25 cm and 40 cm, and a potential tendency of further increase is indicated
at 55 cm, right at the end of the core. As opposed to cores C1 to C4b, the curve of the Fe concentration
does not closely match the ones of Rb, Sr and Zr. A large peak is displayed at approximately 45 cm

with a concentration of 21 780 pg/g, the highest Fe concentration in all the analysed peat cores.
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Figure 19. Concentrations of Rb, Sr, Zr, and Fe plotted against
depth of the peat cores. Rb, Sr, and Zr concentrations are
displayed on the left side y-axis and Fe concentration on the right-
side y-axis for all peat cores. Note that the magnitude of the scale

\ — / " = . . . . :
N e /\, 4 e of the right-hand y-axis is larger for C5b than the other diagrams
g due to the large concentration of Fe.

4.3.2.3. Geochemical proxies
Figure 20 shows the fluctuations of the geochemical proxies and the organic content in the intact peat

cores C1, C2, C4a, C4b, and C5b. Note the pattern between the slope of the Rb/Sr ratio and the organic
content, which shows an almost perfect inverse relationship in all of the peat cores, only with differing
magnitudes of fluctuation. Similarly, the Zr/Rb ratio appears to show a similar inverse relationship to
the Rb/Sr ratio to some degree, especially in C4a, C4b, and C5b. Despite this, the Zr/Rb ratio does not
follow the same trajectory of the slope for organic content, although similarities are evident between

the two. It is important to note that both geochemical proxies include Rb in the ratio.
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Cl1 displays a substantial change with peaks at 35 cm, where Rb/Sr increases from approximately 0.2
to 1.2 in the downcore direction, and Zr/Rb decreases from 3.9 to 1.3. Simultaneously, the organic
content drops from 90% to 59%. Two major shifts in the ratios are evident in C2, with the first one at
20 c¢cm with an increase of Rb/Sr from a value of 0.2 to 1.3 in the downcore direction, and a drop of
Z1r/Rb from 4.3 to 1.3. The second increase in Rb/Sr occurs at 30 cm with a rise from 0.3 to 1.6, where
Z1/Rb also decreases from 3.7 to 1.6. Again, the organic content simultaneously decreases with a shift

from 87% to 51% at 20 cm and from 80% to 25% at 30 cm.
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Figure 20. Rb/Sr and Zr/Rb ratios plotted with organic content
against depth of the peat cores. Rb/Sr and Zr/Rb are displayed
on the left side y-axis and organic content on the right-side y-
axis. Note that the magnitude of the scale of the right-hand y-

e o - B axis is larger for C4a than the other diagrams due to the larger
- ratio of Zr/Rb. The dotted sections of the Rb/Sr and Zr/Rb lines
° were interpolated.

Organic content (%)

Similar trajectories are displayed in C4a and C4b. In C4a, Rb/Sr displays a peak at 8 cm with a value
of 1.1 and Zr/Rb displays a trough of 1.5. Again, with a simultaneous decrease in organic content from
86% to 50% in the downcore direction. C4b displays a similar sharp increase in Zr/Rb with a slight
decrease in Rb/Sr in the downcore direction at 10 cm. The values of the geochemical proxies in C5b
appear relatively uniform except for a distinct peak in Rb/Sr at 25 cm, reaching a value of 1.4. A
concurrent drop from 72% to 34% in the downcore direction of organic content is evident, while no

shift in Zr/Rb is illustrated.
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4.3.3. Element concentrations in the ash samples
Figures 21 to 23 present the concentrations of the analysed elements with the corrected values in the

analysed ash samples of C1, C4a, and C5b, with the same elements and geochemical ratios as in Figures
18 to 20. Concentrations of Mn, Ni, and Hg were observed in all three analysed peat cores, while As
was absent. Furthermore, higher concentrations of most elements, including Mn, Ni, and Hg, were
identified in the ash samples compared to the intact peat cores. Although Mn was detected along the
length of all three cores, the concentrations remained relatively low. Ni was detected in all three peat
cores with an inclination towards the lower half of the cores. C1 and C5b displayed concentrations
reaching 248 ug/g, thus surpassing the guideline limit for less sensitive soil, while core C4a only
exceeded the sensitive soil guideline limit (Table 2), with concentrations of up to 88 pg/g. Hg
concentrations of 6 ug/g at 75 cm and 16 pg/g at 35 cm were noted in C4a and C5b, respectively. Again,
these values exceed the limit for less sensitive soil. Interestingly, Hg is absent in C1 but present in C4a

and C5b, as opposed to the measurements of the intact peat cores.

4.3.3.1. Pb, Cu, Zn and Fe

Figure 21 shows higher concentrations of Pb, Cu, Zn and Fe in the ash samples from peat cores Cl,
C4a, and C5b compared to the measurements in the intact peat cores. Similarly to the intact peat cores,
a tendency toward elevated concentrations in the upper part of the core is evident. These concentrations
substantially surpass the guideline values of sensitive and less sensitive soil use (Table 2). Furthermore,
Cu demonstrate the smallest increase in concentration while Pb and Fe display the largest concentration
increase compared to values in the intact peat cores. While some peaks occur at the same depths across
peat cores in Figure 18 and in Figure 21, there are few similarities overall between the trajectories of

the element concentrations from the two methods.

The most evident peak of Pb, Cu and Zn in core C1 occurs at 30 cm, similarly to C1 in Figure 18.
Additionally, the highest Cu concentration, of 5533 pg/g, across all peat cores is displayed in C1 at 30
cm (Figure 21). Core C4a presents more variation in the trajectories, as well as the highest Pb

concentration, at 9768 ug/g, across all cores in Figure 21.

The highest concentrations of Zn and Fe are shown in C5b with values of 14 288 ng/g at 5 cm and
67 037 ng/g at 50 cm, respectively. The element concentration trajectories of C5b from the ash samples
illustrate similar results to C5b from the intact peat cores. Again, a significant decrease in Pb, Cu, and
Zn occurs at 25 cm, below which the concentrations remain low downcore. Note that Fe instead

increases in the downcore direction, peaking at 50 cm.
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4.3.3.2. Rb, Sr, Zr and organic content
Figure 22 compares the concentrations of Rb, Sr, and Zr in C1, C4a, and C5b between the intact peat

cores and the ash samples, where the latter exhibit considerably higher concentrations, especially in Sr
and Zr. Rb and Zr display similar trajectories in the ash samples and the intact peat cores across all
cores, with an upward trend along depth. The highest Sr concentrations in the ash samples, however,
generally occur at the upper part of the peat cores and decrease with depth as opposed to in the intact
peat cores. Additionally, the slope of the Sr concentration in Figure 22 shows similarities to the slope
of the organic content, where peaks in Sr often coincide with peaks in organic content. The opposite is

true for Rb and Zr, where concentrations increase as organic content decreases.

With the large change in the slope of Sr from the analysed ash samples, different peaks are thus
presented. The Srin C1 displays a large peak at 30 cm before dropping in concentration in the downcore
direction. C4a showcases peaks larger peaks at 20 cm, 35 cm, and 50 cm (Figure 22). Interestingly, the
slope of the Sr concentration, in primarily C4a, displays an almost perfect inverse relationship to the
slope of the Zr concentration. The highest Sr concentrations in C5b occur in the uppermost part of the
core, with two additional peaks at 40 cm and 50 cm as well, concurring with the organic content. Rb

remains low with few peaks in all three cores but with an inverse relation to organic content.
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4.3.3.3. Geochemical proxies
Figure 23 illustrates fluctuations of the geochemical proxies and organic content in the ash samples in

C1, C4a, and C5b. The Rb/Sr displays noticeably lower values but still follows the same trajectory as
the Rb/Sr in Figure 20. The Zr/Rb ratio, however, indicates very different trends compared to the values
measured in the intact peat cores. C1 does not present any drastic Zr/Rb peaks but instead a constant
upward trend in the downcore direction with smaller peaks at approximately 18 cm, 30 cm, 45 cm, 65

cm, 72 cm, and 88 cm, where the latter display the highest value in C1 of 3.1 (Figure 23).

The Zr/Rb in C4a also increases downcore, with the largest peak at 80 cm reaching a value of 4.3. A
similar trend between the slope of Zr/Rb and Rb/Sr is illustrated in C5b with two main peaks in Zr/Rb.
The first peak at 25 cm concurs with the highest peak of Rb/Sr and the lowest organic content. The
second peak at 45 cm represents the highest Zr/Rb value at 3.6 in CS5.
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5. Discussion

5.1. The quality of the derived “C age results

The obtained '*C ages (BP) and the calibrated calendar age intervals can be deemed mostly adequate
for chronological interpretation. While some of the samples exhibited *C ages (BP) that calibrated to
more than one calendar age interval, which increases the uncertainty, the age results can still be
considered a success. The derived calendar ages within the peat stratigraphy cover large parts of the
mining history, including the 1666 extreme weather event and the onset of mining activity. Furthermore,
the deeper part of the core C1 displays an age interval so far back in history that the area can be assumed
to have been largely unaffected by human activity during that period. Compared to the more recent
investigations by Hellgvist. et al. (2010) and Edberg (2015) which displayed very old ages even at
relatively shallow depths, the peat cores in this investigation offer strong potential for current and future

investigations of the operational period of the Falun Copper Mine.

The large time jumps between some of the dated samples compared to others reflect unconformities in
the peat sequence and suggest that the peat development either has stagnated at some points in time or
has been removed by erosional processes, potentially because of the 1666 weather event. For instance,
the maximum dated age difference between samples C1.1 and C1.2 is 284 years over a distance of
almost 20 cm (Figure 13). The maximum dated age difference between samples C1.2 and C1.3 is 4406
years over a distance of 29 cm. It is important to emphasise that it was deposits within the peat that were
14C dated and not the peat itself. The deposits may originate from older organic material and thus display
older ages than the surrounding peat. Conversely, the deposits may have migrated slightly within the
peat stratigraphy, for instance by gravity, which could result in younger age results compared to the
surrounding peat. This may explain the case with samples C5b.2 and C5b.3, where C5b.3 with the

younger calendar age interval is situated in a stratigraphically older part of the core (Figure 17).

For future investigations, it is therefore recommended to also date peat samples as well, preferably from
the same locations as the deposits. This could provide a means of using the dated peat samples as
controls to improve data quality and verify the accuracy of the derived ages of the deposits, and vice
versa. Since some of the samples fall near the boundary between the older and the modern calibration
procedures, a key concern arises regarding the extent to which the age results may vary depending on
the method utilised. Sample C1.1, which was calibrated against the bomb curve, gave a highly precise
calendar age in contrast to calendar interval ages of samples C1.2 and C5b.1 shown in Figure 11 and

12, respectively, which were calibrated against the atmospheric tree ring data IntCal20.

Dated samples displaying similar characteristics are assumed to originate from the same source.

However, the twigs from samples C1.1 and C5b.1 are unlikely to share a common source, given their
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differing age results. It should be noted, however, that the calendar ages of the two samples were derived
from different calibration methods. These results do not rule out the potential common origin with the
similar deposits in C4a, on the other hand, which are yet to be '“C dated. Furthermore, the results display
different ages at different depths in peat cores C1 and C5b. Older ages are exhibited at the two
uppermost samples in C5b compared to C1, while the oldest dated sample of both peat cores is the
deepest sample from C1. This indicate of stratigraphical differences between the peat cores, possibly

due to differences in deposition rates or other disruptions.

5.2. Organic content and deposits in the stratigraphy

Although detailed stratigraphic differences are evident between the cores, a general trend is notable
with peat underlain by gyttja, clay and till, in that respective order. This is in accordance with the
descriptions of the peat stratigraphy in multiples studies including Lundqvist (1951) and Eriksson and
Qvarfort (1996). These findings support the theory of the peat bog forming from a lake in a similar
manner to the peat bogs in the nearby area (Olsson, 2010). The overall decreased organic content

downcore furthermore provides evidence of this.

Some of the spikes in organic content at deeper depths may partly be due to dense organic deposits. For
instance, the peat at 78 cm in peat core C1 coincides with the charcoal deposit that was also *C dated
(Figure 13). Additionally, the slight organic content increase in the deeper part of C4a and C4b shown
in Figure 15 and 16, respectively, occurs where the large wood deposits were found. Interestingly, the
sharp peak at 66 cm in C2 cannot be explained by the occurrence of visible organic deposits (Figure
14). The peak concurs with the coarse sand clumps, which would be expected to instead lower the
organic content. This sequence must thus indicate peat rich in organic matter, something that implies

that conditions favoured increased peat productivity in this part of the bog.

The detrital deposits found within all cores, especially in C4a and C4b, appear to be bog iron deposits
formed by biogeochemical processes. Bog iron forms by the oxidation of soluble Fe?" into Fe*", forming
goethite and ferrihydrite (Landuydt, 1990). The process usually occurs in iron-rich waters and is
accelerated by iron-oxidising bacteria such as Leptothrix (Fleming et al., 2018). Since bog iron usually
forms at shallow depths where iron rich groundwater can come in contact with oxygen (Brenko et al.,
2020; Sandatlas, 2025), the presence of bog iron at various depths within the 1 m long peat cores
suggests that parts of the stratigraphy experienced oxidising conditions. While bog oil was not
consistently documented during fieldwork, a thin film of the substance was observed at the time of

sampling. This observation is consistent with the presence of bog iron in the peat.
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5.3. Fluctuations of heavy metal concentrations

The geochemical profiles displayed by the intact peat cores suggest that concentration fluctuations are
primarily the result of anthropogenic activities, but may also reflect factors such as depositional
processes, detrital input, and shifts in pH and redox-oxidation conditions driven by environmental and
climatic changes. The major concentration peaks that are prevalent in C1, C4a, C4b, and C5b may be
linked to the initial start of the mining operation in the area (Figure 18). All cores except for C2 display
drastic concentration increases in comparison to previously low background concentrations evident in
the lower part of the cores. These results align with those in the investigation by Qvarfort (1984) where
the increase in metal concentrations was dated to approximately AD 700. Furthermore, the occurrences
of the peaks at different depths were also reflected in this investigation. The location of the peak in C1
at 65 cm places it right in between the '*C dated samples C1.1 and C1.2 (Figure 13). With this
information, the date of the peak may coincide closely with the onset of mining activity, although the
exact date is highly uncertain. This, however, assumes a constant deposition rate of peat between the
two samples. The concentration increases in C5b is situated a few centimetres above the '“C dated
sample C5b.2 (Figure 17), which indicate that the increase should occur close to the time interval of
AD 1033-1177. While this gives a slightly older calendar age than the known first mining activities, the
result still aligns well with the established start date of the mine when the previously mentioned factors

affecting the age estimates are considered.

Similarly to the results in the study by Qvarfort (1984), the elevated metal concentrations in this
investigation appear to be partly associated with increased organic content. This is evident especially
in peat cores C1, C2, C4a and C5b. Differences between the two factors, namely organic content and
metal concentrations, are nonetheless prevalent. For instance, the organic content remains high in the
uppermost part of C1 and C2 despite low metal concentrations, while major fluctuations in metal
concentrations still occur in C4a and C4b, where organic content remains elevated. Additionally, the
sharp metal concentration increase in C4b does not concur exactly with the rise in organic content, and
the organic content remains elevated even in the deeper part of C5b. In agreement with Qvarfort (1984),
the elevated metal concentrations in this investigation are believed to primarily be due to the mining

activity.

The task of pinpointing the 1666 extreme weather event becomes increasingly difficult with few '“C-
dated samples and multiple calendar age intervals for some of the samples. Since the annual crude
copper production reached its peak soon after the year 1650, an increase in metal concentrations could
be expected in the peat stratigraphy around the same period from atmospheric deposition (Figure 4).
The major peak at 30 cm in C1 coincides with sample C1.1, dated to AD 1967. One uncertainty
regarding the origin of sample C1.1 is whether it could represent younger material that has migrated

downward into older peat by gravity. However, assuming no such downward migration has occurred,
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it raises the question of which of the remaining peaks might represent peak productivity. Since 25.4%
of sample C1.2 falls within a calendar age range of AD 1638-1737, the peak immediately below at 55
cm may represent an event; however, it lies very close to the oldest major concentration peak at 62 cm.
A smaller spacing between pXRF measurements could have been advantageous in this context, as large

time spans can be represented by small vertical distances within peat deposits.

In C5b, the uppermost sample with 25.8% dated to between AD 1687-1730 concur with the largest
concentration peak of Pb and Cu. It is, however, difficult to draw definite conclusions from this due to
the ambiguity of the age result. Furthermore, since Qvarfort (1984) argued that significant concentration
peaks dated to around AD 1700 corresponded to increased leaching as a result of the 1687 collapse,
another contamination event during a similar period must be considered. Distinguishing potential
concentration increases due to the 1666 weather event from effects of both the collapse in 1687 and the
peak productivity of the mine around the same period has proven to be complex. Additionally, the
potential loss of peat sequences due to inhibited growth or, as Lindestrdm (2003) emphasised, erosion

caused by the 1666 event represents a significant concern.

Although background concentrations tend to be high in the Falun area, the displayed concentration
levels in the peat cores are elevated, hence posing a health and environmental risk to the surrounding
area. This is especially notable since they often surpass the guideline limits set by the Swedish Nature
Conservation Agency (Table 2). Similar concentration differences to the pre-mining and mining
concentrations described by Qvarfort (1984) are exhibited in the peat cores; however, slightly lower
values are reported in this investigation (Table 1), possibly due to the analytical method used,
specifically pXRF measurements on intact peat cores. In addition, the location of the investigated peat
bog may render it sensitive to continued contamination from nearby sources. In particular, the leaching
of zinc from Ingarvsdammen and metals from old sand deposits below the Ingarvet area (Lindestrom,
2003). This may be yet another explanation for the elevated metal concentrations in the peat bog,

especially when it comes to Zn.

The displayed behaviour of the elements in this investigation differed from previous studies conducted
in the area, described by Lindestrom (2003) and Ek et al. (2001). In this investigation for instance, Pb
concentrations were not notably higher in the topsoil layers compared to deeper layers, and, similarly
to Cu, Pb occur at various depths. Zn, however, exhibits higher concentrations and greater variability,
in accordance with previous investigations. This is something that may be attributed to fluctuations in
pH and oxidation-reduction potential within the peat stratigraphy. At the time of sampling, field
measurements were not conducted for pH and oxidation-reduction potential due to the lack of a multi-
parameter probe. Thus, these conditions remain largely unknown. There are, on the other hand, some

indicators, including the presence of bog iron and Fe concentration fluctuations that could represent Fe
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mobility and thus changing redox potential over time (Patzner et al., 2022). Pb, Cu, and Zn are instead
relatively resilient to changes in redox potential, making them suitable indicators of historical pollution
(Novak et al., 2011). For future investigations, a recommendation is to conduct field measurements of
pH and oxidation-reduction potential along the depth profile in the peat stratigraphy. Additionally, Fe**

concentrations can be estimated by using testing strips as an indicator.

5.4. Significance of trace elements and geochemical proxies

The inverse relation between the Zr, Sr, and Rb concentrations and the organic content in the peat cores
is in accordance with the general characteristics of elements that usually stem from lithogenic sources.
The close correlation between Fe and Rb, especially in C2, C4a, and C4b (Figure 19), supports the
interpretation that the source of the elements is from detrital input, as noted by Longman et al. (2019).
This can provide insight into the interpretation of the geochemical ratios. The pronounced negative
correlation of Rb/Sr with organic content is likely indicative of the increasing clay content as the organic
content decreases, thus reflecting the stratigraphic differences within the peat cores. In this case, the
increased Rb/Sr ratio downcore signifies wetter conditions as described by Xiao et al. (2017) and Zhong
et al. (2010) since the deeper stratigraphic layers reflect the previous lake-stage of the bog. This is also
reinforced by somewhat lower Zr/Rb ratios downcore, signifying finer grain sizes most likely due to

increased clay content, which often coincide with lower organic content.

The Rb/Sr ratio in the investigation by Shi et al. (2021) displayed an inverse relationship with the
organic content, which is consistent with the results presented in this study. Shi et al. (2021) argued that
this was most likely a result of chemical weathering processes, something that peat with low input of
terrigenous debris tends to be more affected by. Thus, lower Rb/Sr ratios reflect stronger chemical
weathering intensity due to increased temperatures and precipitation, which mobilises the Sr.
Consequently, increased temperatures and precipitation would also increase the peat production and, in
turn, the organic content (Shi et al., 2021). While this may be true for the organic-rich upper peat layers
in this investigation, it is unclear whether this pattern is more likely to develop over longer timescales
due to long-term climatic changes, rather than over shorter periods such as the operational lifetime of

the mine, which was also impacted by anthropogenic activity.

Of particular interest are the sudden drops in organic content evident within the upper 30 cm in C2,
C4a, and C5b, where corresponding fluctuation in mainly Rb/Sr but also Zr/Rb are evident (Figure 20).
The sudden input of detrital matter, with the geochemical proxies indicating finer grain sizes, may
suggest something like flood deposits. With the lack of *C-dated samples in C2 and C4a, peat core C5b
remains the only indicator for providing insight into the timing of the event. The drop at 25 cm is

situated between the '*C dated samples C5b.1 and C5b.2 (Figure 17), thus constraining the event to
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between approximately AD 1200-1800. Since the drop is closer to the younger date and assuming a
constant peat accumulation between C5b.1 and C5b.2, the drop in organic content might just as well

coincide well with the 1666 extreme weather event.

The application of the geochemical proxies, especially Rb/Sr, should be done with care. Xiao et al.
(2017) emphasises that the ratio values may not be compared directly between different investigated
cores as there is no normalized value. It is evident that while it is a useful proxy, its interpretative
significance also depends on knowledge such as the source of Rb and Sr. Additionally, factors such as
the surrounding area and the type of climatic or environmental event may result in different grain sizes
of any potential lithogenic input, which would affect the values of both proxies. Nonetheless, the results
depict notable correlations with the organic content, highlighting the effectiveness of the applied
method, especially since the method of quantifying the organic content (LOI) and measuring the

element concentrations (pXRF) are two methods completely independent of each other.

5.5. Remarks on LOI ash methodology

Including pXRF measurements of the remaining ash as an additional methodological approach resulted
in several observations. The most striking difference in the ash results was the behaviour of Sr. The
inverse behaviour of Sr in the ash samples to Sr in the intact peat cores, which did not occur with Rb
and Zr, may be explained by its higher mobility (Figure 22). The increase in measured Sr with higher
organic content in the samples suggests that Sr concentrations may be underestimated in the intact peat
cores due to their higher porosity, thus resulting in enrichment after combustion. Despite this, the overall
pattern of the Rb/Sr proxy does not change drastically in the ash samples, although the absolute values

are lower and with reduced definition.

Measurements performed on the remaining ash after loss on ignition generally displayed larger element
concentrations than those obtained from the intact peat cores. This discrepancy between intact peat
cores and remaining ash is most likely due to the removal of organic material, thus reducing the matrix
effect. The matrix effect, including characteristics such as porosity, particle size, homogeneity,
humidity, as well as chemical composition, can influence the signal intensity of the pXRF (Laperche &
Lemiére, 2021). It is important to note, however, that ash also remains affected by the matrix effect due
to heterogeneities such as particle size differences even though organic material has been removed. The
volume of remaining ash after combustion varied greatly from sample to sample, which also could have
influenced the measurements. Additionally, although higher concentrations were detected in the ash,
the effect of the high temperature exposure during combustion is difficult to completely evaluate.

Previous studies have indicated that certain elements, such as Pb, Cu, and Zn, may volatilize at
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temperatures close to 550 °C, while more stable elements tend to be enriched (Raclavska et al., 2015;

Zajac et al., 2019).

It is important to remember that the concentration increase in the ash does not represent a true increase
in total element quantity, but rather a change in proportion relative to the mass. Therefore, pXRF
measurements on intact peat cores may be considered a more appropriate analysis method in this
investigation, specifically as a non-destructive, in-situ method that preserves the integrity of the peat
core while simultaneously avoiding the risk of alteration due to combustion. Further investigation is
needed to better understand the differences and benefits between analysing intact peat cores and ash, as
a thorough evaluation is beyond the scope of this investigation. However, conducting measurements on
ash can be a way of increasing the density to obtain higher concentration measurements that can help
identify elements previously below the limit of detection. By combining the two methods, a broader

perspective of the elements present can be obtained.

5.6. Comparison of cores

Among the five investigated peat cores, C1, C4a, and C5b displayed the best qualities suitable for this
investigation. The behaviour of the parameters measured in peat core C2 remains difficult to interpret,
as the qualities of the core almost appear to be the opposite of the other cores. Thus, '“C dating could
be an important step to better understand geochemical and stratigraphic dynamics within core C2. While
the quality and the results displayed by C4b are satisfactory, C4a, which represents the first extraction
of the two, is thus considered to be of better predisposition. The similarity of the results in C4b to those
in C4a is a strong sign of the reproducibility of the pXRF measurements and is, for that reason, a
valuable addition. Moreover, while the C dating of peat core C5b provided good results, it may, in
hindsight, have been better to date peat core C4a, as later results revealed distinct metal peaks and an

abundance of deposits within the peat core.

The stratigraphic differences displayed within the peat cores indicate that different factors affected the
deposition and peat productivity differently within a relatively small peat bog area. While some of the
deposits found in the cores may stem from the same events, a large general variation of deposits is
displayed. Therefore, the stratigraphic differences result in the same event history recorded at different

depths.

5.7. Sources of error and proposed improvements
Some potential sources of uncertainties have already been addressed in previous segments; however,
the following section summarises the main limiting factors that may have affected the resolution of the

interpretations, including:
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The coring process may have resulted in some increased differences in stratigraphy depths due
to the compaction and decompaction that the coring induced. Despite this, the stratigraphic
chronology was kept intact with this method of coring.

High density of organic deposits within the peat stratigraphy may have resulted in a higher
organic content value than that of the actual matrix.

Some uncertainties regarding the '“C dated samples, due to two different calibration methods
being utilised, and deposits within the peat stratigraphy being dated but not the adjacent peat.
This may have led to some minor discrepancies between the ages obtained by the two methods,
as well as between the measured ages and the true age of the stratigraphic layer.

The SRMs and ash concentrations were measured through a thin plastic film, but the intact peat

cores were measured with no material in between.

The application of a multiproxy approach, including stratigraphy analysis, '“C dating, loss on ignition,

and pXRF measurements to analyse element concentrations and geochemical proxies, was found to be

an effective method of conducting the analysis. There is, however, room for improvement, for example:

Conducting field measurements of pH and oxidation-reduction potential along the depth profile
in the peat bog would better our understanding of the hydro- and biogeochemistry of the peat
bog.

Due to the matrix effect, it could be of value to combine the pXRF measurements with controls
sent to a commercial lab, or to measure controls with, for example, LA-ICP-MS. Additionally,
samples of intact peat cores could be homogenized by milling and compacting to improve
pXRF measurement consistency.

Additional dating methods could be applied to increase the accuracy of the results. Pollen, 2!°Pb,
or cryptotephra are a few alternatives, but this would be less cost-effective.

Conducting the pXRF measurements on intact peat cores as a first step to gain an overview of
the geochemical conditions within the peat cores, since identifying concentration peaks along
the core can aid in selecting samples for dating.

The resolution of the results could be improved by conducting pXRF measurements and LOI
analysis at 1 cm intervals instead; however, this approach would be more time- and data-

intensive.

44



6. Conclusion

From the results of the multiple methods utilised in this multiproxy approach, the following can be

concluded:

The stratigraphic descriptions of the peat cores, together with the organic content, indicate that
the investigated peat bog formed from a lake like the surrounding peat bogs in the area.

The peat bog is suitable for further analysis given the derived ages, which cover the period
relevant to this investigation, something that distinguishes this investigation from previous
studies in the area by Hellqvist. et al. (2010) and Edberg (2015).

The 1666 extreme weather event is difficult to trace due to contamination events during a
similar time-period, including the peak productivity of the Falun Copper Mine and the 1687
collapse, and furthermore because the flood event may have erased the peat layer of interest
due to erosion.

The sudden decrease in organic content accompanied by changes in Rb/Sr and Zr/Rb in the
upper 30 cm of core C2, C4a and C5b could be interpreted as evidence of potential flood
deposits, which would be of high interest to investigate further in future studies.

Evidence for the onset of mining activity is reflected in heavy metal peaks within the peat
stratigraphy, where post-mining stratigraphy shows significantly higher metal concentrations
compared to pre-mining stratigraphy.

The applied method of investigation proved effective, though there remains room for
improvement. In particular, the application of pXRF spectrometry to peat cores proved useful
to visualise the variations in element composition with depth, and as a cost-effective and non-

destructive method.
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9. Appendices

Appendix A: Pre-treatment and results from the Tandem Laboratory C'* dating.

Uppsala 2025-02-12

Magnus Hellgvist

Department of Earth Sciences
) University of Gothenburg

UPPSALA Medicinaregatan 78

UNIVERSITET 413 90 GOTEBORG

Angstrom Laboratory
Tandem Laboratory

Result of *C dating of macrofossils and charcoals from Falu

Radiocarbon group gruva, Falun, Dalarna. (p 6460)
Visiting address:
Angstrom Laboratory Pre-treatment of macrofossil samples:

Lagerhyddsvagen 1 . . . .
1. 1% HCl is added (10 h, just below the boiling point) (carbonates are removed).

Postal address: 2. 0.5% NaOH is added (1 h, 60°C). The soluble part is precipitated by addition of concen-
Box 529 L - f : A )
SE-751 21 Uppsala trated HCI. The precipitate, which mainly consists of humus material, is washed, dried
Sweden and referred to as fraction SOL. The insoluble fraction, referred to as INS, is mainly con-

sisting of the original organic material, and should therefore provide the most reliable age.
Telephone: Influence of contaminants could be obtained from the SOL fraction.

+46 18— 4713124

Prior to the determination of the '*C-content in the accelerator, the washed and dried material,
Website: acidulated to pH 3, is combusted to CO; which is graphitised using a Fe-catalyst reaction. In
www.uu.sefcentrum/tandemlab  thg present investigation fraction INS has been dated.

E-mail: Pre-treatment of charcoal:
radiccarbon@physics.uu.se 1. Visible root-fibres are removed.
2. 1% HCl is added (10 h, just below the boiling point) (carbonates are removed).

3. 1% NaOH is added, (10h, just below the boiling point). This step is repeated until the
soluable part no longer is dark coloured.

The soluble part is precipitated by addition of concentrated HCI. The precipitate, which
mainly consists of humus material, is washed, dried and referred to as fraction SOL. The
insoluble fraction, referred to as INS, is mainly consisting of the original organic material,
and should therefore provide the most reliable age. Influence of contaminants could be
obtained from the SOL fraction.

Prior to the determination of the '*C-content in the accelerator, the washed and dried material,
acidulated to pH 3, is combusted to CO; which is graphitised using a Fe-catalyst reaction. In
the present investigation fraction INS has been dated.

RESULT
Lab number Sample 3"C%.V-PDB ™C age BP
macrofossil
Ua-86063 FO1:1 —28.2 161.6+ 0.5 pMC
Ua-86064 FO1:2 —29.0 113+ 29
Ua-86065 FO5b.1 —20.8 98 + 28
charcoal
Ua-86066 F01:3 —24.4 3906 + 31
Ua-86067 FO5b.2 —275 929 + 29
Ua-86068 F05b.3 —29.3 850 + 29

Kind regards

K a rl Elektroniskt undertecknad
av Karl Hakansson
Datum: 2025.02.12

Hakansson o:se.os soroo

Karl Hakansson/Daniel Primetzhofer
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