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AbstractAbstractAbstractAbstract    

The Björkdal mine is the largest operating gold mine in the Skellefte district, Northern 
Sweden. One important objective of this study was to give a general description of dissolved 
and particulate metals (As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, V, Zn, Al) and sulfate in the 
Lillträskbäcken-Kågeälven system. Samples were collected from streams and tailings and 
compared to concentrations according to the Swedish EPA classification systems. Chemical 
analyses and leaching tests indicate that the tailings metal content is generally low, except for 
Cr, and tailings can be approved as suitable for construction purposes. This study shows 
general seasonal trends in element concentrations, pH and conductivity downstream of the 
mine. Metal concentrations increase during spring melt and periods of rainfall, and decrease 
during summer. In general, element concentrations decrease downstream of the mine 
property. To define background metal concentrations upstream of the Björkdal mine a new 
sampling station (St D) was created. Most of the metals in the discharge waters from the 
mining area are close to or do not exceed background levels, except for Mo, V and As, that 
fairly often exceed background levels at different sampling locations. Metal partitioning 
between suspended and dissolved phases was estimated. The result shows that close to the 
mine most elements dominate in the suspended phase, while the dissolved phase of As, Ni, V 
and Mo dominates at some stations. Element concentrations in the Björkdal area were 
compared with those in drainage waters from acid sulfate soils. The result shows that natural 
occurrences of acid sulfate soils can result in metal concentrations equal to or higher than 
those in the Björkdal area. 
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1.1.1.1. IntroductionIntroductionIntroductionIntroduction 

Sweden has a long history of mining and it is one of the EU’s leading producers of ore 
concentrates and metals. Sweden produces iron ore, base metals such as copper, zinc and lead 
and the precious metals gold and silver. The Björkdal gold mine is one of the largest gold-
mining operations in Europe, with a total resource exceeding 25 million tons of ore, with an 
average gold content of 2.5 g/t. 

The main purpose of the project was to make a geochemical study of surface drainage waters 
in the Kåge district where the Björkdal mine is located, and give a general description of 
trace metal and sulfate concentrations in the Lillträskbäcken-Kågeälven system. This 
included an evaluation of water discharge and the chemical parameters conductivity and pH. 
In addition, a geochemical study of the tailings composition was performed. The purpose also 
included a risk assessment study. In order to characterize the mining area, element levels and 
the behavior of trace elements were investigated. 

In 2008 sampling station St D was created to estimate element concentrations in drainage 
waters upstream of the Björkdal mine. This data defines background metal concentrations in 
the Kåge district. Filtered and unfiltered waters were collected close to the Björkdal area and 
farther from the mining property. Total and suspended element concentrations were studied 
across the property and over time. In addition, element transport was calculated at different 
locations in the Kåge district. 

Comparison of element concentrations in the Björkdal mining area and from naturally 
occurring acid sulfate soil areas was performed to evaluate the environmental impact from 
both areas. 

The purpose includes an overview of the monitoring program for the Björkdal mine. The 
project also can serve as a base for a future risk assessment study in the area and can help to 
find which measurement and treatment method can be used to optimize tailings and waste 
disposal and thus minimize the environmental impact at the mine. 
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2.2.2.2. General TheoryGeneral TheoryGeneral TheoryGeneral Theory    

2.12.12.12.1 Mobility of metals inMobility of metals inMobility of metals inMobility of metals in    stream watersstream watersstream watersstream waters 

The leachate from tailings and waste rock deposits results in release of major and trace 
elements, including numerous heavy metals, into nearby aquatic ecosystems. Sulfide 
oxidation reactions in areas with acid sulfate soils generates sulfuric acid and contamination 
of waters by heavy metals. The controls on chemical elements in stream waters are 
numerous, highly metal-specific, and controlled by environmental conditions such as pH and 
Eh. Also, there are several physical and chemical processes operating in a stream which can 
give rise, directly or indirectly, to attenuation of pollutants. Main physical processes are 
advection, dilution, dispersion and sedimentation (Salomons, 1995). Chemical processes 
include solution reactions, precipitation, coprecipitation and adsorption onto stream 
sediments or suspended particles. In many cases, the highest aqueous concentrations of heavy 
metals are associated with oxidizing, acid conditions. 

Heavy metals can occur in various forms in stream waters originating from mining sites or 
areas of acid sulfate soils. A metal is either dissolved in solution as ion and molecule, or it 
exists in solid particles. There is also a transitional state whereby very small particles – 
colloids – are suspended in water. The composition of colloids can be exceptionally diverse 
and includes organic and inorganic substances. The stability of these colloids is influenced by 
a range of physical, chemical and biological changes of the solution. 

The solubility of many dissolved metals is influenced by the pH of the solution. Low pH 
waters are often generated by sulfide oxidation releasing sulfuric acid in streams. This acidity 
significantly increases the mobility and bioavailability of elements, and the concentration of 
total dissolved solids in stream waters.  

The ability of water to transport metals is also controlled by the reduction–oxidation potential 
(Eh) of the solution. The reduction-oxidation potential affects the mobility of those metals 
which can exist in several oxidation states (Lottermoser, 2003). Metals such as chromium, 
molybdenum, vanadium are much more soluble in their oxidized state (e.g. Cr6+) than in their 
reduced states (e.g. Cr3+) (Lottermoser, 2003). Oxygenated water may oxidize metals present 
in their reduced, immobile state, resulting in increased mobility.  

Adsorption reactions are an important control on the transport, concentration and fate of 
many elements in waters. The most important parameter which describes the adsorption 
behavior is pH.  Most metals have increasing ionic solubilities under acid, oxidizing 
conditions, and the metals are not adsorbed onto solids at low pH. Generally, solid 
compounds adsorb more anions at low pH and more cations at near neutral pH (Figure 2.1). 
The rise in pH causes an adsorption or coprecipitation of the dissolved metals on various 
solid phases in the water column. The solid phases interacting with dissolved constituents in 
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natural waters consist of a variety of components including clay minerals, feldspar, 
carbonates, quartz and organic solids (Salomons, 1995). The metals are adsorbed onto solid 
phases, particularly precipitating iron-rich solids. Generally, as pH increases, aqueous metal 
species are inclined to precipitate as hydroxide, oxyhydroxide or hydroxysulfate phases or 
coated by organic substances.  

 

Figure 2.1 Extent of surface adsorption as a function of pH (Stumm, 1992). 

Other dissolved major constituents such as dissolved organic matter, and anions such as 
chloride, sulfate, etc., may form dissolved complexes with the metals and keep them in 
solution (Salomons, 1995). Most of the organic matter in a water body is usually measured as 
dissolved organic carbon (DOC). DOC derived from degradation of plant and animal tissues 
could form soluble metal-organic complexes, which will tend to increase the dissolved 
fraction of the metal. Humic and fulvic acids can form quite stable complexes with metals 
(Lottermoser, 2003). Usually, the DOC levels in rivers vary in the range 1-10 mg/l, while 
solid and adsorbed organic carbon levels vary in the range 0.1-1 mg/l (Salomons, 1995). 

Dissolved concentrations of metals in stream water are also controlled by a large number of 
physical processes. Dilution can occur at the confluence of streams, and will affect pH, 
alkalinity as well as major and trace element concentrations.  

Thus, temporal and spatial changes in physical, biological and chemical parameters in stream 
waters are responsible for changes in metal concentrations on a day-to-day basis. 
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2.22.22.22.2 Pyrite weathering and Pyrite weathering and Pyrite weathering and Pyrite weathering and formation of acid mine drainageformation of acid mine drainageformation of acid mine drainageformation of acid mine drainage    

Mining activities create large amounts of waste each year. The amount of waste produced 
annually in Sweden from sulfide and iron ores is 45 Mtonnes, and out of that 20 Mtonnes are 
mine tailings (Nilsson et al., 2003). Many ores that are rich in metals consist to a large part of 
pyrite and other sulfide minerals. When mineral deposits that contain sulfides are mined, they 
have potential to produce acid mine drainage (AMD). AMD is referred to as polluted water 
that normally contains high levels of iron, aluminum, and acid (Todd and Reddick, 1997). 
Pyrite is the most abundant sulfide mineral, commonly it is associated with metal ore deposits 
and one of the most important sulfides found in the waste rock of mines. Pyrite oxidation 
takes place when the mineral is exposed to oxygen. During pyrite oxidation, harmful 
quantities of acidity, metals, and other soluble components can be released into the 
environment. The pyrite oxidation has been extensively studied by Todd and Reddick 1997, 
Salomons W. 1995, and other scientists. Sulfuric acid and ferrous and ferric iron are formed 
during pyrite oxidation. The generally accepted sequence of reactions involved in pyrite 
oxidation is shown below. 

2FeS2 + 7O2 + 2H2O = 2Fe2+ + 4SO4
2- + 4H+   (eq. 2.1) 

4Fe2+ +O2 + 4H+ = 4Fe3+ + 2H2O    (eq. 2.2) 

4Fe3+ + 12H2O = 4Fe(OH)3 + 12H+    (eq. 2.3) 

FeS2 + 14Fe3+ + 8H2O = 15Fe2+ + 2SO4
2- + 16H+   (eq. 2.4) 

FeS2 + 15/4O2 + 7/2H2O = Fe(OH)3 + 2SO4
2- + 4H+  (eq. 2.5) 

In the initial step, pyrite reacts with oxygen and water to produce dissolved ferrous iron 
(Fe2+), sulfate and hydrogen ions. The release of hydrogen ions with the sulfate anions results 
in increase acidity of water. This reaction step occurs at a pH above 4.5. 

The second step involves the oxidation of ferrous (Fe2+) to ferric iron (Fe3+) by oxygen and 
occurs at a low pH.  

The third step involves the hydrolysis of ferric iron with water to form ferric hydroxide, 
oxyhydroxide, and oxyhydrosulfate colloids and particulates and the release of additional 
acidity. This reaction is pH dependent. Under very acid conditions (pH less than about 3.5), 
solid Fe hydroxides do not form, and ferric iron remains in solution. At higher pH values 
precipitation of Fe3+ hydroxides occurs, commonly referred to as “yellowboy”.  

The fourth step involves the oxidation of additional pyrite by ferric iron (Fe3+). The 
abundance of oxidizing agent Fe3+ is influenced by the pH of the weathering solution. This 
cyclic propagation of acid generation and production of Fe3+ ions takes place very rapidly 
and continues until the supply of ferric iron or pyrite is exhausted. Reaction 2.4 is determined 
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by the rate of reaction 2.2. The rates of reactions 2.2, 2.3 and 2.4 are significantly accelerated 
by bacteria, specifically Thiobascillus ferrooxidans. 

The overall stoichiometric pyrite reaction (eq. 2.5) is among the most acid producing of all 
weathering processes in nature 

Pyrite weathering is also influenced by mineralogical properties, and external chemical, 
physical and biological factors. Mineralogical properties include the particle size, porosity, 
surface area, crystallography, and trace element content of pyrite. External factors are 
quantity of sulfides, presence or absence of microorganisms, temperature, pH and Fe2+/Fe3+ 
ratio of the weathering solution. Biological parameters include: biological activativation 
energy, population density of the bacteria, rate of bacterial growth and supply of nutrients 
(Salomons, 1995). 

In addition to pyrite, other metal sulfide minerals may be associated with economic mineral 
deposits, and some of these minerals also cause production of acidity and sulfate. Oxidation 
and hydrolysis of sulfide minerals such as pyrrhotite (Fe(1-x)S), chalcopyrite (CuFeS2), 
sphalerite ((Zn, Fe)S) and others results in release of major and trace elements, including 
numerous heavy metals. As a result, elevated concentration of one or more heavy metals is 
characteristic of mine waters in contact with sulfidic ores and wastes (Lottermoser, 2003). In 
acid mine drainage, most metals occur as simple metal ions or as sulfate complexes. Once 
acid drainage is created, metals are released into the surrounding environment, and become 
readily available to biological organisms. Metalliferous AMD is often responsible for 
physical, chemical and biological degradation of stream habitats. 
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2.32.32.32.3     Acid sulfate soAcid sulfate soAcid sulfate soAcid sulfate soilsilsilsils    

Acid sulfate soils (ASS) are naturally occurring soils, sediments or organic substrates (e.g. 
peat) that are formed under waterlogged anaerobic conditions. These soils contain iron 
sulfides such as pyrite (FeS2) or iron monosulfides such as greigite and mackinawite (FeS). 
When ASS are exposed to air, the iron sulfides in the soil react with oxygen and water to 
produce a variety of iron compounds and sulfuric acid. The oxidation reactions for pyrite 
(FeS2) and iron monosulfides (FeS) are similar: 

FeS2 + 15/4O2 + 7/2H2O � Fe(OH)3 + 2SO4
2- + 4H+  (eq. 2.6) 

4FeS + 9O2 + 10H2O �4Fe(OH)3 + 4SO4
2- + 8H+  (eq. 2.7) 

The generated acid attacks the fine clay particles present in the soil, resulting in the release of 
soluble forms of aluminum that can be mobilized into groundwater and drains. The acid can 
also remobilize iron, manganese and other metals, resulting in release of toxic metals into the 
environment. Over the past few years, it has been documented that the ASS drainage is rich 
in a variety of metals released from sulfides, and weatherable aluminosilicates in the acidic 
soil horizons. Therefore, the streams and rivers running through areas underlain by ASS are 
affected by both acidic substances and potentially toxic metals (Sundström et al., 2002). 

Acidic water and mobilized metals can adversely affect the environment by seeping into, and 
acidifying groundwater and surface water bodies, killing vegetation, fish and other aquatic 
organisms, and degrading concrete and steel structures to the point of failure (Graham and 
Larsen, 2000). 

The sulfuric acid produced in acid sulfate soils is a product of the oxidation of sedimentary 
iron sulfides, of which pyrite is the most common mineral. Since pyrite grains in acid sulfate 
soils are microscopic in size, they have a very large surface area and therefore react rapidly 
when exposed to oxygen. Pyrite particles in mining waste are larger, but will still react with 
oxygen, although the reaction rates are much slower. The impact of acid sulfate soil leachate 
may persist over a long time, and/or peak seasonally, e.g. during the first rains after dry 
periods (Thoma et al., 2003). Ref missing in list 

Öborn, 1989 studied the distribution of acid sulfate soils in Sweden and estimated that about 
140.000 ha is underlain by ASS. The acid sulfate soils occur mainly on sulfidic sediments 
along the Baltic Coast of Sweden, and in the lowland regions around lake Mälaren and Lake 
Hjälmaren (Öborn, 1989; Sohlenius and Öborn, 2004). As a result of land uplift, these soils 
may be found far from the present coast line. 

Deposits of acid sulfate soils are commonly found less than five meters above sea level, in 
protected low-energy environments. Mangroves, salt marshes, floodplains, swamps, 
wetlands, estuaries, and brackish or tidal lakes, are ideal areas for acid sulfate soil formation 
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(Graham and Larsen, 2000). ASS are often buried beneath layers of more recently deposited 
soils and sediments of alluvial or aeolian origin. 

Some acid sulfate soils were formed millions of years ago and occur in ancient marine rocks, 
while others occur as layers of Holocene marine muds and sands. When the sea level rose and 
inundated the land, sulfate in the seawater mixed with land sediments containing iron oxides 
and organic matter. Under these anaerobic conditions, lithotrophic bacteria such as 
Thiobacillus ferrooxidans took part in the formation of iron sulfide (DOE, 2006).  

ASS are not always a problem. Under the anaerobic reducing conditions maintained below 
the groundwater table, the iron sulfides are stable and the pH in the surrounding soil is often 
close to neutral. Such soils are called potential acid sulfate soils (PASS) as they have 
potential to produce sulfuric acid when disturbed or exposed to air (Fitzpatrick et al., 1996). 

When PASS are disturbed or exposed to oxygen, the iron sulfides are oxidised to produce 
sulfuric acid, and the soil becomes strongly acidic (usually below pH 4). These soils are then 
called actual acid sulfate soils (AASS), i.e. they are already acidic. 

The term acid sulfate soils generally includes both actual and potential acid sulfate soils, 
which often occur in the same soil profile. AASS usually overlie PASS (Fitzpatrick et al., 
1996). 

The problems associated with disturbance of ASS are often long-term, and difficult, if not 
impossible, to reverse. The hazards presented by acid sulfate soils are exacerbated by their 
location and specific properties. Studies of environmental aspects of ASS should focus 
specifically on areas with high potential for acidification. Exploitation or human disturbance 
should be avoided, if possible, and such areas should be used in a manner most friendly to the 
environment. 

  



 

 

3.3.3.3. Study AreaStudy AreaStudy AreaStudy Area    

3.13.13.13.1 GeographicGeographicGeographicGeographic    locationlocationlocationlocation

This study was performed at
located 30 km northwest of Skellefteå in the County of Västerbotten in northern Sweden. It is 
one of the largest producing gold mines in Europe with a total historical p
million tonnes of ore with an average grade of 2.5 g/t of gold. Björkdal was mined from 1988 
to 1999 and reopened in 2001. From 2006 the Björkdal gold deposit is operated by the 
Canadian-based mining and exploration company Gold
with the Swedish company Björkdalsgruvan AB. The Björkdal deposit is estimated to contain 
25 million tons of ore, with a gold content

Figure 3.1 Björkdal gold mine. Photo

The surrounding area is characterized by forests, lakes and farmland adjacent to farmsteads. 
Small villages and rural hamlets are interconnected by roads passing around the site. The 
nearest property is located 940 m west of the center of the open pit. The
designated as ecologically important or critical habitats indentified within 2 km of the site 
boundary. The mine site is visually dominated by the waste dumps, tailings management 
facility (TMF) and processing facilities. However the view i
surrounding forest, which provides an effective screen. The hydrology in the area is generally 
controlled by topography. 

8 

locationlocationlocationlocation    

This study was performed at the Björkdal gold mine (Figure 3.1). The Björkdal mine is 
located 30 km northwest of Skellefteå in the County of Västerbotten in northern Sweden. It is 
one of the largest producing gold mines in Europe with a total historical p
million tonnes of ore with an average grade of 2.5 g/t of gold. Björkdal was mined from 1988 
to 1999 and reopened in 2001. From 2006 the Björkdal gold deposit is operated by the 

based mining and exploration company Gold-Ore Resources Ltd., in cooperation 
with the Swedish company Björkdalsgruvan AB. The Björkdal deposit is estimated to contain 
25 million tons of ore, with a gold content of 2 to 3 g/t. 

Björkdal gold mine. Photo: Vestemark L., 2006.  

The surrounding area is characterized by forests, lakes and farmland adjacent to farmsteads. 
Small villages and rural hamlets are interconnected by roads passing around the site. The 
nearest property is located 940 m west of the center of the open pit. The
designated as ecologically important or critical habitats indentified within 2 km of the site 
boundary. The mine site is visually dominated by the waste dumps, tailings management 
facility (TMF) and processing facilities. However the view into the site is limited by the 
surrounding forest, which provides an effective screen. The hydrology in the area is generally 

). The Björkdal mine is 
located 30 km northwest of Skellefteå in the County of Västerbotten in northern Sweden. It is 
one of the largest producing gold mines in Europe with a total historical production of 10 
million tonnes of ore with an average grade of 2.5 g/t of gold. Björkdal was mined from 1988 
to 1999 and reopened in 2001. From 2006 the Björkdal gold deposit is operated by the 

es Ltd., in cooperation 
with the Swedish company Björkdalsgruvan AB. The Björkdal deposit is estimated to contain 

The surrounding area is characterized by forests, lakes and farmland adjacent to farmsteads. 
Small villages and rural hamlets are interconnected by roads passing around the site. The 
nearest property is located 940 m west of the center of the open pit. There are no sites 
designated as ecologically important or critical habitats indentified within 2 km of the site 
boundary. The mine site is visually dominated by the waste dumps, tailings management 

nto the site is limited by the 
surrounding forest, which provides an effective screen. The hydrology in the area is generally 



 

 

3.23.23.23.2 ClimateClimateClimateClimate    

Annual precipitation varies around 600
during summer and autumn. The wettest month is July. The average monthly temperature is 
often below 0°C during the period October to April, and the precipitation normally falls as 
snow during this period. The 
et al., 2003). Snow melt normally takes place during April and May. Maximum water 
discharge within the natural watercourses thus occurs in 

3.33.33.33.3 GeologyGeologyGeologyGeology    

The Björkdal gold deposit is located i
district, which contains numerous volcanic massive sulfide deposits (V
Ga old volcanic rocks (Figure 3.3)
sequence (Skellefteå Group) overlain by a younger sedimentary sequence and mainly mafic 
volcanic rocks (Vargfors Group).
the regional metamorphism. The 3
volcanic rocks, and the upper part of the Group contains most of the V
Skellefteå Group is intruded by a series of granites and the Björkdal deposit occurs at the 
contact between a granodiorite body and
et al., 2003). 

Figure 3.3 Geological map and activity area

Property Boundary 
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Annual precipitation varies around 600-700 mm/yr, with the largest amount usually falling 
during summer and autumn. The wettest month is July. The average monthly temperature is 
often below 0°C during the period October to April, and the precipitation normally falls as 
snow during this period. The yearly average evaporation is around 300-400 mm/yr 

. Snow melt normally takes place during April and May. Maximum water 
discharge within the natural watercourses thus occurs in April-May. 

The Björkdal gold deposit is located in the eastern part of the Paleoproterozoic Skellefteå 
contains numerous volcanic massive sulfide deposits (V-HMS) hosted by 1.9 

(Figure 3.3). The Skellefteå district consists of a lower volcanic 
oup) overlain by a younger sedimentary sequence and mainly mafic 

volcanic rocks (Vargfors Group). All rocks in the Skellefteå district have been subjected to 
The 3-km-thick Skellefteå Group is composed of mainly felsic 

volcanic rocks, and the upper part of the Group contains most of the V-HMS deposits. The 
Skellefteå Group is intruded by a series of granites and the Björkdal deposit occurs at the 
contact between a granodiorite body and overlying volcanic-sedimentary sequences

map and activity area of the Björkdal mine (Cogema, 1996)

Björkdal Open Pit 

mm/yr, with the largest amount usually falling 
during summer and autumn. The wettest month is July. The average monthly temperature is 
often below 0°C during the period October to April, and the precipitation normally falls as 

400 mm/yr (Nilsson 
. Snow melt normally takes place during April and May. Maximum water 

n the eastern part of the Paleoproterozoic Skellefteå 
HMS) hosted by 1.9 

. The Skellefteå district consists of a lower volcanic 
oup) overlain by a younger sedimentary sequence and mainly mafic 

district have been subjected to 
Group is composed of mainly felsic 

HMS deposits. The 
Skellefteå Group is intruded by a series of granites and the Björkdal deposit occurs at the 

sedimentary sequences (Weihed 

 

(Cogema, 1996). 
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The regional structure around Björkdal is characterized by the dome-shaped Björkdal 
intrusion. The host intrusion is a medium-grained quartz-monzodiorite to tonalite 
(granodiorite). The overlying sequence of volcanic rock is made up of acidic tuff with 
crystals or pumice, and more infrequently, of alkali tuff. The contact between this volcano-
plutonic base and the sedimentary series above more or less is underlined by a carbonate 
layer (Cogema, 1996). 

The granodiorite is composed of plagioclase, quartz, biotite and amphibole as the main 
minerals, and accessory calcite, titanite, epidote, apatite, and zircon (Weihed et al., 2003). 
The mineralization is located in the transition area between the volcanic rocks and the 
intrusion. Gold is associated with subvertical quartz veins and with sulfides. The main metals 
accompanying the gold are tellurium and bismuth. Pyrite, chalcopyrite and pyrrhotite are the 
main sulfides. Scheelite is presents in small amounts. The host rocks at Björkdal are 
deformed and altered by metamorphic processes, resulting in the appearance of metamorphic 
minerals such as chlorite, tremolite, actinolite, white mica and sphene.  

3.43.43.43.4 FacilitiesFacilitiesFacilitiesFacilities    

The Björkdal open pit is approximately 1500 m long, 500 m wide and over 210 m deep. 
Exploration and mining work is in progress underground and in the open pit. Facilities at the 
mine include a crushing plant and an ore processing plant, with a capacity of 3400 
tonnes/day. Björkdal currently produces ore from underground mining (800 tonnes/day), the 
open pit (1300 tonnes/day) and surface stockpiles (1200 tonnes/day).  Crushed rock, which is 
produced as a byproduct from the main ore processing plant, is sold as high quality 
aggregate, and is used particularly for road construction in northern Sweden. 

3.53.53.53.5 EnvironmentEnvironmentEnvironmentEnvironment    

All operations at Björkdal are fully permitted in accordance with Swedish environmental 
legislation and health & safety codes. Environmental monitoring and controls are carried out 
regularly at the site. Water sampling, dust control, noise, environmental and health & safety 
(EHS) inspections are conducted according to a schedule agreed with the environmental 
authorities.  All waste water discharge points are permitted, monitored and controlled by the 
local authority (Skellefteå Kommun). Full details of volumes and flow rates are provided in 
the annual environmental report, set waste water standards and limits. 

  



 

 

4.4.4.4. MethodsMethodsMethodsMethods    

4.14.14.14.1 Water samplesWater samplesWater samplesWater samples    

Stations St PP1, St PP2, St B and St C were created in 1988
in the Björkdal area. However, chemical data collected during 2001
collected since 2006. Nowadays the water sampling program is regulated by several different 
permits whereby the analyzed parameters differ between some stations.
St PP1 is analyzed for oil, suspended matter, NO
Pb, Zn and pH, while water samples from 
same chemical elements with the addition of
Mo, Ni, and V. At these stations SO
filtration the material retained on the filter surface (filters with pore 
analyzed at St PP2, while chemical analyses 
locations except St PP1. Samples are taken 8 times per year
where samples are undertaken during a whole year
collected twice per month, except during winter. Collection of water samples in duplicate
applied to compare water quality with previous sampling and to avoid any analytical errors or 
unpredictable contamination 
fortnightly, while water discharge at St PP1 and St PP2 is measured daily. 
St B, St C and St D is measured each time the water is sampled.

order to prevent streambed sediment from mixing with sediments suspended in water. The 
pH value and temperature (°C) were measured at each site
Immediately after collection, samples were stored in a cooler. Arriving from the field, the 
samples were kept on ice in the cooler and the same day sent to ALS Scandinavia AB 
Luleå for chemical analysis. Sampled waters were 

Figure 4.1 Water sampling. Photo: 
Paulava H., 2008 
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t B and St C were created in 1988 for monitoring of water quality 
in the Björkdal area. However, chemical data collected during 2001–2005 deviates from data 
collected since 2006. Nowadays the water sampling program is regulated by several different 
ermits whereby the analyzed parameters differ between some stations. Discharge

suspended matter, NO3-N, NO2-N, TOC, COD
water samples from St PP2, St B, St C and St D are 

same chemical elements with the addition of NH4-N, PO4-P, P-tot, N-tot, As
At these stations SO4 and COD-Mn measurements are excluded. After 

filtration the material retained on the filter surface (filters with pore size 0.45 µm) is only 
analyzed at St PP2, while chemical analyses of filtered water is performed

Samples are taken 8 times per year at all stations except St PP1 
where samples are undertaken during a whole year. Samples for oil, metals and nutrients are 
collected twice per month, except during winter. Collection of water samples in duplicate
applied to compare water quality with previous sampling and to avoid any analytical errors or 

 of surface water. pH is measured weekly and turbidity 
fortnightly, while water discharge at St PP1 and St PP2 is measured daily. 

St C and St D is measured each time the water is sampled. 

All samples were collected using new
polyethylene bottles (Figure 4.1). T
for major and trace element concentrations in 
filtered and unfiltered water, and two 0.5 L bottles 
for analysis of nutrients and suspended 
concentration. Unfiltered water for analysis of oil 
content was collected in 1 L glass bottles. The 
bottles were rinsed 2 times with stream water and 
were then completely filled to eliminate headspace, 
except for the glass bottle, which was filled t
its volume. During the collection of water samples, 
care was taken to avoid disturbing the streambed in 

prevent streambed sediment from mixing with sediments suspended in water. The 
pH value and temperature (°C) were measured at each site with pH device Hach HQ3OD. 
Immediately after collection, samples were stored in a cooler. Arriving from the field, the 
samples were kept on ice in the cooler and the same day sent to ALS Scandinavia AB 

. Sampled waters were analyzed within 24 hours.

Water sampling. Photo: 

for monitoring of water quality 
2005 deviates from data 

collected since 2006. Nowadays the water sampling program is regulated by several different 
Discharge water from 

N, TOC, COD-Mn, SO4, Al, Cu, 
St D are analysed for the 

tot, As, Cd, Co, Cr, Hg, 
Mn measurements are excluded. After 

size 0.45 µm) is only 
performed at all sampling 

at all stations except St PP1 
Samples for oil, metals and nutrients are 

collected twice per month, except during winter. Collection of water samples in duplicate is 
applied to compare water quality with previous sampling and to avoid any analytical errors or 

of surface water. pH is measured weekly and turbidity 
fortnightly, while water discharge at St PP1 and St PP2 is measured daily. Water discharge at 

All samples were collected using new, acid-cleaned, 
. Two 0.1 L bottles 

for major and trace element concentrations in 
filtered and unfiltered water, and two 0.5 L bottles 
for analysis of nutrients and suspended matter 
concentration. Unfiltered water for analysis of oil 
content was collected in 1 L glass bottles. The 
bottles were rinsed 2 times with stream water and 
were then completely filled to eliminate headspace, 
except for the glass bottle, which was filled to 2/3 of 
its volume. During the collection of water samples, 
care was taken to avoid disturbing the streambed in 

prevent streambed sediment from mixing with sediments suspended in water. The 
with pH device Hach HQ3OD. 

Immediately after collection, samples were stored in a cooler. Arriving from the field, the 
samples were kept on ice in the cooler and the same day sent to ALS Scandinavia AB in 

within 24 hours. 



 

 

4.24.24.24.2 Tailings samplesTailings samplesTailings samplesTailings samples    

Coarse-grained and fine-grained tailings 
test of major and trace elements
during one month and sent to 

4.34.34.34.3 Sampling stationsSampling stationsSampling stationsSampling stations

Figure 4.2 Stations PP1, St PP2, St B, St C and St D in
2008. 

Monitoring stations are shown in Figure 4.2. Discharge waters from the Björkdal property 
flow into St PP1, St PP2, St B and St C, while St D collects waters upstream of the mine and 
defines background metal concentrations in the Kåge district

 

12 

    

grained tailings were sampled for chemical analysis and leaching 
test of major and trace elements in 2007. Fresh sand and slime mining wastes were collected 
during one month and sent to ALS Scandinavia AB for chemical analysis.  

Sampling stationsSampling stationsSampling stationsSampling stations    

PP2, St B, St C and St D in the Kåge district. Map: 

Monitoring stations are shown in Figure 4.2. Discharge waters from the Björkdal property 
into St PP1, St PP2, St B and St C, while St D collects waters upstream of the mine and 

defines background metal concentrations in the Kåge district. 

 

for chemical analysis and leaching 
Fresh sand and slime mining wastes were collected 

 

 

. Map: Siergieiev D., 

Monitoring stations are shown in Figure 4.2. Discharge waters from the Björkdal property 
into St PP1, St PP2, St B and St C, while St D collects waters upstream of the mine and 



 

 

4.3.14.3.14.3.14.3.1 Bondmyrbäcken (PP1) stationBondmyrbäcken (PP1) stationBondmyrbäcken (PP1) stationBondmyrbäcken (PP1) station

Limits are set for Cu, Pb, Zn, NOx and oil. Discharg

Station PP1 is characterized by relatively stable water discharge, approximately 90
during the year. Discharge increases during spring melt and periods of rainfall
pH varies from 7.7 to 8.2. Sulfate 
sulfate content, around 184 mg/l, is
concentrations vary during the year

4.3.24.3.24.3.24.3.2 Mörttjärnmyrbäcken (PP2) stationMörttjärnmyrbäcken (PP2) stationMörttjärnmyrbäcken (PP2) stationMörttjärnmyrbäcken (PP2) station

Cd, Cr, Hg, Ni, Pb, Zn. Sulfate was 
solids and treatment with polyaluminochloride, part of the water is recycled back to the 
processing plant, and the rest of the water is discharged into the Mörttjärnmyrbäcken stream.

Water discharge fluctuates during the year at station PP2. The lowest water discharge 5 m
(November, 2006) and the highest values 650 m
studied period. pH varies between 7.7
compared to other stations, on the average 50 mg/l. Application of polyaluminochloride as a 
flocculation agent results in elevated aluminum concentrations in the water column during 
spring, up to 5540 µg/l (May, 2008), while the annual average concentration of  al
St PP2 is rather similar to other stations

 

Figure 4.3 Station PP1. 

Figure 4.4 Station PP2. 

13 

Bondmyrbäcken (PP1) stationBondmyrbäcken (PP1) stationBondmyrbäcken (PP1) stationBondmyrbäcken (PP1) station    
Station PP1 is located in the SW part of the 
mining area, near the waste rock deposits
Drainage water from the pit and stockpiles is directed 
to a local impoundment (250 m2), and after separation 
of oil and suspended solids, discharged to the 
Bondmyrbäcken or Röjmyrbäcken streams
PP1 is situated at the outlet of the impoundment. 
Water monitoring is undertaken monthly, with
measurements of suspended matter, oil, Cu, Pb, Al, 
Zn, Al, SO4, NO3-N, NO2-N, TOC, COD

Limits are set for Cu, Pb, Zn, NOx and oil. Discharge of water is measured daily.

Station PP1 is characterized by relatively stable water discharge, approximately 90
during the year. Discharge increases during spring melt and periods of rainfall

Sulfate concentrations vary from 58 µg/l to 507
mg/l, is relatively high compared to other stations

concentrations vary during the year from 7 µg/ to 1900 µg/l. 

Mörttjärnmyrbäcken (PP2) stationMörttjärnmyrbäcken (PP2) stationMörttjärnmyrbäcken (PP2) stationMörttjärnmyrbäcken (PP2) station    
Station PP2 is located at the NE outlet of the tailings 
impoundment (Figure 4.4). Process water from the 
plant is pumped to the TMF. Outlet water from the 
TMF is channeled to a series of settling ponds before 
discharging into the Mörttjärnmyr
Water monitoring is undertaken for
matter, NO3-N, NO2-N, NH4-N, PO

As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, V, Zn and pH. 
Limits are set for oil, suspended solids, pH and As, 

Sulfate was measured up to 2006. After separation of suspended 
solids and treatment with polyaluminochloride, part of the water is recycled back to the 
processing plant, and the rest of the water is discharged into the Mörttjärnmyrbäcken stream.

uates during the year at station PP2. The lowest water discharge 5 m
(November, 2006) and the highest values 650 m3/h (July, 2004) were registered during the 
studied period. pH varies between 7.7-8.1. The sulfate concentration is relatively low 

to other stations, on the average 50 mg/l. Application of polyaluminochloride as a 
flocculation agent results in elevated aluminum concentrations in the water column during 
spring, up to 5540 µg/l (May, 2008), while the annual average concentration of  al
St PP2 is rather similar to other stations (280 µg/l). 

Station PP1 is located in the SW part of the active 
mining area, near the waste rock deposits (Figure 4.3). 
Drainage water from the pit and stockpiles is directed 

), and after separation 
of oil and suspended solids, discharged to the 
Bondmyrbäcken or Röjmyrbäcken streams. Station 
PP1 is situated at the outlet of the impoundment. 
Water monitoring is undertaken monthly, with 
measurements of suspended matter, oil, Cu, Pb, Al, 

N, TOC, COD-Mn, and pH. 
e of water is measured daily.  

Station PP1 is characterized by relatively stable water discharge, approximately 90 m3/h 
during the year. Discharge increases during spring melt and periods of rainfall, 90-160 m3/h. 

/l to 507 µg/l. Average 
compared to other stations. Aluminum 

Station PP2 is located at the NE outlet of the tailings 
. Process water from the 

plant is pumped to the TMF. Outlet water from the 
TMF is channeled to a series of settling ponds before 

Mörttjärnmyrbäcken stream. 
ring is undertaken for oil, suspended 

N, PO4-P, P-tot, N-tot, 

As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, V, Zn and pH. 
Limits are set for oil, suspended solids, pH and As, 

. After separation of suspended 
solids and treatment with polyaluminochloride, part of the water is recycled back to the 
processing plant, and the rest of the water is discharged into the Mörttjärnmyrbäcken stream.  

uates during the year at station PP2. The lowest water discharge 5 m3/h 
/h (July, 2004) were registered during the 

8.1. The sulfate concentration is relatively low 
to other stations, on the average 50 mg/l. Application of polyaluminochloride as a 

flocculation agent results in elevated aluminum concentrations in the water column during 
spring, up to 5540 µg/l (May, 2008), while the annual average concentration of  aluminum  at 



 

 

4.3.34.3.34.3.34.3.3 Lillträskbäcken (St B) stationLillträskbäcken (St B) stationLillträskbäcken (St B) stationLillträskbäcken (St B) station

concentrations increase up to 190
till 7.2 mg/l in summer. Electrical conductivity varied
2006 years. Aluminum concentrations 

4.3.44.3.44.3.44.3.4 Kåge River (St C) stationKåge River (St C) stationKåge River (St C) stationKåge River (St C) station

significantly lower compared to St B, 2.5
1900 µg/l in spring, while the annual average aluminum concentration is

4.3.54.3.54.3.54.3.5 Lillträskbäcken (St D) stationLillträskbäcken (St D) stationLillträskbäcken (St D) stationLillträskbäcken (St D) station

the wet season the concentration increases up to 605 µg/l

 

Figure 4.5 Station B. 

Figure 4.6 Station C. 

Figure 4.7 Station D. 
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Lillträskbäcken (St B) stationLillträskbäcken (St B) stationLillträskbäcken (St B) stationLillträskbäcken (St B) station    
Station B is located approximately 2.3
Björkdal mine (Figure 4.5). It collects 
discharging from upstream stations PP1 and PP2
sampling procedure and limits are similar to that at 
station PP2. Electrical conductivity measurement was 
undertaken up to 2006.  A few houses and a local road 
are situated close to the stream. 

St B has a high water discharge, on the average 942
m3/h (2008). pH varies between 6.4

up to 190 mg/l during spring melt, while the amount of sulfate
. Electrical conductivity varied between 4.81-73.4 mS/m
concentrations vary from 62.0 µg/l to 550 µg/l.  

Kåge River (St C) stationKåge River (St C) stationKåge River (St C) stationKåge River (St C) station    
Station C is located 1 km from St B and 3 km from the 
Björkdal mine, and monitors the water quality in the 
Kåge River, the largest river in the Kåge district
(Figure 4.6). The sampling procedure is similar to that 
at St B. There are no limits for station C. 

The river is 15-20 m wide and has the highest water 
discharge in the Kåge district, near 10
varies from 6.2 to 7.5. Sulfate concentration
between 2-13 mg/l. Electrical conductivity is 

significantly lower compared to St B, 2.5-9.3 mS/m. Aluminum concentrations rise up to 
1900 µg/l in spring, while the annual average aluminum concentration is near 130 µg/l.

Lillträskbäcken (St D) stationLillträskbäcken (St D) stationLillträskbäcken (St D) stationLillträskbäcken (St D) station    
Station D in the Lillträskbäcken stream is located to 
the east, 1.5 km from the mine. Station D was opened 
in 2008 (Figure 4.7), and monitors background 
concentrations in Lillträskbäcken upstream of the 
Björkdal mine.  

Water discharges at St D and St B were rather similar
in 2008, around 622 m3/h. pH varies 

Aluminum concentrations vary duri
periods aluminum level drops to 182 µg/l, while during 

concentration increases up to 605 µg/l. 

y 2.3 km from the 
. It collects water 

stations PP1 and PP2. The 
sampling procedure and limits are similar to that at 

Electrical conductivity measurement was 
A few houses and a local road 

on the average 942 
/h (2008). pH varies between 6.4-7.6. Sulfate 

amount of sulfate drops 
mS/m during 2002-

Station C is located 1 km from St B and 3 km from the 
Björkdal mine, and monitors the water quality in the 
Kåge River, the largest river in the Kåge district 

. The sampling procedure is similar to that 
at St B. There are no limits for station C.  

has the highest water 
discharge in the Kåge district, near 10.2 m3/s. pH 

Sulfate concentrations are 
Electrical conductivity is 

9.3 mS/m. Aluminum concentrations rise up to 
near 130 µg/l. 

Station D in the Lillträskbäcken stream is located to 
km from the mine. Station D was opened 

, and monitors background 
concentrations in Lillträskbäcken upstream of the 

and St B were rather similar 
pH varies between 6.0-7.1. 

s vary during the year, in dry 
drops to 182 µg/l, while during 
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5.5.5.5. Results and DiscussionResults and DiscussionResults and DiscussionResults and Discussion    

5.15.15.15.1 TailingsTailingsTailingsTailings    

5.1.15.1.15.1.15.1.1  General descriptionGeneral descriptionGeneral descriptionGeneral description    
The tailings impoundment is located in an area of gently undulating relief. Surface elevation 
ranges between about 195 m above the sea level north of the impoundment, to about 140 m 
above the sea level east of the impoundment. The impoundment is rectangular in shape and 
occupies an area of about 260 ha. The site was originally a poorly drained low lying area with 
small streams. The Kåge River lies some 500 m to the west of the Tailings Management 
Facility (TMP), and flows in a southerly direction. Mörttjärnmyrbäcken is a much smaller 
stream draining the area to the east of the TMF. Mörttjärnmyrbäcken flows into 
Lillträskbäcken stream, which is a tributary to the Kåge River.  

The mine site is situated in an area of low seismicity. The region is characterized by an 
annual excess of precipitation over evaporation. The winter months are characterised by 
snowfall and below-zero temperatures. A critical period occurs during springtime when the 
accumulated snow and frozen pondwaters melt.  

The TMF area is underlain by the Lower Pyritic Mudstone and Basal Volcanic strata of 
Precambrian age. The strata dip to the north. The Precambriam rocks are overlain by 
Quaternary deposits of glacial and local alluvial origin. Drilling has identified a potential 
orebody beneath the TMF, but there are no proposals at present to extract the ore. 

The groundwater situation at the TMF and the mine site is understood in a general way, but 
no investigations or published reports on groundwater modelling or impact assessments 
appear to exist. The groundwater balance predicts seepage losses below the impoundment or 
through the embankments at the TMF. Seepages were particularly noticeable in the eastern 
end of the open pit adjacent to the TMF settling ponds, which suggests a possible flowpath 
between the two areas. 

5.1.25.1.25.1.25.1.2 Components of the TMFComponents of the TMFComponents of the TMFComponents of the TMF    
The tailings management facility consists of the following components (Figure 5.1.): 

• Västra Spärrdammen - the embankment, ditches, settling ponds, pump systems and 
emergency spillway 

• Västra Dammen - the beach and the tailings deposition area 
• Östra Spärrdammen - the embankment and tailings slurries deposition area 
• Östra Dammen - the embankment, water storage, and spillway arrangements 

• Klarningsdammen - the embankment, water storage, and spillway arrangements, 
recycled water pump station 

 



 

 

 

 
 
 
Figure 5.1 Tailings management facilities. Map: Schönfelt T., 2008 
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Tailings are currently produced at a rate of about 1.2 Mtonnes/year at the processing plant. 
Tailings from the gravity concentration and flotation circuit are pumped a distance of 1.2 – 
1.4 km in two stages from the processing plant to the TMF. Pumping is performed with two 
pumping stations, one situated in the processing plant and the other one near Västra 
Dammen. Mining waste is pumped at a rate of around 140 m3/hour. Under normal operating 
conditions the tailings are deposited after cycloning to separate the tailings into a coarse 
fraction (approximately 80% of the total volume) and a fine fraction (approximately 20%). 
The cyclone is located near Västra Dammen. The coarse fraction – sand – is diverted 
westward from Västra Dammen into the sand tailings area, and the fine fraction – slimes – is 
directed eastward from Västra Dammen into the slimes and tailings area. Water accumulated 
in the sand tailings area discharges downstream to the impoundment and is contained by 
embankments in the south-western corner of the TMF. Accumulated water is pumped to the 
eastern side of Östra Dammen to mix with the pond waters to the east. Discharge of water to 
the Kåge River situated about 500 m west of the TMF was not permitted because of the 
absence of formal settling pond facilities. Based on the topography of the TMF, mining water 
in the slime and tailings area accumulates at the north-eastern end of the impoundment and 
discharges to the eastern side of Östra Spärrdammen. Discharged water at the outlet of the 
impoundment is subject to treatment. To reduce mobility of metals, polyaluminochloride is 
added. Precipitation of dissolved aluminum will add colloidal and suspended matter to the 
water column, resulting in formation of aggregates with adsorbed metals. As aggregates 
agglomerate and become heavier they settle to the bottom, resulting in decreased turbidity of 
the discharge water.  

Previously Östra Spärrdammen served as a filter between the fine-grained storage 
impoundment and water pond. It was built from gravel material to let water penetrate trough 
the embankment. However, very fine-grained materials also passed through the embankment 
and accumulated on the eastern side of Östra Spärrdammen. To reduce contamination of the 
impoundment Östra Spärrdammen was rebuilt. Gravel was replaced by compressed waste 
sand materials, helping to minimize seepage of the embankment. 

The impoundment to the western side of Östra Dammen stores water collected upstream of 
the entire TMF system. Water is decanted from the western pond area through a culvert 
constructed at the base of the embankment to accumulate in the pond retained by 
Klarningsdammen to the east. Water from eastern impoundment is discharged into 
Mörttjärnmyrbäcken stream, or pumped as recycled water to the processing plant at a rate of 
60 m3/hour. In the summer, the plant consumes over 60-70% of the recycled water. Prior to 
the freezing conditions experienced during winter months, the ponds are usually pumped as 
low as possible to maximize storage capacity. The Kåge River is one of the main water 
sources for the processing plant. The extraction of water from the river is limited to 180 
m3/hour. At the discharge point into Mörttjärnmyrbäcken, a second treatment with 
polyaluminochloride is performed. Treatment with polyaluminochloride is applied in spring, 
when the water table is rather high in the tailings and turbidity needs to be decreased by 
settling suspended solids to the bottom. Approximately 10 m3 of polyaluminochloride is used 
annually. 
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To avoid mixing of tailings water with water from surrounding areas, ditches have been 
created around the entire TMF. The main watershed is located uphill of the northern part of 
the TMF. Water from surrounding areas, collected in the ditches, is discharged from the 
watershed westward to Kåge Rive or eastward to the Mörttjärnmyrbäcken stream. 

The tailings surface is raised approximately 1 m/year due to deposition of new tailings, and 
the embankments are raised in stages to suit the storage requirements. All modifications of 
the TMF are permitted by the environmental authorities. In the future, Västra Spärrdammen 
will be raised, and the deposition area for slime tailings will be extended northward. 
Klarningsdammen will be expanded to the east from TMF (Figure 5.1). A new pumping 
station is also planned for better stabilization pressure between all pumping stations, and to 
enhance fractionation grade during cycloning of the mining waste. 

5.1.35.1.35.1.35.1.3 Physical properties of tailingsPhysical properties of tailingsPhysical properties of tailingsPhysical properties of tailings    
The reported current physical properties of the tailings are summarized below: 
Specific Gravity: 2.7 tonnes/m3 

Pulp density: 45 – 50%  
Particle size (overall) – % passing 63 µm sieve: ≈ 50%  
Particle size (cycloned) – % passing 63 µm sieve: overflow ≈ 60%, underflow ≈ 17%  
In-situ density: 1.4 - 1.5 t/m3  
Rate of rise: calculated at about 1m/yr.  

The physical properties indicate that the tailings are relatively coarse grained with a specific 
gravity that does not suggest a significant content of pyrite or other metal sulfides. 

5.1.45.1.45.1.45.1.4 Chemical properties of tailingsChemical properties of tailingsChemical properties of tailingsChemical properties of tailings    
Leaching tests on samples of fresh tailings are undertaken once per year. For the tests, coarse- 
and fine-grained tailings are collected each day from different parts of the fresh tailings 
during one month. At the end of the month two bags with sand and slime waste materials are 
sent for chemical analysis and leaching tests to ALS Scandinavia AB. For chemical analysis, 
samples of coarse- and fine-grained tailings are collected each week during one month. The 
last leaching test and chemical analysis of the tailings were performed in late autumn 2007. 
The results are compared with reference values for metals in sediments set by Swedish EPA 
and presented in Table 5.1. 

Table 5.1 Comparison of average concentrations and standard deviations of coarse- and fine-
grained tailings, and natural background values for lake sediments. 

Elements Pb Cu Zn As Cd Co Cr Hg Ni V 
Background 5 15 100 8 0.3 15 15 0.08 10 20 

Coarse-
grained 
tailings 

15.83 
±1.16 

22.05 
±2.92 

73.18 
±5.75 

4.29 
±1.84 

0.15   
±0.12 

14.85 
±1.12 

95.35 
±9.40 

0.02   
±0.01 

36.68 
±0.51 

97.40 
±4.32 

Fine-grained 
tailings 

17.75 
±3.15 

36.55 
±8.90 

74.75 
±6.69 

6.00 
±3.08 

0.13 
±0.02 

15.65 
±3.40 

107.7 
±26.8 

0.02 
±0.01 

39.95 
±4.94 

98.20 
±2.22 

All concentrations are given as mg metal/kg dry substance. 
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Table 5.1 shows rather similar concentrations of metals for the two tailings fractions, with 
generally low metal content. Anomalous values were registered for Cr and V. Pb, Ni and Cu 
concentrations also exceed the natural sediment background values. The average Co 
concentration does not exceed natural sediment background values, while individual Co 
values may exceed the background values.  

The measured values (Table 5.1) are compared with the classification of Swedish EPA for 
surface sediments (Table 5.2). The Cr level appears to be high in the tailings, classified as 
moderately high–high (Class 3 and Class 4). Cu and Ni belong to the third risk class with 
moderately high concentrations in the tailings. The concentration of As is very low for 
coarse-grained material (Class 1), and varies between low–moderately high concentration 
(Class 1 and Class 2) for fine-grained waste materials. The concentrations of Pb, Zn, Cd and 
Hg are low in the tailings, and do not exceed Class 1 according to the Swedish EPA 
classification. 

Table 5.2 Classification of average metal concentrations (mg/kg dry substance) in surface 
sediments (0-1 cm). 

Metals Class 1 Class 2 Class 3 Class 4 Class 5 

 
Very low 

concentration 
Low 

concentration 

Moderately                 
high 

concentration 

High 
concentration 

Very high 
concentration 

   mg/TS   

Pb <50 50-100 150-400 400-2000 >2000 

Cu <15 15-25 25-100 100-500 >500 

Zn <150 150-300 300-1000 1000-5000 >5000 

As <5 5-10 10-30 30-150 >150 

Cd <0.8 0.8-2 2-7 7-35 >35 

Cr <10 10-20 20-100 100-500 >500 

Hg <0.15 0.15-0.3 0.3-1 1-5 >5 

Ni <5 5-15 15-50 30-150 >250 

The volcanic rocks in the Björkdal area are of granitic and granodioritic composition, and 
possess valuable characteristics for use in the construction industry. Crushed rock, produced 
as a byproduct from the ore processing plant, occasionally is sold as high quality aggregates, 
e.g. for road construction. Currently, Björkdal is investigating the possibilities to use tailings 
sand as a construction material based on it is valuable physical properties.  In Swedish EPA 
guide (2007): “Criteria for recycling of waste in the works”, the limits for maximum 
concentrations and maximum leaching from waste are set for material recovered for 
construction purposes (Category I), or for construction purposes in the landfill cover 
(Category II) (Table 5.3).  
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Table 5.3 Maximum levels of elements in waste materials recovered for construction 
purposes 

Subjects 
Chemical 
formula 

Concentration 
(mg / kg) 

Leaching l / s = 10 l / kg  
(mg / kg) 

Category I Category II Category I Category II 
Lead Pb 20 200 0.31 0.33 

Cadmium Cd 0.2 1.5 0.01 0.01 
Mercury Hg 0.1 1.8 0.004 0.01 
Arsenic As 10 10 0.13 0.44 
Copper Cu 40 80 0.31 0.64 
Zink Zn 120 250 2.2 2.6 

Chromium tot Cr 40 80 0.42 0.26 
Nickel Ni 35 70 0.6 0.62 

Chloride Cl - - 147 11000 
Sulfate SO4 - - 227 8500 

Comparison of metal concentrations of fine- and coarse-grained tailings (Table 5.1) with the 
concentrations set by Swedish EPA (Table 5.3) obviously shows that most metals are present 
in low levels, except for Cr and Ni. The tailings concentration of Cr (95–107 mg/kg, Table 
5.1) exceeds the concentration limits for both Category I and II, and Ni concentration (37–40 
mg/kg, Table 5.1) is exceeded for Category I. It is known that the grinding section of the 
processing plant uses steel balls and rods that contain Cr to harden the material and reduce 
wear.  For every tonne of ore processed, 0.78 kg of steel is consumed. The majority of this 
material ends up in the tailings, with a small fraction collected in the middling concentrate. 
 As the ore and waste rock contain no known source of Cr, it is probable that the grinding 
media that ends up in the tailings is the source of the high Cr concentrations. 

Leaching tests were carried out in two programs, with a short leaching time, L/S2, and a 
longer leaching time, L/S10 (Table 5.4). Results showed that the material is resistant to 
leaching and the resulting leachate concentrations were well below the limits allowed by the 
Swedish EPA (Tables 5.3 and Table 5.4). The sulfur content (1340-2970 mg/kg) is 
significant if present as a sulfide phase, which could result in generation of acid leachates, but 
this is counteracted by the calcium carbonate content in the tailings. In fact all leaching tests 
showed that the metals remain bound in the solids with limited release to the environment. 

Table 5.4 Leaching tests of the coarse- and fine-grained tailings in the Björkdal mine 

Elements Pb Cu Zn As Cd Cr Hg Ni S Cl 
Tailings Test  mg/kg 
coarse-
grained 

L/S2 <0.0004 <0.002 <0.004 0.00476 <0.0001 0.00189 <0.00004 0.00126 46 3.2 

fine-
grained 

L/S2 <0.0004 0.00558 <0.004 0.006 <0.0001 0.00886 <0.00004 0.00122 64 4 

coarse-
grained 

L/S10 <0.002 <0.01 <0.02 0.0276 <0.0005 <0.006 <0.0002 <0.005 46.4 <8 

fine-
grained 

L/S10 <0.002 0.0135 <0.02 0.0344 <0.0005 <0.01 <0.0002 <0.005 64.9 <8 
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5.25.25.25.2 WaterWaterWaterWater    discharge, conductivity and pHdischarge, conductivity and pHdischarge, conductivity and pHdischarge, conductivity and pH    

Drainage waters from the Björkdal mine were sampled at Stations PP1, St PP2, St B, St C 
during the study period from 2002-2008. pH and conductivity were measured in unfiltered 
waters. Annual average water discharge, conductivity and pH for all the above stations are 
presented in Table 5.5. In 2008 samples were also taken at station D, representing the 
background concentration of measured surface water concentrations in the Kåge district. 
From 2006 at St PP2, St B and St C water samples were taken according to a new 
environmental permit, and measurements of conductivity and sulfate were excluded. 

Table 5.5 pH values, annual average values and standard deviations of water discharge and 
conductivity at Stations PP1, St PP2, St B and St C during 2002-2008. 

 
pH 

Water discharge 
(m3/h) Conductivity (mS/m) 

Stations PP1 PP2 StB StC PP1 PP2 StB StC 

2002 8.05 7.95 7.47 7.38 159 
±53.5 

138 
±23.9 

34.5 
±12.6 

4.96 
±1.29 

2003 7.99 7.82 7.40 7.40 113 
±10.8 

112 
±49.3 

26.8 
±28.0 

7.27 
±2.33 

2004 8.06 8.04 7.07 6.90 106 
±32.4 

166 
±180 

23.2 
±12.7 

4.74 
±1.76 

2005 7.97 7.93 - - 90.5 
±6.57 

97.7 
±83.4 

24.4 
±9.53 

3.80 
±0.84 

2006 7.95 7.85 6.95 6.90 88.8 
±18.1 

186 
±190 

42.8 
±32.6 

5.66 
±3.24 

2007 7.90 7.87 6.73 6.91 90.0 
±0.00 

67.7 
±97.8 

- - 

2008 7.90 7.86 7.0 6.60 112 
±39.4 

146 
±82.2 

- - 

pH measurements at stations PP1 and PP2 show slightly alkaline values (around pH 7.9), 
caused by the presence of buffering minerals in the rocks. The orebody is overlain by 
limestone and marble units which contribute with calcareous minerals to the waste rock and 
tailings. Because alkalinity and pH are so closely related, an increase in alkalinity causes an 
increase in pH in the discharge water. The increased alkalinity is an advantage for this area 
because increased alkalinity not only helps regulate the pH of the discharged water, but also 
decreases the dissolved metal content (through adsorption and precipitation) in the water. The 
well-buffered environment also reduces acid mine drainage generation. Downstream at St B 
and St C, the pH drops to circumneutral levels (pH 6.6 - 7.4). There is no pronounced annual 
pH variation in the Litträskbäcken-Kågeälven system (Figure 5.2). pH data show rather stable 
pH value during the year at stations PP1 and PP2. At St B and St C a slight drop in pH was 
observed in the spring months March-April, when high amounts of slightly acidic meltwater 
enter the streams from surrounding areas, causing a change of pH in the discharge water. At 
St B a pH of 6.0 was detected in spring, rising up to 7.0 during the summer months. 
Background pH values for the Kåge district varied from 6.0 to 7.1. Comparison of pH values 
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at St D with other stations (Figure 5.2) shows that most likely the bedrock of the Björkdal 
deposit affects the pH values of the discharge water from the Björkdal mine.  

 

Figure 5.2 pH value at stations PP1, PP2, St B, St C and St D for the period 2002-2008 

The water discharge at stations PP1 and PP2 is recorded continually. The water level and 
water discharge is measured with a Thompson outlet (Figure 4.3 and Figure 4.4). Stations B 
and C represent larger flow volumes in natural streams, which are not measured routinely. 
PP1 shows relatively constant flow throughout the year with small variations (90-120 m3/h, 
Figure 5.3). St PP2 shows larger inter-annual fluctuations in flow volume (10-650 m3/h).  
This can be partly explained by the larger catchment area that feeds St PP2, while St PP1 
represents a water volume collected from a smaller area. 

 

Figure 5.3 Annual average water discharge at stations PP1 and PP2 for the period 2002-2008 
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Conductivity was measured until 2006 at St B and St C. In 2006 the discharge permit was 
changed, and these measurements were no longer required. The conductivity increases with 
higher concentrations of dissolved ionic species. Due to dilution, the data shows a decreasing 
conductivity downstream from the mine, from St B (5-73 mS/m) to St C (3-9 mS/m). 
Seasonal variations are clearly shown in Figure 5.4, with increasing conductivity in the late 
summer and autumn during the low water level and falling in the spring and early summer in 
periods of high water flow. 

 

Figure 5.4 Conductivity  at stations St B and St C for the period 2002-2006 

Monitoring data shows that the chemical parameters of the stream water vary during the year. 
Figure 5.5 shows good correlation between sulfate concentrations and conductivity at St B 
(R2=0.69) and St C (R2=0.76). Enhanced sulfate concentrations in the water increase total 
dissolved solids (TDS) and conductivity.  

 

Figure 5.5 Correlation between sulfate concentration and conductivity in the stream water at 
St B and St C for the period 2002-2006  
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5.35.35.35.3 SulfSulfSulfSulfate, ate, ate, ate, trace elements trace elements trace elements trace elements and aluminumand aluminumand aluminumand aluminum    

Concentrations of Al, Pb, Cu and Zn at stations PP1, PP2, St B, and St C were averaged 
annually and combined over the six years included in this study. Additionally, concentrations 
of As, Cd, Co, Cr, Hg, Mo, Ni and V were measured from 2006 at stations PP2, St B and St 
C. Sulfate was measured until 2006 at all stations. From the beginning of 2007 sulfate was 
measured only at station PP1. Station D was opened in 2008, and monitors background 
concentrations of the Kåge district. 

The measured values are compared with the classification of water in small streams from the 
Swedish Environmental Protection Agency (Table 5.6).  Average concentrations of chemical 
elements in unfiltered water were calculated, and an overview of the changes for each 
element at all sampling points was made for the years between 2002 and 2008. Those 
changed are presented in Table 5.7.  

Table 5.6 Classification of water in small streams according to the Swedish Environmental 
Protection Agency (Naturvådsverket, 2001) 

Metals Class 1 Class 2 Class 3 Class 4 Class 5 
 

Very low 
concentration 

Low 
concentration 

Moderately                 
high 

concentration 

High 
concentration 

Very high 
concentration 

   µg/l   
Pb <0.2 0.2-1 1.0-3 3-15 >15 
Cu <0.5 0.5-3 3-9 9-45 >45 
Zn <5 5-20 20-60 60-300 >300 
As <0.4 0.4-5 5-15 15-75 >75 
Cd <0.01 0.01-0.1 0.1-0.3 0.3-1.5 >1.5 
Cr <0.3 0.3-5 5-15 15-75 >75 
Ni <0.7 0.7-15 15-45 45-225 >225 
 Risk for biological effects 
 

No risk or 
very low risk 

Low risk 

Risk mainly in 
soft, nutrient 
and humus 
poor waters 
and in acid 

waters 

Elevated risk 
High risk 
already at 

short exposure 



 

 

Table 5.7 Annual average values and standard deviations of chemical elements in stations PP1, St PP2, St B, St C and St D during 
2002-2008 

 

 

Stations 
Chemical                                    
Elements 

Sulfate Al Pb Cu Zn As Cd Co Cr Hg Mo Ni V 

mg/l µg/l 

PP1 

2002 - 22.5 
±11.6 

0.78 
±0.35 

2.39 
±1.56 

5.92 
±2.81 

- - - - - - - - 

2003 191 
±36.5 

37.1 
±15.4 

0.76 
±0.23 

1.88 
±0.46 

5.77 
±1.72 

- - - - - - - - 

2004 169 
±36.5 

53.5 
±35.5 

0.99 
±0.44 

1.44 
±0.54 

4.82 
±2.40 

- - - - - - - - 

2005 163 
±46.5 

24.3 
±14.5 

1.20 
±1.01 

1.50 
±0.58 

6.67 
±3.78 

- - - - - - - - 

2006 204 
±24.2 

245 
±507 

0.62 
±0.39 

2.37 
±2.47 

5.56 
±1.85 

- - - - - - - - 

2007 213 
±40.8 

267 
±134 

0.88 
±0.26 

2.02 
±0.54 

5.63 
±1.58 

- - - - - - - - 

2008 
176 

±69.5 
288 
±146 

0.79 
±0.20 

2.27 
±0.36 

5.20 
±0.94 

- - - - - - - - 

PP2 

2002 - - - - - - - - - - - - - 

2003 
57.7 

±0.58 
430 
±414 

0.50 
±0.20 

0.78 
±0.26 

2.0 
±0.0 

- - - - - - - - 

2004 
41.5 

±2.12 
245 

±77.8 
0.50 
±0.0 

0.55 
±0.07 

2.0 
±0.0 

- - - - - - - - 

2005 
40.0 

±12.7 
420 
±679 

0.50 
±0.28 

1.50 
±0.28 

2.0 
±1.41 

- - - - - - - - 

2006 
60.5 

±29.0 
1970 
±2588 

0.88 
±0.86 

2.37 
±1.59 

7.12 
±5.27 

- - - - - - - - 

2007 - - 
0.80 
±0.57 

1.45 
±0.71 

6.06 
±3.99 

1.68 
±0.61 

0.07 
±0.05 

0.38 
±0.36 

3.65 
±4.91 

0.03 
±0.04 

15.19 
±3.22 

2.60 
±3.55 

1.46 
±2.34 

2008 - 
2485 
±2225 

1.65 
±1.47 

2.56 
±1.91 

6.16 
±3.05 

1.81 
±0.67 

0.05 
±0.0 

0.71 
±0.59 

2.95 
±3.03 

0.002 
±0.0 

16.2 
±8.04 

2.44 
±1.14 

2.72 
±3.75 



 

 

Continuation of Table 5.7 
Table 5.7 Annual average values and standard deviations of chemical elements in stations PP1, St PP2, St B, St C and St D during 
2002-2008

Stations 
Chemical                                    
Elements 

Sulfate Al Pb Cu Zn As Cd Co Cr Hg Mo Ni V 

mg/l µg/l 

StB 

2002 
93.3 
±58.0 

84.7 
±23.03 

0.17 
±0.46 

1.07 
±0.46 

2.67 
±2.08 

- - - - - - - - 

2003 
110 

±80.5 
129 

±96.6 
0.26 
±0.07 

0.97 
±0.24 

2.10 
±0.75 

- - - - - - - - 

2004 
51.7 
±39.3 

363 
±176 

0.73 
±0.51 

1.03 
±0.21 

5.33 
±2.31 

- - - - - - - - 

2005 
40.3 
±29.3 

347 
±11.5 

0.43 
±0.21 

1.07 
±0.59 

5.0 
±2.0 

- - - - - - - - 

2006 
90.6 
±63.7 

303 
±161 

0.30 
±0.18 

1.03 
±0.35 

4.75 
±0.90 

- - - - - - - - 

2007 - - 
0.49 
±0.20 

1.30 
±0.54 

4.86 
±2.09 

3.24 
±1.74 

0.04 
±0.03 

0.47 
±0.29 

0.85 
±0.47 

0.02 
±0.01 

10.1 
±7.73 

2.24 
±0.89 

0.92 
±0.39 

2008 - 
389 
±135 

0.63 
±0.06 

1.34 
±0.27 

8.94 
±7.85 

1.58 
±0.44 

0.05± 
0.07 

0.41 
±0.07 

0.90 
±0.01 

0.02 
±0.0 

5.40 
±5.03 

2.05 
±0.23 

0.80 
±0.14 

StC 

2002 
4.95 
±2.75 

84.0 
±11.0 

0.28 
±0.35 

2.20 
±3.40 

5.25 
±5.68 

- - - - - - - - 

2003 
9.10 
±3.75 

63.5 
±38.3 

0.26 
±0.16 

0.67 
±0.24 

3.80 
±4.23 

- - - - - - - - 

2004 
5.05 
±1.67 

229 
±178 

0.35 
±0.24 

0.70 
±0.45 

6.25 
±2.87 

- - - - - - - - 

2005 
2.70 
±1.33 

193 
±42.7 

0.23 
±0.10 

0.64 
±0.44 

3.0 
±1.83 

- - - - - - - - 

2006 
4.03 
±3.52 

111 
±86.5 

0.18 
±0.09 

0.86 
±0.43 

4.10 
±1.81 

- - - - - - - - 

2007 - - 
0.64 
±0.09 

1.07 
±0.42 

4.21 
±1.33 

2.22 
±1.17 

0.04 
±0.02 

0.28 
±0.29 

0.87 
±0.29 

0.02 
±0.01 

2.92 
±5.37 

0.97 
±0.55 

0.75 
±0.62 

2008 - 
307 
±245 

0.60 
±0.0 

1.02 
±0.05 

4.77 
±1.07 

1.60 
±0.35 

0.05 
±0.0 

0.26 
±00.14 

0.91 
±0.02 

0.02 
±0.0 

1.17 
±0.38 

0.92 
±0.30 

0.62 
±0.47 

StD 2008 - 
309 
±127 

0.62 
±0.07 

1.28 
±0.32 

7.41 
±2.68 

1.15 
±0.16 

0.05 
±0.0 

0.48 
±0.30 

0.92 
±0.04 

0.02 
±0.0 

2.02 
±2.89 

2.39 
±0.50 

0.62 
±0.28 
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5.3.15.3.15.3.15.3.1 SulfSulfSulfSulfateateateate    
Monitoring data shows sulfate average concentrations significantly decreasing downstream of 
the mine, from stations PP1 and PP2 to station C (204 mg/l to 2.70 mg/l, Table 5.7). 
Compared to the other stations, sulfate concentrations at Station PP1 were higher (120-270 
mg/l) during all years. Elevated concentrations at station PP1 could be explained by higher 
rate of pyrite weathering, resulting in release of additional sulfate to stream water. Trace 
metal concentrations (Cu, Pb, Zn) at station PP1 also showed elevated average values 
compare to the background level for the Kåge district (St D, Table 5.7). Sulfate concentrations 
also show seasonal variations with the lowest levels during periods when flows were diluted 
by the water from the spring melt, and the highest concentration in late summer and early fall 
when minimum water levels were observed (Figure 5.6). 

 

Figure 5.6 Sulfate concentrations at stations PP2, St B, St C for the period 2002-2006 and at 
station PP1 for the period 2002-2008  

5.3.25.3.25.3.25.3.2 AluminumAluminumAluminumAluminum    
Average concentrations of Al at stations PP1, St B, and St C are lower than the background 
level for the Kåge district (< 309 µg/l, Table 5.7). From 2006 Al levels increased slightly in 
all stations, with a pronounced jump in concentration at station PP2 (up to 4000 µg/l, Figure 
5.7). This increase is attributed to the addition of polyaluminochloride to the tailings and 
stockpiles as a settling agent, to reduce turbidity by agglomerating and settling the suspended 
solids carried in the effluents. Polyaluminochloride is applied in the spring and in the early 
summer, the increase in Al correlates well with these periods at all stations (Figure 5.7), with 
the highest increase observed at station PP2, where there is less opportunity for the Al-rich 
solids to settle before the sampling station.  
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Figure 5.7 Aluminum concentrations at stations PP1, PP2, St B, St C and St D at Björkdal 
mine for the period 2002-2008 

5.3.35.3.35.3.35.3.3  LeadLeadLeadLead    
According to the Swedish EPA classification (Table 5.6), average Pb concentrations at all 
sampling stations at Bjorkdal were low (< 1 µg/l), except at St PP2 in 2008 and St PP1 in 
2005, when elevated levels of Pb were observed during the spring flood (3.10-3.62 µg/l, 
Figure 5.8). Concentrations at St B and St C were near background levels (< 0.62 µg/l), while 
at stations PP2 and PP1 average values were higher (up to 0.80 µg/l, Table 5.7). Figure 5.8 
clearly shows seasonal variations of Pb concentrations, with increasing Pb values in spring 
and early summer, and lower levels during winter.  

 

Figure 5.8 Lead concentrations at stations PP1, PP2, St B, St C and St D at Björkdal mine for 
the period 2002-2008 
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5.3.45.3.45.3.45.3.4 CopperCopperCopperCopper    
Observations of Cu concentrations for the whole area show low values (Class 2, Table 5.6). 
Sampling data at station PP2 showed slightly increasing concentrations after the resumption 
of active mining in 2006 (Figure 5.9). The samples collected downstream of the mine, St C 
and St B, are lower than background levels (<1.28 µg/l, Table 5.7), while samples collected 
upstream of the mine show higher values. At station PP1 average values were between 1.44-
2.39 µg/l, and at station PP2 average values were between 1.45-2.56 µg/l (Table 5.7).  

 

Figure 5.9 Copper concentrations at stations PP1, PP2, St B, St C and St D at Björkdal mine 
for the period 2002-2008 

5.3.55.3.55.3.55.3.5 ZincZincZincZinc    
Relative to the Swedish EPA classification (Table 5.6), concentrations of Zn were very low or 
low at all sampling stations. There is no significant annual variation of Zn in the 
Lillträskbäcken-Kågeälven system (2.0-7.41 µg/l). Also, from 2006, Zn levels increased at 
station PP2 (Figure 5.10). Average values are below background level (St D) at all stations, 
but station D shows significant variation of Zn during the year (4.41-12.50 µg/l).

Figure 5.10 Zinc concentrations at stations PP1, PP2, St B, St C and St D at Björkdal mine 
for the period 2002-2008 
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5.3.65.3.65.3.65.3.6 ArsenicArsenicArsenicArsenic    
Average concentrations of As in stream water at all stations are referred to Class 2  according 
to the Swedish EPA classification (1.0-5 µg/l, Table 5.7). Occasionally, elevated values were 
observed at St C and St B during spring flood (3.84 µg/l and 6.23 µg/l, Figure 5.11). 
Concentrations of As slightly higher than background values were observed at all stations 
(1.58-3.24 µg/l, Figure 5.11). The higher concentrations may be caused by the specific 
chemistry of As under different pH and Eh conditions, compared to other trace elements. 
Mobilization of trace metals bound to oxides occurs primary at low pH in anoxic 
environments, while As is mobile over a wide pH and Eh range (Jennings et al., 2008). At the 
sampling stations (high pH and oxidized water), the dominating form of As is As5+ in arsenate 
(AsO4

3-). 

 

Figure 5.11 Arsenic concentrations at stations PP2, St B, St C and St D at Björkdal mine for 
the period 2007-2008 

5.3.75.3.75.3.75.3.7 CadmiumCadmiumCadmiumCadmium    
According to the Swedish EPA classification, concentrations of Cd were low at all sampled 
stations (Class 2, Table 5.6).  Cd values were near constant at all stations over time, as were 
background values at St D (0.04-0.05 µg/l, Table 5.7).  

5.3.85.3.85.3.85.3.8 CobaltCobaltCobaltCobalt    
There is no Swedish EPA standard for Co in stream water. Concentrations of Co at all stations 
were near the background levels at St D (0.26-0.71 µg/l, Table 5.7). Elevated concentrations 
of Co were observed at station PP2 in spring months (1.24-1.56 µg/l, Figure 5.12).  
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Figure 5.12 Cobalt concentrations at stations PP2, St B, St C and St D at Björkdal mine for 
the period 2007-2008 

5.3.95.3.95.3.95.3.9 Chromium Chromium Chromium Chromium     
Concentrations of Cr in stream water are low downstream of the mine property (<0.92 µg/l, 
Table 5.7). Concentrations of Cr at station PP2 are well above background levels (2.95-3.65 
µg/l, Table 5.7), with elevated values during the spring. This higher concentration can be 
attributed to the presence of higher levels of Cr in the tailings (Chapter 5.1), and increased 
concentrations at this station in the springtime can be explained by flushing of the tailings 
during the spring flood.  

5.3.105.3.105.3.105.3.10 MercuryMercuryMercuryMercury    
There is currently no Swedish EPA standard for Hg concentrations in stream water. Mercury 
levels were relatively constant across the property and over time (0.02 µg/l, Table 5.7).  

5.3.115.3.115.3.115.3.11 MolybdenumMolybdenumMolybdenumMolybdenum    
There is currently no Swedish EPA standard for Mo in stream water. Levels at St PP2 and St 
B (5.40-16.2 µg/l, Table 5.7) were much higher than the background value at St D (2.02 µg/l). 
Observations show decreasing Mo concentrations downstream of the mine (Figure 5.13). 
Average concentrations at the station farthest downstream (St C) are near the background 
level (< 2.02 µg/l, Table 5.7). The highest level can be explained by the presence of higher 
levels of Mo in the tailings. The main chemical components of the iron rods and balls used at 
the milling plant are Cr and Mo. This could explain their high concentrations in the tailings 
and at the monitoring stations situated close to the tailings.  
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Figure 5.13 Molybdenum concentrations at stations PP2, St B, St C and St D at Björkdal 
mine for the period 2007-2008 

5.3.125.3.125.3.125.3.12 NickelNickelNickelNickel    
According to the Swedish EPA, the average Ni concentrations at all sampling stations (0.92-
2.60 µg/l, Table 5.7) are classified as low (Table 5.6). The  
lowest concentrations were observed downstream of the mine at St C,  
while concentrations at St PP2, St B and St D were higher (Figure 5.14). Only St PP2 had 
average concentrations of Ni over the background level for the Kåge district (2.44-2.60 µg/l). 
High Ni concentrations at this station (3.46-3.74 µg/, Figure 5.14) are influenced by flushing 
of the tailings during spring flood.  

 

Figure 5.14 Nickel concentrations at stations PP2, St B, St C and St D at Björkdal mine for 
the period 2007-2008 
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5.3.135.3.135.3.135.3.13 VanadiumVanadiumVanadiumVanadium    
There is currently  no Swedish EPA standard for V in stream water. Average V concentrations 
decrease downstream of the mine, from St PP2 to St C (2.72-0.62 µg/l, Table 5.7). Average 
concentrations of V at St C were lower than the background levels at St D, while at St PP2 
and St B average concentrations of V were slightly above the background level (0.62-0.92 
µg/l, Table 5.7). Seasonal variation affected concentrations of V at all sampling stations, with 
pronounced elevation in spring and early autumn. The highest values were observed at St PP2 
(7.0-9.0 µg/l, Figure 5.15). 

 

Figure 5.15 Vanadium concentrations at stations PP2, St B, St C and St D at Björkdal mine 
for the period 2007-2008 
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5.45.45.45.4 Dissolved and Dissolved and Dissolved and Dissolved and suspended element concentrationssuspended element concentrationssuspended element concentrationssuspended element concentrations    

In this chapter the total amount of elements carried in the stream water and the relative 
proportions of suspended and dissolved elements are discussed. Sampling of unfiltered waters 
was carried out at all stations during 2002-2008, while sampling of filtered waters was started 
from 2007. Elements retained by the filter are designated as the particulate phase, and 
elements passing through the filter are designated as the dissolved phase (Gelting, 2006). At 
stations PP2, St B, St C and St D the dissolved phase and at St PP2 the particulate phase was 
analyzed for chemical elements.  

Several studies have been performed on colloid formation and metal transport in stream 
waters (Schemel et al., 2000; Lee et al., 2002; Rampe and Runnels, 1989; Salomons, 1995). 
Removal of trace metals by (co)precipitation with oxyhydroxides, adsorption/desorption 
processes and formation of organic complexes affects the mobility and dissolved 
concentration of elements. These removal mechanisms are specific for each element. When 
the concentration in the dissolved phase is close to the total concentration of an element, it 
shows that the element is mainly present in dissolved phase, and vice versa. In this study, the 
total concentration of an element is represented by the concentration measured in unfiltered 
water. Both filtered and unfiltered water samples were taken from the same stream water and 
analysed separately. Particulate concentrations determined by subtraction of the dissolved 
concentration from the total concentration are associated with an error, since the analytical 
error for the two analyses is added in the subtraction. The exact particulate concentration was 
measured only for station PP2 and compared with data of unfiltered water.  However, a 
comparison of element concentrations in filtered and unfiltered water at all sampled locations 
could give a general overview of the element distribution between the dissolved and 
particulate phase in the stream.  

Different trends were observed for total and filtered concentrations of elements at the 
sampling locations, with dissolved and particulate concentrations varying downstream and 
with season. Table 5.8 gives an overview of the dissolved concentration of elements 
determined in filtered water during 2007–2008. 
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Table 5.8 Average element concentrations and standard deviations in filtered water at stations 
PP2, St B, St C and St D during 2007-2008 

Elements,  
µg/l PP2 StB StC PP2 StB StC StD 

2007 2008 
Al  - - - 416±753 158±92 125±40.8 174±48.9 

Pb 0.06±0.05 0.11±0.05 0.13±0.07 0.07±0.13 0.13±0.08 0 .12±0.04 0.18±0.05 

Cu 0.75±0.39 1.14±0.53 0.82±0.58 0.69±0.60 1.02±0.38 0 .59±0.18 0.81±0.22 

Zn 1.25±0.81 3.46±0.83 2.54±0.65 11.4±12.4 7.37±5.51 6 .10±7.92 11.6±10.6 

As  1.22±0.47 2.76±1.51 1.21±0.27 1.32±0.73 1.19±0.29 1 .17±0.30 0.92±0.16 

Cd 0.005 
±0.006 

0.01 
±0.01 

0.01 
±0.01 

0.002 
±0.001 

0.01 
±0.0 

0.01 
±0.01 

0.02 
±0.0 

Co 0.13±0.12 0.25±0.16 0.12±0.07 0.22±0.18 0.29±0.09 0 .11±0.05 0.37±0.21 

Cr 0.71±1.80 0.83±1.75 0.93±2.04 0.08±0.09 0.32±0.12 0 .23±0.05 0.37±0.08 

Hg 0.002 
±0.0 

0.002 
±0.001 

0.003 
±0.01 

0.001 
±0.0 

0.002 
±0.001 

0.003 
±0.002 

0.003 
±0.001 

Mo 13.9±2.99 11.6±7.20 0.83±0.69 14.9±6.94 4.89±4.24 0 .59±0.59 1.03±0.001 

Ni 0.85±0.53 1.92±0.71 0.49±0.09 0.98±0.42 1.74±0.35 0 .53±0.13 1.93±0.49 

V 0.32±0.24 0.44±0.12 0.25±0.07 0.57±0.55 0.36±0.16 0 .24±0.08 0.36±0.12 

Seasonal variations of metal concentrations were previously discussed in the Chapter 5.3. 
Analyses of unfiltered waters showed that the metal concentrations increased during spring 
flood and at the end of the summer. Comparison of filtered concentrations from Table 5.8 
with unfiltered data from Table 5.7 shows less variation in the filtered metal concentrations 
during the year. Furthermore, filtered concentrations do not necessarily follow the same 
trends as unfiltered concentrations. Metal concentrations in both filtered and unfiltered waters 
decrease downstream from the mining area. In general, peaks of Cr, Co, Cd, V, Ni, Cu, and 
As in filtered water are observed at the end of the summer, and, occasionally, definite peaks 
for As, Co, Mo, Ni, Cu, Zn were observed at St PP2 and St B during the spring flood. No 
significant changes in the filtered concentrations of Hg and Pb occurred. Unfiltered 
concentrations include the metals bound in suspended particles. A possible reason that filtered 
data does not show the same peaks in spring flood is that most of the metals carried in the 
spring flood consist of metals in particulate form. In terms of the environmental control 
process, this shows that the application of polyaluminochloride as a flocculent is an effective 
method of reducing the amount of metals released from the mine area. 

For the years 2007-2008, the median values were calculated for filtered and unfiltered values 
for all studied elements. Filtered concentrations expressed as percent of unfiltered 
concentrations are presented in Figure 5.16. 



 

 

Figure 5.16 Filtered concentrations expressed as percent of unfiltered concentrations (median 
values) for the period 2007-2008
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and V (< 50%, St B). Al is the main component of polyaluminochloride and Al predominantly 
occurs in the particulate phase close to the mine. Further downstream, the percentage of Al in 
the dissolved phase increases and at station D dissolved Al exceeds 70% of total Al.
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Filtered concentrations expressed as percent of unfiltered concentrations (median 
2008 

At all sample points the major fraction of Pb, Cd, Cr and Hg is present in the 
As and Ni, the dissolved phase dominates (Figure 5.16). At station PP2 the 

percentage of dissolved Cu, Zn, Co, and V is less than 40 percent of the total, while at the 
other stations these metals mainly occur in the dissolved phase, except for Co (< 50%, St C) 

the main component of polyaluminochloride and Al predominantly 
occurs in the particulate phase close to the mine. Further downstream, the percentage of Al in 

and at station D dissolved Al exceeds 70% of total Al.

ses of Mo dominate at different stations. At St PP2 and St B the dissolved phase 
of Mo dominates. At the next station from the mine, St C, the dissolved phase is close to 40%, 
while at station D, the dissolved phase is less than 10%. This probably indicate
or tailings pond has an effect on the chemistry of Mo: Mo dominates in the dissolved phase in 
the discharge water from the mine area, while at St D, upstream of the mine, Mo dominates in 
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Chemical analysis of the particulate phase was made only at station PP2. From the available 
data, the following was calculated:  

• the suspended element concentration (CS):    

 �� �µ�/�� =

�
 �� �
�� �µ��

���
���� ����� ���
 (eq. 5.1) 

• suspended element concentrations (CS) as percent of total concentrations (CT): 

 
C�

C�

= a �%� (eq. 5.2) 

• the suspended particulate concentration (CSP): 

 ��� �µ� �⁄ � =
 
�
 �� �
�� �µ��

��������� �

��� � �⁄ � × ���
���� ����� ���
 (eq. 5.3) 

Previous studies (Lottermoser, 2003; Ma et al., 2000) have shown that particulate matter 
plays an important role in the control of the speciation and concentration of trace metals in 
waters. The concentration of suspended matter was measured during one year (2007 to 2008) 
at station PP2. Figure 5.17 shows seasonal variations of suspended matter concentration that 
coincide with the peaks of total metal concentration identified previously. Peaks in suspended 
matter concentration occur during spring flood in April–May and in late summer (September 
2007). 

 

Figure 5.17 Suspended matter concentration at station PP2 for the period 2007-2008 
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When suspended element concentrations, calculated according to Equation 5.1, are compared 
to total element concentrations, the two trends closely follow each other (Figure 5.18). For 
Cd, Hg, Pb, Cr, Co, Cu, and V, the trends are almost similar, indicating that these elements 
predominantly are carried in suspended solids. For As, Mo, Zn, and Ni, the trends follow each 
other, but with an additional contribution from the dissolved phase. Plots show peaks of 
concentrations in spring and in late summer. 

 

 

Figure 5.18 Total and suspended concentrations of Cd, Hg, Pb, Mo, As and Ni at station PP2 
for the period 2007-2008 
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Suspended concentrations expressed as percent of total concentrations (Equation 5.2) are 
plotted in Figure 5.19. The plot shows that Cd, Co, Cr, Cu, Hg, Pb and V predominantly 
occurred in the suspended phase, while the major fraction of As, Mo, Ni, and Zn occurred in 
the dissolved phase. The plot shows similar features as in Figure 5.16 and Figure 5.18.  

 

Figure 5.19 Suspended concentrations expressed as percent of total concentrations (median 
values) at station PP2 for the period 2007-2008 

The percentage of suspended and dissolved elements has been shown to vary with the water 
chemistry (Schemel et al., 2000; Lee et al., 2002; Rampe and Runnels, 1989; Salomons, 
1995). Suspended particulate concentrations were calculated (Equation 5.3) and plotted for 
each element with the exception of Zn, where errors in the chemical analysis made the data 
unreliable (Figure 5.20). This data exhibited the same seasonal peaks as the suspended matter 
concentration (Figure 5.17). Plots for suspended particulate element concentrations show 
clear maxima, with the most pronounced peaks occurring during spring (March–April). Peaks 
also occur in June-September. A possible reason for elevated suspended particulate 
concentrations during spring could be a wash-out of metals during snowmelt in combination 
with metal sorption to flocculants forming as a result of the application of 
polyaluminochloride. An investigation was made of the effect of pH on suspended particulate 
concentrations, but no significant variations were found. The possible reason for this is the 
relatively constant pH value at station PP2. 
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Figure 5.20 Suspended particulate concentrations (µg/g) at station PP2 for the period 2007-
2008 
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5.55.55.55.5 ElementElementElementElement    transporttransporttransporttransport    

In order to investigate the influence of discharge rates on transport behavior of elements in 
streams, total and suspended phase concentrations of elements and water discharge rates were 
measured, and element transport (ET) was calculated as: 

Total element transport (kg/year): 

 !""  = # × $" (eq. 5.4) 

where Q is water discharge (m3/year), CT is total concentration (g/l). 

Suspended element transport (kg/year): 

 !"% = # × $% (eq. 5.5) 

where CS is suspended concentration (g/l). 

Annual average water discharge and annual average element concentrations were used in this 
study. 

At stations PP1 and PP2 the total transport of Pb, Cu and Zn was calculated for the period 
2002-2008. At St PP2, St B and St C, calculations were made for 2007-2008 for Pb, Cu, Zn, 
As, Cd, Co, Cr, Hg, Mo, Ni and V. At station D, the transport was calculated for the same 
elements for 2008. Data was available to calculate Al transport at all stations for 2008, and at 
Stations PP1 and St PP2 for the entire period (2002–2008). Sulfate transport was calculated 
for station PP1 from 2003 until 2008. 

 

Figure 5.21 Annual average water discharge at stations PP1, St PP2, St B, St C and St D for 
the period 2002-2008 
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Annual average water discharge was calculated using available data, presented in Figure 5.21. 
The data showed that discharge rates were lower near the mine property (St PP1 and St PP2), 
while the discharge rates increased downstream of the mine (St B and St C). Station D located 
upstream of the mine also had a discharge rate higher than at St PP1 and St PP2. 

Table 5.9 Annual total element transport at stations PP1, St PP2, St B, St C and St D for the 
period 2007-2008 

Elements Pb Cu Zn As Cd Co Cr Hg Mo Ni V Al 

Stations/Year kg/year 
PP1 2007 0.69 1.60 4.44 - - - - - - - - 210 

2008 0.85 2.16 5.48 - - - - - - - - 214 

PP2 2007 0.31 0.56 2.33 0.65 0.03 0.15 1.37 0.01 5.85 1.0 0.56 - 

2008 0.66 1.14 2.93 1.05 0.03 0.28 1.14 0.01 9.57 1.12 1.38 919 

StB 2007 1.88 4.95 18.5 12.3 0.17 1.77 3.24 0.06 38.4 8.52 3.49 - 

2008 2.70 5.49 31.5 7.80 0.22 1.75 3.97 0.09 31.6 9.57 3.37 1462 

StC 2007 205 345 1353 714 12.7 90.4 280 4.99 940 312 241 - 

2008 193 326 1448 513 16 77 291 6.43 356 345 162 78476 

StD 2008 3.36 6.90 39.8 6.17 0.27 2.57 4.92 0.11 10.9 12.8 3.31 1661 

 

 

Figure 5.22 Element transport at St PP2 and St D for the period 2002-2008 

In table 5.9 element transport is compared at different stations for the period 2007-2008. The 
highest element transport was detected at St C. Stations B and D had higher element transport 
than either St PP1 or St PP2. In general, increased flow rates equate with increased element 
transport. The transport of Zn, Mo, Ni and As was higher than for other elements, which is 
caused by the higher annual average concentrations of these elements. This result shows that 
at stations where increased concentration of studied elements was encountered, higher 
element transport resulted. Figure 5.22 compares the total transport at St PP2 with that at St 
D, and clearly shows how large the background transport in the Kåge catchment area (St D) is 
compared to the transport from the mine (St PP2). 
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Figure 5.23 Pb, Cu, and Zn transport at 
station PP1 for the period 2002
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Pb, Cu, and Zn transport at 
station PP1 for the period 2002-2008 

Figure 5.24 Pb, Cu, and Zn transport at 
station PP2 for the period 2002
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Figure 5.25 Suspended and total element transport at station PP2 for the period 2007-2008 

 

>3 



 

45 

 

5.65.65.65.6 Comparison of drainage waters from the Björkdal mine and acid Comparison of drainage waters from the Björkdal mine and acid Comparison of drainage waters from the Björkdal mine and acid Comparison of drainage waters from the Björkdal mine and acid 
sulfate soilssulfate soilssulfate soilssulfate soils    

Previous studies (Åström and Spiro, 2000; Åström and Åström, 1997) have analyzed the 
effect of extensive oxidation of sulfidic fine-grained sediments (acid sulfate soils), and show 
how natural and artificial drainage result in environmental problems in the coastal region of 
Finland. Hydrogeochemical investigations in both Finland and Sweden (Sundström et al., 
2002; Sohlenius and Öborn, 2004; Åström and Spiro, 2000; Åström and Åström, 1997) have 
shown that oxidation and leaching of oxidized layers of sulfidic sediments may result in 
extreme loads of sulfate, hydrogen ions and metals in the drainage waters. 

Table 5.10 summarizes and compares the Björkdal discharge waters and waters draining acid 
sulfate soils (ASS) in Finland. Table 5.10 also shows background levels of metals in large 
streams and the guidelines for concentrations of metals in stream waters set by the Swedish 
Environmental Protection Agency.  

Table 5.10 Median values of metals, sulfate, pH and electrical conductivity at the Björkdal 
mine, in waters draining acid sulfate soils in Finland (ASS) and background values of metals 
in large streams (Sweden) 

  Back-
ground 
values1 

PP1 PP2 St B St C St D ASS2 
median 

ASS 
min 

ASS 
max 

Björkdal 
Class3 

ASS, 
Finland 
Class3 median 

Pb µg/l 0.05 0.70 0.60 0.60 0.55 0.60 0.50 0.10 3.8 2 2 

Cu µg/l 1.0 1.80 1.15 1.10 1.00 1.20 13 1.1 188 2 4 

Zn µg/l 3.0 - 4.00 4.30 4.00 7.58 132 7.5 3020 1-2 4 
As µg/l 0.2 - 1.83 2.29 1.69 1.09 1.1 0.53 5.9 2 2 

Cd µg/l 0.003 - 0.05 0.05 0.05 0.05 0.66 0.02 8.1 2 4 

Co µg/l 0.05 - 0.27 0.38 0.20 0.39 28 0.26 614 - - 

Cr µg/l 0.2 - 0.90 0.90 0.90 0.90 2.4 0.70 121 2 2 
Hg µg/l 0.001 - 0.02 0.02 0.02 0.02 - - - - - 

Mo µg/l - - 17.5 5.86 1.00 1.00 - - - - - 

Ni µg/l 0.5 - 1.80 2.10 0.80 2.41 62 1.6 841 2 4 

V µg/l 0.1 - 0.97 0.75 0.36 0.58 1.4 0.22 23 - - 
Al mg/l - 0.05 0.28 0.29 0.13 0.28 4.7 0.01 276 - - 

SO4
2- mg/l - 180 46.0 69.5 4.40 - 155 12 3020 - - 

pH  - 8 7.9 7.1 6.9 6.4 4.5 2.9 7.0 - - 

EC mS/m - - - 27.3 4.26 - - - - - - 
1Natural background values of metals in large streams according to Swedish Environmental Protection Agency 
(Naturvådsverket, 2001) 
2 Concentrations of SO4

2- and trace elements in 40 streamwater samples collected in three areas in Western 
Finland during autumn high-water flow  in 1997 (Åström and Spiro, 2000) 
3 Classification of water in small streams based on element concentrations (Table 5.7, Chapter 5.3)
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Pb, Cd, Cr and Hg concentrations vary little when stations close to the mine site are compared 
with stations further downstream. These element concentrations are close to or below the 
background values for the Kåge area (St D). Co and Zn concentrations are close to the Kåge 
background values at all sampled stations. The Mo, Cu, Ni and V concentrations decrease 
downstream of the mine, with Mo concentrations close to the mine site being considerably 
higher than the Kåge background values. Cu and Ni concentrations are below the background 
levels, while background values of Mo and V at St PP2 exceed the Kåge background values 
(St D). Arsenic concentrations at St B are higher than the background values, but decrease 
downstream. 

Table 5.10 shows that the Al concentrations are significantly lower (St PP1 and St C) or near 
(St PP2 and St B) the Kåge background values (St D). The low median concentration of Al at 
St PP1 is skewed by the fact that sampling in the earlier years showed low concentrations at 
station PP1, while from 2006 the Al level at this station is close to the background for the 
Kåge area (Table 5.7). Applying polyaluminumchloride during spring results in increased Al 
concentrations at all sampling stations, and significantly enhances the amount of Al at station 
PP2. Seasonal effects are not shown in Table 5.10, since element concentrations are presented 
as median values.  

Åström and Spiro, 2000 found that concentrations of Cd, Co, Cu, Ni and Zn were extremely 
high in stream waters during periods of high water flow, belonging to Class 4 in the Swedish 
classification system (Table 5.10). At Björkdal, these elements belong to Class 2. Both at 
Björkdal and in the acid sulfate soil areas (Åström and Spiro, 2000), As, Cr, Pb and V 
concentrations are close to each other and belong to Class 2. 

Values of the chemical parameters pH and sulfate measured in ASS in Finland (Åström and 
Spiro, 2000; Åström and Åström, 1997) are significantly different from those at the Björkdal 
mine. It was previously mentioned that pH values in the Björkdal study area are high, and 
they are much higher when compared to pH value in areas of ASS (Table 5.10). This indicates 
that ASS areas are much more acid-producing, and very favorable to the leaching of metals.  
Areas of ASS have much higher sulfate concentrations compared to sulfate levels at St PP2, 
St B, St C and St D, but lower than the sulfate level at St PP1. However, during spring flood, 
the range of sulfate concentrations of ASS (12-3020 mg/l) is much larger than at station PP1 
(58-307 mg/l). 

Compared with background metal concentrations in large streams, element concentrations at 
the Björkdal property are higher. However, this metal load is diluted downstream of Björkdal 
and in the Kåge River (Table 5.10). 

This study shows that the alkaline to neutral discharge waters in the Björkdal area show low 
to very low element concentrations, and relatively low to moderate (St PP1) concentrations of 
sulfate when compared to areas with extensive drainage of ASS.  
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6.6.6.6. ConclusionsConclusionsConclusionsConclusions    

Element concentrations in the tailings material were compared to natural background values 
for lake sediments (Swedish EPA).  This study shows that Cr and V have anomalous levels in 
the tailings sand and slimes.  Pb, Ni and Cu levels are higher than in lake sediments, while As, 
Cd, Co and Hg are below the background sediment levels. 

Element concentrations in the tailings were also compared to the classification of average 
metal concentrations in surface sediments (Swedish EPA). This study shows that 
concentrations of Pb, Zn, Cd and Hg are very low (Class 1) in the tailings, As levels vary 
from very low-low (Class 1 and Class 2), and the Cu and Ni content is moderately high (Class 
3). Cr is the only element present in the moderately high-high level (Class 3 and Class 4). As 
the ore and waste rock contain no known source of Cr, it is probable that Cr-containing steel 
balls and rods used as grinding media in the processing plant are the main Cr source. 

The tailings material meets the standards set by the Swedish EPA for Category I (general 
construction purposes) and Category II (landfill cover) construction materials for all metals 
except for Cr and Ni. Ni concentration exceeds the limit set for Category I (37-40 mg/kg), 
while the Cr concentration exceeds the limits set for both categories (95-107 mg/kg). 
Leaching tests show that the waste material (sand and slime) is resistant to leaching, with 
leachate concentrations below permitted limits. 

pH values are neutral to alkaline in surface waters of the Kåge district. High pH values near 
the Björkdal property (St PP1 and St PP2) are caused by the presence of alkaline minerals in 
the limestone and marble units.  

A clear correlation between conductivity and sulfate concentration (RstB=0.69, RstC= 0.76) 
was found. Conductivity and sulfate levels depend on seasonal changes. Levels decrease 
during spring flood, mainly due to dilution, and the levels increase during dry periods with 
low water content in the streams in late summer. 

Evaluation of sulfate, aluminum and trace element concentrations shows that, in general, 
concentrations decrease slightly downstream of the mine. Stations PP1 and PP2 have slightly 
higher values compared to background values for the Kåge district (St D), while St B and St C 
have lower or the same values as the background.  

Increasing element concentrations occur in spring (April-May) and less pronounced increases 
in late summer (August-September). 

Higher concentrations of sulfate, Cu, Pb and Zn were observed at St PP1, a possible 
consequence of a higher rate of pyrite weathering resulting in release of additional sulfate and 
trace elements to stream waters. 
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In general, Al concentrations are near the background value for the Kåge district. The 
enhanced Al concentrations observed during springtime are attributed to the addition of 
polyaluminochloride to the water. 

Comparison of metal concentrations of filtered and unfiltered water shows less variation in 
the filtered water compared to unfiltered water. Also, filtered data does not show the same 
peaks during spring. This suggests that most of the metals carried in the spring flood occur in 
particulate form. 

A study of dissolved and particulate phases of elements gives an indication of element 
mobility in the stream waters.  It was found that particulate phases of Pb, Cd, Cr and Hg and 
dissolved phases of As and Ni dominate at all sampled locations. The particulate phase of Al, 
Cu, Zn, Co and V dominates at St PP2, while these elements prevail in the dissolved phase at 
other sampled points. Close to the mine area (St PP2 and St B), Mo predominantly occurs in 
the dissolved phase, while farther from the mine (St C and St D), particulate Mo dominates. 
This probably indicates that the mine or tailings pond has an effect on the chemistry of Mo. 

Determination of elements retained by the filter was performed only at St PP2. This study also 
shows that suspended phases of Cd, Hg, Pb, Cr, Co, Cu and V dominate, while As, Mo, and 
Ni predominantly occur in the dissolved phase. In terms of environmental control processes, 
this shows that the application of polyaluminochloride as a settling agent is a method that 
effectively reduces the amount of metals leaving the mine area, and that flocculation helps to 
keep most metals in the particulate phase. 

Suspended particulate concentrations (µg/g) increase during spring flood and late summer. 
Also, elevated concentrations of suspended matter were observed at the same time. Probably, 
the amount of suspended matter present in the water column plays a key role in binding and 
accumulating elements. 

Stations close to the mine have lower element transport compared to stations farther from the 
mine area. Water discharge and element concentrations are the main factors affecting the 
element transport in stream waters.  

This study also shows that element concentrations in streams close to the Björkdal mine are 
low to very low (Class 1 to Class 2 according to the Swedish EPA), while acid sulfate soils 
(ASS) have low to high concentrations (Class 2 to Class 4). Thus, natural occurrences of ASS 
can result in trace metal concentrations equal to or higher than those released from mine sites. 

Low pH values of ASS waters increase mobility and bioavailability of metals, while the 
neutral to alkaline pH values of the Björkdal–Kåge waters keep most metals in the suspended 
phase, making these metals less available for aquatic organisms. 
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