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Introduction 

Background 

Because of its toxic nature mercury is a 
threat to both wildlife and human health, and 
thus, it is an element of concern in the 
environment (WHO, 1989). Even if mercury 
can be a problem also in the terrestrial 
environment (Seeger, 1976; Rimmer et al., 
2005), it is in the aquatic environment, where 
most methylation occurs, that the effects are 
most profound (Lindqvist et al., 1991). In 
order to reduce the anthropogenic mercury 
load to the environment many governments 
and national environmental agencies have, in 
recent decades, imposed stringent regulations 
for activities causing mercury emissions 
(UNECE, 1979; U.S. EPA, 1990; UNECE, 1998). 
However, mercury is still used and emitted 
extensively in many processes, e.g., coal 
burning and waste incineration, and there are 
large amounts of “old” emissions stored up in 
the different environmental compartments 
that will keep mercury on the list of elements 
of concern for many years to come.  

Due to its elemental properties, i.e., low 
boiling point and high vapor pressure, 
mercury behaves very differently in the 
environment as compared to other heavy 
metals (Schroeder and Munthe, 1998). In the 
atmosphere mercury is mainly present as 
gaseous elemental mercury (Hg0), which has 
an atmospheric residence time of about one 
year (Slemr and Langer, 1992; Lamborg et al., 
2000). The relatively long atmospheric 
residence time results in a substantial fraction 
of mercury being transported long distances 
from the original sources before being 
deposited. Eventually the elemental mercury 
present in the atmosphere is oxidized to 
mercuric ions (Hg2+), which are relatively 
rapidly washed out of the atmosphere by 
precipitation and is deposited on the earth’s 
surface (Hall, 1995).  

Natural emissions of mercury to the 
atmosphere originate mainly from thermal 
activity (e.g., volcanoes) and degassing from 
the oceans (Nriagu, 1989; Nriagu and Becker, 

2003), but there is also a considerable re-
volatilization of deposited mercury from both 
terrestrial areas and lakes (Nguyen et al., 
2009; Amyot et al., 2004). Much of the 
mercury emitted to the atmosphere, 
however, is derived from anthropogenic 
sources – both direct emissions and re-
emission of already deposited anthropogenic 
mercury (Swain et al., 1992; Fitzgerald et al., 
1998; Lamborg et al., 2002a; Lamborg et al., 
2002b). Throughout history mercury has been 
used in numerous applications, e.g., mining, 
fabric production, pesticides, dental care, 
medical treatments, the chlor-alkali process, 
electrical equipment, and in pigments. 
Mercury is also incidentally released during 
several processes, e.g., coal-burning, waste 
incineration and ore processing (Pacyna and 
Munch, 1991).  

Even if mercury emissions increased 
drastically following industrialization, the use 
of mercury dates back into antiquity and 
mercury mining activities have been going on 
for centuries, or even millennia, in many 
places (Nriagu, 1993; MartinezCortizas et al., 
1997; Ganguli et al., 2000; Hylander and Meili, 
2003; Cooke et al., 2009). During the last 
decades the active use of mercury has been 
phased out from many industrial processes in 
Europe and North America, but it is still used 
in some applications, e.g., fluorescent lights 
(Hylander and Meili, 2005; Eckelman et al., 
2008), and large amounts of mercury are still 
emitted worldwide from coal-burning and 
waste incineration (Mukherjee et al., 2004; 
Wu et al., 2006; Butler et al., 2008). There is 
also an extensive use of mercury, e.g., in gold 
mining operations, in countries with less-
stringent mercury regulations (Cortes-
Maramba et al., 2006; Bose-O'Reilly et al., 
2008; Jønsson et al., 2009).  

Following deposition the cycling of 
mercury in terrestrial and freshwater 
environments is tightly linked to that of 
organic matter (Meili, 1991; Morel et al., 
1998; Ravichandran, 2004). This high affinity 
of mercury, and methylmercury, for organic 
matter has been shown to result from the fact 
that Hg2+ binds readily to reduced sulfur 
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groups on organic matter (Xia et al., 1999; 
Yoon et al., 2005; Skyllberg et al., 2006). This 
leads to organic matter cycling also having a 
profound effect on mercury cycling in soils 
(e.g., in peatlands and humic horizons; Grigal, 
2003), watercourses (Pettersson et al., 1995; 
Brigham et al., 2009), and lake sediments 
(Kainz and Lucotte, 2006). But even if organic 
matter often is very important, there are 
many other factors that might affect the 
behavior and mobility of mercury in the 
environment, e.g., sulfide (Wolfenden et al., 
2005), mineral matter (Roulet et al., 2000; Yin 
and Balogh, 2002), and apart from being 
sequestered in soils and sediments a 
substantial amount of the deposited mercury 
is re-volatized and emitted back to the 
atmosphere (Gustin et al., 2002; Amyot et al., 
2004; Fitzgerald et al., 2005).  

Mercury vs. Methylmercury 

Even if inorganic mercury is the main form 
that is emitted to and deposited from the 
atmosphere, the most interesting mercury 
specie from an ecotoxicological perspective is 
methylmercury (WHO, 1989). Methylmercury 
is readily taken up by organisms, both in the 
water column and in sediment, and because 
methylmercury is difficult for organisms to 
excrete, it is biomagnified and becomes 
enriched in higher trophic levels (e.g., 
northern pike or large marine mammals). 
Thus, methylmercury also poses a threat to 
wildlife and humans who rely on such top 
predators as their primary food source (WHO, 
1989; Lindqvist et al., 1991; AMAP, 2003). 

Methylation of inorganic mercury is 
considered to be a primarily microbially 
mediated process, and both sulfur- and iron-
reducing bacteria strains have been shown to 
produce methylmercury, at least under 
laboratory conditions (Gilmour et al., 1992; 
Benoit et al., 1999; Kerin et al., 2006). Even if 
methylation occurs in many environmental 
settings, net methylation (i.e., methylation 
minus demethylation) seems to be favored by 
anoxic conditions (Morel et al., 1998; Ullrich 
et al., 2001; Grigal, 2003). This makes lake 
sediment, bottom waters (hypolimnion) and 

mires, which often exhibit anoxic conditions, 
hotspots for methylmercury production, and 
consequently result in aquatic systems being 
more affected by methylmercury as 
compared to terrestrial systems (Lindqvist et 
al., 1991; Bishop et al., 1995; Watras et al., 
2005).  

Although the synthesis of methylmercury 
requires inorganic mercury, there is no 
straightforward link between the two in 
sediments (Kamman et al., 2005), nor is there 
any simple relationship between mercury 
deposition and methylmercury concentrations 
in fish (Lindqvist et al., 1991). When looking 
on a continental scale, Hammerschmidt and 
Fitzgerald (2006) did find that mercury 
deposition and fish mercury concentrations 
are correlated. At smaller scales, however, 
there are many other factors that cloud any 
specific relationship. For example, when 
studying two adjacent catchments in 
southeastern U.S., Rypel et al. (2008) found 
mercury concentrations in fish to be 
significantly higher in unregulated rivers as 
compared to regulated rivers. This clearly 
shows that site-specific conditions are 
extremely important not only in determining 
the net methylation of inorganic mercury, but 
also to what extent methylmercury enters the 
biota. 

Being a microbially mediated process, 
methylation rates are determined not only by 
the amount of bioavailable inorganic mercury, 
but also by the number of viable bacteria 
cells, the presence of suitable substrates 
(electron donors and acceptors) and the 
surrounding chemical conditions (Morel et al., 
1998; Ullrich et al., 2001; Benoit et al., 2003; 
Boszke et al., 2003). Many studies have 
discussed the relationship between net 
methylmercury production and the presence 
of various elements and compounds, e.g., 
dissolved organic carbon, iron, manganese, 
sulfide, sulfate, and inorganic mercury 
(Oremland et al., 1991; Gilmour et al., 1992; 
Driscoll et al., 1995; Benoit et al., 1999; Eckley 
and Hintelmann, 2006; Kerin et al., 2006; 
Drott et al., 2007). However, many of those 
studies rely on modeling, are conducted 
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under laboratory settings, deal with polluted 
sediments or study methylation potential, and 
thus their results may not always be directly 
applicable to ambient, non-point source 
affected conditions. Also, many studies 
conducted under field conditions alter the 
ambient conditions, either by adding specific 
stable mercury isotopes as tracers (Branfireun 
et al., 2005; Chadwick et al., 2006; Li et al., 
2010), or by increasing the amount of other 
compounds, e.g., sulfate (Jeremiason et al., 
2006). Even if these types of experimental 
studies are vital for providing knowledge on 
methylation and methylmercury behavior and 
the underlying biogeochemical processes, 
there is also a need for more studies looking 
at the compounds and elements that control 
the distribution of methylmercury under 
ambient conditions. 

Natural archives as records of past changes 
in mercury deposition 

In order to understand to what extent 
human activities have altered global and 
regional mercury cycles there is a need for 
long time series of mercury deposition. 
Preferably such data series should span both 
the time period before human emissions of 
mercury and the whole history of 
anthropogenic emissions. Of course no 
monitoring series can come even close to 
living up to these requirements; at best such 
data series span a couple of decades, and 
exist only from a limited number of locations. 
For example, in Sweden mercury deposition 
has been measured at a handful stations since 
the latter 1980’s, however, most stations 
cover only a couple of years (up to 5 years) 
and there is only one of those stations that 
still is active today (i.e., Rörvik/Råö; 
www.ivl.se; Iverfeldt, 1991). Hence, there is a 
need for some type of environmental archive 
that can be used to reconstruct past mercury 
deposition. Over the years both lake 
sediments (Swain et al., 1992; Fitzgerald et al., 
1998; Bindler et al., 2001a; Lamborg et al., 
2002a; Yang and Rose, 2003; Lindeberg et al., 
2006; Outridge et al., 2007; Cooke et al., 
2009) and peat deposits (Pheiffer-Madsen, 
1981; Jensen and Jensen, 1991; Benoit et al., 

1994; Norton et al., 1997; Benoit et al., 1998; 
Martinez-Cortizas et al., 1999; Biester et al., 
2002; Roos-Barraclough et al., 2002; Bindler, 
2003; Givelet et al., 2003; Shotyk et al., 2005; 
Roos-Barraclough et al., 2006; Ettler et al., 
2008; Farmer et al., 2009) have proven to be 
useful for this purpose. However, neither of 
these archives is a perfect, absolute record of 
past mercury deposition, and there are many 
factors other than the actual mercury 
deposition that affect the net retention of 
mercury in these archives.  

As mentioned above, neither lake 
sediments nor peat deposits are perfect at 
recording atmospheric mercury deposition, 
and careful evaluation of the integrity of 
individual records must always be assessed. It 
is also important to keep in mind that there 
are fundamental differences between the two 
record types when using them for 
reconstructions of mercury deposition. At first 
glance an ombrotrophic peat deposit, which 
by definition receives all nutrients and 
pollution through precipitation, seems to be 
ideal to use for reconstructions of 
atmospheric deposition. However, the top 
part of peat deposits (i.e., the acrotelm) is a 
living, open system that is exposed to the 
surroundings for a substantial amount of time 
– several decades to centuries – before the 
decomposing peat is finally buried below the 
water table (i.e., in the catotelm; Clymo, 
1984). Because most of the peat 
decomposition occurs in the acrotelm the 
length of time the peat stays above the water 
table is critical in determining the peat 
decomposition rate (Clymo, 1984). Hence, any 
changes in, for example, temperature or 
wetness might affect the peat decomposition 
and consequently also the peat mercury 
concentrations (Biester et al., 2003). In 
addition to this the upper, living part of the 
acrotelm might allow for downward transport 
of mercury (or other elements such as 210Pb) 
that leads to a smearing of the mercury 
profile. Compared to peat deposits lake 
sediments are, provided that lake levels 
remain stable, generally a more protected 
archive. But because lake sediments receive 
inputs from the entire lake basin and 

http://www.ivl.se/�
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surround catchment, they are sensitive to any 
changes in the catchment that might affect 
the transport of material to the lake (Yang et 
al., 2002; Koinig et al., 2003; Schmidt et al., 
2008). The influx of mercury from the 
catchment can also introduce a lag-period 
between the deposition and the sediment 
signal (Meili, 1991), which may complicate the 
interpretation especially for recent time 
periods. 

When the literature on mercury in natural 
archives is reviewed it is also evident that 
there are large discrepancies in the 
magnitude of the anthropogenic input 
depending on whether lake-sediment or peat 
archives are used. Especially for peat archives 
there seems to be large variations between 
and even within sites (Bindler et al., 2004; 
Bindler, 2006; Coggins et al., 2006; Biester et 
al., 2007; Ettler et al., 2008). Even if some 
lake-sediment studies report contrasting 
values, most of them are rather consistent in 
reporting an anthropogenic increase in 
atmospheric mercury deposition of about 2-5 
times during the latter half of the 20th century 
of (Swain et al., 1992; Engstrom and Swain, 
1997; Lamborg et al., 2002a; Lindeberg et al., 
2007). At the same time peat studies report 
values in the range of 10-400 times over 
background (Bindler, 2006; Biester et al., 
2007). This, of course, raises the questions of 
precisely how reliable these archives are at 
recording the atmospheric mercury 
deposition, why these differences come about 
and how can we use these archive to make 
better, more coherent, reconstructions?

Reliability 

In order to effectively use lake-sediment 
and peat archives, there is a continual need to 
assess the integrity and reliability of these 
archives for recording mercury deposition. 
Generally, there is a lack of studies actually 
looking at the stability of mercury in both lake 
sediments and peat deposits. For lake 
sediments there is a general consensus that 
lake sediments are reliable for reconstructing 
relative changes in deposition. This largely 
builds on the general consistency in timing 
and magnitude of the increase in mercury 
concentrations and accumulation rates 
between sites and regions, and the fact that 
the estimated anthropogenic contribution 
approximately adds up to the existing 
estimates for anthropogenic emissions 
(Fitzgerald et al., 1998). This notion is also 
supported by one of the few studies that 
actually assessed the reliability of lake 
sediments as mercury archives (Lockhart et 
al., 2000). However, from time to time the 
reliability of using lake sediments to study 
atmospheric mercury deposition has been 
questioned on the basis of, for example, 
geogenic inputs and diagenesis (Rasmussen et 
al., 1998), increased pool of labile organic 
matter (Sanei and Goodarzi, 2006), and 
diatom scavenging (Outridge et al., 2007). 
There are also examples of lake-sediment 
records spanning several thousand years that 
display completely different mercury records, 
with for example, very high concentrations in 
pre-industrial sediments as compared to 
surface sediments (Lindeberg et al., 2006).  

Also when it comes to the use of peat 
deposits the reliability of the archive is 
typically validated only in general terms, i.e., 
the general temporal trends displayed in most 
peat mercury records are relatively consistent 
and largely in step with the pace of 
industrialization and the burning of fossil 
fuels. However, the large variation between 
sites in the magnitude of the anthropogenic 
increase highlights the question as to whether 
the results from different peat sites actually 
can actually be compared in such a simple and 
straightforward manner.  
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Concentrations vs. accumulation rates 

When comparing mercury levels, or any 
other chemical proxy, either down a single 
core or between sites, it is critical to take into 
account that concentrations alone have some 
critical limitations. For lake sediments the 
mercury concentration is not only a result of 
the amount of mercury deposited to the 
sediment, it is also affected by the presence 
or absence of every other sediment 
component. For peat deposits one of the 
main controls of mercury concentrations 
beside atmospheric deposition is biomass 
production and organic matter decomposition 
(Biester et al., 2003). One common way to get 
around these problems is to calculate 
accumulation, or flux, rates. However, the 
reliability of accumulation rates is in term 
dependent on the quality of the bulk density 
estimates and the reliability of the age-depth 
modeling. 

Even such a straightforward variable as 
bulk density can be problematic to determine 
accurately. This is especially true in lake 
sediments and peat records that contain large 
portions of water, and which therefore do not 
retain their original shape upon sampling (the 
degree of change is highly dependent on the 
sampling technique used and the type of 
peat/sediment that is sampled). Also sub-
sampling of the cores might introduce 
uncertainty in the bulk density data, and 
especially for profiles sub-sampled at high 
resolution this might become a problem. For 
example, it is impossible to sub-sample 
without introducing a small measurement 
error. This error will be included in the 
calculation of the sample volume and 
subsequently also in the bulk density 
calculation. Depending on the sub-sampling 
resolution a reasonably small measurement 
error of 0.5 mm translates into a bulk density 
error of 20, 10 and 5 % for 2.5, 5 and 10 mm 
sub-sampling resolution, respectively, which 
equals or exceeds the analytical uncertainty 
that most elemental mercury analyzers are 
currently capable of (≤5%).  

The determination of a reliable chronology 
is even more difficult. For lake sediments it is 
relatively easy, well established, inexpensive 
and fairly accurate to model a chronology for 
the last ~100–150 years of sediment using 
210Pb and 137Cs (Pennington et al., 1973; 
Pennington et al., 1976; Oldfield et al., 1978). 
Also for deeper, older sediments it is possible 
to establish a reasonable age-depth model, 
but the cost for 14C-measurments and the 
problem of finding suitable macrofossils often 
result in fewer dated sediment levels and an 
increased uncertainty (Blockley et al., 2007). 
The main problem for lake sediment 
chronologies is to link the 210Pb and 14C ages; 
often the sediment accumulation rate curves 
have an abrupt change at the transition 
between the two dating methods (Biester et 
al., 2007). When it comes to peat there is 
normally no problem with finding 
macrofossils, but the cost still frequently 
limits the number of dated levels in the 
record. However, for peat records the open 
nature of the acrotelm allows for downward 
transport of 210Pb, which can lead to an 
overestimate of the peat accumulation rate 
(Oldfield et al., 1997), and thus, also the 
mercury accumulation rate in the most 
recent, and often most interesting, part of the 
peat record (Lamborg et al., 2002a; Biester et 
al., 2007). 

Most of these problems can be overcome, 
for example, by the approach used by Swain 
et al. (1992) where whole-lake burdens are 
calculated using several cores from each lake 
and combining several lakes from a larger 
region in order to be able to estimate the 
atmospheric mercury deposition, or by 
correcting sediment mercury accumulation 
rates for sediment focusing (Lamborg et al. 
2002). The latter is based on a correction of 
the sediment 210Pb inventory based on the 
measured or expected atmospherically 
supplied 210Pb inventory. However, in many 
studies these uncertainties are not considered 
fully, and it is therefore a risk that the 
interpretations made are not as solid as they 
would have been using a different approach.  
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Processes controlling the net retention of 
mercury 

Even where it is possible to overcome, or 
at least reduce, all of the problems mentioned 
above there would likely still be differences in 
net mercury retention between sites due to 
differences in the site-specific environmental 
setting. And because the environmental 
settings might change over time, these 
processes are of importance also for down-
core reconstructions of temporal trends in a 
single site.  

First, in addition to the amount of mercury 
present in the atmosphere, the atmospheric 
mercury deposition is controlled by the 
amount of oxidizing agents (e.g., ozone and 
halogen compounds; Schroeder and Munthe, 
1998). Thus, any changes that affect the 
concentrations of such compounds in the 
atmosphere, either natural or anthropogenic, 
have the potential to also change the 
atmospheric deposition of mercury. This can, 
for example, be seen in the in the Arctic 
where depletion in atmospheric gaseous 
mercury during the polar sunrise has been 
suggested to be caused by high atmospheric 
halogen concentrations during these events 
(Nguyen et al., 2009).  

Second, climate and vegetation both have 
the potential to affect the net retention of 
mercury in both terrestrial and aquatic 
systems by influencing, for example, the 
mercury interception by vegetation (Lindberg 
et al., 1998), and/or the re-volatilization of 
mercury from lake and mire surfaces (Amyot 
et al., 1994; Gustin et al., 2002; Gustin et al., 
2006).  

Third, at least for lake sediments, climate, 
vegetation and land-use changes have the 
potential to drastically alter the amount of 
mercury transported from the catchment to 
the lake by affecting, for example, hydro-
logical pathways (Soulsby et al., 2002), 
stability of catchment soils (here, including 
peat) (Klaminder et al., 2008) and sedimen-
tation patterns (Bindler et al., 2001b).  

Finally, climate, vegetation and land-use 
changes have the potential to indirectly affect 
the mercury concentration in the record by 
changing, particularly in the case of peat, the 
rate of organic matter decomposition 
(Martinez-Cortizas et al., 1999; Biester et al., 
2003) or the influx of other compounds to the 
archive (Koinig et al., 2003; De Vleeschouwer 
et al., 2009). 

For many of these fundamental processes 
there is a need for more information about 
how they influence long-term mercury 
accumulation, and under what conditions 
they are significant. There is also a need for 
ways to determine when in a lake-sediment 
or peat archive such changes occurs or how 
they differ between sites. This will be of larger 
importance when small changes are of 
interest, e.g., when trying to distinguish early 
human impacts from the natural background 
variations or understanding the effects that 
climate changes may have on deposition and 
net retention. By increasing our knowledge 
about the mechanisms behind long-term net 
mercury retention it will be possible to make 
better reconstructions for a single site, make 
different sites more comparable and assess 
under what environmental settings mercury, 
either newly deposited or currently stored in 
the landscape, might cause significant 
problems in the environment. 
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Figure 1. Changes in total and methylmercury 
concentrations with time relative to the 
newly deposited sediment material for a 
given varve year. 

Objective 

In the light of the above mentioned issues, 
the overall objective of this thesis has been to 
investigate some of the aspects that have the 
potential to influence the net retention of 
mercury in lake sediments and peat. In order 
to reach my objective I have studied both lake 
sediments (both temporally and spatially) and 
peatlands (both living plants and peat 
profiles) in different systems. 

The specific aims of the four papers included 
in the thesis have been to study: 

I: If and how are total mercury and 
methylmercury affected during the first 
27 years of sediment ageing? 

II: What are the important sediment 
variables controlling the spatial 
distribution of total and methylmercury 
across a whole lake basin? 

III: Do plant species composition and 
vegetation type affect the interception 
and net retention of mercury in 
peatlands? 

IV: Can environmental conditions, such as 
those involving permafrost dynamics, 
significantly affect the relative 
importance of mercury sources to a sub-
arctic lake? 

Brief description of papers I-IV 

Paper I 

In paper I, I used a series of freeze cores 
taken during the period from 1979 to 2007 
from Nylandssjön, a lake with varved 
(annually laminated) sediment. This gave a 
unique opportunity to assess the stability of 
total mercury and methylmercury in the 
sediment over time. Using the same freeze 
core collection our research group had earlier 
determined that 20-25 % of the carbon was 
lost over the first 10-15 years after the first 
year that a sediment layer was first deposited. 
The main findings for mercury were: 

1. There is no apparent loss of total 
mercury over time, despite the known 
losses in carbon and nitrogen (Figure 1). 

2. For methylmercury about 30-40 % was 
lost over the first 5-8 years after 
sedimentation, which would mean an 
average loss rate of 0.025-0.030 µg 
MeHg m-2 yr-1 (Figure 1).  

Hence, lake sediments can be considered 
as reliable archives for total mercury, but for 
methylmercury there is no connection 
between the concentrations in deeper 
sediments and the initial concentration. 
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Figure 2. Plot showing the PC-loadings for 
different sediment variables on PC-2 and PC-
5, i.e., the two PCs that capture the greatest 
amount of variation in total and 
methylmercury variation in Stor-Strömsjön.  

Paper II 

83 surface sediment samples from the lake 
Stor-Strömsjön were analyzed for total 
mercury, methylmercury (35 samples), and 
sediment composition (using WD-XRF and FT-
IRS). This made it possible to identify some of 
the controlling factors for the spatial 
distributions of total- and methylmercury, and 
how these factors vary between different 
locations within a single lake basin: 

1. In the north-western basin, the main 
recipient of the dominant inlet, the total 
mercury distribution is controlled by the 
amount of fine-grained mineral matter. 

2. For the eastern, shallow basin without 
major inlets, the main control of total 
mercury is the amount of organic matter. 

3. There is only weak correlations between 
methyl-mercury concentrations and 
either total mercury (R2=0.12) or organic 
matter (R2=0.15) concentrations. Instead 
the distribution of methylmercury is 
largely controlled by water depth and 
sulfur (59 %; Figure 2).  

4. The spatial patterns for concentrations 
vs. inventories (mass per unit area) are 
rather different. For total mercury it is 
still the deepest areas that hold the most 
total mercury, but the locations where 
fine-grained mineral matter controls the 
concentration have much higher invent-
tories as compared to those locations 
controlled by organic matter. 

5. Interestingly, the highest methylmercury 
inventory is found in a location with 
shallow coarse-grained minerogenic 
sediments, even if the deeper locations 
also have above average methylmercury 
inventories. 

The large variations in the controlling 
factors, even within a lake, suggest that the 
lake type and surrounding catchment have a 
profound effect on the behavior of mercury. 
This needs to be recognized both when 
studying the effects of mercury on an 
ecosystem, e.g., mercury levels in fish, and 
when using lake sediments to reconstruct 
atmospheric mercury deposition. 

 

Paper III 

Peat and living plants were sampled along 
three transects on a northern Swedish mire, 
Rödmossamyran. The mire surface consists of 
two distinctly different vegetation types; the 
small, central part of the southern half of the 
mire consists of an open area dominated by 
Sphagnum, whereas the surrounding fen, in 
addition to Sphagnum mosses, has field-layer 
vegetation that includes ericaceous shrubs, 
such as heather and Labrador tea, and a 
sparse pine cover. From the peat and plant 
data from Rödmossamyran a few significant 
patterns can be identified:  

1. There are significantly higher mercury 
concentrations in Sphagnum mosses in 
the pine-covered fen as compared to the 
central open Sphagnum area, 20 and 30 
ng g-1 for the open and pine-covered 
areas, respectively (Figure 3).  

2. In addition to this there are significant 
differences in mercury concentrations 
between the two dominating Sphagnum 
species when they grow side-by-side in 
the central part of the mire, 24 ng Hg g-1 
for S. subsecundum and 18 ng Hg g-1 for 
S. centrale (Figure 3).  
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Figure 3. Variations in total mercury concentrations between different plant species and different 
sample locations. Horizontal displacement between points within a single sampling location 
indicates different 1 m2 sub-plots. The two different sampling occasions are also indicated above 
the panel. 

3. The same pattern as for plants can be 
seen in the peat profiles, which display 
an increasing trend in mercury 
concentration towards the mire edge 
(from S1 to F4), with considerably higher 
mercury concentrations in the pine-
covered fen (i.e., F1-F4) than in the open 
Sphagnum area.  

4. The inventory of mercury (µg m-2) in the 
pine-covered fen is also about 70 % 
larger as compared to the open 
Sphagnum area, which exceeds the 
differences predicted by Sphagnum 
concentrations (point 1, above) and the 
33 % difference predicted by the 210Pb 
inventories, an independent proxy for 
atmospheric deposition. 

These observations suggest that species 
composition, vegetation type and de-
composition can affect the mercury 
sequestration in a peat record. Considering 
that mires neither are static environments 
over time nor are they similar between 
regions this stresses the need to consider 
mire development and differences in mire 
structure when interpreting peat mercury 
records or when comparing different mires. 

Paper IV 

Over thousands of years large amounts of 
atmospherically deposited mercury, both 
from natural and anthropogenic sources, have 
been sequestered together with carbon in 
peatlands. Whether these peatlands will 
continue to store this mercury is highly 
dependent on their stability. For peatlands 
located in the sub-arctic and arctic regions 
many are currently underlain by permafrost, 
which controls both mire stability and 
hydrology. Hence, any changes in climate 
causing the permafrost to thaw might turn 
large areas of these northern peatlands from 
carbon/mercury-sinks into much wetter 
carbon/mercury-sources, which can have 
important effects on adjoining streams and 
lakes. The results from Stordalen, where I 
compared adjacent peat and lake-sediment 
records, clearly show that: 

1. There was a higher mercury 
accumulation rate in the lake sediment 
during the warm period from the 1400s 
to mid 1500s, possibly related to an 
increased turnover rate of organic matter 
in the catchment.  

2. When permafrost developed in the 
Stordalen mire during the Little Ice Age 
the frozen conditions stabilized the mire 
structure, which led to a reduced 
mercury transport from the mire to the 
lake. 



10 

 

 

Figure 4. Temporal trends in NIRS-inferred lake-water TOC (brown), Hg concentration (yellow) and 
Hg-flux (red) for the sediments from Inre Harrsjön, Stordalen. The bottom panel shows the 
decrease in Hg deposition recorded in both Hg-deposition data and Hg-concentration in forest 
mosses (www.ivl.se). The two vertical black lines represent the starting points of mire structural 
changes (1970) and increased active layer thickness (1992). 

3. In recent decades, although atmospheric 
mercury deposition has decreased (based 
on both measured deposition and the 
Stordalen peat record), both organic 
matter and mercury transport from the 
mire to the lake has increased once again 
as the permafrost has started to degrade 
and disappear (Figure 4).  

    These results indicate that climatic effects 
on permafrost and mire dynamics have much 
wider implications than just carbon cycling, 
and that these processes must be considered 
both when studying temporal trends of 
mercury loading to subarctic lakes and when 
assessing the effects of a warming climate on 
the accumulated mercury and other stored 
pollutants in areas with permafrost. 

http://www.ivl.se/�


11 

 

Conclusions 

• Total mercury concentrations in lake 
sediments are not altered by diagenetic 
process, and lake sediments are reliable 
archives for studies of the mercury 
loading to a lake (paper I) 

• Methylmercury is not preserved in lake 
sediments over time, and thus, 
sediments are not a reliable archive for 
methylmercury (paper I) 

• The distributions of total mercury and 
methylmercury in a whole-lake basin are 
not controlled by the same sediment 
variables; total mercury is influenced 
most by organic and fine-grained mineral 
matter, while methylmercury is 
influenced largely by water depth and 
sulfur (paper II) 

• Differences in vegetation – both 
vegetation type and the species 
composition – can influence both the 
initial interception of mercury and the 
net long-term retention of mercury in 
peatlands (paper III) 

• Changes in peatland stability, in this case 
climate-induced permafrost thawing, can 
turn northern peatlands underlain by 
permafrost from mercury sinks to 
mercury sources (paper IV) 

The findings from Nylandssjön’s sediment 
agree well with those of other studies done 
on non-varved lake sediments (Fitzgerald et 
al., 1998; Lockhart et al., 2000; Hines et al., 
2004), and it is therefore reasonable to 
assume that our results showing the stability 
of total mercury concentrations and the loss 
of methylmercury concentrations over ~25 
years are also generally applicable for non-
varved lake sediments. Hence, for total 
mercury, lake sediments fulfill the first 
prerequisite for being used as an archive over 
atmospheric mercury deposition. The next 
question is what precisely is the sediment 
recording? What parts of the catchment are 
more important for the influx of mercury, or is 
direct deposition to the lake surface most 
important? How can the catchment-
introduced lag-effect be handled?  

In Stor-Strömsjön the spatial patterns in 
total mercury concentrations are controlled 
by either the amount of organic matter or 
fine-grained minerogenic matter, or a 
combination of both, depending on which of 
the lake’s two basins that is considered. For 
total mercury accumulation the highest values 
are found in the relatively inorganic 
sediments in the deeper parts of the basin 
that is fed by the main inlet (64 % of the 
water supply). The main control on 
methylmercury concentration is water depth 
and sulfur, indicating that anoxic conditions 
and the presence of a favorable substrate for 
sulfur-reducing bacteria are important. When 
methylmercury inventories are considered, 
rather than concentrations, there are large 
variations across the lake bottom. Most 
interesting is probably that, even though the 
deepest areas also have above average for 
methylmercury inventories, the highest 
inventory is found in a very shallow area with 
highly minerogenic sediment. That large 
amounts of methylmercury are present in 
shallow areas, presumably with a higher 
biologic activity as compared to deep areas, 
might be important for the relationship 
between methylmercury in sediments and 
biota. 

When it comes to peat records, paper III 
clearly shows that changes in vegetation and 
species composition have the potential to 
affect the net retention of mercury. Because 
both natural succession and climatic changes 
have the potential to induce vegetation 
changes, these findings indicate that major 
changes in vegetation over time could 
influence natural background accumulation 
rates, and thus, the vegetation history of a 
mire should be considered when using the 
peat records to reconstruct atmospheric 
mercury deposition. My data also suggest that 
a change in the wetness of a peatland may 
also affect the net retention of mercury; this 
would be important not only from the 
perspective of understanding past changes in 
mercury cycling but also for current or 
predicted changes in mire hydrology and its 
influence on contemporary mercury cycles.  
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The effect of climate is even more 
pronounced in paper IV. In Inre Harrsjön the 
stability and structure of the adjacent mire 
almost totally controls the mercury levels in 
the sediment. This is an example of how the 
catchment of a lake, and the influx from it, 
can alter the signal of atmospheric mercury 
deposition. However, this particular lake, and 
the fact that it is totally dominated by 
catchment influxes, gives us an opportunity to 
study mercury dynamics in response to 
climate changes, in this case the release of 
mercury from a thawing permafrost mire. The 
results from this study also raise the question 
about the cause of continuing increases in 
mercury accumulation in sediment records 
from other high-latitude areas such as the 
Canadian arctic. Besides the important 
influence of climate-induced effects on 
mercury accumulation in lake sediments, this 
study also highlights the importance of 
carefully considering site selection for specific 
research questions. 

 

Future research 

Even though I hope that the papers on 
which this thesis is built will contribute to the 
understanding of how mercury behaves in the 
environment, there are always issues 
remaining that need to be addressed. Based 
on the findings in papers I-IV, I have identified 
a number of future research directions that I 
think would be worth looking into: 

1. Broaden the study in paper IV to include 
more sites in order to try to determine 
how different permafrost-mire/lake 
systems react to the appearance or 
disappearance of permafrost. An 
understanding of how different system 
types behave would be vital if any valid 
extrapolations of this data should be 
made for the whole circumpolar area. 
Such a quantification would be most help 
full to assess the potential for mercury 
release from peatlands due to 
permafrost thaw. The possibility for a 
remobilization of other organically bound 
contaminants, such as persistent organic 
pollutants, should also be considered. 

2. To be able to reliably use peat cores to 
study mercury deposition history in 
detail, there is a need for easy, 
inexpensive and robust analytical tools to 
determine changes in both vegetation 
and peat decomposition. One possible 
way to go would be through the 
identification of species-specific bio-
marker molecules using Pyrolysis GC-MS 
analysis or identification of particular 
spectra for different plant types using 
near-infrared spectroscopy. This might 
provide an opportunity to detect when in 
the peat record vegetation changes have 
occurred. Knowledge about the initial 
type of plant material would help when 
the degree of decomposition is 
evaluated, and it might make it possible 
to “correct” the mercury record for both 
changes in vegetation and peat 
decomposition. 

3. FT-IRS (and other spectroscopic 
techniques) is very powerful in detecting 
relative differences in both the organic 
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and inorganic components of the 
sediment matrix. It is also a relatively 
inexpensive and fast analytical technique 
that requires very little sample material, 
thus making it possible to analyze many 
samples in a relatively short period of 
time at a reasonable cost (hundreds of 
samples per day). However, more work is 
required to sort out more precisely what 
information can be extracted from the 
spectra, and what the different regions in 
the spectra specifically represent. This 
has been done for many pure 
compounds, but in such a complex matrix 
such as sediments there are many 
overlapping regions that make the 
interpretation of the spectra more 
difficult. Mapping of the spatial 
distribution of different types of FT-IRS 
spectra across lake basins (as in paper II), 
both in complex basins with heter-
ogeneous catchments and in small lakes 
with more homogenous catchments, 
might be one way to decipher the FT-IRS 
spectra better.  

4. For methylmercury distribution I think it 
would be wise to combine the 
geochemical mapping of a lake bottom 
with a mapping of the presence and 
activity of interesting bacteria strains. 
This might make it possible to assess 
whether the spatial distribution of 
methylmercury is a result of in situ 
production or whether the 
methylmercury is transported to the 
locations where it is found. 

Tack 

Det finns många som på olika sätt bidragit till 
denna doktorsavhandling och som därför 
förtjänar ett tack. Givetvis går en hel del av 
dessa tack till min handledare, Rich, som 
under de senaste åren fått stå ut med mig och 
mina funderingar, det har ju blivit en hel del 
sådana under åren. Jag hade med största 
sannolikhet heller inte varit där jag är idag 
utan vår eminente gruppledare Ingemar. Han 
gav mig inte bara en flygande start in i 
forskarvärlden genom att anställa mig som 
fältassistent, utan har också lärt mig otroligt 
mycket om forskning i allmänhet och 
provtagning i synnerhet. Tack också till Tom 
för alla inspirerande föreläsningar och 
exkursioner under grundutbildningen som 
gjorde att jag blev intresserad av 
paleolimnologi (och för att du till slut god-
kände mitt examensarbete, även om det 
förmodligen var av misstag). Alla mina 
medförfattare (Veronika, Jon, Antonio, Lars, 
Peter, Jonatan, Sophia T, Kerstin, Roger, Ida, 
Francois) förtjänar också ett stort tack, liksom 
alla kollegor i paleogruppen, både tidigare 
(Janne, Carola, Xavier) och nuvarande 
(Matilda, Åsa, Erik, Annika, Jan-Erik, Anna, 
Christian, Sophia H), det är skönt att ni finns. 
Till alla er andra på EMG, ingen nämnd ingen 
glömd, vill jag också skicka ett stort tack, dels 
för all hjälp ni bidrar med (ekonomi, råd om 
undervisning, administration, data support) 
men också, inte minst, för trevligt umgänge i 
fikarummet. Slutligen så går ett alldeles 
särskilt tack till Saga, Hugo och Whimsy, bara 
för att ni finns, och till Cissa för att du finns 
och står ut med mig. 
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