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Abstract  
 

As extraction techniques are improving an increased number of low grade deposits can be 

economically mined. However, this also means that the number of open pit mines will increase 

and as a result the number of pit lakes as well. This is of environmental concern as the pit lakes, 

depending on the geology and other factors, potentially can have a negative impact on 

surrounding ecosystems, e.g. through high metal concentrations, low pH, and by affecting the 

hydrologic system. Sweden has a long history of mining and is one the largest metal suppliers 

in Europe, and many of the mines are located in the northern part of the country. 

 

The project aim was to better understand and be able to predict pit lake water quality and some 

of the underlying processes affecting it, with a focus on cold climates, where temperatures are 

low and the lakes are ice covered for prolonged periods of time.  

The following field measurements were conducted in the Laver and Åkerberg pit lakes: 1) 

minewall stations measuring metal leaching rates from pit walls, 2) oxygen and hydrogen 

isotopic composition of precipitation and pit lakes to better understand pit lake hydrology 

(including also the Udden and Rävlidmyran pit lakes), 3) a nutrient limitation and metal uptake 

experiment in the Åkerberg pit lake, and 4) a continuously measuring buoy installed in the 

Laver pit lake where short term fluctuations in water quality parameters could be observed. A 

bathymetric map of the Åkerberg pit lake was also generated during the project. Additionally, 

modelling of the Rävlidmyran pit lake was conducted based on three different climate 

scenarios. 

Measurements of water quality parameters showed that both the Laver and Åkerberg pit lakes 

have relatively good water quality, pH 6.1–7.4, specific conductivity 41–352 μS/cm and pH 

7.6-7.7, specific conductivity 137–140 μS/cm, respectively, and low concentrations of metals. 

Algal growth was successfully stimulated in microcosms in the Åkerberg pit lake, through 

addition of the nutrients N and P in combination. Chlorophyll-a concentrations, which were 

used to estimate algal growth, were 9.5-11 times higher than at the beginning of the experiment 

in these microcosms. It was also seen that the metal concentration in the suspended particulate 

phase increased, suggesting that metals were taken up by algae. In the Laver pit lake 

measurements from the continuously measuring buoy showed diurnal variations for pH, 

dissolved oxygen, and temperature. The pH and dissolved oxygen was increasing during 

daytime, indicating that algal growth was increasing. 

A local meteoric water line, which can be used to separate sources of water from precipitation, 

if their isotopic compositions are different, was constructed for the study area (δ2H = (7.80 ± 

0.09) δ18O + (4.35 ± 1.35) ‰). It was seen that the groundwater had a similar stable isotopic 

composition as precipitation, as its composition fell on the local meteoric water line. It was 

also seen that the studied pit lakes had undergone evaporation as they plotted on a local 

evaporation line (δ2H = (6.88 ± 0.47) δ18O + (−12.75 ± 5.60) ‰). Residence times were 

calculated for the pit lakes, ranging from 2.9-44.9 years, using the isotopic mass balance 

method. 

Modelling of the Rävlidmyran pit lake suggests that it is fairly stable and will remain 

meromictic during a modelled 100 year period. No major differences in redox or oxygen levels 

were observed. The temperature is predicted to increase in the mixolimnion along with a slight 



 
 

decrease in dissolved oxygen concentration. The modelling also indicates that the water 

outflow from the lake might increase, and as a consequence, a slight increase of metal outflow 

was observed as well.  

Based on minewall stations, installed at the Laver and Åkerberg mine sites, leaching rates 

(µg/m2/week) of metals were estimated. These were used to approximate the total contribution 

of metals from the pit walls to the pit lakes over the course of a year. A difference in metal 

leaching could be observed for the two mine sites which could be attributed to the deposit type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Acknowledgements 

 
I would like to thank my supervisor, Anders Widerlund, for his support and guidance during 

this time. It has been invaluable to me and is much appreciated. I would also like to thank my 

supervisor, Lars Lövgren, who helped me improve the work through his suggestions and 

advice. My friends and colleagues at Luleå University of Technology are acknowledged for 

their help on many different occasions, assistance with field work and developing discussions. 

Bengt Flyckt is acknowledged for providing depth data of the Laver and Åkerberg pit lakes 

and for the installation of the measuring buoy in the Laver pit lake. 

I am grateful to the Swedish Agency for Economic and Regional Growth, Norrbotten County 

Council, J. Gust. Richert Foundation and ÅForsk Foundation who provided funding for the 

project. I also want to acknowledge Boliden Mineral AB for permitting access to the studied 

pit lakes.  

Finally, I would like to thank my partner, Irma, my family and my friends for their support. 

 

 

 



 
 

List of articles 

 
I. Paulsson, O. & Widerlund, A. (2020). Pit lake oxygen and hydrogen isotopic 

composition in subarctic Sweden: A comparison to the local meteoric water 

line. Applied Geochemistry,118. https://doi.org/10.1016/j.apgeochem.2020.104611 

 

II. Paulsson, O. & Widerlund, A. (2021). Algal nutrient limitation and metal uptake 

experiment in the Åkerberg pit lake, northern Sweden. Applied Geochemistry, 125. 

https://doi.org/10.1016/j.apgeochem.2020.104829 

 

III. Paulsson, O. & Widerlund, A. (2020). Modelled impact of climate change scenarios 

on hydrodynamics and water quality of the Rävlidmyran pit lake, northern Sweden. 

Manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.apgeochem.2020.104611
https://doi.org/10.1016/j.apgeochem.2020.104829


 
 

Contents 
Part I 

1. Introduction ................................................................................................................................... 1 

2. Background ................................................................................................................................... 3 

3. Aim and scope of the thesis ........................................................................................................ 5 

4. Study area ...................................................................................................................................... 6 

4.1. Regional climate .......................................................................................................... 6 

4.2. Studied Pit Lakes and Mine sites ................................................................................ 7 

4.2.1. Laver .................................................................................................................... 7 

4.2.1. Rävlidmyran ......................................................................................................... 7 

4.2.3. Udden ................................................................................................................... 7 

4.2.4. Åkerberg .............................................................................................................. 7 

5. Methods ......................................................................................................................................... 8 

5.1. General sampling......................................................................................................... 8 

5.2. Experimental setups and sampling .............................................................................. 9 

5.2.1. Stable isotopic composition of precipitation and pit lakes .................................. 9 

5.2.2. Algal nutrient limitation and metal uptake experiment ..................................... 10 

5.2.3. Minewall Station leaching rates ......................................................................... 11 

5.3. Analytical methods .................................................................................................... 13 

5.4. Predictive modelling of the Rävlidmyran pit lake .................................................... 13 

6. Summary of results and discussion .......................................................................................... 15 

6.1. General sampling....................................................................................................... 15 

6.2. Stable isotopic composition of precipitation and pit lake water ............................... 15 

6.3. Algal nutrient limitation and metal uptake experiment ............................................. 18 

6.4. Predictive modelling of the Rävlidmyran pit lake .................................................... 21 

6.5. Minewall Station leaching rates ................................................................................ 24 

6.6. Continuous buoy measurements................................................................................ 28 

7. Conclusions ................................................................................................................................. 29 

8. Future research ............................................................................................................................ 30 

9. References ................................................................................................................................... 32 

 

Part II 

Paper I Pit lake oxygen and hydrogen isotopic composition in subarctic Sweden: A 

comparison to the local meteoric water line 

 



 
 

Paper II Algal nutrient limitation and metal uptake experiment in the Åkerberg pit lake, 

northern Sweden 

Paper III Modelled impact of climate change scenarios on hydrodynamics and water 

quality of the Rävlidmyran pit lake, northern Sweden 

 

 

 



1 
 

1. Introduction 

Sweden has a long history of mining and evidence has shown that mining of bedrock iron 

deposits began more than 2000 years ago (Eilu et al., 2012). Today Sweden is one of the largest 

mining countries in the European Union (EU) and in 2019 Sweden’s share of the total 

production in the EU was 91.5 % for Fe, 38.5 % for Pb, 36.7 % for Zn, 21.1 % for Au, 20.1 % 

for Ag and 10.8 % for Cu (Sveriges Geologiska Undersökning, 2019). The long-term trend is 

that the number of mines in Sweden has been decreasing since the beginning of the 20th century 

with a peak of 264 mines/mine fields in 1917 (Sveriges Geologiska Undersökning, 2020). At 

the end of 2019 Sweden only had 12 mines in operation distributed over the three mining 

regions Norrbotten, the Skellefte Sulphide Ore District and Bergslagen (Sveriges Geologiska 

Undersökning, 2019). On the contrary, the metal production has increased and reached its 

highest level ever, 86.5 M tonnes, in 2019. The share of ore excluding iron has also increased 

its share relative to iron ore and now constitutes more than 50 % of the total production (48 vs 

39 M tone) (Sveriges Geologiska Undersökning, 2020). 

 

The worldwide demand for the major metals Al, Cu, Fe, Ni and Zn is predicted to continuously 

increase until 2100. For Pb the demand is predicted to peak in 2050 before declining until 2100 

(Watari et al., 2021). The outlook for critical metals is less clear as fewer studies have been 

undertaken to evaluate the long-term demand for many of them. However, for the ones on 

which studies have been conducted, the prediction is mostly that demand will increase from 

current levels until 2050 (Watari et al., 2020). The metals are necessary to sustain our modern 

society and even if we manage to increase recycling rates a majority of the metals will have to 

come from mining (Priester et al., 2019). New mines will therefore have to be developed to 

meet the increased demand and to replace old mines as they are mined out. 

 

Mining activities affect the environment in many ways before, during and after the active stages 

of mining. The effects are limited in the initial stages but increase as the mine is opened. Mine 

sites can require large areas both for the construction of the mine site and the deposition of 

waste rock and tailings, which means that the vegetation in the area will be destroyed (Priester 

et al., 2019). They can also impact hydrological systems, including groundwater, streams and 

aquifers by lowering the groundwater table. Both by pumping water to be able to carry out 

mining activities and by withdrawing water to use at the mine site for different processes 

(Currell et al., 2017). The environmental impact from the mine site can remain for long periods 

post mine closure, both from the mine and the deposited waste. The environmental impact will 

amongst other things be decided by the extent of the operation, the composition of tailings and 

waste rock, and the remediation methods put in place. In some cases, the environmental impact 

can be relatively limited while in other cases costly remediation and monitoring can be required 

for a long time.  

 

Mining companies strive to maximize the Net Present Value of their deposits. One important 

factor in doing so is to select the best mining option for extraction, which can be open pit 

mining or underground mining (Ben-Awuah et al., 2016). The number of open-pit mines have 

been increasing due to new mining methods since the 1970s (Castro and Moore, 2000). In most 

cases these mines will be deep enough to intersect the local groundwater table which means 

that pumping of groundwater is required to continue mining operations (Castro and Moore, 
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2000; Castendyk et al., 2015a). When the mining operations stop and the dewatering ceases 

the void will be flooded with groundwater and surface water of different proportions depending 

on local conditions (Niccoli, 2009; McCullough et al., 2020). The pit lakes, the water quality 

of which depends on several factors such as the geology of their drainage area, the ore type, 

and catchment interaction is one of the greatest environmental issues for the mining industry.  

They can be acidic, neutral or alkaline and often contain high levels of sulphate and dissolved 

metals as a result of mined sulphide ores (Castendyk and Eary, 2009; Castro and Moore, 2000; 

Gammons and Duaime, 2006; Blanchette and Lund, 2016). In some cases, this can affect down-

gradient water bodies and be of risk to both ecosystems and humans. It has been seen that the 

environmental impact can be long lasting as the environmental quality of some pit lakes has 

not improved despite that the mines closed decades ago (McCullough et al., 2009; Castendyk 

et al., 2015a). 

 

However, if proper choices are made at an early stage, e.g. regarding remediation measures, 

pit lakes can not only exist as a part of a functioning ecosystem, but also be utilized as a 

resource in many cases, where the possibilities depend on the water quality (Castendyk and 

Eary, 2009;  Castendyk et al., 2015b). The evolution of pit lakes and their water quality can be 

estimated through numerical prediction, which is still fairly uncommon, but for that to work a 

good knowledge is required regarding many of the processes affecting pit lake water quality 

(Castendyk and Eary, 2009; Salmon et al., 2017). Some of the things that can influence the 

water quality are local climate (including climate change), hydrology, biological processes and 

mine wall leakage, both subsurface and above the water surface. Besides knowledge about pit 

lake processes, numerical prediction also requires appropriate software, which is able to couple 

the aforementioned processes (Castendyk and Eary, 2009). 

 

In northern Sweden there are currently about 30 small- to medium-sized pit lakes, a number 

that will increase as more mines are closing. Additionally, many mining intensive countries 

such as, Canada, Finland, Russia and USA have areas of similar climatic conditions as northern 

Sweden. This means that there will be an increased need for understanding the development of 

pit lake water quality and its impact on the environment and society. There has not been much 

research on pit lakes in Sweden. However, since many of these processes are affected by the 

local climate and bedrock, knowledge from other locations cannot always be utilized without 

potentially inaccurate results. It is therefore of great importance to conduct local studies to be 

able to increase the accuracy of predictions, which in turn, hopefully can benefit ecosystems, 

humans and mining companies. 
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2. Background 
 

Pit lake hydrology and water quality depend on many processes, of which some will be 

mentioned briefly here. In several ways pit lakes are also different from most natural lakes, 

which is important for understanding the development of their water quality and the potential 

effect on their surroundings.  

 

Pit lakes often have a high relative depth (RD) compared to natural lakes, because of commonly 

used mining techniques, which means that their surface area is small relative to their maximum 

depth (Dm). The RD is calculated according to Eq. 1 

 𝑅𝐷 =
50𝑍𝑚√𝜋

√𝐴0
  Eq. 1 

Where A0 is the surface area of the lake (Wetzel, 2001). 

A deep natural lake with a small surface area typically has a RD value exceeding 4 % whereas 

the pit lakes included in this study have RD values between 13-199 % (Table 1).  

Many pit lakes have low pH values due the host rock containing sulphide ore and the oxidation 

of the mineral pyrite (FeS2), which is the most common sulphide mineral. In addition to pyrite, 

oxidization of other sulphide minerals such as marcasite and pyrrhotite can also generate acid. 

The general and simplified weathering reaction for pyrite combined with the oxidation of Fe2+ 

can be written as: 

2 𝐹𝑒𝑆2 + 7
1

2
𝑂2 +  7 𝐻2𝑂 → 2 𝐹𝑒(𝑂𝐻)3 + 4 𝑆𝑂4

2− + 8 𝐻+ Eq. 2  

Hence, if the oxidation of Fe2+ and FeS2 are considered jointly, 4 moles of acid (H+) are 

generated for every mole of pyrite (Alpers & Nordstrom, 1999; Castro and Moore, 2000). The 

problem of acid, sulphate-rich water is less common for iron ores than for sulphide ores and 

high-sulphur coal deposits, as the iron ore already is in a high oxidation state (Castro, 2000). 

Consequently, the sulfuric acid solution can leach metals from bedrock and soil and create a 

toxic environment where the development of living organisms is severely affected (Oszkinis-

Golon et al., 2020). The oxidation of pyrite can also continue from exposed mine walls beneath 

the water surface, although the process is much slower if the primary oxidant is dissolved 

oxygen, and most likely it does not have a significant impact on the water quality. However, 

the process can be accelerated if the primary oxidant is Fe3+ where studies have shown that it 

potentially is an important process in the development of the water quality for some pit lakes 

(Gammons, 2009). This process could further be facilitated by microbial activity as it has been 

reported that it has the potential to dramatically speed up the oxidation of Fe2+ to Fe3+ at low 

pH values (Weilinga, 2009a; Williamson et al., 2006). Additionally, some pit lakes have been 

shown to have an inflow of highly saline groundwater and are often shielded from wind 

exposure by their high pit walls, reducing turbulence, which otherwise contributes to mixing 

(Schultze et al., 2010; Pieters and Lawrence, 2014).  

 

In total this means that pit lakes have a stronger tendency than natural lakes to develop a 

permanent stratification (meromixis). As opposed to natural lakes where the stratification often 

develops from temperature differences, it is usually the salinity (density) difference that drives 

the development of stratification in the pit lakes as it inhibits mixing (Oszkinis-Golon et al., 
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2020; Pieters and Lawrence, 2014). The effect can be noticed down to fractions of a % in terms 

of density difference as it can stop the lake from overturning (Boehrer and Schultze, 2009). 

The depth at which the steep salinity gradient occurs is called the chemocline and in the case 

of a meromictic lake the part beneath the chemocline is called the monimolimnion. The part 

above the chemocline, where periodical mixing occurs, is the mixolimnion (Wetzel, 2001). The 

monimolimnion is typically suboxic or anoxic, which makes it hard for many organisms to 

survive (Stewart et al., 2010). When the lake is stratified the exchange of substances between 

the mixolimnion and the monimolimnion is limited and sedimentation might contribute to an 

increase of toxic elements and nutrients in the monimolimnion, which are some of the most 

undesirable effects of stratification. Since potential stratification depends on several factors it 

is complex to predict the hydrology of pit lakes and further field studies are required to validate 

models that are able to couple these processes that also include biogeochemical processes and 

sediment–water interaction (Boehrer and Schultze, 2009). 

 

Pit lakes often lack organic matter in the sediment, as it usually consists of crushed rock from 

the mine site and in many cases not enough time has elapsed to develop benthic organic matter 

(Lund et al., 2020).  Many lakes also have low levels of nutrients, which limits their biological 

productivity, and they can be characterized as oligotrophic (Castendyk and Eary, 2009). The 

nutrient input is generally low, partly because they have little or no vegetation in the riparian 

zone, which is an important transitional zone between the surrounding terrestrial area and the 

lake. Although riparian vegetation might act as a filter for sediment and nutrients early in the 

lake development, it is likely to be a source of organic carbon and nutrients for the lake in a 

long-time perspective (Van Etten, 2011). 

 

It has been hypothesized that the lack of surface water inflows, which is common for pit lakes, 

could be a reason for low allochthonous input of nutrients. However e.g. Lund et al. (2020) 

found that connecting a river with a forested catchment did not increase carbon concentration 

nor sedimentation in the lake. Instead, it was found that the lack of vegetation in the riparian 

zone probably was the most important factor for the low input as there were low levels of leaf 

litter in proximity to the lake. They also found that active rehabilitation of pit lake catchments 

significantly reduced the time required for catchments to resemble natural forests and that it 

most likely would be beneficial to conduct riparian specific plantation as well.  

Many pit lakes have steep sides and a limited littoral zone. This influences the primary 

production, and the limnetic production will dominate over littoral production in such cases. 

At low pH levels the primary production can also be limited by degassing of dissolved 

inorganic carbon and subsequent carbon limitation and the coprecipitation of phosphorus with 

iron (Weilinga, 2009a; Nixdorf and Kapfer, 1998). Some studies have found that the algal 

biomass of acidic pit lakes can be increased by addition of nutrients to acidic pit lakes (e.g. 

Lessman et al., 2003; Fyson et al., 2006) and such fertilization has also been found to be a 

potential remediation measure similar to plankton blooms (Fisher and Lawrence, 2006). This 

is a process that can be particularly successful in meromictic lakes as the sediment in such 

lakes, including the contaminants, might be less likely to recirculate than in other lakes 

(Weilinga, 2009b). 

 

Regarding the hydrological conditions of pit lakes there are generally two types, flow through 

pit lakes which are common where precipitation exceeds evaporation, and terminal conditions 
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where water escapes only through evaporation. In large pit lakes hydrology is determined by 

climate as it will not only influence factors such as precipitation, wind, and evaporation, but 

also deep groundwater flow, although the impact might be delayed relative to surface 

processes. The predicted changes in climate differ for different parts of the world and in 

addition the hydrological conditions of each pit lake are different which emphasizes the need 

for a case-to-case evaluation (Niccoli, 2009). Temperatures are e.g. projected to increase more 

in high latitude regions (IPCC, 2014). 

 

3. Aim and scope of the thesis 
 

The aims of this thesis were to contribute to enhanced knowledge regarding pit lakes, the 

prediction of their water quality and some of the factors that affect it, with a focus on northern 

Sweden. To be able to fully understand and predict pit lake water quality, a holistic approach 

including interdisciplinary research is required, as it is the product of many complex processes 

and their interactions, including hydrology, geochemistry and biology. Some of the processes 

also vary in time and/or are affected by climate change which further complicates the 

prediction. 

 

The processes studied in this thesis included 1) the hydrology of pit lakes, using the stable 

isotopes of oxygen and hydrogen (δ18O and δ2H) in precipitation and in pit lakes, 2) algal 

growth in pit lakes and the amount of metals taken up by the algae, 3) the amount of mine wall 

leakage to pit lakes, expressed as µg/m2/week for different elements, and 4) a long-term 

numerical prediction of pit lake water quality for different climate change scenarios. 

 

Three papers form the basis for the thesis and their content is shortly described below. 

Additionally, a Minewall Station experiment was carried out where metal leaching rates from 

the pit walls at the two mine sites Laver and Åkerberg were quantified. 

 

Paper 1 – Focuses on the stable isotopes of oxygen and hydrogen (δ18O and δ2H) in 

precipitation. A local meteoric water line (LMWL) was developed for the study region, which 

e.g. can be important to understand the hydrology of pit lakes. The surface water of four pit 

lakes were also studied and a plotted on a local evaporation line (LEL). 

 

Paper 2 – Focuses on nutrient limitation in the Åkerberg pit lake through a microcosm 

fertilization experiment. Additionally, the amount of metal uptake by the algae was quantified.  

 

Paper 3 – Focuses on numerical prediction of water quality in the Rävlidmyran pit lake for 

three climate scenarios developed by the Swedish Meteorological and Hydrological Institute 

for the study region.  
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4. Study area 
 

4.1. Regional climate 
 

The study area, including the isotope sampling for the LMWL and the studied pit lakes/mine 

sites (Laver, Rävlidmyran, Udden and Åkerberg) is located in the Norrbotten and Västerbotten 

Counties in northern Sweden (Fig. 1). The area is an important mining district and there are 

approximately 30 small- to midsize, developed pit lakes. Most are hosted in the Skellefte 

Sulphide Ore District (Fig 1), and of the studied pit lakes, Rävlidmyran and Udden belong to 

that area.  

The study area is generally forested (mostly conifer trees), flat and sparsely populated. Lakes 

and river systems are common. Since the study area is located in the inland, although some 

areas are closer to the Baltic sea, and there are no large mountain ranges, the climate can be 

said to be relatively similar throughout the area.  The average yearly temperature varies from 

approximately -1°C to 1°C. In January the average temperature varies between approximately 

-15°C to -12°C and in July 13°C to 15°C. The average yearly precipitation in the area is 

approximately 500-700 mm. These data are for the 1961-1990 climate reference period defined 

by the World Meteorological Organization (WMO) (SMHI, 2021a). The general wind direction 

in Sweden is W or SW although N or NW are also common wind directions on the east coast 

in the northernmost part of the country, which is relatively close to the study area (SMHI, 

2021b). 

 

Typical depth profiles for the summer of pH, specific conductivity, dissolved oxygen and 

temperature for the pit lakes can be seen in Fig. 2, and general base data (max depth, volume, 

relative depth, surface area, coordinates and elevation (m.a.s.l.) can be found in Table 1. The 

Laver and Åkerberg pit lakes have relatively good water quality with circumneutral pH values 

and low specific conductivities (Fig. 2a and 2d), whereas the Rävlidmyran and Udden pit lakes 

have low pH values and high specific conductivities (Fig. 2b and 2c). 

 

Figure 1. Study area for the project, including pit lakes, mine sites and sampling points for precipitation. 
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4.2. Studied Pit Lakes and Mine sites 
 

4.2.1. Laver 

The Laver mine was operational during the years 1936-1946. It was a small, low-grade, Cu 

deposit (1.51 %), that also contained smaller amounts of Ag (36 g/t) and Au (0.2 g/t) (Ödman, 

1943). The Laver pit lake lacks visible surface inflows and outflows and has a depth of 

approximately 87 m at its deepest point, despite being small with a surface area of only 1490 

m2, and a volume of 130 000 m3. The relative depth (RD) is high, 199%.  An approximately 

10 m wide area surrounding the pit lake, which otherwise is surrounded by conifer trees, is 

clear-cut. The mine walls have an approximate average height of 5 m.  Some of the ore minerals 

occurring at the deposit were chalcopyrite (CuFeS2), pyrrhotite (Fe1−xS), galena (PbS), 

sphalerite (ZnS) and arsenopyrite (FeAsS) (Ödman, 1943). 

 

4.2.2. Rävlidmyran 

The Rävlidmyran ore deposit, which is located in the Skellefte Sulphide Ore District, was a 

previous volcanogenic massive sulfide (VMS) deposit that was mined 1953-1974 (Fig. 1). The 

average ore grade was: Zn 4.12%, Cu 0.98%, Pb 0.67%, S 23.4%, Au 0.6 g/t and Ag 48 g/t. 

The pit lake has been found to be meromictic and has and a surface area of about 49 000 m2, a 

volume of 527 000 m3, a maximum depth of 28.9 m and a RD of 13% (Lu, 2004). There are 

no pit walls surrounding the pit lake as they have been levelled and covered with glacial till as 

a remediation measure. The is no forest immediately surrounding the pit lake but within about 

50 m forest mostly consisting of conifer trees occurs. Approximately 500 m north of the pit 

lake there is a natural lake, Lake Hornträsket, which is a part of the receiving water system for 

the pit lake. The Rävlidmyran pit lake lacks visible surface inflows and outflows. 

 

4.2.3. Udden 

The Udden pit lake is located about 65 km east of Rävlidmyran (Fig. 1), and was also a VMS 

deposit that was mined between 1974 and 1991, with an average ore grade of: Au 0.8 g/t, Cu 

0.41%, Zn 4.72%, Pb 0.35%, As 0.1% and S 25.6%. It is approximately similar in size to the 

Rävlidmyran pit lake, with a volume of 563 000 m3, a surface area of 33 900 m2, and a 

maximum depth of 49.8 m. The RD is 24%. The pit lake also lacks visible mine walls for the 

same reason as the Rävlidmyran pit lake.  

 

4.2.4. Åkerberg 

The Åkerberg mine (Fig. 1) was operated 1991-2003 and the average ore grade was Au 3.1 g/t 

and Ag 3.2 g/t.  The mine was known to have a low content of sulphides and the ore was made 

out of quartz veins hosted in gabbro (Billström et al., 2012). The pit lake has a surface area of 

28 000 m2, a volume of 811 000 m3, a maximum depth of 63.6 m and a relative depth of 34%. 

The conifer forest has been clear-cut for approximately 10 m around the pit lake and the 

estimated average mine wall height is 13.5 m. The lake lacks visible surface inflows and 

outflows. 
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Table 1. Base data for the studied pit lakes. 

Pit lake Coordinates 

(°N; °E) 

M.a.s.l Surface area 

(m2) 

Volume 

(m3) 

Max depth 

(m) 

Relative 

Depth (%) 

Laver 65.771978; 

20.239646 

337 1490  ≤130000 86.8 199 

Rävlidmyran 64.958246; 

19.837477 

385 49200 527000 28.9 13 

Udden  65.078834; 

18.472302 

215 33900 563000 50.0 24 

Åkerberg 65.042417; 

20.744762 

187 28200  811000 63.6 34 

 

 

Figure 2. Temperature, dissolved oxygen, pH and conductivity plotted against depth for the four pit lakes in the study. a) 
Laver. b) Rävlidmyran. c) Udden. d) Åkerberg. The conductivity values for Laver and Åkerberg are multiplied by 10. The data 
for Udden and Rävlidmyran are from Lu (2004). 

 

5. Methods 
 

5.1. General sampling 
 

Depth profiles, including measurements of pH, specific conductivity, temperature, and 

dissolved oxygen were taken three times in the Laver pit lake over the summer 2017 (June 15, 

July 10, and September 28), with a Hydrolab MS 5 sonde. In the Åkerberg pit lake two profiles 

were measured in the summer of 2018 (June 26 and August 28) and 2019 (August 20 and 

October 2). On the same occasions, in both pit lakes, water samples were collected with a 

Ruttner sampler at four different depths. The water samples were analyzed for filtered (<0.2 

µm) and suspended metal content, DOC (<0.7 µm), NH4
+, NO2

-/NO3
-, suspended solids and 

chlorophyll-a. At each sampling occasion, a depth profile for photosynthetically active 

radiation (PAR) was measured using a LI-250A Light Meter from LI-COR that measures the 
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average PAR value over 15 s. On one occasion, in 2017, an algae sample was collected in the 

Laver pit lake.  

 

During the summer of 2018, on two occasions for each pit lake, samples for stable oxygen and 

hydrogen isotopes were collected for the four pit lakes, Laver, Udden, Rävlidmyran and 

Åkerberg (June 1 and August 30 for Rävlidmyran and Udden, and June 11 and August 30 for 

Laver and Åkerberg).  

 

Three groundwater samples were collected from the Björkdal mine (Fig. 1) and analyzed for 

δ18O and δ2H on October 1, 2018. Two samples were from the open pit (depths 102 and 123 

m), and one was an underground sample (depth 207 m). 

A measuring buoy from EHP Environment Ltd. that continuously measured temperature, pH, 

conductivity and dissolved oxygen was installed in the Laver pit lake over one year, from June 

2017 until June 2018.  

5.2. Experimental setups and sampling 
 

5.2.1. Stable isotopic composition of precipitation and pit lakes (for further details 

see Paper 1) 

 

The stable isotopic composition of oxygen and hydrogen (δ18O and δ2H) in snow was measured 

at fourteen locations (Fig. 1) by intersecting the entire snowpack with a hollow plastic tube 

(approximate diameter of 10 cm and length of 1 m). The tube bottom was then sealed and the 

collected snow was transferred to plastic bags where it was stored cool and dark. Once the 

snow had melted the water was mixed and transferred to small glass vials that were sealed tight 

and stored cool and dark before being sent to the laboratory for determination of δ18O and δ2H. 

The rainwater was collected by constructing rainwater collectors of a plastic bottle with a 

funnel placed over the opening, a design adopted from Friedman et al. (1992) (Fig. 3). In the 

funnel a piece of plastic net was installed to make sure that no large debris would be entering 

the water samples. A layer of mineral oil, approximately 1-2 cm thick, was used in the plastic 

bottles to prevent the collected rainwater from evaporating before sampling, which has been 

shown to be effective in areas that are warmer than Sweden (Friedman et al. 1992). To be able 

to place the collectors in forested areas, a thin wooden stick, that had been attached to the 

plastic bottle by duct tape was used. It was inserted into the ground to prevent the collector 

from falling over e.g. by the movement of wind or animals (Fig. 3). The collectors were left 

over the summer season to attain representative samples of precipitation. The samples of the 

rainwater were extracted immediately in situ by inserting a syringe needle through the plastic 

bottle, beneath the layer of mineral oil, to extract the water and avoid oil contamination. The 

water was then poured through white coffee filters to remove any oil remains before it was 

poured into small glass vials that were sealed airtight and stored cool and dark until being sent 

to the laboratory for analysis.  

 

The snow cores and rainwater samples were collected at the same locations (Fig. 1). The 

locations were chosen to be remote, while still not covered by too dense vegetation, to avoid 

large amounts of debris from entering the collectors. They were also placed with some distance 

to roads. 
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Samples for δ18O and δ2H in the pit lakes were obtained in duplicate from two locations at the 

shore by collecting surface water samples at a depth of about 10-30 cm. 

5.2.2. Algal nutrient limitation and metal uptake experiment (for further details see 

Paper 2) 

 

During the summer of 2018 an algal growth microcosm experiment was conducted in the 

Åkerberg pit lake. Twelve 0.1 mm-thick transparent plastic bags were filled with 15 L of lake 

water and fertilized with different amounts of the nutrients nitrogen (289 µg/L as KNO3), 

phosphorus (40 µg/L as KH2PO4), and N and P in combination where the same amounts were 

added together. The molar proportion of N and P was similar to the N:P Redfield ratio of 16:1 

(Redfield, 1934). In total there were 12 microcosms, three with N, three with P, three with N 

and P in combination and three control microcosms that only contained lake water (Fig. 4). 

The microcosms were filled with lake water from a depth of approximately 0.1-0.3 m. The 

microcosms were installed in the pit lake for 10 days by being tied to a rope across a narrow 

part of the lake. The installation was adjusted so that the water levels of the microcosms were 

in line with the water level of the lake at the start of the experiment. A screw cap that had been 

cut off from a bottle (approximately 5 cm in diameter) was used to attach the plastic bags to 

the rope. A small hole was also made at the top of the screw cap to allow for air exchange with 

the atmosphere. On day 1 of the experiment, two samples from the lake surface water were 

taken as a reference. At day 10 of the experiment water samples were collected from the 

microcosms. The water samples were analyzed for filtered (<0.2 µm) and suspended metal 

content, DOC (<07. µm), NH4
+, NO2

-/NO3
-, and chlorophyll-a.  

 

 

 

 

 

 
Figure 4. Microcosm installed in the Åkerberg 
pit lake (Day 1). 

 

Figure 3. Installed precipitation collector. 
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5.2.3. Minewall Station leaching rates 

 

To estimate the geochemical impact of mine walls on pit lakes, the Minewall Technique (Mend, 

1995) can be utilized. It consists of four main steps where the first one is to obtain leaching 

rates of elements per surface area of mine wall. The second is to estimate the exposed surface 

area and the third step is to estimate the ratio of exposed surface area to total reactive surface 

area, which e.g. can depend on fracture intensity and the presence of waste rock. The final step 

is to estimate the amount that will be continuously flushed from the mine walls, as this often 

makes out a smaller portion compared to the total amount released when and if the mine wall 

is submerged (Morin and Hutt, 2004).  

 

One way that has been used to estimate the loadings from rock walls are Minewall Stations, as 

they are fairly cheap and easy to set up. The Minewall Stations are built with 4 sides that 

encompasses an area of wall rock, typically about one m2, this area is then covered with 

transparent plastic leaving it exposed to some sunlight, exchange with the atmosphere and 

temperature variations. It is however shielded from wind and, in theory, completely from 

rainfall (Morin and Hutt, 2001). 

 

The aims of the study were to obtain metal leaching rates per surface area per week for the two 

abandoned mine sites Laver and Åkerberg and to evaluate the difference in leaching rates. The 

hypothesis was that, since Laver was a sulfidic Cu-mine (Ödman, 1943) and Åkerberg was a 

Au-mine known for its scarcity of sulfides (Billström et al., 2012), the difference in geology 

will be reflected in the metal leaching rates.  

 

Eight Minewall stations were installed at the two mine sites Laver and Åkerberg over the snow 

free season 2017 (Fig. 5, Table 2). Four additional Minewall Stations were also installed at the 

Åkerberg mine site over the snow free season 2018 (Table 2). Each mine site has two 

predominant lithologies, based on simple optical evaluation in the field. One can be 

characterized as rusty and one as non-rusty (Fig. 6, e.g. Åkerberg 2 and 3). Therefore, two 

Minewall Stations were placed at each lithology at each mine site. At Laver the Minewall 

Stations were constructed by attaching plastic T-molding to the bedrock by silicone, creating a 

quadratic/rectangular frame. A transparent plastic sheet was then used to cover the wall rock 

area and was attached to the T molding by binder clips (Fig. 5a). At the Åkerberg mine site, 

the stations were created in a similar way but instead of T molding the frame was also made 

from the transparent plastic sheet (Fig. 5b). A small plastic bottle cut in half was also placed 

under the plastic sheet to create distance between the plastic sheet and the wall rock. This was 

not necessary at the Laver mine site as the T-molding does that naturally. 

 



12 
 

 

Figure 5. a) Minewall station at the Laver pit lake including T-molding. b) Minewall station at the Åkerberg pit lake without 

T-molding. 

 

Table 2. Total active dates, sampling dates, leaching days between each sampling even and surface area for minewall 
stations at the Laver and Åkerberg mine sites. 

Minewall station  Active dates Sampled Leaching days Surface area (m2) 

Laver 1 (2017) 9/6 – 7/9 7/9, 3/11 90  0.33 

Laver 2 (2017) 9/6 – 3/11 7/9, 3/11 90 + 57 0.11 

Laver 3 (2017) 9/6 – 3/11 7/9, 3/11 90 + 57 0.15 

Laver 4 (2017) 9/6 – 3/11 7/9, 3/11 90 + 57 0.13 

Åkerberg 1 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.12 

Åkerberg 2 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.11 

Åkerberg 3 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.22 

Åkerberg 4 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.15 

Åkerberg 5 (2018) - - - - 

Åkerberg 6 (2018) 10/7 – 15/8 15/8 36 0.42 

Åkerberg 7 (2018) 10/7 – 5/10 15/8, 5/10 36 + 51 0.22 

Åkerberg 8 (2018) 10/7 – 5/10 15/8, 5/10 36 + 51 0.18 

 

 

Figure 6. Mine wall surface areas of Minewall stations at the Laver and Åkerberg mine site. 
 

The stations were sampled on two occasions over the summer season in both 2017 and 2018. 

The sampling was carried out by removing the plastic sheet and flushing the Minewall Station 

surface area with 200 mL of Milli-Q water water from a spray flask. The water was collected 

in a graduated cylinder held under the sloping and extended T-molding/plastic sheet (e.g. Fig. 
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5a). The water samples were kept cool and dark until being sent to ALS Scandinavia AB for 

analysis of filtered (<0.2 µm) and suspended metal concentrations. In between each Minewall 

Station the equipment was rinsed with Milli-Q water. 

 

5.3. Analytical methods 
 

Iso-Analytical, Cheshire, UK performed analyses of the δ2H and δ18O in triplicate using 

continuous flow isotope ratio mass spectrometry (Iso-Analytical, 2018). Three reference 

standards were used for each isotope system that are traceable to the standards V-SMOW2 

(Vienna-Standard Mean Ocean Water) and V-SLAP2 (Vienna-Standard Light Antarctic 

Precipitation) distributed by IAEA. Twelve measurements were conducted to estimate the 

analytical standard deviation which was ±0.03 ‰ for δ18O and ±1.12 ‰ for δ2H (Paper 1). 

Chlorophyll-a analysis was prepared by filtering approximately 1 L of water was through 

Whatman GF/C Glass Microfiber Filters (pore size 1.2 μm, diameter 47 mm) which were stored 

dark in a freezer. Before sending the filters to the accredited laboratory (AK lab) they were 

dried in a desiccator. Spectrophotometry after methanol extraction following the standard SS 

02 81 70 (Swedish Institute for Standards, 2020) was used to determine the chlorophyll-a 

concentrations with an analytical error of ≤ 20%.  

 

ALS Scandinavia AB analyzed filters for suspended metals and P, and water samples for 

dissolved organic carbon (DOC) and nitrogen species. For suspended metal concentrations the 

water samples were immediately filtered, in situ, through membrane disc filters (pore size 0.2 

µm, diameter 25 mm). In between each sample the equipment was rinsed with Milli-Q water. 

The filters were placed in Teflon bombs with 8 mL of 7 M suprapur HNO3 and heated in a 

microwave oven, before completing the oxidation by adding 1 mL of 30 % H2O2 to the bombs. 

The concentrations were determined by Inductively Coupled Plasma-Sector Field Mass 

Spectrometry (ICP-SFMS), with an accuracy of ±20 %. Discrete spectrophotometry following 

the methods CSN EN ISO 11732, CSN EN ISO 13395, CSN EN 16192, SM 4500-NO2 and 

SM 4500-NO3 was used to determine nitrogen species, while IR detection based on CSN EN 

1484, CSN EN 16192 and SM 5310 was used to determine carbon speciation.  

 

For particulate organic matter (POM>0.7 µm) 25 mm-diameter GF/F glass fiber filters that had 

been pre-combusted at 450ºC were used to collect samples. 25 μL of deionized water and 2 × 

25 μL of 1 M HCl was used to acidify the samples in silver capsules to remove calcium 

carbonate, before the capsules were dried a 60°C (Brodie et al., 2011). The isotopic 

composition of organic C (OC) and total C were determined at UC Davis (University of 

California) by an Elementar Vario EL Cube or Micro Cube elemental analyzer coupled to either 

an Isoprime VisION IRMS or a PDZ Europa 20–20 isotope ratio mass spectrometer. The 

Vienna PeeDee Belemnite (V-PDB) standard was used to express carbon isotope δ values and 

the long-term standard deviation was ±0.2 ‰.  

 

5.4. Predictive modelling of the Rävlidmyran pit lake (for further details see 

paper 3) 
 

Predictive modelling of the Rävlidmyran pit lake was based on the representative concentration 

pathways (RCP’s) RCP 2.6 (van Vuuren et al., 2011), RCP 4.5 (Thomson et al., 2011) and 

RCP 8.5 (Riahi et al., 2011), which are included in the reports of the Intergovernmental Panel 
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on Climate Change (IPCC, 2014). These are expressed in radiative forcing (W/m2) and are 

based on different emission scenarios where RCP 2.6 assumes that there is strong mitigation 

of greenhouse gas (GHG) emissions and RCP 8.5 assumes only limited mitigation measures.  

The Swedish Meteorological and Hydrological Institute (SMHI) utilized these emission 

scenarios to calculate climate scenarios for different regions of Sweden (SMHI, 2020a). These 

include predictions for changes in amounts of precipitation and temperature until November 

2099 compared to the 1961–1990 reference period, which therefore was set as the end date for 

the model. 

 

The software PITLAKQ (Müller, 2020), which couples the programs CE-QUAL-W2 (Cole 

and Wells, 2015) and PHREEQC (Parkhurst and Apello, 1999), and has the potential to model 

pit lake specific processes was used to model the pit lake.  

 

Meteorological data was taken from SMHI weather stations located close to the Rävlidmyran 

pit lake, Malå-Brännan A (temperature, wind speed, precipitation, dew point temperature) and 

Gunnarn (cloud cover). The predicted changes in temperature and precipitation for the three 

climate scenarios were added to the hourly measured meteorological values for the 20-year 

period 1996-2015, after that the difference for each parameter compared to the reference period 

had been accounted for. This 20-year period of meteorological data was then reused until 2099, 

with the only difference being that the numbers for precipitation and temperature were changed 

following the predictions in the climate scenarios.  

 

The inflow of groundwater was divided into surface groundwater flow and deep groundwater 

flow, where the uppermost 15 m of the lake received surface groundwater inflow and beneath 

that depth, the inflow was set as deep groundwater. The amounts of annual flow were based on 

a hydrological model by Bergab (2008), with the surface groundwater inflow redistributed over 

the course of a year to match monthly amounts in % measured in the Pite river (SMHI, 2020b).  

The lake was assumed to have been in a steady state from 1996-2015 and the deep groundwater 

outflow was adjusted accordingly. To achieve that the model was run from 1996-2015 with 

different groundwater outflows until a level was reached where the lake water level would be 

similar at the start and end of this period. For the long-term simulation an additional outflow 

was added, which started if the lake water rose more than 1 m above the starting level. 

Otherwise the lake water level could have been rising indefinitely. 

  

Filtered element concentrations (<0.22) from a sampling campaign in 2001 (Lu, 2004), divided 

into 5 depth ranges, were used as starting concentrations for the pit lake. Average 

concentrations for six sampling events from 2001-2002 (Lu, 2004) were used as shallow and 

deep groundwater inflow concentrations. The measured concentrations from 0-15 m were 

averaged for the shallow groundwater inflow whereas the measurements beneath 15 m were 

averaged for deep groundwater inflow. Ca2+ was used to adjust the charge balance, both for the 

starting and inflow concentrations. As calibration, the model was run over the course of a year, 

and since the concentrations were deemed to be in an acceptable range compared to measured 

field data no further adjustments were made.  

 

Dissolved organic carbon (DOC) concentration was used as total input for labile and refractory 

dissolved organic matter and the particulate organic matter (POM) concentration was used to 
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estimate refractory POM. The proportions of organic matter (OM) as well as chlorophyll-a and 

dissolved inorganic carbon concentration was set based on literature values. 

Fe(OH)3, Al(OH)3 and po4precip (coprecipitation of phosphorus with iron) precipitation was 

set to Active, with the option Settling on. That way precipitated minerals can be dissolved if 

the conditions change. However, they are removed from the system if they reach the bottom of 

the lake.  
 

6. Summary of results and discussion 
 

6.1. General sampling 

 

Field sampling showed that the water quality of the Laver and Åkerberg pit lakes generally is 

good, with circumneutral pH values and low specific conductivities. For Laver the pH was 

found to vary between 6.1-7.4 and the specific conductivity between 41-352 μS/cm. For 

Åkerberg the pH value varied between 7.6-7.7 and the specific conductivity between 137-140 

μS/cm. The low sulphide content at the Åkerberg deposit is most likely the major reason for 

the low specific conductivity (Billström et al., 2012). The Laver deposit also had a fairly low 

sulphide content (Ödman, 1943). The nutrient content was also low, which is a typical 

characteristic of pit lakes. The measured chlorophyll-a levels in the Åkerberg pit lake were 

significantly below the reference values (Havs- och vattenmyndigheten, 2018) which means 

that the lake is assumed to have a good ecological status based on that metric (Paper 2). In 

addition, the metal concentrations in the Åkerberg pit lake were below threshold values set by 

Havs och vattenmyndigheten (2016) for some of the evaluated elements. However, the levels 

were still higher than for most natural lakes, indicating that the lake water is impacted by the 

mining activities (Paper 2). The Laver and Åkerberg pit lakes are meromictic as they both have 

conductivity profiles showing a chemocline at a certain depth (Fig. 2a and 2 d). In addition, 

they are both deep with high relative depths (Table 1), which enhances the probability to 

develop a chemocline.  

 

6.2. Stable isotopic composition of precipitation and pit lake water (for further 

details see Paper 1) 
 

Statistical analysis (Shapiro Wilks W test (Shapiro and Wilk, 1965)) was conducted on the d-

excess values of the rainwater and snow samples which were found to be normally distributed. 

The Grubbs test (Grubbs, 1950) was therefore conducted on all samples to test for outliers, but 

none were found. Hence, all the collected samples were included in the development of the 

LMWL (Fig. 7). 

By plotting the δ18O and δ2H values and utilizing least square regression the LMWL was found 

to be: 

𝛿2𝐻 =  (7.80  ±  0.09) 𝛿18𝑂 + (4.35 ±  1.35) ‰  Eq. 3 

The errors for slope and intercept were calculated according to Pain (1992). 

The LMWL can be compared to a version of the GMWL (Rozanski et al., 1993) originally 

develop by Craig (1961): 
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𝛿2𝐻 =  8.17 𝛿18𝑂 +  10.35 ‰    Eq. 4 

As can be seen the slope and the intercept is slightly lower than that of the GMWL although 

they are fairly similar (Fig. 7).  

 

Figure 7. LMWL, GMWL and LEL plotted with δ18O and δ2H isotopic compositions of pit lakes, snow core data, rainwater 
data and groundwater data from the Björkdal mine. 

The difference in winter and summer precipitation was also evaluated by plotting the δ18O and 

δ2H isotopic composition of snow samples and rainwater samples separately and comparing 

their slopes. The slope for the snow samples was 7.65 ± 0.31, and the slope of the summer 

precipitation was 7.05 ± 0.73. This is interesting as the slope of the summer precipitation is 

lower than that of the winter precipitation, although there is a margin of error, which could 

suggest that it has been evaporated and that kinetic fractionation has occurred. This is a 

phenomenon that mostly has been reported in arid regions even if it also has been observed in 

continental Canada (Clark and Fritz, 1997). 

 

A comparison was therefore made with data from the only sampling station in Sweden of the 

Global Network of Isotopes in Precipitation (GNIP) that includes data for both δ18O and δ2H 

(Station Naimakka, IAEA/WMO, 2018). The slope for the summer season was found to be 

7.54 ± 0.18 and the slope for the winter season was 7.8 ± 0.21. That the same pattern was seen 

for Naimakka strengthens the theory that the summer – winter difference could be due to 

evaporation. Another theory could have been that it was due to evaporation occurring from the 

precipitation collectors over the summer. However, this was deemed unlikely as a similar setup 

has been used in the Californian desert, for a longer time period, without observations of 

evaporation (Friedman et al., 1992).  

 

The δ18O values were plotted against altitude and distance from the ocean (both the Atlantic 

and the Baltic Sea) as these factors can lead to rainout effects and depletion of the heavy 

isotopes in precipitation (Clark and Fritz, 1997), but no correlation was found. However, there 

was a linear relationship when δ18O was plotted against latitude. The pattern was clearer for 

rainwater than for snow, and the R2 values were 0.71 and 0.075 respectively. The δ18O values 
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also had a wider range for snow. This could potentially be caused by different sources of winter 

precipitation in the study area, resulting in variable δ18O values. This has e.g. been observed 

by Benjamin et al. (2005) for summer precipitation. 

 

Processes such as partial melting and refreezing, evaporation/sublimation, and exchange with 

atmospheric water vapor can sometimes alter or change the isotopic composition of the 

snowpack (Earman et al., 2006). However, it has also been shown that the isotopic 

compositions of snowpack, snowfall and snowmelt are statistically similar (Beria et al., 2018). 

One reason to why this effect was believed to be limited in the current study was that the slope 

of the δ18O and δ2H lines in the snow was found to be 7.65 ± 0.31, although the slope of a 

sublimation trend for snow has been found to be 5.7, which is significantly lower (Moser and 

Stichler, 1974). Since the entire snowpack was sampled, redistribution of water within the 

snowpack would also not affect the results. 

 

The results of the δ18O and δ2H measurements of the pit lakes revealed a seasonal isotopic 

signal, although it was less clear in the Rävlidmyran pit lake. The samples collected in late 

spring had an isotopic signal closer to that of snow compared to the samples collected in late 

summer (Fig. 7). This is a common feature in cold climates where lakes receive an input of 

snowmelt depleted in heavy isotopes in late spring/early summer (Gibson et al., 2002).  

When plotted together with the LMWL all of the pit lake water samples plotted below it, which 

indicate that they had been evaporated. They were therefore plotted on a local evaporation line 

(LEL) which had the equation (Fig. 7): 

 

δ2H =  (6.88 ±  0.47) δ18O +  (−12.75 ±  5.60) ‰ Eq. 5 

It was also investigated if the samples collected in late summer would display a stronger 

evaporation signal than the samples collected in late spring, but no correlation was found. 

 

In addition to the lake water samples the three deep groundwater samples from the Björkdal 

mine were plotted along with the LMWL (Fig. 7).  They appear to be a mixture of rainwater 

and snow which has not been subject to evaporation as they plotted on the LMWL. In some 

studies, e.g. Douglas et al. (2000), it has been shown that deep groundwater has a different 

isotopic signal, which is useful, as proportions of surface and groundwater in e.g. lakes then 

can be delineated.  

 

The amount of evaporation relative to the inflow ratio (E/I) was estimated with the isotopic 

mass balance method according to equations and methodology described in Skrzypek et al. 

(2015). A large value for E/I is an indicator of significant evaporation and long residence times 

whereas the opposite can be said for low values. One of the assumptions for the isotopic mass 

balance method is that the lakes are well mixed (which is not the case in this study), as the 

implications for the residence time of the lake otherwise become flawed, (Gibson et al., 2002). 

However, a simple approximation was made where the epilimnion and hypolimnion were 

treated as different subsystems for all lakes except Udden.  

 

One of the input variables required to perform the isotopic mass balance method is the average 

isotopic composition of precipitation. For this study, two methods were used to estimate the 

composition, one was to use the intersection point of the LMWL and the LEL (Gibson et al., 
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2008), and the other one was to use the weighted average composition of precipitation. The 

main reason for this decision was that the intersection point of the LMWL and the LEL did not 

plot between the rainwater and snow samples on the LMWL, which would be a reasonable 

assumption (Fig. 7). Thus, it is possible that it is not a reasonable estimate. Possibly because 

there were too few lake water samples in the study or because the LMWL and LEL have fairly 

similar slopes, which means that a small difference in slope can have a large impact on the 

intersection point (Fig. 7).  

 

The E/I ratio can be used to calculate residence times of lakes if evaporation and lake volume 

is known (Gibson et al., 2002). For the Udden pit lake the total lake volume was used while an 

estimated depth of the epilimnion was used for the lakes at Laver (16 m) and Åkerberg (7.5 

m). For the Rävlidmyran pit lake the mixolimnion depth of 5 m was used (Lu., 2004). The 

estimated evaporation for the study area is approximately 400 mm (SMHI, 2019). 

 

The results showed that the E/I ratios were higher when the average isotopic composition of 

precipitation was estimated from the intersection point of the LMWL and LEL. Consequently, 

the residence times of the lakes were higher for this scenario as well. The E/I values ranged 

between 0.23-0.74 and the residence times between 7.2-44.9 years.  

 

When the estimated weighted average composition of precipitation was used the E/I ratios 

ranged between 0.07-0.32 and the residence times between 2.8-14.9 years. 

 

6.3. Algal nutrient limitation and metal uptake experiment (for further details 

see Paper 2) 
 

The depth of the euphotic zone, or the photosynthetically active surface water layer, was 

calculated by fitting an exponential decay curve to two measured PAR profiles from 2018 and 

one from 2019. The depth of the zone was found to vary between 20-25.4 m (Table 3). This 

means that there is a good light penetration in the pit lake, and light should consequently not 

be a limiting factor for algal growth. The euphotic depth was calculated down to where 1 % of 

the PAR measured immediately below the water surface remained following the formula: 

 

𝐸𝑑(𝑧) = 𝐸𝑑 (0) 𝑒−𝐾𝑑𝑧     Eq. 6 

where z is the depth, Ed is the downward irradiance of PAR and Kd is the vertical attenuation 

(light extinction) coefficient (Kirk, 2011). 1 % has been found to be a good assumption for the 

level where the primary production in Finnish and Estonian lakes approaches zero (Reinart et 

al., 2000).  
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Table 3. Photosynthetically active radiation (PAR) measurements, light extinction coefficient and euphotic depths for the 
Åkerberg pit lake on three occasions in 2018 and 2019. 

Åkerberg  

2018-06-26 

 Åkerberg 

2018-08-28 

 Åkerberg 

2019-08-20 

 

Depth (m) PAR (µmol) Depth (m) PAR (µmol) Depth (m) PAR (µmol) 

0 503 0 137 0 514 

0.1 359 0.1 121 0.1 492 

0.2 362 0.2 117 0.2 475 

0.3 334 0.3 120 0.3 403 

0.4 306 0.4 120 0.4 388 

0.5 271 0.5 115 0.5 452 

0.6 279 0.6 116 0.6 436 

0.7 348 0.7 111 0.7 412 

0.8 285 0.8 109 0.8 388 

0.9 260 0.9 105 0.9 384 

1 297 1 103 1 399 

1.25 297 1.25 92 1.25 275 

1.5 328 1.5 91 1.5 356 

1.75 267 1.75 85 1.75 331 

2 255 2 79 2 329 

2.5 225 2.5 73 2.5 306 

3 200 3 66 3 275 

3.5 159 3.5 60 3.5 248 

4 162 4 52 4 227 

4.5 142 4.5 47 4.5 211 

5 146 5 41 5 193 

5.5 140 5.5 36 5.5 174 

  6 32 6 156 

  6.5 29   

Light extinction 

coefficient 

0.19 Light extinction 

coefficient 

0.23 Light extinction 

coefficient 

0.18 

Euphotic depth 

(m) 

24.0 Euphotic depth 

(m) 

20.0 Euphotic depth 

(m) 

25.4 

 

At the end of the microcosm experiment the volume was found to be lower than the starting 

volume of 15 L in all of the microcosms. This indicates that some process such as evaporation 

or physical leakage must have occurred. This could be a problem as the results were evaluated 

based on concentrations per L. Thus, a decrease in water volume could have altered the reported 

values due to evapoconcentration. If that was the case it would have had to be accounted for 

by a correction to the initial water volume. This is also important as the water loss was larger 

in some microcosms than in others, which would have made it hard, not only to compare the 

results with the initial concentrations, but also to compare the results of the microcosms with 

different nutrient loads. After evaluating the results, evaporation was however judged to be 

unlikely as a major contributor to the water loss, in part because the measured specific 

conductivity did not change significantly although some microcosms lost more than 50 % of 

their initial water volume. Also, changes in concentrations did not match the change in water 

volume. A back of the envelope calculation was also carried out for water loss through 

evaporation for an approximate surface area of the microcosms over 10 days, which showed 

that it corresponded to a water loss of only 1.7 %. Hence the conclusion was drawn that the 

water loss was due to physical leakage, perhaps attributable to changes in water level in the 

lake etc.  

 

At the end of the experiment the highest chlorophyll-a concentrations were found in the 

microcosms fertilized with both N and P. The concentrations (2.95-3.44 µg/L) were 9.5-11 

times higher than in the control samples taken at the start of the experiment and >6 times higher 
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than in any other microcosm at the end of the experiment. This indicates that the Åkerberg pit 

lake is nutrient poor, both in terms of N and P. That algal growth was higher in these 

microcosms was also supported by the fact that they had higher POC concentrations, which 

can be used an indirect measure of algal growth. They also had higher δ13C values. That higher 

δ13C would indicate that the algal growth is higher can seem counterintuitive, as algae 

preferably take up 12C. However, in a closed system or a high-growth system where dissolved 

CO2 is consumed at a rate that exceeds the supply from the atmosphere, dissolved CO2 will be 

depleted in 12C through Rayleigh distillation, which will increase the δ13C value of algae over 

time (Gu et al., 2006). 

 

The filtered concentrations (<0.2 µm) were found to be higher than the suspended 

concentrations (>0.2 µm) for all studied elements in the Åkerberg pit lake (57-100 % of total 

concentration). A comparison between the filtered concentration in the control samples and the 

samples from the microcosms at the end of the experiment revealed that the filtered 

concentrations were lower for Cd, Co, Mn, Si, and Zn in the microcosms fertilized with N + P. 

The other studied elements (Ca, K, Mg, and Ni) were found to have fairly similar 

concentrations for all microcosms. This indicates that Cd, Co, Mn, Si, and Zn were taken up 

by phytoplankton. However, this could also be true for some of the other elements that 

generally have high filtered concentrations. An uptake into phytoplankton would then not be 

as noticeable compared to their total concentration. Potassium behaved differently than the 

other elements and had the highest concentrations in the N + P microcosms, most likely since 

it was a part of both nutrient additions (KNO3 and KH2PO4). The nine elements that were 

chosen to be evaluated more closely all increased together with P in the particulate phase, with 

R2 values for the linear regression between particulate element and P concentrations varying 

between 0.47 and 0.95. Some of the highest R2 values were found for the metals Ca and Mn 

despite that their concentrations did not decrease in the filtered fraction. This indicates that it 

could be an artifact of their higher concentrations. 

 

Silicon is a major component in diatoms and several of the metals are micronutrients for algae 

(Mn, Zn and Ni), whereas other act as nutrients for some algae (Ca, K and Mg). Cadmium can 

act as a replacement at their metabolic sites (Gormley-Gallagher et al., 2016; Hecky and 

Kilham., 1988). This could explain their correlation with P in the particulate phase and supports 

that they are actively assimilated by or sorbed to the surfaces of algae. As the pH also increases 

in the microcosms fertilized with N + P, and an increase in pH can increase biosorption of 

metals to algae (Cd, Ni, Pb and Zn), this could be another reason to the increased concentrations 

in the particulate phase. However, biosorption usually reaches a plateau at a pH value of 4-4.7 

(Klimmek et al., 2001), and this effect was therefore assumed to be limited at our pH increase 

from approximately 7.5 to 8.5 in the experiment. The molar ratios (Metal/P) for the studied 

elements in the particulate phase were: Ca 0.66, Cd 0.00011, Co 0.001, K 1.06, Mg 0.29, Mn 

0.016, Ni 0.0036, Si 19.6, and Zn 0.17.  

 

To estimate the potential metal removal from the pit lake the average starting particulate P 

concentration in the reference samples and the average P concentration in the N + P samples 

was used to establish a range for the increase in P. This range was then used with the slope of 

the regression line for the Metal/P molar ratios to calculate the increase in the suspended 

particulate phase. This was then compared to filtered surface water metal concentrations from 
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the depths 1 m and 4 m for the dates June 26th and August 28th 2018. The estimated metal 

removals, expressed as % of the filtered concentrations, were:  Ca: 0.039–0.048%; Cd: 2.5–

20%; Co: 2.6–14%; K: 0.76–1.1%; Mg: 0.055–0.070%; Mn: 18–82%; Ni: 0.87–1.8%; Si: 12–

25%; Zn: 19–64%. This removal rate could potentially be increased if the experiment was 

conducted for a longer time or if the added nutrient concentrations were increased. 

 

An interesting comparison, when considering phytoremediation of pit lakes by algae, can be 

made with N concentrations normally used in forest fertilization (~150 kg of N/ha). The 

Åkerberg pit lake has a surface area of 28 200 m2 and a euphotic depth of approximately 20 m. 

To fertilize this zone with P corresponding to 100 µg/L would require an addition of 55 kg P. 

Based on the Redfield ratio the equivalent amount of N would be 400 kg, which is similar to 

an amount of 150 kg of N/ha. This type of full-scale experiments has also been found to give 

more reliable results than micro- and mesocosm experiments (Schindler, 1988). 

 

6.4. Predictive modelling of the Rävlidmyran pit lake (for further details see 

paper 3) 
 

The water inflow to the Rävlidmyran pit lake was found to increase following the higher 

greenhouse gas (GHG) emissions according to the emission scenarios. The increase was larger 

for the end period than for the beginning of the modelled 100-year period, particularly in the 

RCP 8.5 scenario, where the emissions are expected to continue increasing throughout the 

century. In the steady state assumption, the water inflow to the pit lake is approximately 17 m3 

per hour or 150 000 m3 per year. That would mean that the residence time of the lake is about 

3.5 years. This is similar to what was found for the mixolimnion in the study based on stable 

H and O isotopes of the pit lakes (2.8-4.9 years for the weighted average composition of 

precipitation assumption). Thus, there is some alignment regarding the lake residence time 

between the two studies.  

 

The increase in water inflow was calculated as % of the initial volume of the pit lake to 20 %, 

91 %, and 185 % for the RCP 2.6, RCP 4.5 and RCP 8.5 scenario, respectively. Considering 

that the steady state assumption was used until 2015 these numbers are valid for the 84 

remaining years of the modelled 100-year period. Expressed in residence times, compared to 

3.5 years in the steady state assumption, it would change to 3.48, 3.38 and 3.26 years. That is 

less than a 10 % decrease in residence time even in the highest emission scenario. However, 

the difference would be greater if only the last years of the century were considered and it 

would also be different if the deep groundwater was adjusted based on the precipitation in the 

climate change scenarios.  

 

Plots of temperature, pH, dissolved oxygen, Cl, Fe3+ and Zn for the years 2090-2099 and 2006-

2015 (utilizing measured meteorological data) for the deepest, central part of the lake were 

used to evaluate the modelled results. It was seen that there was an increasing number of days 

with mixolimnion water temperatures above 12°C in the higher emission scenarios. The 2006-

2015 period and the RCP 2.6 results were quite similar. It is worth remembering that, since the 

2006-2015 period is based on measured meteorological data, the temperature might already 

have increased compared to the reference period (1961-1990). It was also seen that the model 

predicts an intermediate layer with water temperatures that are higher than in the 
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monimolimnion for all emission scenarios. This layer was however slightly less prominent for 

the 2006-2015 period. A slight decrease in oxygen concentrations in the mixolimnion could be 

seen for the higher emission scenarios, probably because of reduced solubility as a consequence 

of increased surface water temperatures. This decrease is easier to see when only the depth 

down to 12 m is plotted (Fig. 8). For pH only minor differences of ~0.05 pH units could be 

observed.  These were slightly lower in the monimolimnion for the RCP 4.5 and 8.5 emission 

scenarios, and higher in the mixolimnion for the RCP 8.5 emission scenario. The slight 

decrease in pH could possibly be related to an increased Fe(OH)3 precipitation which was 

indicated by modelled Fe3+ concentrations. 

 

 
Figure 8.Modelled dissolved oxygen concentration for the depth below 15 m based on meteorological data (2006-2015) and 
for the three greenhouse gas emission scenarios RCP 2.6, RCP 4.5 and RCP 8.5 (2090-2099). 

Chloride was included in the evaluation as it is considered a conservative element. The 

concentration was approximately 2 mg/L lower in the mixolimnion and monimolimnion for 

the RCP 8.5 emission scenario compared to the other emission scenarios, it was also lower in 

the monimolimnion than the model output for the 2006-2015 period. The difference is assumed 

to be due to dilution following increasing surface water inflows. Since the concentration in the 

monimolimnion is decreasing as well, it could mean that there is some mixing occurring in the 

lake over the chemocline, although the chemocline it still present for all emission scenarios.  

 

For Fe3+ the concentration increased in the monimolimnion and decreased in the mixolimnion 

in the RCP 8.5 emission scenario. This could indicate that the mixolimnion is becoming less 

oxidized while the monimolimnion is increasingly oxidized. However, any corresponding 

changes in dissolved oxygen are difficult to detect due to the poor resolution in the oxygen plot 

(2 mg/L). 
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The Zn concentration increased in the mixolimnion for the RCP 2.6 and RCP 4.5 emission 

scenarios, while the concentrations for the 2006-2015 period and the RCP 8.5 emission 

scenario were similar. At first the Zn concentration appears to be stable in the monimolimnion 

between 72-80 mg/L when the whole depth of the lake is plotted. However, by looking at the 

depth from 15 m to the bottom it becomes clear that the Zn concentration also is diluted in the 

monimolimnion (Fig 9.). 

 
Figure 9. Modelled Zn concentration for the depth below 15 m based on meteorological data (2006-2015) and for the three 
greenhouse gas emission scenarios RCP 2.6, RCP 4.5 and RCP 8.5 (2090-2099). 

 

In total the modelling suggests that lake will continue to be meromictic and maintain a 

developed chemocline. However, the model suggests that the chemocline will be located 

slightly deeper (8-14 m) than indicated by previous field measurements (5-8 m, Lu, 2004). This 

could however be related to how the inflows were set up in the modelling. There were two 

depths specified for groundwater inflow (0-15 m and 15-28 m). A closer resemblance with 

actual conditions could maybe have been achieved by adding a third inflow, thus having one 

for the mixolimnion, one for the chemocline and one for the monimolimnion. That approach 

would on the other hand not be based on the hydrological model by Bergab (2008) anymore, 

as the amounts of inflow for each depth would be unknown. 

 

Another consequence of a decreased residence time for the pit lake could be an increase in 

outflow of metals. A calculation was therefore carried out for Zn which showed that the model 

estimates that 4.4 % more Zn will leave the lake in the RCP 8.5 emission scenario compared 

to the RCP 2.6 emission scenario until the end of the century. That the difference is not larger 

is most likely because most of the increased water outflow will come from the mixolimnion of 

the lake where the Zn concentrations are lower than in the monimolimnion.  
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6.5. Minewall Station leaching rates 
 

To calculate the surface area of the Minewall Stations the open source image processing 

program ImageJ was used (Schneider et al., 2012). A reference object with a known length, 

e.g. Fig. 6 (Åkerberg 3), was set as a reference before the area was mapped and calculated. A 

90-degree photo angle relative to the surface area was strived for but no further settings were 

adjusted to avoid distortion.  

The measured leaching rates expressed as µg/m2/week for twelve mining related elements of 

the Minewall Stations can be found in Table 4. The average value for each Minewall Station 

was plotted together with the total average for each mine site (Fig 7). 

 
Table 4. Leaching rates expressed as µg/m2/week for 12 mining related elements for each minewall station and leaching 
period at the Laver and Åkerberg mine sites. 

Leaching rate 

in µg/m2/week 

Ag 

 

Al 

 

As Au Cd Co Cu Fe Ni Pb S Zn 

Laver 1,  

9/6-7/9 

0.0004 0.9 
 

0.030 0.0004 0.199 1.90 58.6 1.0 0.47 0.43 719 49.7 

Laver 2,  

9/6-7/9 2017 

0.0010 1.5 

 

0.035 0.0010 0.082 0.03 5.3 3.3 0.07 0.27 129 15.7 

Laver 2, 

7/9-3/11 2017 

0.0067 6.5 0.041 - 0.215 0.09 9.2 15.6 1.10 0.22 173 40.0 

Laver 3, 

9/6-7/9 2017 

0.0005 1.4 
 

0.003 0.0006 0.130 0.08 8.0 1.1 0.04 0.19 64 29.0 

Laver 3, 

7/9-3/11 2017 

0.0041 4.2 0.008 0.0002 0.243 0.13 14.0 1.9 0.54 0.18 81 49.3 

Laver 4, 

9/6-7/9 2017 

0.0008 9.5 

 

0.015 0.0005 0.826 0.61 10.6 7.1 0.28 0.97 353 205.8 

Laver 4,  

7/9-3/11 2017 

0.0034 18.2 0.013 - 0.995 0.73 14.5 7.4 0.78 0.85 331 217.2 

Åkerberg 1, 

30/6-7/9 2017 

0.0003 0.5 

 

0.096 0.0011 0.006 0.03 0.5 1.0 0.05 0.01 25 0.4 

Åkerberg 1, 

7/9-3/11 2017 

- 1.9 0.131 0.0012 0.002 0.29 0.3 0.9 0.50 0 127 0.6 

Åkerberg 2,  

30/6-7/9 2017 

0.0004 0.5 
 

0.027 0.0007 0.004 0.02 0.3 1.0 0.06 0.02 63 0.2 

Åkerberg 2,  

7/9-3/11 2017 

0.0004 3.7 0.006 - 0.002 0.04 0.4 2.4 0.78 0.02 45 0.4 

Åkerberg 3,  

30/6-7/9 2017 

0.0003 12.4 

 

0.013 0.0025 0.003 0.14 1.5 79.4 0.56 0.02 274 1.0 

Åkerberg 3,  

7/9-3/11 2017 

0.0001 113.4 0.018 0.0006 0 0.46 2.4 141.3 2.44 0.02 778 1.1 

Åkerberg 4,  

30/6-7/9 2017 

0.0004 12.7 0.014 0.0018 0.005 0.04 0.1 49.5 0.05 0.03 816 0.6 

Åkerberg 4,  

7/9-3/11 2017 

- 128.9 0.016 0.0016 0.001 0.07 0.3 87.5 0.88 0.04 1125 1.1 

Åkerberg 6,  

10/7-15/8 2018 

0.0002 10.1 0.197 - 0.002 0.04 0.7 6.0 0.19 0.01 126 0.5 

Åkerberg 7,  

10/7-15/8 2018 

0.0005 22.4 0.170 0.0102 0.002 0.04 0.6 11.2 0.28 0.06 240 1.0 

Åkerberg 7,  

15/8-5/10 2018 

0.0001 10.6 0.100 0.0015 0.002 0.06 0.3 5.6 0.33 0.03 94 0.5 

Åkerberg 8,  

10/7-15/8 2018 

0.0002 5.2 0.051 - 0.004 0.03 0.6 3.8 0.18 0.10 176 0.7 

Åkerberg 8,  

15/8-5/10 2018 

0.0004 2.6 0.028 0.0012 0.001 0.04 0.3 4.0 0.23 0.05 95 0.4 
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Figure 10. Comparison of leaching rates (µg/m2/week) from minewall stations, for 12 mining related metals, at the Laver and 
Åkerberg mine sites. 

An unpaired T-test was used to compare the leaching rates obtained from the Laver Minewall 

stations with the Åkerberg Minewall stations. The two-tailed P-values for each element were 

the following: Ag 0.005, Al = 0.26, As 0.1838, Au 0.2513, Cd 0.0243, Co P 0.0938, Cu 0.0356 

Fe 0.3137, Ni 0.9613, Pb 0.0074, S 0.8956, and Zn 0.0291. The elements Ag, Cd, Cu, Pb and 

Zn were therefore deemed to have a statistically significant difference in leaching rates between 

the two mine sites as the P-values were <0.05. 

 

The total surface areas of mine walls surrounding the pit lakes were estimated by multiplying 

a circumference of the pit walls with an estimated mine wall height. A picture of the mine sites 

and the mine walls can be seen in Fig. 11 (a) Laver, b) Åkerberg). Based on height data from 

Lantmäteriet (grid 2+ 2019, Lantmäteriet, 2020), the height difference between the pit lake 

surface and the mine walls was estimated to 5 m for Laver and 13.5 m for Åkerberg. 
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Figure 11. a) The Laver mine site and pit lake. b) The Åkerberg mine site and pit lake. 

 

The circumference used for both pit lakes was measured at the midpoint between an inner and 

an outer circumference at the bottom and top of the minewall. That means approximately 10 m 

for the Åkerberg mine site as the mine walls extend approximately 20 m from the edge of the 

pit lake before the forested area begins. 

 

Based on this calculation the circumferences were 175 m and 900 m and the mine wall surface 

areas 875 m2 and 12150 m2 for the Laver and Åkerberg mine site, respectively. This area would 

represent the visible mine wall area surrounding the pit lakes disregarding the horizontal length 

between the pit lake and the theoretical mine wall. It can therefore be said to be a conservative 

estimate of the total mine wall surface area.  

 

No estimation of fracture intensity or total reactive surface area was done in the study, but for 

three previous studies (MEND, 1995) showed that the total reactive surface area varied from 

27 to 161 times that of the exposed surface area. Based on this, example calculations were 

conducted for the Laver and Åkerberg mine sites to obtain a potentially low and high estimate 

of metal input to the two pit lakes based on the measured surface area leaching rates (Table 5). 

The leaching rates were converted to total input over the course of one year and then multiplied 

by the total exposed surface area. These numbers were then multiplied by a factor of 27 and 

161 before dividing the results by the total lake volume to achieve a low and a high estimate 

of total metal load expressed as µg/L/year.  

 
Table 5. Leaching rates from the Minewall Stations expressed as yearly total input to the two pit lakes in µg/L/year for a low 
and a high estimate of total reactive surface area. 

 Ag 

(µg/L/

year) 

Al 

(µg/L/

year) 

As 

(µg/L/

year) 

Au 

(µg/L/

year) 

Cd 

(µg/L/

year) 

Co 

(µg/L/

year) 

Cu 

(µg/L/

year) 

Fe 

(µg/L/

year) 

Ni 

(µg/L/

year) 

Pb 

(µg/L/

year) 

S 

(µg/L/

year) 

Zn 

(µg/L/

year) 

Laver 

Low 

2.3E-
05 

5.7E-
02 

2.0E-
04 

3.6E-
06 

3.6E-
03 

4.8E-
03 

1.6E-
01 

5.1E-
02 

4.4E-
03 

4.2E-
03 

2.5 8.2E-
01 

Laver  

High 

1.4E-

04 

3.4E-

01 

1.2E-

03 

2.2E-

05 

2.2E-

02 

2.9E-

02 

9.7E-

01 

3.0E-

01 

2.6E-

02 

2.5E-

02 

15 4.9 

Åkerbe-

rg Low 

5.6E-
06 

5.3E-
01 

1.4E-
03 

3.6E-
05 

5.3E-
05 

2.1E-
03 

1.3E-
02 

6.4E-
01 

1.1E-
02 

6.5E-
04 

6.4 1.4E-
02 

Åkerbe-

rg High 

3.3E-

05 

3.13 8.4E-

03 

2.2E-

04 

3.2E-

04 

1.2E-

02 

8.0E-

02 

3.8 6.3E-

02 

3.9E-

03 

38 8.2E-

02 

 

All of the elements for which the statistical analysis showed a significant difference can be 

related to sulphide-bound elements that were leached in higher amounts at the Laver mine site. 

Copper, Pb and Zn can all be found in the ore minerals which were present at Laver. Sphalerite 

is known to contain some amount of Cd (Schwartz, 2000) and a smaller mineralization 

containing Ag has also been found at the site (Ödman, 1945).  
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However, the statistical analysis is based on few samples and it cannot be excluded that there 

are other elements, for which the difference in leaching rates between the mine sites could be 

statistically significant as well. For example, at the Åkerberg mine site a more robust dataset 

could potentially show a statistically significant difference also for Au and As. The difference 

is however large between minewall stations with high and low concentrations for these 

elements (Fig. 10), potentially because of the difference in selected surface areas. A larger 

dataset would also have given the possibility to compare the difference in leaching rates 

between wall rock identified as rusty and non-rusty for each mine site. That could have 

provided support for a simple characterization method that still can provide useful support for 

estimates of metal loading rates from pit walls. 

 

To sample the Minewall Stations they were flushed with 200 mL of water. A better approach 

could have been to adjust the volume according to the surface area of the Minewall Station. A 

water volume of 200 mL was deemed sufficient to flush each station, but it is possible that the 

leaching rates of the larger stations is underestimated due to this. Besides adjusting the volume 

of water to the surface area it could also be adjusted to match the precipitation of the area. 

Assuming a surface area of 0.2 m2, which was a typical size of a Minewall Station (Table 2), 

and a yearly precipitation of 600 mm would result in 1 L of water per month. However, the pit 

wall slope would have to be taken into account. There are however difficulties with this 

approach as well, e.g. that the force exerted by the water from the spray flask could be different 

from that of the precipitation, resulting in more physical leaching than what is naturally 

occurring. Finally, the sampling frequency should ideally have been higher to imitate occurring 

rainfall events, since it cannot be ruled out that more frequent sampling would result in higher 

surface area leaching rates per m2. There have been studies (Andrade and Mountjoy (2015); 

MEND (1995)) where samples sometimes have been collected less frequently, 4-6 weeks in 

between at most, while in the current study it was 1-3 months in between sampling events 

(Table 2). 

 

The reason to why the setup of the Minewall Stations was different at the two locations was 

that the T-molding had a tendency to come loose from the rock surface, resulting in potential 

leaking of rainwater into the station. It was also noticed during sampling that cracks sometimes 

appeared in the silicone and additional silicone had to be applied. At Åkerberg the plastic sheet 

was used to create the borders as well as the cover. This made it easier not only to keep it in 

place, but also to follow the naturally uneven surface of the mine wall. It is desired that there 

is a distance between the plastic sheet and the mine wall as humidity, and condensation on the 

plastic sheet, otherwise could remove some of the loading before sampling. This was therefore 

solved by cutting a plastic bottle in half and placing it under the plastic sheet against the Mine 

Wall (Fig. 5b).  

 

Morin and Hutt (2001) suggested that the surface area of a Minewall Station should not be 

larger than 1 by 1 m2, and the stations in this study can therefore be said to be relatively small 

(Table 2). The sizes of the stations were largely determined by the availability of flat mine wall 

surfaces of adequate size. Both Laver and Åkerberg are small mines with a limited amount of 

available mine wall surfaces (Fig. 5a and 5b). It was also noted that the larger Minewall Stations 

in the study, such as Laver 1 (Table 2), were more problematic as they had a tendency to break, 

possibly due to larger forces from the wind on the plastic sheet. A smaller Minewall Station 
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can therefore be said to be preferred from a functional perspective. However, this raises the 

question of how representative a smaller station is of the average mine wall as small anomalies 

will have a relatively larger impact on the results.  

 

Since the calculation of total load per year is expressed as µg/L/year, which is dependent on 

the volume of both pit lakes, it is important to remember that while the volume of the Åkerberg 

pit lake is based on measurements (Paulsson and Widerlund, 2020), the volume of the Laver 

pit lake is estimated from assuming that the whole lake is as deep as its deepest measured point. 

This is most likely not the case and the lake volume could be significantly smaller which would 

impact the results. 

 

6.6. Continuous buoy measurements 
 

A measuring buoy from EHP Environment Ltd equipped with conductivity, temperature, pH, 

and dissolved oxygen sensors was installed in the Laver pit lake. The buoy conducted 

measurements in the lake for almost a full year at a depth of 1 m from July 2017 to June 2018, 

with a time resolution of 30 minutes during the summer period. 

 

The buoy measurements showed that there are diurnal variations for pH and dissolved oxygen 

(Fig.12). Most likely this is due to primary production which raises the dissolved oxygen 

concentration and the pH values during the daytime. This is also supported by the fact that 

these variations ceased later in the season (Fig. 13) when the temperature was cooler, and the 

available sunlight was reduced, which are important factors for algal growth. 

 

 

Figure 12. pH, dissolved oxygen and water temperature for the Laver pit lake July 25, 2017–July 27, 2017. For pH and dissolved 
oxygen a diurnal variation can be observed. 
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Figure 13. pH, dissolved oxygen and water temperature for the Laver pit lake October 10, 2017–October 13, 2017. No diurnal 
variation can be observed. 

 

7. Conclusions  
 

The Laver and Åkerberg pit lakes have relatively good water quality with circumneutral pH 

values and low specific conductivities (Laver pH 6.1–7.4, specific conductivity 41–352 μS/cm; 

Åkerberg pH 7.6-7.7 specific conductivity 137–140 μS/cm).  

 

The local meteoric water line (LMWL) for the study area was found to be: δ2H = (7.80  ± 0.09) 

δ18O + (4.35 ± 1.35) ‰. Pit lake surface water data of δ18O and δ2H from 2018 for the lakes 

Laver, Rävlidmyran, Udden and Åkerberg all plot below the LMWL indicating that they are 

evaporated. The local evaporation line (LEL) for these samples was: δ2H  = (6.88 ± 0.47) δ18O 

+ (-12.75 ± 5.60) ‰. Calculated residence times for the pit lakes/surface waters of the pit lakes 

based on the isotopic mass balance method ranged from 2.8-45 years. Since no progressive 

enrichment could be seen over the summer season for the δ2H and δ18O values and the 

calculated residence times are at least several years, the lakes are considered to be in a fairly 

stable state regarding evaporation. A seasonal difference was observed for the pit lakes as the 

late spring samples had an isotopic composition closer to that of snow and the late summer 

samples had an isotopic composition closer to that of rainwater. The groundwater samples from 

the Björkdal mine, which were collected at a depth of up to 207 m, plotted on the LMWL. This 

suggests that mixing model calculations might not be possible to use to estimate the relative 

contributions of groundwater and surface water for pit lakes in the study area. 

 

The chlorophyll-a concentration in the Åkerberg pit lake was increased by a factor of 9.5-11 

by the addition of the nutrients N and P in a microcosm experiment. Thus, the lake is nutrient 

poor regarding both elements that need to be added together to stimulate algal growth. It also 

shows that other water quality parameters (metal content, euphotic depth, carbon content) are 

sufficient to support higher levels of algal growth. The lake has higher metal concentrations 

than most natural Swedish lakes, which suggests that it is impacted by the previous mining 
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activities, although the effect is relatively minor. The mining related metals Cd, Co, Ni and Zn 

were found to be taken up by algae as their concentrations were increased in the N + P fertilized 

suspended particulate samples. Expressed as a proportion of the filtered concentration the 

uptake was 5–20% (Cd), 2.6–14% (Co), 0.87–1.8% (Ni), and 19–64% (Zn). 

 

Predictive modelling of the Rävlidmyran pit lake until November 2099 based on three climate 

scenarios suggest that the lake is relatively stable as it is predicted to continue being meromictic 

for all scenarios. There were also no major modelled changes for oxygen levels or redox. The 

temperature is predicted to increase, mostly in the highest emission scenario (RCP 8.5) and the 

number of days with mixolimnion temperatures >12°C is predicted to increase. Water outflow 

from the pit lake is predicted to increase, and along with that the model predicts a slight increase 

in metal outflow as well. The increase was 4.4% for Zn in the RCP 8.5 emission scenario 

compared to the RCP 2.6 emission scenario. Some dilution is predicted as the concentrations 

of the conservative element Cl decreased by approximately 2 mg/L in the mixolimnion and 

monimolimnion of the lake for the RCP 8.5 emission scenario. 

 

Data from Minewall Stations showed higher pit wall leaching rates of the metals Ag, Cd, Cu, 

Pb and Zn at the Laver mine site compared to the Åkerberg mine site. The leaching rates of the 

metals Au and As were higher at the Åkerberg mine site, although not statistically significant. 

The differences can be attributed to the different ore types. 

 

8. Future research 
 

The variation of the stable isotopic composition of H and O in the pit lakes could be studied 

over the course of a year with more frequent sampling. This would provide information about 

the hydrology of the pit lakes on a more detailed level. The current study only had average 

values of the isotopic composition in the precipitation, but what are the differences in a shorter 

time frame, and how quickly are these changes reflected in the pit lake water? By designing a 

study that aims to answer these questions it might be possible to understand how the recharge 

to the pit lakes work, especially if it is coupled with more frequent measurements at different 

depths. Another important question is whether the hydrology of the pit lakes in the region is 

similar throughout the region, or can significant differences be observed? It would also be 

interesting to study the sources of precipitation as the study area is located in between the Baltic 

Sea and the Atlantic Ocean, and to see if water sources vary with the time of the year.  

 

Regarding algal growth and subsequent metal uptake the results are interesting, however, there 

are several aspects that could be studied further. The study showed that algal growth can be 

stimulated and that some metals are assimilated by algae, but what would the results be in a 

more acidic pit lake? Could algal growth be stimulated also in acidic waters in this climate 

region? This might be of higher interest to the mining community as these pit lakes usually are 

considered a bigger environmental problem. What would change if the study was conducted 

for a longer time period? Would a larger portion of the metals then be immobilized? How much 

algal growth can the Åkerberg pit lake sustain before other factors than N and P start limiting 

the growth of algae, and which concentrations of N and P does that correspond to? Which 

species of algae are growing in the pit lake, and are the same species present in other pit lakes 
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in the region as well? Different species of algae assimilate different proportions of elements, 

hence this is also of importance to understand the metal uptake better. Another interesting 

question is of course what will happen to the assimilated metals in a long-term perspective. 

How long are they immobilized and to what extent? Can the assimilation and immobilization 

be regarded as permanent as long as certain criteria are met? It would of course also be useful 

to carry out a full-scale experiment over a longer time period, as microcosm experiments do 

not realistically mimic some functions of a real lake such as water exchange. A full-scale 

experiment could also provide information about the maximum depth to which algal growth 

can be stimulated and how the growth varies at different depths. If sampling is conducted over 

the course of a summer season it is also possible to compare the growth for different months 

as the temperature and amount of sunlight is different, especially on the high latitudes of the 

study area. Subsequently this can yield better approximation of total metal removal. 

 

There is potential to increase the research on pit lakes based on climate change and how this 

will affect these lakes. A more extensive sampling program, designed to facilitate modelling, 

would be helpful for future studies, where base parameters such as alkalinity, chlorophyll-a (or 

another parameter to estimate algal growth), Fe2+/Fe3+, H2S/SO4
2–, and DIC were included, as 

these are important for the understanding of pit lake water quality development.  For long term 

predictive modelling of pit lakes, a Minewall Station experiment conducted on both fresh and 

weathered mine wall surfaces would allow for more accurate predictions of metal input to the 

pit lake and how it varies with time.  
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