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Introduction 
The Arctic was long considered to be a clean and pristine region due to the absence of 
major industries and long distances to industrial regions at lower latitudes. However, 
during the last decades alarming papers have reported about the escalating arctic 
pollution load (e.g., AMAP, Fitzgerald et al. 1998). Even though the environmental 
concentrations for most of the pollutants are low compared to concentrations in industrial 
regions, arctic wildlife is surprisingly much affected. Due to the bioaccumulation of 
many pollutants and the long arctic food chains, especially the top predators such as 
seals, polar bears and humans are stressed (AMAP, Dietz et al. 2000, Gandhi et al. 2006). 
Discharges from industries at lower latitudes are transported to the sub-arctic and arctic 
regions with water currents and migrating animals (e.g., Burkow and Kallenborn 2000, 
Evenset et al. 2004, Macdonald et al. 2005), but the main transport pathway for most 
pollutants is the atmosphere (e.g., Fitzgerald et al. 1998, Burkow and Kallenborn 2000, 
Bindler et al. 2001b). Air masses are transported pole-ward, especially during winter 
time, and these bring emissions from lower latitudes to higher latitudes (AMAP, 
Macdonald et al. 2005). The pollutants can either be in gaseous or elemental form or 
attached to particles, and are deposited into the environment with precipitation or as dry 
deposition (Schroeder and Munthe 1998, Burkow and Kallenborn 2000, Hung et al. 
2005). The time scale for this transport can be as short as a few days (AMAP, Bailey et 
al. 2000). Over a longer time scale, spanning months to years, the ‘cold condensation’ 
hypothesis (Wania and Mackay 1993) suggests that volatile compounds are able to reach 
higher latitudes through a series of hops, i.e. ‘grass-hopping’, as airborne chemicals 
become deposited onto surfaces such as soils, water and vegetation at lower latitudes and 
then re-evaporated during warmer seasons. Due to the cold arctic climate re-evaporation 
to the atmosphere is hampered and volatile compounds are progressively accumulated at 
higher latitudes. It is suggested that dissimilar volatility for different compounds results 
in a latitudinal fraction during this transport (Wania and Mackay 1996).  
 
The Arctic represents a huge area with poor infrastructure contributing to limited 
possibilities to establish monitoring and research programs. As a result, for many regions 
there is little information about the pollution situation. Especially time-series data, both 
contemporary and long-term retrospective data, are few, resulting in a great uncertainty 
about the onset of pollution and the rates of changes in these remote areas. Knowledge 
about time trends is important to be able to determine to what extent the pollutants 
emitted at lower latitudes are transported to the Arctic. Time-trend studies also give 
information about whether restrictions or prohibitions on the production and use of 
hazardous compounds have resulted in decreasing levels in the Arctic or if banned 
compounds are still transported to the Arctic due to re-evaporation from contaminated 
areas at lower latitudes.  
 
By using natural archives such as ice records, peat and lake sediments, past and present 
levels for several compounds can be studied and time trends can be assessed (e.g., 
Boutron et al. 1994, Muir et al. 1996, Bindler et al. 2001a, Brännvall et al. 2001, Shotyk 
et al. 2002, Bindler 2006). Lake sediment consists of material from the catchment, 
within-lake production and atmospheric deposition. The geology of the area, the ratio of 
watershed area to lake area, the degree of sediment focusing into the deep basin, the lake-
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water pH and chemistry, and the organic content of the sediments affect the accumulation 
of the compounds into the sediment. Still, by using sediment from several lakes we can 
provide a consistent and reliable assessment of the temporal trends for the compounds.  
 
The pollution of the terrestrial environment can be assessed by analyses of soil. Soil 
receives contaminants via direct deposition to the soil surface, as well as by deposition in 
the form of foliage interception and transfer to the soil as through-fall or along with litter-
fall. Because of the binding capacity of organic matter for many metals and organic 
compounds, the uppermost organic soil layer acts as a filter, in which pollutants are 
initially trapped (Wania 2000, Alriksson 2001, Steinnes and Friedland 2006). Soil 
pollution results in reduced soil microbiological activity (Bringmark and Bringmark 
2001), which will have effects on the entire terrestrial ecosystem (Wania 2000, Grigal 
2003). The pollutants in soil reach aquatic ecosystems with water and material inflow 
from the catchment soil into streams and lakes (Wania 2000, Wang et al. 2004). For 
mercury the inflow is enhanced during high water levels, causing water pathways passing 
through the mercury-enriched superficial organic soil (Bishop et al. 1995). The mercury 
inflow to lakes takes place despite permafrost (Fitzgerald et al. 2005), but will probably 
increase with global warming and loss of permafrost (Macdonald et al. 2005). It has been 
estimated that for soil with high organic contents the capability to store mercury makes 
the inflow to steams and lakes to continue for decades and centuries after a hypothetic 
future deposition cease (Håkanson 1996).  
 
Global warming will probably change contaminant transport pathways both within and to 
the Arctic (AMAP, Macdonald et al. 2005). To predict how poses an exceptional 
challenge and it requires a profound understanding about the underlying parameters 
controlling the contaminant pathways. This depth of understanding is currently limited. 
However, by comparing the parameters driving the present pollution situation in different 
climate zones, such as the Sub-Arctic and Arctic, some knowledge can be gained about 
future conditions. Studies of environmental history, using e.g., palaeolimnology, can also 
contribute. The arctic climate has varied several times during the Holocene with both 
warmer and colder periods (Dahl-Jensen et al. 1998), and with palaeolimnological 
studies, changes in loads of different compound can be assessed in relationship to these 
climate changes.  
 
Many of today’s pollutants, such as the metals, exist naturally in the environment. 
Although anthropogenic emissions have increased the environmental load, in some cases 
substantially, natural sources can contribute to a great part of the total emissions (Nriagu 
1989, Gribble 1994, Schroeder and Munthe 1998). Natural emission sources include 
disruptions in the earth’s crust such as volcanic eruptions and earthquakes, fires, bacterial 
activity and other naturally driven chemical reactions that are able to release or generate 
the compounds. By estimating levels in natural archives deposited before the start of the 
anthropogenic emissions, these natural emissions can be quantified (Bindler 2003) and 
taken into account when assessing current environmental loads from the anthropogenic 
emissions.  
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Objectives 
The main objective of this thesis was to provide better knowledge about the pollution 
situation in sub-arctic and arctic regions by using lake sediment and soil samples. The 
main research aims were to  

• evaluate past and recent time trends and spatial distribution for selected persistent 
organic pollutants (POPs), mercury (Hg) and lead (Pb) 

• contribute to the understanding of the underlying parameters controlling the sub-
arctic and arctic pollution load 

• test the hypothesis about ‘cold condensation’, i.e., that volatile compounds are via 
atmospheric transport deposited and accumulated in artic environments  

• survey the mercury concentrations and inventories in sub-arctic and arctic soils. 
 

This work is based on study areas in Greenland’s west coast and the Swedish mountains.   

Study sites 
The sampling sites in western Greenland and the Swedish mountains are located close to 
or above the Arctic Circle (Figure 1). Greenland is affected by weather systems mostly 
from Eurasia but also from North America, which makes it an interesting location for 
studying atmospheric transport to the Arctic. The Swedish mountains have a similar 
natural environment as the study area in Greenland but are located at a closer distance to 
the industrial areas and have a slightly warmer climate with more precipitation. Therefore 
it is interesting to compare the pollution time trends and loads in these two regions. 
 

Greenland west cost 

0 50 km 

Inland 
ice 

Søndre  
Strømfjord  

Arctic Circle 

Kangerlussuaq 

Soil samples 
 

Sediment samples 
Swedish mountains 

Arctic Circle 

Figure 1. Map over the sampling regions in Greenland and the Swedish mountains. 
 
On the ice-free west coast of Greenland the 170-km-long fjord of Kangerlussuaq (in 
Danish: Søndre Strømfjord) is situated (66 to 67° N and 50 to 55° W) (Figure 1). At the 
head of the fjord the airport and small village of Kangerlussuaq are located. The area had 
no permanent settlements prior to World War II when the airport was built. The airport 
was formerly used by the U.S. Air Force but is today an international airport. The 
present-day population is about 400. The inland ice margin is about 25 km further to the 
east. The fjord area of Søndre Strømfjord covers a climate transect with a maritime 
influenced climate close to the sea and a continental and very dry climate (annual 
precipitation less than 150 mm) close to the ice margin (Bindler et al. 2001c). Mean 
annual summer temperature is 9 °C and mean winter temperature -18 °C (Box 2002). 
Close to the ice west-facing cold winds sweep down from the ice-sheet, so-called 
katabatic winds. The local geology is predominately granodioritic gneiss and vegetation 
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is characterized by dwarf shrub tundra (Anderson et al. 1999). Up to ~80 km from the ice 
margin large amounts of aeolian material occur both as dust and thin loess deposits over 
the landscape. This material consists of fine-grained glacio-fluvial particles from the 
outwash plains near the ice margin.    
 
The mountain terrain in mid to northwestern part of Sweden is sparsely populated, but 
several areas are exploited for tourism, mining activity and hydroelectric power plants. In 
the summer a large part of the region is used for reindeer pasture. The mountain region 
has generally high precipitation with many places receiving well above 1000 mm 
precipitation per year, mean annual summer temperature is 10 °C and mean winter 
temperature is -15 °C (Raab and Vedin 1995). The relatively young bedrock consists of 
several thrust sheets with a mix of oceanic and continental crust. The sparse forest nearest 
the bare mountains is dominated by birch and the high precipitation results in many 
wetlands, watercourses and lakes.   

Materials and Methods 
The lake sediment cores were all sampled in the deep basin of each lake. Surface 
sediment cores (from the sediment surface down to 10−30 cm depth) were sampled with 
a gravity corer (internal diameter 8.4 cm) (HTH-Teknik, SE-976 31 Luleå, Sweden) or a 
freeze corer (Renberg 1981). Deeper sediments were sampled with a Russian peat corer 
(i.d. 8 cm, length 1 m). Gravity corers were immediately sub-sampled into pre-cleaned 
containers. The freeze cores and the deeper cores were brought intact to a laboratory, 
where they were sub-sampled. The soil samples were sampled with a steel tube (i.d. 30 
mm, length 10 cm) which was drilled down in to the soil. This sampler is described in 
Paper IV. 
 
All samples were stored cold, or frozen, in the dark until analysis and, except for the 
samples that were analyzed for POPs, the samples were freeze dried before preparation 
and analyses.  
 
Surface sediment cores were dated using the 210Pb-dating method or indirectly by a 
combination of 210Pb-dating and characteristic wiggles and changes in stable lead 
isotopes (206Pb/207Pb) and lead concentrations. The model of constant rate of supply 
(CRS) was applied (Appleby et al. 1986, Appleby et al. 1992). Deeper cores were dated 
using the 14C method and calendar years were obtained from 14C-calibration functions 
(Stuvier et al. 1998). The analyses were performed at the Environmental Radioactivity 
Research Centre, University of Liverpool, UK, and Flett Research Ltd, Winnipeg, 
Canada, or at the Institute of Geography, Copenhagen.  
 
The organic content in all samples was determined by loss-on-ignition (LOI) at 550 °C 
for 4 h or measured directly with an elemental CHN analyzer. The carbon contents were 
verified against certified reference standard materials. The analyses were made at the 
Department of Forest Ecology, Swedish University of Agricultural Sciences, Umeå, and 
the Department of Ecology and Environmental Science, Umeå University.  
 
Selected POPs were measured in wet sediment samples, after a Soxhlet extraction in 
toluene for 24 h. The extracts were cleaned with silica columns and copper granules prior 
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to analysis with gas chromatography high-resolution mass spectrometry (GC-MS). For 
quantification an internal standard with selected 13C-labeled PCBs was used and recovery 
was calculated with a 13C-labeled recovery standard. The sample preparation and 
analyses were made at the Department of Chemistry, Environmental Chemistry, Umeå 
University.   
 
For determination of lead concentration and stable isotopes and sulfur and magnesium 
content the samples were strong-acid digested (HNO3+HClO4; v/v 10:1) then analyzed 
using inductively coupled plasma mass spectrometry (ICP-MS). Certified reference 
materials were used to verify the analyses. The analyses were performed at the 
Department of Forest Ecology, Swedish University of Agricultural Sciences, Umeå.  
 
For determination of mercury concentration two different methods were used. Some 
samples were acid digested (conc. HCl:HNO3:water, v/v 1:5:44) in a microwave oven 
before analysis with cold vapour AAS, while some were analysed directly with  thermal-
decomposition AAS. Both analyses were verified with certified reference materials. The 
microwave oven procedure was performed at the Environmental Archaeology 
Laboratory, Umeå University, the cold vapour AAS analyses at the Department of 
Ecology and Environmental Science, Umeå University, and the thermal-decomposition 
analyses were performed using equipment at the Department of Chemistry, Analytical 
Chemistry, Umeå University.  

A brief description of the papers 
Paper I describes recent trends of PCBs (polychlorinated biphenyls, 69 congener tri- to 
deca-chlorinated), PBDE #47 (2,2´,4,4´-bromodiphenyl ether), chlordane (cis- and trans-
octachlordane) and HCBz (hexachlorobenzene) in seven lakes located in western 
Greenland. By comparing time trends of different PCB congeners with disimilar volatility 
possible effects of ‘cold condensation’ and ‘global fractionation’ could be assessed.  
Paper II presents concentration trends of mercury and lead and the stable lead isotope 
ratio 206Pb/207Pb in Greenland lake sediments from about 8000 years BP and forward. 
Recent time trends correlate to emission trends in industrial regions but in older 
sediments substantial fluctuations for mercury and lead were correlated to variations in 
Holocene climate.  
Paper III summarizes the temporal pollution trends and loads of mercury for the last two 
centuries in remote Swedish mountains by using sediments from twelve lakes. The 
concentration in eight of the lakes is declining in the surface sediment layers, i.e., follows 
the decreasing European emission trends.  
Paper IV investigates mercury concentrations and inventories in soils along a 1000-km-
long south–north transect in the Swedish mountains and a 150-km-long transect from the 
coast to the ice margin in western Greenland. No enrichment in cold areas due to ‘cold 
condensation’ or in coastal areas due to ‘mercury depletion events’ were observed. Low 
soil organic content reduces the mercury binding capability for sub-arctic and arctic soils, 
compared to boreal soils.  

 5



Results and discussion 

Polychlorinated biphenyls  
Polychlorinated biphenyls (PCBs) were first produced in the late 1920s. PCBs consist of 
209 different congeners mixed to chemically inert liquids, which are difficult to burn and 
are therefore excellent electrical insulators. These properties made PCBs commercially 
attractive and in the following decades PCBs were heavily used in power transformers, 
capacitors and as plasticizers. When their accumulation and harmful effects became 
recognized in the 1970s their use was forbidden in many countries, but it was not until 
the 1980s that large-scale production and usage ended in most of the world. Today PCBs 
are included in the UN-ECE POPs protocol to the Convention of Long-Range 
Transboundary Air Pollution (UN-ECE 1998) and the Stockholm Convention on POPs 
(2004) in order to reduce or eliminate their dispersion in the environment. However, 
PCBs are still leaking out in the environment from dumped equipment containing PCBs 
(AMAP), and due to the persistence of the PCBs the environmental load of old emissions 
will continue to be recycled in air, soil and water for decades to come.  
 
The present level of PCBs in sediments from Greenland (presented in Paper I and Figure 
2) is about one to two orders of magnitude lower as compared to levels in sediments from 
lakes located in more industrial regions, but the general time trends agree (Allen-Gil et al. 
1997, Schneider et al. 2001, Rose and Rippey 2002, Söderström 2002, Hong et al. 2003, 
Van Metre and Mahler 2005). In most of the lakes from Greenland the accumulation of 
PCBs started in sediment deposited in the 1950s and 1960s and peaked in layers from the 
1970s. Since then the total PCB concentration is decreasing. However, for the low-
chlorinated PCBs the decrease towards the sediment surface is less substantial and even 
increasing concentrations are observed (Figure 2). This delayed deposition of the low-
chlorinated PCBs as compared to the high-chlorinated PCBs may support the ‘global 
fractionation’ that is suggested to occur by the hypothesis of ‘cold condensation’ (Wania 
and Mackey 1996). That means that the more volatile low-chlorinated PCBs are 
transported pole-wards by repeated re-evaporation from lower latitudes, i.e., ‘grass-
hopping’, while the atmospheric transport to the Arctic of high-chlorinated PCBs is more 
direct in a time scale of a few days from the emission occasion. 
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Figure 2. Temporal trends and concentrations for selected chlorinated persistent organic pollutants in 
Greenland sediments. 
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Brominated flame retardants 
Brominated flame retardants (e.g., polybrominated diphenyl ethers, PBDEs) are used in 
textiles and plastics, electronic equipment and other materials to prevent fire (deWit 
2002). They are relatively new compounds which were extensively used during the 1980s 
and early 1990s. Since the late 1990s many countries have restricted the usage of several 
brominated flame retardants (Renner 2000, Directive 2002/95/EC) with some indication 
of declining environmental concentrations at lower latitudes as a result (Sellström et al. 
2003, Law et al. 2006). However, many flame retardants are still produced and large 
amounts continue to be emitted from products in use and from discarded electric 
equipment (de Wit 2002). Brominated flame retardants are not currently included in the 
UN-ECE POPs protocol (UN-ECE 1998) or the Stockholm Convention (2004) but due to 
their physico-chemical properties and their long-range dispersion (Wania and Dugani 
2003) they have been proposed as new candidates for inclusion (de Wit et al. 2006). In 
recent years a large number of PBDE studies have been performed in the arctic 
environment (de Wit el al. 2006), but time-trend studies are still few for the Arctic. In 
Paper I we investigated recent temporal trends for one of the recently restricted 
brominated flame retardants (#47) and concluded that even though the present-day 
concentrations of this retardant are still very low, they seem to be increasing (Figure 2).  

Pesticides 
In contrast to PCBs and brominated flame retardants, pesticides are deliberately released 
to the environment to reduce noxious insects, crop diseases and unwanted plants in order 
to increase harvests. In the 1940s and 1950s organochlorine pesticides were exclusively 
used and despite that their hazardous effects are well-known today, many of them are still 
in use (AMAP, UN-ECE 1998). Due to their persistence, decomposition is very slow and 
with time they have become widespread in the environment. Therefore many of them, 
such as hexachlorobenzene (HCBz) and chlordane are included in the UN-ECE POPs 
protocol (UN-ECE 1998) and the Stockholm Convention (2004). HCBz was used until 
the 1980s as a fungicide and is still used and produced in the chemical industry (Bailey 
2001). Chlordane is an insecticide that was mostly used in the U.S. until the late 1990s, 
but it is still produced and used in other places around the world (AMAP, UN-ECE 1998, 
Van Metre and Mahler 2005). In Paper I we present concentrations for these pesticides 
during the last decades in Greenland lake sediments. The accumulation started in the 
sediments deposited in the 1960s with no specific temporal trends observed since then 
(Figure 2). The concentration is lower or comparable to concentrations observed in 
sediments from lower latitudes (Hong et al. 2003) and comparable or lower than other 
arctic lake sediments (AMAP, Muir et al. 1995, Allen-Gil et al. 1997, Stern et al. 2005).  

Lead 
Lead production started about 3500 BP (Settle and Patterson 1980), with a marked 
increase in production during the Greek-Roman period, ca 2000 years ago. The 
production and usage dropped after the fall of the Roman Empire until silver mining in 
the 10th century again increased the production in Europe. From about 1900, but 
particularly after the 1940s, alkyl-lead additives were used in the gasoline, but since the 
1970s usage has been reduced and finally banned in most of the developed countries.  
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Lead consists of a mixture of four stable isotopes, 204Pb, 206Pb, 207Pb and 208Pb. The 
relative amounts of these isotopes vary among different lead-bearing minerals depending 
on their geological age and origin. Much of the lead used in industries and as alkyl-lead 
has an isotope signature separated from lead more generally present in rocks, soils and 
sediments and therefore pollution lead can be distinguished and quantified from natural 
lead (Sturges and Barrie 1989, Renberg et al. 2002) and in addition different sources for 
long-range transported pollution lead can be assessed (Bindler et al. 2001b). Most 
commonly used is the 206Pb/207Pb ratio (Rosman et al. 1993, Sturges et al. 1993, Rosman 
et al. 1997, Bindler et al. 2001b, Brännvall et al. 2001, Renberg et al. 2002).  
 
Even though lead is not easily transported in the atmosphere it is widespread in the 
environment. The environmental concentration trends at mid-latitudes (Renberg et al. 
1994, Brännvall et al. 2001, Shotyk et al. 2002), as well as in remote areas such as 
Greenland (Paper II, Boutron et al. 1994, Rosman et al. 1997, Bindler et al. 2001b) 
follow the historical trends for the production and use, including the early increase during 
the Roman period. In Paper II we present lead concentration and 206Pb/207Pb ratios in 
Greenland sediments for the last 8000 years. In the three study lakes the concentration 
increased in layers deposited after the Industrial Revolution in the mid 19th century 
(Figure 3a) and then peaked in the 1960s to 1980s. The maximum concentrations are 
quite low as compared to sediments from mid-latitudes (Brännvall et al. 2001) and 
sediments from the Canadian Arctic (Outridge et al. 2002) but comparable to values 
found at former studies of Greenland sediments (Bindler et al. 2001b). Contemporary 
with the concentration increases the 206Pb/207Pb ratio decreases (Figure 3a). The 
206Pb/207Pb ratio suggests that the greatest source for pollution lead in west Greenland 
today is Eurasia (Bindler et al. 2001a). In Paper II we also show that for deeper (and 
thereby older) Greenland sediments, climate was a driving parameter for concentration 
and ratio fluctuations (Figure 3b). During cold and arid periods glacial material from 
outwash areas along the ice sheet margin spread over the area resulting in occasionally 
increased 206Pb/207Pb ratio. This material might have been transported long distances 
within the ice and therefore have different mineral and chemical composition compared 
to the local lake catchment geology.  
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Figure 3. a) Lead concentration and 206Pb/207Pb ratio for the last 200 years in Greenland sediment. b) Lead 
concentration and 206Pb/207Pb ratio for the last 8000 years in Greenland lake sediment. 
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Mercury 
Mercury is one of the most hazardous metals for the environment. An indication of 
mercury pollution as early as 2500 years ago has been suggested for a Spanish peat bog 
(Martinez-Cortizas et al. 1999), but more extensive evidence of long-range transported 
mercury pollution is only dated back to 200−500 years ago when the silver mining in 
Spanish America and the industrial era began (Bindler 2003, Fitzgerald et al. 2005, 
Hylander and Meili 2005). Global emissions increased extensively during the 20th 
century, and even though some regions have succeeded to reduce their mercury emissions 
substantially, rising emissions in other regions have preserved the high global emission 
levels (Madison Conference Declaration 2006). The current greatest anthropogenic 
sources of mercury to the environment are fossil fuel and waste combustion (Wilson et al. 
2006). In the future the rising human population is likely to generate more waste and use 
more fuels and therefore environmental concentrations might increase, despite great 
efforts from international conventions (Madison Conference Declaration 2006).   
 
The volatility and long atmospheric residence time of mercury makes it a global pollutant 
(Schroeder and Munthe 1998). In Papers II and III we present concentration trends in 
lake sediments from Greenland and the northern Swedish mountains (Figure 4a). The 
current concentrations are comparable to concentrations in lake sediments from other 
regions in Sub-Arctic and Arctic without local emission sources (AMAP, Bindler et al. 
2001a, c, Lockhart et al. 1998, Fitzgerald et al. 2005, Outridge et al. 2005). The temporal 
trends during the industrial era, i.e., the last two centuries, in Greenland and northern 
Swedish mountains follow emission trends in industrial areas. The concentration 
increased in sediment deposited in the mid to late 19th century and then peaked in 
sediment from the mid to late 20th century, with declining concentrations in recent 
decades. In Paper II we report that despite relatively constant carbon content, the mercury 
concentration fluctuated substantially in older sediment layers (deposited from about 
8000 years and forward) in the investigated lakes from Greenland (Figure 4b). As for 
lead, it is a climate driven input of aeolian material. In addition the loss of permafrost 
during warmer periods may alter the inflow of mercury to lakes (AMAP, Macdonald et 
al. 2005). Mostly the enhanced recent mercury deposition is superimposed on natural 
deposition changes, but in Paper II we show that for one of the lakes from Greenland the 
anthropogenic signal is within the natural variation (Figure 4b).  
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Figure 4. a) Mercury concentrations for the last 200 years in sediment from a Greenland and a Swedish 
lake. b) Mercury concentration for the last 5000 years in one of the Greenland lake sediment. 



The terrestrial environment receives a great part of the atmospheric mercury fall-out. 
Organic matter has a strong binding capacity for mercury and in boreal soils mercury is 
trapped in the uppermost organic soil layers. In Paper IV we investigate mercury 
concentration and inventories in soils along a 1000-km-long south–north transect in the 
Swedish mountains and a 150-km-long transect from the coast to the ice margin in 
western Greenland. The mercury concentration in the soil is correlated to the soil carbon 
content and spatial and vertical distribution in these highly minerogenic soils is mostly a 
result of differences in carbon content. However, despite similar carbon content for the 
Greenland and Swedish soil, the Swedish soil samples have 1.5–2 times higher mercury 
concentrations and inventories compared to soils from Greenland (Figure 5). In boreal 
forest soils from Sweden and Norway a south–north concentration gradient is found with 
declining concentrations to the north (Alriksson 2001), but in Paper IV we show that no 
such gradient is found for surface soil (0−9±1 cm depth) in the mountain region in 
Sweden (Figure 5a). The mercury concentration in Greenland and the Swedish mountains 
is 3−7 times lower compared to Scandinavian boreal forest soils and below the 
preliminary critical concentration of 0.4 µg-1 dry weight, set by UNEP to prevent 
ecological disturbances due to mercury (Meili et al. 2003). In Paper IV we also argue that 
the highly minerogenic soil in sub-arctic and arctic regions have less capability to store 
mercury, and therefore these arctic soils would probably lower the mercury concentration 
more rapidly in response to declining mercury emissions, compared to the organic rich 
surface soils in boreal regions.  
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Figure 5. Mercury concentrations (ng g-1 dry soil matter) and inventories (ng cm-2 from surface to 9±1 cm 
depth) in surface soils (0−9±1 cm depth) in a) the Swedish mountains and b) Greenland.  
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Due to the volatility, mercury has been suggested to re-evaporate from contaminated soils 
and waters at lower latitudes and be transported in the atmosphere to higher latitudes 
where it should be permanently deposited due to the cold climate, so called ‘cold-
condensation’ (Mackay et al. 1995). However, in Paper II and III we show that no such 
enrichment is found for sediments from Greenland and the Swedish mountains. This 
‘cold condensation’ hypothesis is currently debated (Macdonald et al. 2005), and instead 
it is suggested that increased UV-radiation during the ozone depletions in the arctic 
spring initiate a mercury oxidation process with salts from the sea, resulting in mercury 
enrichment in near-coastal high latitudes regions, so-called ‘mercury depletion events’ 
(Schroeder et al. 1998, Lindberg et al. 2002). In the soil study presented in Paper IV, no 
mercury enrichment close to the Greenland ice margin (due to colder climate), nor in the 
Greenland coastal region (due to oxidation processes) was observed (Figure 5b). 

Conclusions 
• Emissions from industrial regions at lower latitudes can be found in Greenland 

and the Swedish mountains, volatile as well as non-volatile compounds 
• The environmental concentrations of compounds whose use and production are 

restricted or banned, such as several POPs and lead, are mostly decreasing 
• The brominated flame retardant (#47) has increasing concentration in seven lake 

sediments from Greenland  
• The pesticides are still produced and have neither increasing nor decreasing 

concentrations in Greenland lake sediments 
• The load of the investigated pollutants in the Swedish mountains and Greenland 

are lower than in more industrial regions, but the general time trends are in 
agreement  

• For volatile POPs we can not exclude a certain delay in the arctic deposition, 
caused by time consuming deposition and re-evaporations (‘grass-hopping’) at 
lower latitudes  

• Variations in arctic climate affect the lead and mercury concentrations as well as 
the composition of the stable lead isotopes (206Pb/207Pb) in Greenland lake 
sediments 

• When studying the current pollution load and time trends it is important to assess 
natural emissions, especially for pollutants with large natural fluctuations and in 
areas with low pollution load 

• For mercury no enrichment due to ‘cold condensation’ or ‘mercury depletion 
events’ is observed 

• The mercury concentrations and inventories in surface soils from the Swedish 
mountains are 1.5–2 times higher compared to soils from Greenland 

• The highly minerogenic sub-arctic and arctic soils probably have a reduced 
capacity to bind mercury, and thereby the soil mercury concentration in these 
soils should response more rapidly to declining emissions compared to boreal 
soils. 
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Further perspectives 
Even though research and monitoring programs have highly improved the knowledge 
about arctic pollution, many gaps exist. Especially the knowledge about long-term 
pollution trends is limited, making the time of pollution onset, rate of change and possible 
environmental recovery not well known. By using lake sediments as archives, natural 
background levels as well as past and present pollution loads can be assessed. The 
sedimentation rate in arctic lakes is low, which makes the sampling and analyses 
demanding. By using up-to-date equipment (HTH-gravity corer and freeze corers), as 
used in the sediment studies in this thesis, the sediment structure and chronology are 
preserved. However, in order to study pollution time trends with appropriate time 
resolution, the cores must be sliced in very thin layers, resulting in small samples. Small 
samples in combination with low concentrations complicate the preparation procedures, 
especially for analyses of organic pollutants. To avoid contamination during the 
analytical procedures, the number of preparation steps must be kept low, e.g., it is 
favorable to avoid drying the sediments but instead extract wet samples directly. The 
methods used when extracting wet sediment samples for organic pollutants often require 
a large amount of organic solvents, which increase the contamination risk. A challenge 
for the analyses of very low concentration of organic pollutants is to develop simpler 
preparation procedures, using small or no amounts of organic solvents. One method could 
be extractions with microwave oven, permitting wet samples and small amounts of 
organic solvents. In addition it is a closed system, avoiding evaporation of the volatile 
organic pollutants.  
 
Many new compounds, such as pharmaceuticals and several pesticides are currently 
produced and used without sufficient knowledge about their environmental transport and 
effects. The arctic environment is probably not spared from these ‘new’ pollutants, but 
due to ‘undeveloped’ sampling and analytical procedures, they are complicated to 
analyze and therefore seldom included in today’s arctic monitoring programs. To learn 
more about these pollutants is an urgent challenge, in order to prevent high arctic levels 
of hazardous pollutants in the future. Studies of lake sediments can be used to gain 
knowledge about these pollutants. In contrast to other study materials, lake sediments 
allow retrospective analyses, giving onset, levels, and rate of change for these pollutants 
without long-term monitoring programs.  
 
Many metals have substantial emissions from natural sources. By using lake sediments or 
peat deposited before anthropogenic influences, natural background levels can be studied. 
The anthropogenic deposition in lake sediments mostly exceeds the natural, especially 
after the onset of the Industrial Revolution. However, an example when background 
concentration is comparable to contemporary concentrations is shown in this thesis, and 
especially in artic regions with relatively low levels of pollutants this might be common. 
Therefore it is necessary to improve the knowledge of arctic natural background levels. In 
addition, variations in the natural metal supply might be related to past climate changes, 
gaining knowledge useful for assessments of future metal pollution in a world of global 
warming.   
 
A lake is individual and many factors, such as differences in geology, properties of 
catchment soils, ratio between lake area and catchment area, lake depth, lake-water 
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retention time, pH and chemistry, result in between-lake differences of the compounds 
accumulating in the sediments. Therefore, several lakes are required to provide consistent 
and reliable pollution information for an area. To further improve the knowledge about 
sub-arctic and arctic loads of organic pollutants and metals, more lakes should be studied.  
Mercury pollution is of great global concern. Paper IV shows that the minerogenic 
surface soils in the Swedish mountains and Greenland have low concentrations and 
inventories, probably a result of low capacity to bind mercury. The mercury transport 
within these soils is most likely different to the transport in boreal soils. To further 
investigate the mercury accumulation and transport in sub-arctic and arctic soils, and to 
surface waters, more and deeper soil profiles should be analyzed. This is of particularly 
concern, since the global warming probably will melt the permafrost and alter the soil 
structures and transport processes. 
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