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              ABSTRACT

Mine water may contain elevated concentrations of nitrogen caused by 
undetonated ammonium nitrate-based explosives and the cyanide used in gold 
extraction.  The aims of this paper are to give an overview of a Swedish 
research program addressing environmental issues regarding nitrogen in 
waters receiving mining effluents and to present preliminary data from the two 
field sites in the project. The program runs during the period 2008–2011 and 
will be performed in cooperation with the mining companies LKAB, Boliden 
Mineral and Adolf H Lundin Charitable Foundation. It consists of four 
integrated research tasks, concerning release, transformation and removal of 
nitrogen from mine water through denitrification and ammonia volatilization 
in cold climate. Fieldwork will be carried out in two waters receiving mining 
effluents with high concentrations of nitrate-nitrogen (≤25 mg/L) and 
ammonium-nitrogen (≤15 mg/L) from the Kiruna and Boliden mine sites 
respectively. Part of the fieldwork includes year-round water sampling and the 
study of yearly variations of the distribution of phosphorus, nitrate and 
ammonium in the water column of clarification ponds and lakes. Laboratory 
studies include the investigation of the relative importance of nitrogen and 
phosphorus as limiting nutrient in recipient waters. Laboratory column 
experiments will be used in the design of a pilot-scale barrier system for 
nitrate removal in effluents from the Malmberget iron mine.  
  Both nitrate-nitrogen and ammonium-nitrogen showed distinct seasonal 
variations that could be explained by dilution effects, biological uptake and 
denitrification/ammonia volatilization. 

 
________________________ 
1 Paper presented at Securing the Future and 8th ICARD, June 23-26, 2009, Skellefteå, Sweden. 
 
INTRODUCTION  

In most mining regions in Sweden, natural total nitrogen concentrations (sum of 
concentrations of all species) are usually below the 0.3 mg L-1 suggested as the upper limit of 
low concentration by the Swedish Environmental Protection Agency (Naturvårdsverket 
1999). In contrast, nitrogen concentrations in waters discharged from mine sites often greatly 
exceed the 5 mg L-1 suggested as the lower limit of extremely high concentrations 
(Naturvårdsverket 1999). Ammonium nitrate-based explosives and sodium cyanide (NaCN) 
used in gold extraction (Logsdon et al., 1999) are two major nitrogen sources at mine sites. A 
third source of nitrogen and other nutrients is sewage sludge used in various mine waste 
remediation activities.  
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As nitrogen is an essential nutrient in aquatic ecosystems, high levels of nitrate and/or 
ammonium may be associated with eutrophication of surface waters. According to the EU 
Water Framework Directive, a good ecological and chemical status of surface waters should 
be achieved by 2015 (Naturvårdsverket, 2003). The status assessment is primarily based on 
biological quality factors, which are likely to be affected by nitrogen effluents from the 
mining industry. 
 The major aim of the present paper is to provide an overview of a Swedish research 
programme addressing the discharge, transformation and attenuation of nitrogen in waters 
receiving mine water. The programme runs during the period 2008–2011, and is financed by 
The Swedish Governmental Agency for Innovation Systems (VINNOVA), the mining 
companies LKAB, Boliden Mineral AB and The Adolf H Lundin Charitable Foundation. A 
second aim is to present preliminary data from the two field sites in the project. 
 
Biogeochemistry of nitrogen in waters receiving mining effluents 
The biogeochemistry of nitrogen (N) is, in principle, relatively well known. However, cycling 
of N in lakes and wetlands is complicated by a large number of interrelated biological, 
chemical, physical, hydrological and climatic factors (e.g., Mitsch and Gosselink, 2000; 
Wetzel, 2001). Ammonia volatilization, nitrification and denitrification are three processes of 
immediate interest in waters receiving mining effluents with high concentrations of N. 
Ammonia volatilization proceeds according to the reaction  
 
NH4

+
(aq) + OH-  NH3 (g) + H2O                    (1) 

 
and in mine waters with high pH (> 8–9), the release of NH3 (g) into the atmosphere may be 
significant. Nitrification proceeds via formation of nitrite (NO2

-) according to the two 
reactions 
 
2NH4

+
(aq) + 3O2 (g) +  2NO2

-
(aq) + 2H2O + 4H+              (2) 

 
2NO2

-
(aq) + O2 (g)  2NO3

- (aq)                     (3) 
 
Reactions (2) and (3) are catalyzed by chemoautotrophic bacteria in the genera Nitrosomonas 
and Nitrobacter, respectively. Denitrification is a multi-step process resulting in the reduction 
of NO3-N to N2 according to the overall reaction  
 
6CH2O + 4NO3

-
(aq)  6CO2 (g) + 2N2 (g) + 6H2O              (4) 

 
with NO2

-, NO and N2O as intermediate compounds. The reaction is a major path for net 
removal of N in anaerobic wetlands and sediments. A reduction of denitrification rates can be 
expected at low temperatures. However, in a shallow and well-mixed constructed wetland 
with a retention time of ~2 weeks, Sirivedhin and Gray (2006) reported 100 % removal of 
nitrate even at low temperatures (3 °C). This suggests that denitrification may be an efficient 
removal process during spring, summer and autumn also in sub-arctic climates. 
 
Research needs from a Swedish and international perspective 
Adams (2003) identified a number of research needs regarding the general biogeochemical 
cycling of N, several of which require further research to minimize the environmental impact 
of N effluents from mining operations. The following reported gaps in our knowledge have a 
direct bearing towards nitrogen effluents from mine sites: 
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 • The responsiveness of N removal mechanisms (e.g.  gaseous losses) to elevated  
     N concentrations is not well quantified. Two processes of particular concern are 

denitrification and volatilization of ammonia.  
• There is evidence for direct toxic effects of elevated N concentrations on ground 

 vegetation, with some Sphagnum species being particularly sensitive (Morris, 1991). 
 Toxicity effects in wetlands receiving mine waters need to be investigated with respect to 
speciation  of N. 

• There is some uncertainty regarding the limiting nutrient for bioproduction in lakes and 
 wetlands, with most European wetlands considered as limited by a single factor (usually 
 N, but sometimes P), while North American wetlands appear to be limited by multiple 
 factors (Bedford et al., 1999). 
• Several of the world’s major mining regions are located in cold-climate areas, e.g. in 

 northern Europe and North America, and cold-climate aspects of the biogeochemical 
cycling and speciation of N in waters receiving mining effluents require further research. 

 
OVERVIEW OF RESEARCH PROGRAMME 
 
Main goals and approach of the research program 
The main goals of the research program are: 
• To quantify the environmental significance of nitrogen effluents from the mining industry 

in  relation to the natural load of nitrogen in streams and rivers. The knowledge gained will 
be used to address the question to what extent the status assessment of waters according to 
the EU Water Framework Directive is affected by the nitrogen load from mine sites. 

• To improve the possibilities to reduce nitrogen discharge through efficient water 
management at mine sites (optimized conditions in clarification ponds and nitrogen 
removal in natural wetlands and/or constructed wetlands/barriers). 

 
Fieldwork is carried out in waters receiving mining effluents from the Kiruna and Boliden 
mine sites in northern Sweden receiving waters with high N concentrations (Fig. 1). The two 
systems can be characterized as NO3-dominated with low–moderate input of P (Kiruna), and 
NH4-dominated with moderate–high input of P (Boliden). The predominance of different N 
species in the two systems permits studies of different aspects of the dynamics and speciation 
of N in cold climate, and the different P levels in the systems will be used to address the 
question of limiting nutrient in waters receiving mining effluents.  
 
Study area 
 
Boliden – Brubäcken – Skellefte River system 
    Sulphide ores from the Skellefte district are processed at the Boliden concentration plant, 
where tailings are deposited in Gillervattnet impoundment (Fig. 1). About 9 x 106 m3 of 
process water is discharged annually from the plant into the approximately 10-km-long 
Brubäcken system, consisting of one major stream (Brubäcken, average annual discharge ~1 
m3/s), wetlands and Lake Bruträsket (Fig. 1). Water from the Brubäcken system discharges 
into the Skellefte River, where the process water is diluted about a factor of 400 (Boliden 
Mineral, 2007). The total N discharge to the receiving waters corresponds closely to the N 
content in the sodium cyanide (NaCN) used in the gold extraction process at the Boliden plant 
(~150 Mg of N), with ammonium (NH4

+) as the dominant inorganic N species. 
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Kiruna – Rakkurijoki – Kalix River system 
   Water from the Kiruna apatite iron ore mine has an NH4:NO3-ratio close to 1:1, reflecting 
the ratio in ammonium nitrate explosives. However, the concentration of NH4 is reduced 
drastically in the waste rock–process water–clarification pond-system, and water discharging 
from the Kiruna site into the Rakkurijoki – Kalix River system is dominated by NO3

-
. 

Approximately 70–125 Mg of Ntot are presently released into the system annually. The water 
flows through the 10-km-long Rakkuri system consisting of one major stream (Rakkurijoki, 
average annual discharge ~1.5 m3/s), wetlands and three lakes, before discharging into the 
Kalix River, where the process water is diluted about a factor of 100 (Fig. 1). In 2000–2001, 
8.9 x 106 m3 of mine waters with approximately 12 mg/L of NO3-N (> 90 % of Ntot) was 
discharged into receiving waters (Björnström and Brännström, 2005).  

 

 
Figure 1.  Study areas (Boliden left and Kiruna right) 
 
Research tasks 
 
Research task 1 
   The speciation, environmental effects and removal of N in the Rakkurijoki – Kalix River and 
Brubäcken – Skellefte River receiving waters will be studied. The main objective is to 
quantify the speciation and natural attenuation/removal of N through denitrification and 
ammonia volatilization in cold climate. The question of the relative importance of N and P as 
limiting nutrient will be addressed. 

Surface water sampling in the receiving waters will be integrated with sampling in ongoing 
water quality monitoring programmes performed by LKAB (Rakkurijoki) and Boliden 
Mineral (Brubäcken). A mass balance approach (Breen, 1990) and ecological modelling 
(Jørgensen, 1994) will be used to study nitrogen transformations, as well as to obtain 
estimates of the nitrogen removal capacity in both systems of receiving waters. 

The dual isotope method (Silva et al., 2000) involving determination of both nitrogen 
(δ15N) and oxygen (δ18O) isotopes in nitrate will be used to track the dispersion of N 
originating from ammonium nitrate explosives in the Rakkurijoki – Kalix River system. 
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Nitrogen isotopes (δ15N) will also be used to estimate denitrification rates in this system 
(Lund et al., 2000).  
 
Research task 2 

Speciation and fluxes of nitrogen will be studied in the process water – clarification pond 
system at the Kiruna mine site. The nitrogen transformations will be characterized and 
quantified, with the objective of elucidating the optimal conditions for nitrogen removal 
before the water is discharged into the Rakkurijoki – Kalix River system. 
 
Research task 3 
   A pilot-scale barrier designed for removal of NO3-N through denitrification will be 
constructed, with the objective of quantifying the NO3-N removal capacity of such a system 
in a mine-water discharge stream. After a suitable substrate has been selected and 
denitrification rates have been determined from laboratory experiments (Herbert and 
Björnström, 2009), a pilot scale barrier will be constructed at the Malmberget iron mine site, 
~75 km SSE of Kiruna. Water samples will be collected from the barrier throughout the year 
and analyzed for nitrate, ammonium, and general water quality parameters. Short-term barrier 
performance will be evaluated in terms of degree of nitrate removal. 
 
Research task 4 

Nitrogen concentrations will be studied along the Kalix and Skellefte Rivers, with the 
objective to quantify the input of mining-related N in relation to the natural river-water 
transport of N in Sweden. To quantify the input of mining-related nitrogen in relation to the 
natural river transport of nitrogen in Sweden, water quality data from monitoring programmes 
run by the mining companies (Boliden Mineral, LKAB) will be combined with data from the 
Swedish National Programme for Monitoring of Environmental Quality (PMK). 
 
FIELD WORK AND PRELIMINARY RESULTS  
Methods 
 
Sampling methods  

Data from the Boliden – Brubäcken system includes regular monitoring data collected by 
Boliden Mineral (2001–2008), as well as data collected within the VINNOVA project (2008). 
In the Kiruna–Rakkurijoki system, stations KVA01, KVA02 and KVA 04 are sampled every 
two months by LKAB. During 2008, this sampling was extended to include the 13 stations 
shown in Fig 1 (sampled 6th of June, 6th of August, 27th of August and 22nd of September). 

At both field sites, unfiltered samples for nitrogen (NO3-N and NH4-N) were collected at 
~15 cm depth in pre-cleaned polyethylene bottles, and stored at 4oC or in a freezer until 
analysis. 

 
Analytical methods 

In the Boliden – Brubäcken system, NO3-N was determined on a TRAACS-instrument 
using spectrophotometric detection, and NH4-N was determined on an Autoanalyzer using 
Continuous Flow Analysis (CFA) and spectrometric detection. The latter method was used to 
determine both NH4-N and NO3-N in samples collected within the monitoring programme of 
Boliden Mineral. Dissolved oxygen and pH were measured in-situ using a Hydrolab MS5 
water quality sonde (OTT, Germany) (VINNOVA project, 2008), or an MTW 340 (Boliden 
monitoring data, 2001–2008). At Station 6202, pH is reported as the average value from two 
on-line pH meters (Boliden monitoring data, 2001–2008). 
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In the Kiruna – Rakkurijoki system, NO3-N was determined at the analytical laboratory of 
LKAB, Kiruna, using an ion chromatographer (Metrohm). Dissolved oxygen was measured in 
situ using a HACH HQ 40D MULTI, while pH was measured at the LKAB laboratory with a 
Tinet instrument (Metrohm). 
 
Results and discussion 
 
Boliden – Brubäcken system 

Below follows a discussion of data for three of the five sampling stations shown in Fig. 1 
(6201, 6202 and 6203). Station 6201 represents the outlet from the tailings pond, 6202 the 
outlet from the settling pond “Nya Sjön”, and 6203 is located downstream of lake Bruträsket. 
The time series ranges from May 2001 until October 2008, and thus covers the period when 
cyanide gold extraction was used at the Boliden concentration plant (May 2001–March 2008). 
The cyanide is oxidised using the SO2/Air process (Robbins et al, 2001), resulting in elevated 
NH4-N concentrations in the Brubäcken system. This parameter is closely linked to the 
temperature, pH and dissolved oxygen level of the water. 

 

 
Figure 2. a) Water temperature, b) pH, c) dissolved oxygen and d) ammonium (NH4-N) at 
Stations 6201, 6202 and 6203 in the Brubäcken stream. 
 

Water temperature, pH and dissolved oxygen – Water temperature shows clear seasonal 
variations at all sampled stations, ranging from 0 oC in winter (November to May) to about 20 
oC in summer (June to August) (Fig. 2 a).  

pH ranges from about 6.5–11, and decreases from Station 6201 to 6203 (Fig. 2 b). Station 
6201 is just at the outlet from a liming pond, explaining pH values greatly exceeding 7. At 
6201 an annual pH maximum (~11) occurs from June until August. Stations 6202 and 6203 
show a somewhat opposite pattern, with annual pH minima (~7-8) in late spring (May to 
June). Since peat land and wetlands constitute a relatively large part of the study area, this 
could be a result of organic acids being flushed out during spring flood (Bishop & Pettersson, 
1996).  
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Dissolved oxygen shows rather similar seasonal variations at the three sampled stations. In 
general, the concentration is lowest at Station 6202 and highest at 6203. The O2-level is 
highest (~10-12 mg/L) in October – December, when the water temperature is low leading to 
higher solubility of oxygen. Decreasing concentrations from December to May or June (~2-4 
mg/L) is probably a result of the ice cover preventing exchange with atmospheric oxygen. In 
addition, low oxygen concentrations in May – June could be a result of the flush out of 
oxygen-poor ground water at snowmelt (Rodhe, 1981). During the summer months (June–
August) the oxygen concentrations are rather low (3–6 mg/L). 

Ammonium - In general, dissolved NH4-N decreases from Station 6201 to 6203 (~10 to 1 
mg/L). Both 6202 and 6203 show distinct seasonal variations in the NH4-N concentrations, 
with a minimum (~1-3 mg/L) occurring during June – August (Fig. 2 d).  

In late May the water temperature exceeds 10 oC (Fig. 2 a). Hence, if nitrifying bacteria 
(Nitrosomonas and Nitrobacter) are present in the system, they will catalyze the nitrification 
process (Reactions (2) and (3)), leading to a decrease in NH4-N content (Reddy and Patrick, 
1984). Unfortunately, NO3-N data are not available to confirm this. The minimum NH4-N 
values at 6202 and 6203 were preceded by minimum values in dissolved O2 (Fig. 2 c). This 
strengthens the idea that nitrification is a possible explanation for the annual minimum in 
NH4-N content, since nitrification is a process that requires oxygen. Another reason for the 
annual minimum to occur during the summer months could be biological uptake, which 
increases during the growing season.  

The trend in the NH4-N concentration at 6201 differs from the other two stations, with no 
distinct annual maximum. Instead there are fluctuations within one year that probably reflect 
the amount of sodium cyanide used in the gold leaching process. However, an annual 
minimum occurring during spring flood in April – May could be a result from dilution rather 
than transformational or removal processes of NH4-N. During the summer months (June to 
August), pH maxima coincide with water temperature maxima (~20 oC). Both factors are 
favourable for ammonium to transform to ammonia (Reaction (1)), which is relatively volatile 
resulting in ammonia volatilization (Reddy & Patrick, 1984).The NH4-N concentrations at 
6201 are also affected by the pH in the tailings dam. At pH values less then 6.5 the 
nitrification process will proceed slowly (Painter and Loveless, 1983), maintaining nitrogen in 
the NH4-N form. 

Results for Station 6202 during 2008 - Boliden uses Station 6202 to report the discharge of 
elements into the Brubäcken system. Therefore, trends for water temperature, pH, dissolved 
oxygen, NH4-N and NO3-N during 2008 are shown in Fig. 3.  
 

 
Figure 3. Water temperature, pH, dissolved oxygen, ammonium (NH4-N) and nitrate (NO3-N) 
at Station 6202 during 2008 (monitoring data from Boliden Mineral and data from 
VINNOVA project). 
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NH4-N concentrations ranged from 3-6 mg/L until mid-April, when the concentration dropped 
sharply to ~1 mg/L during spring flood. Low NH4-N concentrations (<1 mg/L) during the 
remaining sampling period probably reflect the closure of the cyanide gold leach plant in 
March 2008. A marked drop in dissolved O2 (2 mg/L) and a concurrent minor drop in pH in 
late May (when temperature exceeds 10 oC) may indicate nitrification, possibly supported by 
the slight increase in dissolved NO3-N relative to NH4-N observed in late July (Fig. 3). 
 
Kiruna – Rakkurijoki system 
    Below follows a discussion of data from 2001-2008 for the three of the thirteen sampling 
stations KVA01, KVA02 and KVA04 shown in Fig.1, which are sampled 6-10 times per year 
by LKAB. Station KVA01 represents the outlet from the clarification pond at Kiruna, and 
KVA02 is located downstream of the three lakes in the Rakkurijoki stream. Station KVA04 is 
located downstream of the discharge point of Rakkurijoki into the Kalix River.  
 

 
Figure 4. a) Water temperature, b) pH and c) dissolved nitrate (NO3-N) at Stations KVA 01, 
KVA02 and KVA 04 in the Rakkurijoki – Kalix River. 
 
    Water temperature and pH – Water temperature varies seasonally, from 0 oC in winter 
(November to May) to about 15-20 oC in summer (June to August) (Fig. 4 a). pH decreases 
downstream in the system, with seasonal variations evident at stations KVA01 and KVA02. 
The highest values occur in June (pH 8–8.5) and the lowest in April (pH 7–8). In the Kalix 
River (Station KVA04) the pH variations are small, ranging from 6.8-7.4, with no regular 
pattern.  
Nitrate –In general there is a decrease in the NO3-N concentration from KVA01 (10-25 mg/L) 
to KVA04 (0.2-1 mg/L) (Fig. 4 c). NO3-N concentrations in KVA01 show clear seasonal 
variations with an annual peak in late April (20-25 mg/L) and a minimum in July – September 
(10-15 mg/L). KVA02 on the other hand shows a more irregular pattern. The NO3-N 
concentration at KVA04 in the Kalix River is relatively constant and low (<1 mg/L). These 
observed seasonal variations and the decrease downstream in the system are likely to be 
caused by a combination of dilution during snowmelt and denitrification (Reaction (4)) and 
biological uptake of NO3-N due to the higher water temperature in June to August (Fig. 4 a). 
This will stimulate denitrifying bacteria like Pseudomonas and Acinetobacter. In fact the 
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denitrification rate has been shown to increase 1.5 to 2.0-fold with a 10 oC rise in temperature 
(Reddy and Patrick, 1984). Besides, the pH of the water is within the optimum pH range (6.0 
– 8.5) for denitrification (Reddy and Patrick, 1984). The trend of increasing NO3-N 
concentrations from 2001 to 2008 is probably caused by an increased ore production at the 
Kiruna mine. 

Extended sampling programme – An extended sampling programme including the major 
tributaries is performed by LKAB at 5-year intervals. Figure 5 shows data from the extended 
sampling during 2008 for seven sampling stations located in the Rakkurijoki stream (Fig. 1).  
 

 
Figure 5. pH and dissolved nitrate (NO3-N) at seven stations in the Rakkurijoki stream and 
Kalix River. Station KVA88 represents the outlet from the Kiruna mine. 
 

The pH maximum of ~8.5 occurring at Stations KVA109, KVA01 and KVA36 in June 
may be related to an increased bioproduction in pond/lake waters in the upper part of the 
Rakkuri system (Fig. 1). In September, pH was close to 8 throughout the system, except in the 
Kalix River (KVA04), where pH approached 7. 

The trends in NO3-N were similar in June and September, i.e. a decrease in NO3-N 
concentration from KVA88 (~20 mg/L) to KVA04 in the Kalix River (<1 mg/L). At both 
sampling occasions, the NO3-N concentration decreases only with a factor ~0.1-0.2 from 
sampling station KVA88 to sampling station KVA01. This can be compared with a factor ~2 
in decrease from KVA01 to KVA36. Further analysis is required in order to clarify whether 
this decrease is due to dilution effects or assimilation/denitrification. 
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