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ABSTRACT 
Two abandoned pit lakes in northern Sweden were studied in order to improve the understanding 
of the geochemistry of pit lakes, Rävlidmyran Pit Lake and Udden Pit Lake. Both lakes show 
strong similarity with other mining lakes in terms of low pH and high metal and sulphate contents. 
Still, the two lakes have distinctly limnological and geochemical characteristics. 
 
Rävlidmyran Pit Lake is oligotrophic and meromictic. The lake is permanently stratified and 
three layers, the mixolimnion at the top, the chemocline below and the monimolimnion further 
below, are identifiable. Groundwater filling and stratification strongly control the elemental 
distributions in the lake. Most elements such as Ca, Mg, Na, K, S, Mn, Fe and Zn have lowest 
and constant concentration in the mixolimnion. Concentrations increase in the chemocline and 
keep rising in the monimolimnion. These elements show quite similar behaviour in the water 
with strong correlations. Groundwater is supposed to be the major source. Fe is removed from the 
mixolimnion due to oxidation and precipitation, but it is redissolved in the monimolimnion. 
 
Udden Pit Lake is a dimictic lake. Distinct overturning in spring and autumn occurs in the lake, 
during which the whole lake circulates and most of the parameters and chemical components 
become homogeneously distributed. The lake is thermally stratified in summer and winter. Three 
layers, the epilimnion at the top, the metalimnion below and the hypolimnion at depth could be 
identified. The thermal strata do not control the elemental distribution. During stratification, the 
concentrations of dissolved elements appear to be constant at most depths. Variations mainly 
occur in the top and bottom waters. Most elements such as Ca, Mg, Na, K, S, Mn, Cu, Al and Zn 
have lowest concentration in the epilimnion. Concentrations increase in the metalimnion and kept 
constant in the hypolimnion. Fe concentration distribution reflects the changes of redox potential. 
High amounts of Fe2+ reaching the surface water by drainage waters from closely situated waste 
rock dumps cause higher dissolved Fe concentration and lower redox potential in the top water. 
Precipitation of dissolved Fe into suspended Fe occurs in deeper water where the redox potential 
is higher. 
 
In both lakes, a strong relationship between Cu and Al is found. Gibbsite is important since it 
controls both dissolved Al and Cu concentrations in the lake through processes of adsorption and 
precipitation. Otherwise scavenging processes by particles are not a significant factor controlling 
trace metal distributions due to the low suspended particle concentration in both lakes. Sulphate 
reduction was neither observed in Rävlidmyran nor in Udden, even though the oxygen 
concentration is poor in the deep waters. The high redox potential limits the formation of 
sulphides, thus precluding an important precipitation of trace metals as metal sulphides. 
 
 
Key words: Pit lake, aqueous geochemistry, limnology, mine water, metals, sulphide minerals, 
Rävlidmyran, and Udden 
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case study at Udden, Sweden. Manuscript. 
 
 



 

 III

TABLE OF CONTENTS 

ABSTRACT I 

PREFACE II 

INTRODUCTION 1 

SITE DESCRIPTIONS 2 

SAMPLING AND ANALYSIS 4 

MAIN RESULTS AND CONCLUSIONS 5 

Rävlidmyran Pit Lake 5 

Udden Pit Lake 6 

ACKNOWLEDGEMENTS 8 

REFERENCES 9 
 



 

 1

INTRODUCTION 
Pit lakes are unique water bodies. They are artificial by-products of mining activities. During 
mine open casting, it is normally necessary to dewater for excavating materials below the water 
table. When the activity ceases, the then formed mine pit is back filled with groundwater and 
surface water. Eventually, an artificial lake is formed and a steady water surface is established. 
As a result of exposure and weathering of pit wall rocks, many constituents may potentially be 
released into the lake water. The water qualities of these lakes are generally not desirable (Miller 
et al., 1996). The bad water quality that may contaminate adjacent areas causes the environmental 
concern. Compared with natural lakes, pit lakes present following characters: 1) They normally 
have higher relative depth (the percentage ratio between maximum depth of the lake and mean 
diameter), in the range of 10-40%, while natural lakes generally are less than 2% (Doyle and 
Runnells, 1997). 2) The history of these lakes is rather short, and the sediment layers could be 
rather thin. 3) The lakes may undergo substantial and rapid changes in water level considering the 
formation story. 4) They are likely to contain significant content of metals, as well as sulphate in 
most cases. 5) Pit lakes normally have high surrounding walls and a steep littoral zone which 
may generate microclimate different to that outside the pit (Stevens and Lawrence, 1998). 6) 
Most pit lakes are lacking visual shoreline or shallow water area, so submerged, rooted biological 
community do not likely develop (Lyons, 1994). 7) Primary productivity is generally low in pit 
lakes. One reason probably is that the lake water quality is not desirable; the other could be due to 
the stratification, which prohibits the cycling of nutrients (Lyons, 1994). 
 

Sweden is a major metal mining country in Europe, with a still strong mining activity. For 
example Sweden has about 95% of the total European Union iron production, 70% of the 
production of silver, and 59% of the production of lead (Gruvrevy, 2000). Most of the ore 
deposits are situated in sparsely populated area with a sensitive nature of high ecological and 
recreational value. At present, there exist more than twenty pit lakes in Sweden and most of them 
are concentrated in northern Sweden. These lakes mostly originated from sulphidic base metal 
mining. Pit lakes from sulphide ore mining generally have acidic water and high content of toxic 
metals due to oxidation of sulphide minerals (Levy et al., 1997; Miller et al., 1996). Up to now, 
few studies have been performed to study these special water bodies in Sweden. The evolution of 
water quality, the geochemical process in the lakes, their long-term impacts on down-gradient 
groundwater quality, their ecological risk and some other environmental issues are all not well 
understood. For these reasons this study was initiated. 
 

However, some studies have prompt the hypothesis that pit lakes may function as good 
containments for mine waste either in an unaltered state or through biogeochemical manipulation, 
since they normally have high relative depth, poor circulation, and a steady anoxic layer at depth. 
Sulfate reduction may be stimulated to precipitate some metals in the bottom waters (Doyle and 
Runnells, 1997; Levy et al., 1996). Today, more than 600 M tonnes of mining waste have been 
deposited in Sweden and the annual production has grown over recent years (MiMi, 2000). The 
remediation cost is high with present technologies. Development of cost-effective and 
environmentally friendly remediation methods is a prioritized field of research. If pit lakes will be 
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used, it is a prerequisite that this will not cause any harm to the environment. This can only be 
achieved on the base of a good understanding of pit lake systems. 
 
This study is a subproject in the Swedish MiMi-programme (Mitigation of the Environmental 
Impact from Mining waste). The aim of the programme is not only to evaluate existing 
remediation methods and, if possible, improve them, but also to try to find new, efficient, and 
cost-effective remediation methods to solve the environmental problems related to mining and 
disposal of mining wastes. In this study, two abandoned mining lakes were studied. The 
objectives were to describe the major geochemical and limnological process in the lakes, identify 
potential problems from the pit lakes and to determine the dominant processes controlling metal 
distribution. 
 

SITE DESCRIPTIONS 
Rävlidmyran Pit Lake is located in about 180 km southwest of Luleå. The ore belongs to the 1.9 
Ga old Skellefte ore district of Northern Sweden (Figure 1). The Kristineberg mine is situated 5 
km to the east, and Rävliden mine lies 3 km to the south. Rävlidmyran ore is of replacement type 
occurring in a limestone environment, and it is pyrite-rich with 4.12% Zn, 0.98% Cu, 0.67% Pb, 
and 23.4% S. It also contained about 0.6 g/t Au and 48 g/t Ag (Boliden, 1975). Mining activities 
in the Rävlidmyran area were first started in 1953, and the ore was mined by both open pit and 
underground mining. In 1974, mining at the Sture pit ceased and the open pit was filled up with 

A

B

C

 
Figure 1 Rävlidmyran mine location map. The mining area comprises three parts. A-Industrial area
and some backfilled smaller open pits; B-Sture ore, which formed the present Rävlidmyran Pit Lake;
C-waste rock dump-site covered by till and planted with grass (Boliden, 1975; SGU, 1999). 
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water (Boliden, 1975). Nowadays, the pit has formed a lake with a surface area of 49,191 m2, and 
a volume of 526,904 m3. The maximum depth of the lake is 28.9 m and the average depth is 
10.7m. The relative depth of the lake is 12%.  
 
Udden Pit Lake is situated approximately 30 km west of Boliden in northern Sweden (Figure 2). 
The Udden ore deposit was part of the Skellefteå district 1.9 Ga old volcanic series. The principle 
sulphide minerals at Udden were pyrite (FeS2), pyrrhotite (Fe1-xS), sphalerite (ZnS), chalcopyrite 
(CuFeS2), galena (PbS), and arsenopyrite (FeAsS). The average grade of the ore was 0.8 g Au/ton, 
0.41% Cu, 4.72% Zn, 0.35% Pb, 0.1% As and 25.6% S. The mining in Udden started in 1971 
with an open pit. After three years the surface deposit was depleted and the mining operations 
continued under ground. In 1991, mining ceased and the pit was filled up rather rapidly with 
groundwater. Nowadays, the open pit forms an approximately 390 m long and 150 m wide, 
maximum 50 m deep lake. The lake contains about 5.6*105 m3 water and the surface area is about 
3.4*104 m2. The relative depth of the lake is calculated to be 24%. 
 
There is no surface water inlet to none of the two lakes. The most possible water sources to the 
lakes are precipitation, surface runoff, snowmelt and groundwater. The lakes may lose water 
through evaporation, groundwater outflow and fluvial outflow, which is only seen on Udden Pit 
Lake. 
 

 
Figure 2 Udden mine location map. The mining area comprises three parts. A-Industrial area; B-Open 
pit which formed the present Udden Pit Lake, with an outlet at the east bank of the lake; C-Waste rock 
deposit area, which is covered by till and planted by grass and trees (Boliden, 1990). 
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SAMPLING AND ANALYSIS 
Sampling was performed six times to cover typical seasonal variations. First sampling started at 
the end of April, 2001 when the lakes were still ice-covered; then the sampling continued in May, 
after ice melt; in June and August for summer; the end of October for autumn and middle of 
March, 2002. Each time the samples were taken along the deepest profile of the lakes. Before 
sampling, measurements including temperature, pH, conductivity, dissolved oxygen (DO) and 
redox potential were performed in situ with a Hydrolab Surveyor II water quality probe at each 
half-meter and/or one meter. Immediately after measurement, samples were collected. 
 
For Rävlidmyran Pit Lake, eight or nine samples were collected during each sampling, including 
the depths 0.5 m, 2 m, 5 m, 8 m, 10 m, 15 m, 20 m, 23 m and around half meter above the bottom. 
For Udden Pit Lake, nine to ten samples were collected on each sampling occasion, including the 
depths 0.5 m, 2m, 5m, 10m, 15m, 20m, 30m, 40m, 45m and around half meter above the bottom. 
A metal free Ruttner sampler (1.7 L, Heraco AB) was used for collecting lake water. Samples 
were immediately filtrated through a Nitrocellulose filter (0.22 µm, 25 mm φ, Millipore®) with a 
disposable plastic syringe. Both filtered water and filters are saved in cleans containers. Analyses 
of Ca, K, Mg, Na, S, Si and Sr in the filtered phase were performed by ICP-AES (Atomic 
Emission Spectroscopy). Fe, Al, As, Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, P, Pb and Zn were 
measured using ICP-SMS (high-resolution ICP-MS). The anion concentrations (Cl, F, NO3/NO2, 
NH4, and PO4) were determined by ion chromatography. For suspended elemental concentration, 
the saved filters were dissolved with suprapur HNO3 in closed Teflon bombs in a microwave 
oven, and then analysed by ICP-AES and ICP-SMS for Cu, Cd, Hg, Pb, Zn and S. For other 
elements including Al, Ba, Ca, Co, Cr, Fe, K, Mg, Mn, Na, P, Si, Sr and Zn, filters were wet-
ashed in concentrated suprapur HNO3 in platinum crucibles at 75°C, and then dry-ashed at 550°C. 
The ashes were fused with lithium metaborate in graphite crucibles at 1000°C. The formed beads 
were dissolved in 10% suprapur HNO3 (Burman et al., 1978). The elements were then determined 
by ICP-AES. Surface sediment from the pit lake floor was collected in May and June. The 
surface sediment appeared to be a loose slurry without distinct horizons. The same digestion 
procedures and analysis as for filters were performed for sediment samples, and total sediment 
metal concentration was determined. The mineralogical composition of the sediment was 
examined by x-ray diffraction (XRD) analysis. 
 
Around 1.5 L of lake water was filtrated through a glass fibre filter (0.7 µm, 22 mm φ, 
Whatman® ) mounted in a stainless steel filter holder for POC/PON (Particulate Organic 
Carbon/Particulate Organic Nitrogen)analysis. The analysis was performed with a Carlo Erba 
model 1108 high-temperature combustion elemental analyser, using standard procedures and at a 
temperature of 1030°C. Unfiltered lake water sample were stored in a 13 ml plastic tube (Falcon®) 
and acidified with 100 µl of 2 M HCl for TOC (Total Organic Carbon). TOC is determined using 
a Shimadzu TOC-5000 high-temperature combustion instrument 
 
PHREEQC modelling was performed to identify the elemental speciation and potential 
precipitation reactions that may act to control elemental concentrations in the lake (Parkhurst and 
Appelo, 1999). The database used is phreeqc. 
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MAIN RESULTS AND CONCLUSIONS 

Rävlidmyran Pit Lake 
The measurements in Rävlidmyran Pit Lake indicate that it has striking similarities with other 
mining lakes in terms of low pH and high metals and sulphate contents. Rävlidmyran Pit Lake is 
oligotrophic and meromictic. The water is poorly mixed and a permanent stratification has 
developed in the lake. Three layers are identified in the lake; the mixolimnion, the chemocline 
and the monimolimnion (Figure 3). The density difference between the mixolimnion and the 
monimolimnion is a key factor that prevents water cycling in the lake. Relative depth is also an 
important limnological factor. 
 

Groundwater filling and stratification strongly control the elemental distributions in the lake. 
Most elements such as Ca, Mg, Na, K, S, Mn, Fe and Zn have lowest and constant concentration 
in the mixolimnion (Figure 4). Concentrations increase in the chemocline and keep rising in the 
monimolimnion. These elements show quite similar behaviour in the water with strong 
correlations. Groundwater is supposed to be the major source. Fe is rather low in the 
mixolimnion but higher in the chemocline and the monimolimnion. This is probably due to 
oxidation reactions, resulting in the Fe is removed from the mixolimnion. In the chemocline and 
the monimolimnion, the environment becomes reduced, and Fe mostly occurs in dissolved phase 
as Fe2+. Cu and Al are correlated. The highest concentrations are observed in the chemocline and 
in the monimolimnion then decline. The adsorption of Cu on gibbsite [Al(OH)3] may occur (Lee 
et al., 2002) and this process is important since it controls the Cu and Al concentrations in the 
lake. Other trace metals such as Zn, Pb and As show rather high concentrations in the whole 
water column. Fe and Al appear to be enriched in the surface sediment. However, Fe and Al 
oxyhydroxides could not be observed by the XRD analysis. This could be due to these minerals 
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Figure 3 Density stratification in Rävlidmyran 
Pit Lake. 
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Figure 4 Concentration profiles of filtered Fe in 
Rävlidmyran Pit Lake. 
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are mostly in amorphous phases. Quartz (SiO2) and albite (NaAlSi3O8) have very conspicuous 
existence in the sediment. 
 
Scavenging process by particles is not supposed to be a significant factor controlling trace metal 
distributions due to the low suspended particle concentration. The content of organic matter in the 
water is low, and the small variation between seasons reflects the limited biological activity in the 
lake. In deeper parts of the lake, even though the oxygen concentration becomes very low, the 
redox potential is still higher than necessary for sulphate reduction. This is possibly caused by the 
lack of organics, degradation of which may enhance the reducing environment. Thus, sulphate 
reduction is not occurring. As a result, this also limits the formation of sulphides, thus precluding 
an important precipitation of trace metals as metal sulphides. 
 

Udden Pit Lake 
The study of Udden Pit Lake also shows that it is similar to other mining lakes. The water is 
acidic and the metal concentrations are relatively high. Udden Pit Lake is a dimictic lake. The 
lake appears to be stratified in winter and summer. In spring and autumn, overturning occurs and 
the whole lake circulates which leads to homogeneous distribution of most of the parameters. In 
summer and winter the lake is thermally stratified. Three layers; the epilimnion, the metalimnion 
and the hypolimnion, could be identified (Figure 5). The strata are not stable and the boundaries 
and thicknesses varied with seasons. When stratified, the redox potential is lower in the upper 
water and higher in the hypolimnion which is not usually seen in natural lakes. Drainage water 
rich in Fe2+ results in the lower redox potential in upper water. Close to the bottom, water 
suddenly becomes oxygen poor, conductivity increases and redox drops dramatically. 
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Figure 5 Thermal and redox profiles of Udden Pit 
Lake in August and October, 2001. 
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Figure 6 Concentration profiles of filtered Fe 
in June, August, October and March, 2001-
2002 of Udden Pit Lake. 
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Most of the elements have rather homogeneous distribution in the lake (Table 1). This is 
especially true during the period when overturn happens. When the lake is stratified, variations 
mainly occur in the top water and bottom water. Elements such as Ca, Mg, Na, K, S, Mn, Cu Al 
and Zn have lower concentration in the epilimnion. Concentrations increase in the metalimnion 
and kept constant in the hypolimnion. Fe shows a different distribution with higher concentration 
in the surface water and lower in deeper water (Figure 6). This is especially true when the lake is 
stratified. The distribution of Fe reflects redox potential strata much better than thermal strata. 
The surface water has the highest dissolved Fe concentrations probably due to inflow of drainage 
water from the waste rocks dump. This dissolved Fe is precipitated in deeper water where the 
redox potential is higher. Moreover, dissolved S has stronger relationship with Mn than Fe, 

which supports the precipitation of Fe. Fe is accumulating in the surface sediment. Dissolved Al 
shows strong relationship with Cu, Zn and Cd. The adsorption of Cu on gibbsite and 
coprecipitation is supposed to occur. Thus gibbsite is an important mineral since it may control 
both Al and Cu concentrations in the lake. The decrease of elements such as Cu, Zn and Cd in the 
bottom waters is probably an effect of the increased pH. Significant amount of Fe and Al are seen 
to accumulate in the surface sediment. But still, their oxyhydroxides are not seen by XRD-
analysis probably due to the same reasons as in the Rävlidmyran Pit Lake. Quartz (SiO2) and 
albite (NaAlSi3O8) are also here important minerals in the sediment. 
 
The organic carbon contents in the water are in the normal range of natural lakes indicating that 
some biological activities occur. Small variations between seasons indicate that the biological 
activity is limited in the lake, which contains certain amount of nutrients but it is not rich in them. 
The water always contains significant amount of dissolved oxygen even in the summer 
stratification. This prohibits reduction reactions in the lake. The reduction of sulphate should not 
happen and the metals seems mainly removed from the water through Fe oxidation and 
adsorption on gibbsite, but not by sulphide mineral precipitation. 

Table 1 Average elemental concentration in Udden 
Pit Lake and the standard deviation. 

Number of
Samples

Average
Conc.

St.

Ca mg/l 66 185.18 26.30
Mg mg/l 66 41.11 4.78
Na mg/l 66 6.57 0.58
K mg/l 66 8.54 1.18
S mg/l 66 278.92 27.10
Cl mg/l 47 19.20 4.21
Si mg/l 47 6.44 0.87
Fe mg/l 66 1.92 2.02
Mn mg/l 66 7.22 0.79
Zn mg/l 66 63.85 10.31
Al mg/l 66 21.37 7.19
Cu µg/l 66 248.60 72.12
Pb µg/l 66 1.56 0.58
Cd µg/l 66 81.45 18.92
F mg/l 47 1.84 0.75
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