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Abstract
Process water discharged from mine sites may contain elevated concentrations of nitrogen (N) and
phosphorus (P), which both are nutrients for algae and aquatic plants. Thus, discharge of nutrient
rich mine water can result in algal blooms, eutrophication, o ygen de ciency and changed species
composition in the receiving waters. This thesis is focused on the speciation and transformation
processes of N and N P ratios in streams and la es receiving mine ef uents from the iruna and
Boliden mine sites.
n this wor , a dynamic biogeochemical model was developed for the clari cation pond receiving
ammonium rich mine ef uents from the Boliden concentration plant. number of such models
have been developed that simulate N transformations in wastewater stabilization ponds. However,
few biogeochemical models have been developed that primarily focus on simulation of processes
regulating transport and removal of N in waters receiving mine ef uents. The presented model
calculates concentrations of six N species and simulates the rate of 16 N transformation processes
occurring in the water column and sediment as well as water-sediment and water-atmosphere
interactions. six-year simulation of ammonium concentrations showed stable behaviour over
time, and the calibrated model rendered coef cients of determination ( 2) of 0.93, 0.79 and 0.86
for the inorganic nitrogen species ammonium, nitrate and organic nitrogen, respectively. This
indicates stable model behaviour. The simulated denitri cation rate was on average ve times
higher than the ammonia volatilization rate, and about three times higher than the permanent burial
of sedimentary nitrogen. Hence, denitri cation was the most important process for the permanent
removal of N. The model can be used to simulate possible measures to reduce the N load and,
after some modi cation and recalibration, it can be applied at other mine sites affected by N-rich
ef uents.
In addition, it was investigated which nutrient that limits bioproduction in the aquatic systems
downstream of the Boliden and iruna mine sites. Total nitrogen (TN), total phosphorus (TP) and
N:P ratios in water, sediment and macrophytes were used to examine (1) spatial variations within
the systems, (2) differences between the systems and (3) seasonal variations. The TN content from
the discharge point at the iruna site was on average about seven times higher than at the Boliden
discharge point, while the TP content was 10 times lower than in the discharge point at the Boliden
site. epending on the ammonium concentration in the ef uent at the Boliden site, N:P ratios of
the water column shifted from being 22, indicating P-de ciency, to between 9-22, indicating a
transition from N to P de ciency (co-limitation). However, water column N:P ratios at the iruna
site always indicated P de ciency. n the other hand, the N:P ratios of macrophytes indicate that
both sites may vary from N to P limitation. These differences are important to consider when
establishing a monitoring programme for assessing the environmental in uence of nutrient rich
mine ef uents. Such a programme should include the ma or N and P species of the water as well as
samples of phytoplankton, sediment and macrophytes.

List of papers
This thesis is based on the following papers hereafter referred to by their Roman numerals:
I. Sara Chlot, Anders Widerlund, Dmytro Siergieiev, Frauke Ecke, Eva Husson, Björn Öhlander.
2011. odelling nitrogen transformations in waters receiving mine ef uents.
Manuscript submitted to Science of the Total Environment
II. Sara Chlot, Anders Widerlund, Frauke Ecke, Eva Husson, Björn Öhlander. 2011. Limiting
nutrient and nitrogen:phosphorus ratios in water, sediment and macrophytes in two freshwater
systems in northern Sweden receiving nutrient rich mine ef uents.
Manuscript to be submitted to Aquatic Sciences
Publications not included in the thesis
Heléne Österlund , Sara Chlot, Mikko Faarinen, Anders Widerlund, Ilia Rodushkin, Johan Ingri ,
Douglas C. Baxter. 2010. Simultaneous measurements of As, Mo, Sb, V and W using a ferrihydrite
diffusive gradients in thin lms (D T) device. Analytica Chimica Acta 682 (1-2): 59-65
Sara Frandsen,, Anders Widerlund, Roger B. Herbert and Björn Öhlander. 2009. Nitrogen ef uents
from mine sites in northern Sweden – environmental effects and removal of nitrogen in recipients.
Conference proceedings, Securing the Future, Skellefteå 23-26 June 2009

Table of contents
1. Introduction
1.1 Scope of the thesis

2. Nitrogen and phosphorus in the aquatic environment
2.1 Nitrogen cycling in the aquatic environment
2.2 Phosphorus cycling in the aquatic environment
2.3 Biological uptake and release of N and P
2.4 N:P ratios and limiting nutrient
2.4.1 Application in this study
2.5 N and P in mine waters
2.5.1 Explosives
2.5.2 Gold leaching using cyanide
2.5.3 Environmental effects of N in mine waters

1
1
1
2
3
5
5
5
6
6
6
7

3. Study sites

7

4. Materials and methods

9

4.1 Sampling and sample preparation
4.1.1 Water sampling
4.1.2 Sediment sampling
4.1.3 Macrophyte sampling and estimation of biomass
4.1.4 In-situ measurements and flow measurements
4.1.5 Organic carbon
4.1.6 Phytoplankton species composition
4.2 Analytical methods
4.3 Investigation of phosphorus speciation
4.4 Modelling approach to simulate nitrogen transformations
4.4.1. Conceptual model
4.4.2 Quantitative and dynamic models
4.4.3 Model boundaries and input data
4.4.4 Model evaluation and calibration

5. Findings
5.1 Summary of Paper I
5.1.1 Model evaluation
5.1.2 Simulation results
5.2 Summary of Paper II
5.2.1 Water column data
5.2.2 Sediment and macrophyte data
5.2.3 Limiting nutrient

9
9
9
9
10
10
10
10
11
12
12
13
13
13
14
14
14
14
16
16
16
16

6. Future work

17

Acknowledgements

18

References

19

1. Introduction
Mining and mineral processing require large volumes of process water. Although water to a large
extent is recycled in mineral processing plants (Lundkvist, 1998), excess water is discharged into
tailings- and clari cation pond systems and further into natural water systems. Mining-related
process waters are often characterised by high particle content and high element concentrations
(Lundkvist, 1998). Among other elements, the waters may contain elevated concentrations of
nitrogenous compounds (e.g. ammonium, nitrate and nitrite) and phosphorus. Since both nitrogen
(N) and phosphorus (P) are essential nutrients for phytoplankton and macrophyte production (Barko
et al, 1991; Wetzel, 2001), high levels of nutrient release may be associated with eutrophication
of lakes and streams. The biogechemical cycling of nitrogen is relatively well known, but there
are still gaps in our knowledge regarding the behaviour of N (Adams, 2003), which have a direct
bearing towards nitrogen ef uents from mine sites. ne aspect is to investigate the relation
between nutrient concentrations (N and P) and trophic level in the receiving waters. In addition,
the responsiveness of N removal mechanisms (e.g. gaseous losses) to elevated N concentrations is
not well known. Furthermore, cold climate aspects of the biogeochemical cycling and speciation
of N in waters receiving mine ef uents require further research.
In the autumn of 2007, a strategic, mining-related research programme was approved by
VINN VA (Swedish Governmental Agency for Innovation Systems). This thesis is part of this
research programme, and addresses the discharge, transformation and attenuation of nitrogen in
waters receiving mine ef uents. The major aims of the nitrogen study, a sub-project within the
VINN VA programme, are to: (1) quantify the environmental signi cance of nitrogen ef uents
from the mining industry in relation to the natural load of nitrogen in streams and rivers and (2) to
improve the possibilities to reduce nitrogen discharge through ef cient water management at mine
sites.
1.1 Scope of the thesis
The focus of this thesis is to study speciation and transformation processes of N and N:P ratios
in streams and lakes receiving mine ef uents from the iruna and Boliden mine sites in northern
Sweden. The two systems can be characterized as nitrate dominated with low–moderate input
of P ( iruna) and ammonium dominated with high input of P (Boliden). In paper I, a dynamic
biogeochemical model is presented with the major aim of increasing the knowledge regarding the
nitrogen dynamics at the Boliden site. The fact that the two sites have different P levels results in
different ratios of total nitrogen (TN) to total phosphorus (TP), and raises the question of limiting
nutrient for phytoplankton and macrophytes in waters receiving mine ef uents. These questions
are the subject of paper II.

2. Nitrogen and phosphorus in the aquatic environment
The availability of N and P determines various aspects of global biogeochemistry as well as local
ecosystem function (Schlesinger, 1997). It is usually one of these two nutrients that is considered
to limit production of biomass in aquatic ecosystems. Figures 1 and 2 describe the cycling of N and
P between the atmosphere and terrestrial and aquatic ecosystems, and show the various pathways
for N and P reaching a lake. The cycles described consider a human time perspective. Hence,
geological processes are excluded.
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2.1 Nitrogen cycling in the aquatic environment
The atmosphere contains the largest pool of N as dinitrogen gas (N2), which may become part of
terrestrial and aquatic biomass through biological xation, and later returned back to the atmosphere
through denitri cation (Fig. 1). In both terrestrial and aquatic ecosystems, internal cycling of N is
important.
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Figure 1. The nitrogen cycle, showing the linkage between atmosphere, terrestrial ecosystems and a
nearby lake. Nitrogen may reach the aquatic ecosystem through runoff, leaching, biological fixation
and atmospheric deposition. Human activities include the use of fertilizers, planting of N-fixing
crops, discharge of sewage, fossil fuel combustion (Schlesinger, 1997) and the use of explosives in
the mining industry.

Nitrogen is involved in both abiotic and biotic transformations (Tonderski et al, 2002; Vymazal,
2007) and is present in seven valence states, from +5 to -3 (Vymazal, 2007). Important inorganic
forms of nitrogen in aquatic systems are ammonium (NH4+), nitrite (N 2-) and nitrate (N 3-).
Gaseous forms of nitrogen include dinitrogen (N2), nitrous oxide (N2 ), nitric oxide (N 2 and
N2 4) and ammonia (NH3). rganic nitrogen may be converted to inorganic ammonium (NH4+)
through the microbial process aPPRQL¿FDWLRQ( adlec
night, 1996). Ammonium may then be
transformed to nitrate by the bacterial process QLWUL¿FDWLRQ a two-stage process summarized as
NH4+ + 2

2

N

3

+ 2H+ + H2

(1)

2

The process is catalyzed by chemoautotrophic bacteria in the genera 1LWURVRPRQDV and 1LWUREDFWHU.
Nitri cation depends on temperature, pH, and concentrations of NH4+ and dissolved oxygen (Reddy
Patrick, 1984; Colomer
Rico, 1993). Denitri cation is a multi-step process performed by
denitrifying bacteria, e.g. 3VHXGRPRQDV ( nowles, 1982), resulting in the reduction of N 3- to
dinitrogen gas (N2) according to the overall reaction (Reddy Patrick, 1984):
5CH2 + 4N

3 (aq)

+ 4H+ Æ 5C

2 (g)

+ 2N2 (g) + 7H2

(2)

with N 2-, N and N2 as intermediate compounds. The latter (N2 ) is involved in stratospheric
reactions resulting in the depletion of ozone ( nowles, 1982). Denitri cation depends on
environmental factors such as oxygen concentration, temperature and pH (Reddy Patrick, 1984;
PeterJohn, 1991).
Macrophytes DVVLPLODWH inorganic forms of nitrogen (NH4+ and N 3-) and transfer N to lake and
stream sediments in aquatic ecosystems. Since the former is less complex to assimilate it is usually
the preferred form (Jampetoong Brix, 2009). As NH4+is a positively charged ion it may easily
adsorb to sediment particles and litter, but may be desorbed if conditions of water chemistry or
hydrology change (Wetzel, 2001). Interstitial pore water concentrations of NH4+ vary depending
on NH4+ concentrations in the overlying water (Barko Smart, 1981, 1986), while there is less
variation in N 3- pore water concentrations (Wetzel, 2001) (Fig. 3)
$PPRQLDYRODWLOL]DWLRQ (i.e. the transfer of NH3 (aq) into ammonia gas NH3 (g)) is a physicochemical
process and depends on the concentration of ammonia gas in the liquid (NH3-N(g)), pH and
temperature (Pano Middlebrooks, 1982):
NH4+ + HNH3(aq)

NH3 (aq) + H2

(3)

NH3(g)

(4)

In mine waters with high pH (> 8–9), the release of NH3 (g) into the atmosphere may be signi cant
(Bouldin et al, 1974).
2.2 Phosphorus cycling in the aquatic environment
The biogechemical cycling of P differs from that of N since P has no signi cant gas phase
(Schlesinger, 1997). However, phosphine gas (PH3) may under certain circumstances be produced
in anoxic sediments of freshwaters, wetlands and rice elds (Dévai et al, 1988). Phosphorus mainly
becomes part of terrestrial biomass through leaching of calcium phosphate minerals, especially
apatite Ca5(P 4)3 H (Schlesinger, 1997). The major pathways of P reaching the aquatic
environment include runoff and leaching (Fig. 2).
In contrast to N, P is only present in one oxidation state (+5) in natural systems. Soluble reactive
phosphorus (SRP) refers to dissolved inorganic P (orthophosphate, H2P 4-, HP 42-, P 43-) and is
believed to be the only bioavailable P form (Vymazal, 2007). In this text SRP will be expressed
as P 4. The following major biogeochemical transformations of P occur in aquatic systems:
DFFXPXODWLRQ LQ VHGLPHQW DGVRUSWLRQGHVRUSWLRQ SUHFLSLWDWLRQ GLVVROXWLRQ SODQWPLFURELDO
XSWDNHfollowed byEXULDOandPLQHUDOL]DWLRQ (Wetzel, 2001; Vymazal, 2007).
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Figure 2. The phosphorus cycle. Flux of P in the atmosphere occurs through transport of soil dust
but is much smaller than other pathways. Human activities include mining of phosphate rocks to be
used as fertilizers (Schlesinger, 1997).

The P equilibrium between solid sediment and pore-water is maintained through the balance
between adsorption and desorption of P (Barrow, 1983). Although P is not a redox element in
natural systems, the exchange of P 4 between sediment and overlying water is in uenced by
redox conditions (Golterman, 2004). During aerobic conditions P 4 will adsorb onto the iron and
manganese oxides formed in the uppermost oxidized layer of the sediment, thus reducing the
transport of P 4 from the sediment to the water (Fig.3) (Mortimer, 1942; Gunnars Blomqvist,
1997). During anoxic conditions in the sediment and overlying water these oxides are reduced, and
adsorbed P 4 is released (Boström et al, 1988). The P concentration in sediment varies depending
on the nutrient status of lakes, and is always higher than in the overlying water (Enell Löfgren,
1988) due to a build-up of P within the sediment (Fig. 3) (Urban et al, 1997).
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Figure 3. Schematic representation of pore-water
gradients of TP/PO4 (a), NO3–(b), NH4+:PO4 - ratios
(c-d) and NO3–:PO4-ratios (e) in the water -sediment
column. Redox conditions are indicated by positive
or negative pe.
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2.3 Biological uptake and release of N and P
Phytoplankton assimilate macronutrients (e.g. N, P and ) as well as micronutrients (e.g. Fe, n
and Ni) from the water column (Barko et al, 1991). Phosphorus uptake by microbiota (e.g. bacteria
and algae) is rapid but low in magnitude (Vymazal, 2007). Presence of algae affects the phosphorus
cycling directly through uptake and release or indirectly through changes in the aquatic environment
due to photosynthesis and changes in soil/water interface parameters, e.g. pH and dissolved oxygen
(Wetzel, 2001). Macrophytes studied in this thesis are rooted emergent macrophytes located in
the littoral zone of the investigated lakes. Generally, for these macrophytes lake sediments are the
primary source for the macronutrients N and P as well as micronutrients, while macronutrients
such as calcium (Ca) and potassium ( ) are more commonly assimilated through the shoots from
the open water (Barko et al, 1991; Wetzel, 2001). Decay of macrophytes mainly takes place in
the lake sediment where a small fraction will be permanently buried and thereby less available to
macrophytes and living organisms. However, some of the N and P will be returned to the water
phase through UHPLQHUDOLVDWLRQ Thus, unless the macrophytes are harvested, P and N storage in
vegetation does not contribute to a long-term removal of these nutrients (Asaeda et al, 2000; Dunne
Reddy, 2005).
2.4 N:P ratios and limiting nutrient
The term OLPLWLQJQXWULHQW relates to Liebig’s “Law of the minimum”, which states that the yield
of an organism is determined by the abundance of the nutrient that, in relation to the needs of
the organism, is least abundant in the system (Wetzel, 2001). Generally, biological production in
freshwater systems is assumed to be limited by P (e.g. Schindler, 1977) while biological production
is assumed to be N limited in oceanic and coastal waters (e.g. Guildford Hecky, 2000). However,
the generality of this view has been questioned (Elser et al, 1990). Bergström et al (2005) argue that
lakes that historically have been N limited have shifted to recent P limitation due to anthropogenic
N deposition. A common tool to predict nutrient limitation for algal growth in lakes has been to
study N:P ratios in the water column. Guildford Hecky (2000) concluded that at an N:P mass
ratio > 22 in the water column, the algal growth of a system will be P de cient, while at an N:P
mass ratio < 9, N will be the limiting nutrient. Systems with ratios within the range 9-22 show a
transition from N to P de ciency (co-limitation). oerselman Meuleman (1996) and G sewell
et al (1998) suggested that plant tissue N:P ratios could be used to predict limiting nutrient for
macrophytes. This method would be time- and labour saving and less disturbing to the site. They
suggested that at an N:P ratio > 16 biomass production is limited by P, and at an N:P ratio < 14 N
is limiting. Intermediate ratios indicate that both these nutrients could be limiting.
2.4.1 Application in this study
Due to excessive growth, macrophytes are harvested every year in the Rakkurijoki system at iruna.
Furthermore, all lakes except Lake Rakkurij rvi showed elevated biomass of phytoplankton (Fig.
6, paper II). At the same time the, N concentrations are elevated in relation to P concentrations at
the Boliden and iruna eld sites. Based on the above mentioned theory of water and sediment as
major nutrient sources for algae and macrophytes, respectively, the question of limiting nutrient is
addressed in paper II. In this paper the relationship between N:P ratios in water, macrophytes and
sediment is compared with the ratios suggested above.
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2.5 N and P in mine waters
The main sources of N in mine waters are ammonium-nitrate based explosives (Revey, 1996) and
destruction of cyanide used in gold extraction (Akcil, 2002) (see below). ther sources include
pH regulating agents and the use of ammonia as lixiviant in copper and nickel hydrometallurgy
( oren et al, 2000; H yrynen et al, 2008). Large amounts of N rich mine waters also originate from
the extraction of groundwater to prevent ooding of mines, leachate runoff from waste rock piles
and wastewater from ore processing (Mattila et al, 2007). Sources of P in the mine water include
dissolution of apatite in apatite iron ore, chemicals used in the otation process and sewage sludge
used in various mine waste remediation activities.
2.5.1 Explosives
In the mining industry, one of the most commonly used explosives is ANF (ammonium-nitrate
fuel oil) (Revey, 1996). ther explosives include water gels/slurries and emulsions. They all contain
a fuel and an oxidizing agent often being ammonium nitrate salts. Thus, the nitrogen content of the
explosives usually varies between 20 and 33 (by weight) (Forsyth et al, 1995). ANF is more
water soluble than the other explosives and thus the leaching rate for the ammonium nitrate salts
is higher (Revey, 1996). The quantity of nitrogen in the mine water depends on spillage during
transportation or loading of explosives, leaching of explosives in wet blastholes or from explosives
that remain undetonated in the broken rock (Forsyth et al, 1995). Undetonated explosives sorb
to particle surfaces, and follow ore and waste rock to the processing plants or waste rock dumps.
During processing, the undetonated explosives are washed out and nitrogen is dissolved in the
process water. In underground mines, some of the nitric gases formed during explosions dissolve
in mine waters, which are pumped up from the mines.
Generally underground mining requires about 0.5 -1.0 kg of explosives per ton of ore extracted,
while for open pit mining about 0.2 – 0.3 kg is required (Mattila et al, 2007). In the iruna iron
ore mine the annual consumption of explosives is about 8000 tons (Björnström Br nnström,
2005). A study by Forsberg
kerlund (1999) showed that 15 – 19 of the nitrogen contained
in explosives used in the mine is returned with the crude ore as undetonated explosives, and that
about 0.03 % or 1 % w/w of N in the explosives will be discharged to the aquatic environment.
To decrease the amount of undetonated explosives, measures were taken that included varying
extraction phases, alternative techniques for loading of the blastholes, and training of the personnel
working with the explosives (Björnström Br nnström, 2005). This shows that, to some extent,
nitrogen concentrations in the mine water can be reduced through proper management of the
explosives. Furthermore, the quality of the explosives is continually improved.
2.5.2 Gold leaching using cyanide
Extracting gold (and silver) from ore using a NaCN-solution is commonly used in the mining
industry due to the ability of cyanide (CN) to dissolve resistant, precious metals (Logsdon et al,
1999). In this so-called F\DQLGDWLRQprocess gold is extracted at oxidized and alkaline conditions
according to the following reaction (Lottermoser, 2003):
4Au(s) + 8NaCN(aq) +

2(g)

+ 2H2

(l)

Æ 4NaAu(CN)2(aq) + 4Na H(aq)

(5)

However, the free forms of CN (CN- and HCN) present in the process water are toxic (c.f. Logsdon
et al, 1999: Lottermoser, 2003) and it is desirable to reduce the CN level before the water is
discharged. Cyanide can be destroyed chemically using e.g. INC S 2/air or hydrogen peroxide,
6

or biologically oxidized by microorganisms (Dictor et al, 1997; Akcil et al, 2003). Eqs. 6-8 describe
some general cyanide oxidation reactions with nitrogenous compounds as end products.
2CN-(aq) +
CN

-

CN

-

(aq)

(aq)

2 (g)

+2

2 (g)

2CN

-

N

3 (aq)

+ H+ (aq) + 2H2

(6)

(aq)

+C

(7)

2 (aq)

NH4+ (aq) + HC

(8)

3 (aq)

The CN that has not been removed in treatment facilities may undergo natural decomposition
processes such as hydrolysis/evaporation, oxidation and bacterial decomposition in tailings ponds
where the process water has been deposited (Lindström et al, 2001). Sometimes it is desirable
to reduce the NH4+ concentration before the ef uent is discharged. This can be done by treating
the water in a coupled nitri cation-denitri cation treatment facility, where various bacteria are
involved to rst nitrify NH4+ into N 3- (Eq. 1) and then denitrify N 3- into gaseous N2 (Eq. 2)
(Dictor et al, 1997; Akcil et al, 2003).
2.5.3 Environmental effects of N in mine waters
Since both NH4+ and N 3- are nutrients for aquatic plants, large volumes of N rich water could
result in algal blooms and eutrophication, and consequently oxygen de ciency and changed
species composition in the waters receiving mine drainage ( oren et al, 2000; Mattila et al, 2007).
xygen de ciency can also be caused at high NH4+ concentrations since oxidation of NH4+ to
N 3- (nitri cation) consumes oxygen and produces hydrogen ions (Eq. 1). Consequently, the
nitri cation process may also lower the pH of the water. Another acidifying effect can be caused by
atmospheric deposition. The reason is that the nitric gases formed during detonation of explosives
will react with oxygen and nitrous oxides in the atmosphere and form nitric acid, thus contributing
to acid deposition. In addition, NH3 present at high pH (Eq. 3) is toxic to sh and other aquatic
organisms (Randall Tsui, 2002).

3. Study sites
For this thesis two eld sites are in focus, represented by natural water systems that receive nutrient
rich mine ef uents from the iruna iron mine and Boliden concentration plant, respectively
(Fig. 4).
%ROLGHQ±%UXElFNHQ±6NHOOHIWH5LYHUV\VWHP- The Boliden concentration plant is situated in the
Skellefte district, which is one of the most important mining districts in Sweden (Allen et al, 1997).
Several mines are operating on volcanogenic massive sulphide deposits, but the area also includes
mineralizations of e.g. Ni and Li – all hosted by Early Proterozoic rocks (Weihed et al, 1992).
Sulphide ores from the district are processed at the Boliden plant, and tailings from the process are
deposited in the tailings impoundment Gillervattnet. Water is discharged to the clari cation pond
“Nya Sjön”, previously a wetland, through an arti cially constructed channel that diverges into the
approximately 10 km long Brub cken system. The system consists of one major stream (Brub cken,
average annual discharge ~1 m3/s), wetlands and Lake Brutr sket (Fig. 4). The Brub cken stream
nally discharges into the Skellefte River. Between May 2001 and March 2008 a gold leach plant
using NaCN as extracting agent was in operation at the Boliden plant. The cyanide was oxidised
using the S 2/Air process (Robbins et al, 2001), resulting in high NH4-N concentrations (0.2-14
mg L-1) discharging into the Brub cken system. Most of the year this is the dominating N species
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(2005: ~50-90 % of TN; 2008: ~10-60 %) of TN). Annually about 5-11 x 106 m3 of process water
is discharged from the impoundment into the Brub cken system, which from 2001- 2007 annually
received about 8 – 100 tonnes of TN (about 45 tonnes of TN in 2008) (Rönnblom-P rson, 2009),
and 2000 kg of P from the tailings impoundment. Based on TN and TP concentrations, which in
2008 varied between 1.5 -2.8 mg L-1 and 0.1 - 0.3 mg L-1, respectively, the system can be classi ed
as eutrophic ( alff, 2002).
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Figure 4. Study sites and position of the sampling points (Boliden left and Kiruna right). Marked section
indicate area of macrophyte and sediment sampling at the Kiruna site (Paper II).

.LUXQD±5DNNXULMRNL±.DOL[5LYHUV\VWHPThe Kiruna iron mine is situated just outside the town of
Kiruna, northern Sweden (Fig. 4). In the mine, apatie iron ore is mined and re ned into iron pellets.
Annually, about 8.9 x 106 m3 of excess mine water is discharged from a tailings- and clari cation
pond system. The receiving Rakkuri system is approximately 10 km long and consists of one major
stream (Rakkurijoki, average annual discharge ~1.5 m3/s), wetlands and the three lakes Mett Rakkurij rvi, Rakkurilompolo and Rakkurij rvi (Fig. 4). The Rakkurijoki stream nally discharges
into the Kalix River. In 2005, about 23.3 x 106 tonnes of ore was extracted using about 0.4 kg of
ammonium nitrate based explosives per ton of extracted ore (Björnström Br nnström, 2005).
The NH4+:N 3- ratio in the explosives is about ~1:1 (Lundqvist, 1998). However, the concentration
of NH4+ is rapidly reduced in the waste rock–process water–clari cation pond-system, and water
discharging from the clari cation pond is dominated by N 3- (> 90 % of TN) (Fig. 2, paper II).
In 2008, about 97 tonnes of N and 150 kg of P were released into the system (Waaranper , 2009).
Based on TN concentrations, which vary from 3.1 -19.4 mg L-1, the system is classi ed as eutrophic,
while based on a TP concentration varying from 0.01 - 0.03 mg L-1 the system is classi ed as
oligotrophic to mesotrophic (Kalff, 2002).
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4. Materials and methods
4.1 Sampling and sample preparation
The sections below describe sampling of water, sediment and macrophytes. nly the analyses of
elements relevant for papers I and II are presented. In paper I some of the obtained data was used
both as input data for the model as well as for calibration and veri cation of the model. Moreover,
in both papers data obtained from the monitoring programmes of Boliden Mineral AB and LKAB
was used.
4.1.1 Water sampling
Sampling at the %ROLGHQVLWH was initiated in mid-April 2008 with sampling and eld measurements
once a week until the beginning of July, followed by biweekly sampling until the end of ctober.
The sampling programme included the sampling points 6201, 6202, 6203a, 6203b 6251, and the
reference station R (Fig. 4). However, only data for sampling stations 6201, 6202, 6203b and R
was used in papers I and II.
In the .LUXQD±5DNNXULMRNLV\VWHP, 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 between June and September). However paper II only includes data for the stations
KVA01, KVA02 and the reference station VVA10. The main sampling was performed by technical
personnel at LKAB, as part of the regular environmental monitoring programme. For simplicity,
in paper II 6201, 6202 and the reference station R are referred to as B1, B2 and BR, while KVA01,
KVA02 and VVA10 are referred to as K1, K2 and KR.
An un ltered water sample was collected for the determination of nitrogen species (N-tot, N 3-N,
N 2-N and NH4-N) and phosphorus species (P-tot and P 4-P). P 4-P is considered to represent
soluble reactive phosphorus (SRP). To avoid oating material entering the bottle, the samples
were collected at about 15 cm depth. Furthermore, at all Boliden sites, water was ltered in-situ
for determination of dissolved organic carbon (D C) and particulate organic carbon and nitrogen
(P C and P N). All samples were stored in acid-washed polyethylene bottles at 4oC until analysis.
4.1.2 Sediment sampling
In June and August 2009, sediment cores were collected from Lake Brutr sket (Boliden) and Lake
Mett -Rakkurij rvi (Kiruna), respectively, using a Kajak gravity corer with a core tube diameter
of 64 mm (Blomqvist Abrahamsson, 1985). The sectioned sediment samples were dried at 50 oC
and grinded. Sediment to be analyzed for P N was added to pre-weighed Ag capsules and treated
with 1 M HCl and distilled water to remove any inorganic carbonate carbon. The capsules were
then dried at 60 oC for about 6 hours and folded using stainless steel tweezers.
In August 2010 sediment samples were collected using the same sampler, at ve stations along a
part of the Rakkurijokki stream (Fig. 4).
4.1.3 Macrophyte sampling and estimation of biomass
In July 2008, stem and leaf samples of the macrophyte 3KUDJPLWHVDXVWUDOLV (common reed) were
collected along a gradient in the Brub cken system including the liming pond in connection to the
tailings impoundment, the clari cation pond and Lake Brutr sket. Samples were also collected
from the reference Lake Br nntr sket (N 65o31`, E 21o25`).
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In August 2010 samples of macrophytes were collected, with ve replicates (50 x 50 cm squares)
randomly distributed at the ve sampling stations in the Rakkurijoki stream mentioned above.
Macrophytes found at the ve sampling stations included (TXLVHWXPÀXYLDWLOH(water horsetail),
3RWHQWLHOODSDOXVWULV(marsh cinquefoil), &DUH[QLJUDVS(common sedge), &DUH[URVWUDWD(Bottle
sedge) and 6DOL[VS Prior to analysis, macrophyte samples were dried at 105 oC.
At both sites biomass was estimated as described in paper II.
4.1.4 ,nsitu measurements and Àow measurements
In the %ROLGHQ±%UXElFNHQV\VWHP some parameters, such as dissolved oxygen, pH, total dissolved
solids (TDS) and water temperature were measured in-situ using a Hydrolab MS5 water quality
sonde (Hach Environmental, Loveland, C , USA). For Boliden monitoring data (2001–2008),
dissolved oxygen and pH were measured using a MTW 340, while at Station 6202, pH is reported
as the average value from two on-line pH meters. Water discharge was measured using a mechanical
ow meter (General ceanics) (Stations 6202, 6203a and 6203b), or was provided by Boliden
Mineral AB (Station 6201).
In the .LUXQD±5DNNXULMRNLV\VWHP, dissolved oxygen was measured in situ using a HACH H
40D MULTI, while pH was measured at the LKAB laboratory with a Tinet instrument (Metrohm).
4.1.5 Organic carbon
Water samples for dissolved organic carbon (D C) (12-14 mL) were vacuum ltrated through a
pre-combusted GF/F glass bre lter (pore size 0.7 μm) and immediately acidi ed with 200 L of
0.1 M HCl.
4.1.6 Phytoplankton species composition
Water samples were collected to obtain bio volume and species composition of phytoplankton
(SEPA, 2010). Bio volume is expressed as mm3 L-1, and can be converted to biomass (μg L-1) through
multiplication by a factor of 1000. At the Boliden site, sampling was performed at the clari cation
pond Nya Sjön and Lake Brutr sket in May, July and ctober 2008. At the Kiruna site sampling
took place in August 2009 in the tailings pond and lakes Mett -Rakkurij rvi and Rakkurj rvi. Lake
Ögertr sket (V sterbotten county; N 64o8`, E 20o5`) and Lake Jutsajaure (Norrbotten county; N
67o3`, E 19o56`) were chosen as reference lakes for the Boliden and Kiruna site, respectively. See
paper II for further details.
4.2 Analytical methods
All samples collected in the %ROLGHQ±%UXElFNHQV\VWHPwere sent to accredited laboratories for
analysis. Water samples collected in 2008 were analyzed at Euro ns Environment Sweden AB in
Stockholm. TN and TP were determined using Flow Injection Analysis (FIA) and spectrophotometric
detection, respectively. N 3-N and N 2-N were determined spectrophotometrically on a TRAACSinstrument, and NH4-N was determined on an Autoanalyzer by ow analysis (Continous Flow
Analysis (CFA) and FIA), and spectrometric detection. Chlorophyll (chl-a) was determined
spectrophotometrically on a Shimadzu instrument. P 4-P was determined on an Autoanalyser
using standard methods.
Water chemistry data from 2005 as well as TP and TN in macrophytes and TP in sediment were
analyzed at ALS Scandinavia AB in Lule . TN, TP and P 4-P in water were determined using FIA.
Sedimentary TP was determined by Inductively Coupled Plasma–Atomic Emission Spectroscopy
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(ICP-AES). TN in macrophytes was determined using a Leco Tru Spec (LEC , Michigan, USA),
and TP was analyzed using Inductively Coupled Plasma–Sector Field Mass Spectrometry (ICPSFMS).
P N in sediment was analyzed by UC Davis (University of California) using a PD Europa
ANCA-GSL elemental analyzer (Sercon Ltd., Cheshire, UK). D C was analyzed by Ume Marine
Sciences Centre using a high-temperature catalytic oxidation instrument (Shimadzu T C-5000).
For determination of Chlorophyll-a (Chl-a), a water sample was ltrated using Whatman GF/C
lters and analyzed on a Shimadzu instrument (MVR14).
In the .LUXQD±5DNNXULMRNLV\VWHP, water samples were analyzed at the analytical laboratory of
LKAB, Kiruna. TN and N 2-N were measured using FIA, while TP, NH4-N and P 4-P were measured
using spectrophotometric detection. Finally, N 3-N was determined using ion chromatography. TN
in sediment and macrophytes were determined according to a modi ed Kjeldahl method (Bremner,
1996). Sedimentary TP was determined using ICP-AES while TP in macrophytes was analyzed
using ICP-SFMS. Analyses of sediment and macrophytes were performed by ALS Scandinavia
AB. Chl-a was determined spectrophotmetrically on a Hach instrument (DR2010) after ltration
using Whatman GF/C lters and extraction with methanol.
Lead-210 in sediment was determined by its granddaughter 210Po (Flynn, 1968), measured by alpha
spectrometry at Ris National Laboratory for Sustainable Energy, Denmark. Sedimentation rates
Delorme, 1996).
were calculated using a 210Pb constant rate of supply (CRS) model (Turner
rganic matter decomposition and remineralization of sedimentary N were described using a
multi-G model (Westrich Berner, 1984).
uantitative determination of phytoplankton species composition and bio volume ( lrik et al 1998)
was performed at the accredited Biodiversity laboratory at Swedish University of Agricultural
Sciences (SLU). Ecological status of the lakes based on total biomass of phytoplankton was
determined using environmental quality criteria established by Swedish Environmental Protection
Agency (SEPA, 2007).
Statistical processing of the data in paper II was performed in the software 0LQLWDESince data
did not meet assumptions of homocedasticity and normality, non-parametric Mann-Whitney tests
were performed to test for signi cant differences in sedimentary N and P content.
4.3 Investigation of phosphorus speciation
A ltration experiment was conducted to investigate the size distribution of P in the water column.
It was performed at Stations 6202 and 6203b (Boliden) in early June and at Stations KVA01 and
KVA02 (Kiruna) in late August 2010. The initial water volume was ltrated in series through
lters of decreasing pore size, with part of the ltrate collected in an acid-washed 50 or 125 ml
polyethylene bottle for analysis of TP and/or P 4-P. After the nal ltration stage about 40 ml was
kept for ultra ltration. For further details see paper II.
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4.4 Modelling approach to simulate nitrogen transformations
Modelling has become an important tool in research and is useful for interpolation between missing
eld data, to prove or disprove hypotheses and to identify the need for additional eld data (Jackson
et al, 2000). Within ecology, models are used as an instrument to understand the properties of
complex ecosystems (Jørgensen, 1994).
,QWKLVZRUN it was of interest to study the N cycling, with its various transformations, in lakes and
streams receiving mine ef uents. This was achieved by developing a dynamic biogeochemical
model. Such a model contains biogeochemical and ecological data about a system (Jørgensen and
Bendoricchio, 2001). A number of biogeochemical models have been developed for simulation of
N transformations in e.g. wastewater stabilization ponds (c.f Fritz et al, 1979; Peng 2007a; Senzia
et al, 2002). The INCA model, originally developed to asses various sources of N in catchments
(Whitehead et al 1998; Wade et al, 2002), has been further developed to simulate processes and
impacts related to mine drainage including simulation of metals as well as cyanide and ammonium
(Whitehead et al, 2009). However, few biogeochemical models have been developed that primarily
focus on simulation of processes regulating N transport and N removal in waters receiving mine
ef uents.
4.4.1. Conceptual model
nce the idea and purpose of a model have been identi ed the model can be conceptualized
in various ways (Jackson et al, 2000). Box models, with boxes representing state variables
describing the state of the ecosystem, and arrows illustrating the forcing functions in uencing the
state variables are commonly used as conceptual models (Jørgensen, 1994; Jackson et al, 2000).
The biogeochemical model presented in paper I is based on the conceptual model in Fig. 5, and
includes the transformation processes of six N forms (state variables): ammonium nitrogen (Nam,
NH4-N), nitrate nitrogen (Nox, N 3-N), organic nitrogen in water (Norg), in phytoplankton (Npp),
in macrophytes (Nmp) and in sediment (Nsed). Sedimentary N was divided into three fractions of
reactive organic matter and one refractive, permanently buried organic fraction.
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Ammonification

Nam

Remineralization 1,2,3

Denitrification
Outflow Nitrification
Inflow

Uptake

Outflow
Inflow

PP mortality
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Outflow
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Uptake
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Nox
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Settling

Inflow

Precipitation /
Adsorbtion

Nmp
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Nsed1
Burial 1

Nsed2
Burial 2

Nsed3
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Figure 5. Conceptual model of nitrogen input, transformation and
removal in lakes receiving mine
effluents. Arrows represent transformation pathways and boxes
indicate the nitrogen species which
are represented as state variables
in the model: Nam = ammonium
nitrogen; Nox = nitrate nitrogen;
Nmp = nitrogen in macrophytes
(Phragmites australis); Npp =
nitrogen in phytoplankton; Norg
= dissolved organic nitrogen and
Nsed= nitrogen in sediment. The
concentration of nitrogen species
is calculated as mg N l-1 lake water.

Various forcing functions (e.g. pH, D , temperature and discharge) that in uence the N
transformation processes were also included in the model. Three transformation processes are
considered to lead to permanent reduction of N: volatilization of ammonium, denitri cation of
nitrate and burial of N in sediment (Pano and Middlebrooks, 1982; Seitzinger, 1988). The other
processes represent internal ows and transformations of N.

4.4.2 Quantitative and dynamic models
When the conceptual model is completed, the next step is to formulate a quantitative model with
mathematical expressions describing the biogeochemical reactions of the system. A well-de ned
model will increase the knowledge of the system and can be viewed as a virtual laboratory,
where it is possible to test hypotheses and predict values of state variables under a de ned set of
environmental conditions (Jackson et al, 2000).
Nitrogen transformations in aquatic ecosystems vary over time and are therefore most accurately
formulated using so-called dynamic models (Coyle, 1996). These models are based on the principle
of mass conservation (Jørgensen, 1994), implying that the change of mass of a certain compound in
a water body over time is the sum of all compound uxes to and from the water body. By knowing
the volume of the water body, temporal variations of various biogeochemical reactions can be
described by setting up a system of differential equations (see Eqs. 1-8 in paper I).
4.4.3 Model boundaries and input data
In paper I, a dynamic biogeochemical model was developed for the clari cation pond Nya Sjön
in the Brub cken system (Fig. 4). The pond has an area of 96 200 m2, a volume of ~86 400 m3.
Ammonium (NH4+) is normally the dominant N species. Nya Sjön is shallow (average water depth
0.9 m) and can be considered as a continuous stirred tank reactor (Jørgensen and Bendoricchio,
2001). Thus, data from the pond outlet (Station 6202) should be representative for the conditions
within the pond. Input data was taken from station 6201 (outlet from Gillervattnet tailings pond)
where each input variable consisted of 53 data points, i.e. one per week during a simulation period
of one year. The mathematical model based on the conceptual model in Fig. 5 was programmed
in the software Powersim (Professional Studio 8 Academic) and data were processed using fourth
order Runge-Kutta approximation (Senzia et al, 2002). Simulations were normally run for oneyear periods with a time-step of 7 days. See equations 1 through 39 in section 3.2 in paper I for a
detailed description of the mathematical model.
4.4.4 Model evaluation and calibration
The improvement of a model consists of iterative procedures of veri cation, sensitivity analysis
and calibration (Jørgensen and Bendoricchio, 2001). The purpose of the YHUL¿FDWLRQ step is to test
the internal logic of the model (Jørgensen and Bendoricchio, 2001). The procedure consists of
verifying internal connections of the model by changing values of various variables and to observe
the model outputs.
A VHQVLWLYLW\DQDO\VLV was performed to estimate which parameters that have the greatest in uence
on the N transformations and uxes in the system. The results of each run were analyzed using a
sensitivity index (SI) that calculates the variation of each state variable for 1 % variation of the
parameter (Chapelle et al, 2000). The sensitivity index is de ned as

£ 100 ¥ 1 n X i < X it
´´ * * SI  ²²
X it
¤ p ¦ n i 1

(9)
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where S is the % of the parameter variation (±10 % or ±1 %), n is the number of days simulated, Xi
is the new variable value and XiW the variable value for a certain year.
As part of the FDOLEUDWLRQ process, model parameters were stepwise and manually adjusted using
intervals reported in the literature (Trolle et al, 2008), with the aim of getting the best possible t
between predicted and measured data for the main N forms.
The nal step in the modelling procedure is to YDOLGDWH the model. In this step the model is tested
against an independent data set in order to see how well the model simulations t these data
(Janssen Heuberger, 1995; Jørgensen and Bendoricchio, 2001). While the model was developed
and calibrated using data from 2008, data from 2006 and 2007 was used for validation. Ammonium
(Nam) was the only state variable that could be validated. In order to quantitatively express the
deviation between simulated data and measured data, the performance measures mean absolute
error (MAE), normalized mean absolute error (NMAE) and root mean square error (RMSE) were
calculated (Janssen Heuberger, 1995).

5. Findings
In the sections below, the main ndings from paper I (Modelling nitrogen transformations in waters
receiving mine ef uents) and paper II (Limiting nutrient and nitrogen:phosphorus ratios in water,
sediment and macrophytes in two freshwater systems in northern Sweden receiving nutrient rich
mine ef uents) are presented.
5.1 Summary of Paper I

5.1.1 Model evaluation
The general outcome of the VHQVLWLYLW\DQDO\VLVwas that the state variables were most sensitive to
changes in the coef cients related to the temperature dependence of the transformation processes
(Arrhenius constants). The precision of the calibration process was evaluated by plotting simulated
model results versus measured values, thereby obtaining values of the coef cient of determination
(R2). For the 2008 data these coef cients were 0.93, 0.79 and 0.86 for NH4-N (Nam), N 3-N (Nox)
and rg-N (Norg), respectively (Fig. 6).
As a result of the YDOLGDWLRQVWHSthe model could be used to simulate N transformations for 2006,
2007 and 2008, with simulation results at the end of one year equal to those at the beginning of the
next year. This suggests long-term stability of the model.
5.1.2 Simulation results
In general, the simulated trends for various processes of N removal and transformation were in
agreement with those reported elsewhere and show similar seasonal variations as those found
by e.g. Peng et al (2007b). The simulations showed that the inorganic N forms (NH4-N and
N 3-N) decreased during the summer months, while the opposite was found for the organic N of
macrophytes and phytoplankton. This can partly be explained by higher biological N uptake during
summer. The uptake by macrophytes was higher than uptake by phytoplankton. In addition, NH4-N
was preferred over N 3-N. The inorganic N forms are involved in the transformation processes
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Figure. 6. Model calibration results for the simulation period
January (J) to December (D) 2008. Correlation is expressed as the
coefficient of determination (R2) between predicted values from
simulations (solid line) and measured values (triangles) for Nam, Nox
and Norg.

nitri cation, denitri cation, ammoni cation and remineralisation, which all increased their rates
from May to August. These processes, described by rst order Arrhenius kinetics, are catalyzed by
microorganisms that increase their activity at the higher summer temperatures (12-20 °C during
July–August). The denitri cation rate was on average ve times higher than the volatilization rate,
and about three times higher than the permanent burial of Nsed. Hence, this was the most important
process for permanent N removal. The relative importance of these processes is in agreement with
model simulations of wastewater stabilization ponds (Senzia et al 2002; Mayo Bigambo 2005).
,QFRQFOXVLRQ, the modelling results indicate that the model structure chosen can be used to simulate
N transformations in shallow clari cation ponds and lakes receiving mine waters rich in nitrogen.
The clari cation pond for which the model was developed has well de ned, single in- and outlets,
with the discharge being almost equal at these two points. However, when applying the model
at other mine sites it will usually be necessary to consider the complete water balance including
precipitation, evapotranspiration and groundwater ow. For deeper ponds and lakes, a multi-layer
model that considers thermohaline strati cation in ponds and lakes should be applied.
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5.2 Summary of Paper II
The Kiruna and Boliden study sites were compared with regard to TN, TP and N:P ratios in water,
sediment and macrophytes. The main objectives were to examine (1) spatial variations within the
systems, (2) differences between the systems and (3) seasonal variations.
5.2.1 Water column data
Due to the closure of the Boliden gold leach plant in early 2008, the TN concentration was much
lower in the Brub cken system compared with the Rakkurijoki system. The TN concentration
at the Kiruna discharge point (KVA01) was on average about 7 times higher than at the Boliden
discharge point (6202). The P concentration on the other hand was 10 times higher at Station 6202
than at Station KVA01. Hence, the N:P ratios at the Kiruna site were about 20 -60 times higher
(2008 data).
5.2.2 Sediment and macrophyte data
6HGLPHQW - The N concentration was relatively higher in sediments from the Rakkurijoki system,
while the P concentration was higher in the sediments collected in Brub cken system. Consequently,
the Kiruna sedimentary N:P ratios were signi cantly higher (P<0.05, Mann-Whitney U-test) than
the Boliden ratios.
The average PDFURSK\WH dry weight biomass obtained along the Boliden gradient was about ve
times lower compared to that obtained at the Kiruna sampling stations. Consequently, the amount of
N and P (g /m2) contained in the Boliden macrophytes was on average three times lower compared
to the Kiruna macrophytes. Nitrogen concentrations in the macrophytes collected at both sites was
in the higher range or exceeded the concentrations reported in the literature for these species, while
the opposite was true for the P concentration (c.f Ho, 1979; Sarvala et al, 1982; Koerselman
Meuleman, 1996).
5.2.3 Limiting nutrient
$OJDO JURZWK  Based on water column N:P ratios proposed by Guildford
Hecky (2000) as
limiting ratios for algal growth (see section 2.4), the Boliden sampling stations 6202 and 6203b
shifted between co-limitation of N and P, and N-limitation (2008 data) (Fig. 7). However, stations
KVA01 and KVA02 in the Rakkurijoki system were clearly de ned as P limited. The same was true
for the Boliden sampling stations in 2005.
0DFURSK\WHJURZWK±The N:P-ratios in the macrophytes collected at Kiruna and Boliden varied
between 8-22. Thus, the sites varied between N and P limitation, which for the Kiruna case was
in contrast to what could be predicted by the water N:P ratios that clearly indicated P limitation.
Furthermore, the ratios indicated between-sampling-station variations that could be due to
differences in N and P supply (Shaver Melillo, 1984). The observed within-sampling-station
variation indicated that the same site could be experienced as P rich for some species and P poor
for others (G sewell et al, 1998).
,WFDQEHFRQFOXGHGWKDW waters receiving nutrient-rich mine ef uents can vary between N and P
limitation depending on the concentrations of these elements in the discharge. The data also show
that the de nition of limiting nutrient in aquatic systems depends on whether N:P ratios of water
or macrophytes are considered.
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Figure 7. Logtransformed N:P mass ratios plotted versus logtransformed
TP concentrations (μg L-1) for all the sampling points at the Kiruna and
the Boliden sites for the years 2008 (a) and 2005 (b). The limiting N:P
mass ratios are proposed by Guildford & Hecky (2000) and refer to N or P
limitation for algal growth. Figure modified from Downing & McCauley
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6. Future work
The work performed so far has improved the knowledge regarding N and P dynamics in waters
receiving nutrient-rich mine ef uents. More work is planned that will focus on modelling of N and
P transformations, the question of limiting nutrient and isotope geochemistry of the two sites.
The model presented in paper I is developed for the clari cation pond in the Brub cken system
(Boliden). However, the model is currently being developed for Lake Mett -Rakkurij rvi and
Rakkurij rvi at Kiruna, to show that the model is applicable also for other lakes receiving mine
ef uents. Furthermore, the presented model only deals with N transformations, but the knowledge
of P dynamics in these systems is also important. Therefore an analogous model will be developed
to simulate P transformations in lakes.
The question of limiting nutrient is addressed in paper II by studying N:P ratios. To increase the
knowledge regarding limiting nutrient for macrophytes in the studied systems a mesocosm study
will be conducted. ne part of this experiment will be to enclose reed plants using plastic cylinders
as mesocosms, and add solutions of N isotope tracers to investigate whether sediment pore-waters
or the water column is the major N source (Li et al, 2010). Another application of isotopes will be
to study nitrogen and carbon isotopes (b15N and b13C) of organic matter in order to detect the major
sources of nitrogen in lake sediments using the Isosource mixing model (Das et al, 2008).
According to the simulation results in paper I, denitri cation is the most important process for
N removal. To verify the magnitude of the simulated denitri cation rate, the acetylene (C2H2)
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blockage method (Tiedje et al, 1989) will be set up to study this process in the laboratory. In paper
II, general pore-water pro les are suggested for N 3-, NH4+ and P 4-P (Fig. 3). An incubation
experiment has been conducted to study uxes of P 4-P from lake sediments in the Brub cken
system, and the results obtained will be compared with eld data for P 4-P.
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Abstract
This paper presents a biogeochemical model developed for a clari cation pond receiving
ammonium-nitrogen-rich discharge water from the Boliden concentration plant, northern Sweden.
Present knowledge about nitrogen (N) transformations in lakes is compiled in a dynamic model
that calculates concentrations of the six N-species (state variables) ammonium-N (Nam), nitrate-N
(Nox), dissolved organic N in water (Norg), N in phytoplankton (Npp), in macrophytes (Nmp) and in
sediment (Nsed). It also simulates the rate of 16 N-transformation processes occurring in the water
column and sediment as well as water-sediment and water-atmosphere interactions. The model
was programmed in the software Powersim using 2008 data and validated with 2006 and 2007
data. According to the sensitivity analysis, state variables are most sensitive to changes in the
coef cients related to the temperature dependence of the transformation processes. The calibrated
model rendered coef cients of determination (R2) of 0.93, 0.79 and 0.86 for Nam, Nox and Norg,
respectively. Performance measures quantitatively expressing the deviation between modelled and
measured data resulted in values close to zero, indicating a stable model structure. The simulated
denitri cation rate was on average 5 times higher than the ammonia volatilization rate and about
3 times higher than the permanent burial of Nsed and, hence, the most important process for the
permanent removal of N. The model can be used to simulate possible measures to reduce the
N-load and, after some modi cation and recalibration, it can be applied at other mine sites affected
by N-rich ef uents.
Key words: process water, ammonium, natural removal, dynamic, biogeochemical modelling,
northern Sweden, Boliden
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1. Introduction
Ef uents from the mining industry may contain elevated concentrations of nitrogen (N), mainly
in the form of ammonium (NH4-N) and nitrate (NO3-N). The main sources of NH4-N and NO3-N
are ammonium-nitrate-based explosives used in mining (Mattila et al., 2007) and cyanide used
in gold extraction (Logsdon, 1999; Akcil, 2003). Other sources are otation chemicals and pH
regulating agents (Häyrynen et al., 2008). Large amounts of N-rich mine waters also originate
from the extraction of groundwater to prevent ooding of mines, leachate runoff from waste rock
piles and wastewater from ore processing (Mattila et al., 2007). Waters receiving mine ef uents are
often small streams and water bodies, where excess N loads may have undesirable environmental
effects. Both NH4-N and NO3-N are nutrients for phytoplankton and aquatic plants. Thus, discharge
of N-rich mine water may lead to algal blooms, eutrophication, oxygen de ciency and changed
species composition in the receiving waters (Koren et al., 2000; Mattila et al., 2007). In addition, at
pH values >8-9, NH4 will be transformed to ammonia (NH3) (Bouldin et al., 1974), which is toxic
to aquatic organisms.
In recent years, much attention has been focused on N cycling and transformation, due to its
importance in controlling primary production in aquatic ecosystems (Esteves et al., 2001; Galloway
et al., 2008; Schlesinger, 2009). The dynamics and transformations of N in aquatic ecosystems can
be described using biogeochemical modelling (Jørgensen and Bendoricchio, 2001). A dynamic
model, which is formulated as a system of differential equations that require the de nition of
an initial state, simulates temporal variations of the N transformations of interest (Coyle, 1996).
A number of such models have been developed for simulation of N transformations in, e.g.
wastewater stabilization ponds (Fritz et al., 1979; Senzia et al., 2002; Peng et al., 2007a). The
INCA model, originally developed to assess various sources of N in catchments, (Whitehead et
al., 1998; Wade et al., 2002) has been further developed to simulate processes and impacts related
to mine drainage, including simulation of metals as well as cyanide and ammonium (Whitehead
et al., 2009). However, few biogeochemical models have been developed that primarily focus on
simulation of processes regulating transport and removal of N in waters receiving mine ef uents.
The major aim of the present paper is to model N-transformations in waters receiving N-rich
mine ef uents at a mine site in northern Sweden. Since few N transformation models are
available for mine sites, the paper also describes the development of the dynamic biogeochemical
model developed for this purpose. After calibration and validation the model can be used to: (1)
increase the knowledge on the environmental factors affecting N transformations, (2) simulate
processes affecting N transport and (3) simulate possible measures to reduce the N load. After
some modi cation and recalibration the model can also be used for other mine sites affected by N
ef uents.

2. Material and methods
2.1 Study site
The study area was the Brubäcken system, receiving mine ef uents from a concentration plant
located near Boliden, Västerbotten County, northern Sweden (Fig. 1). At the Boliden concentration
plant, sulphide ores from the Skellefte district (Weihed et al., 1992) are processed and tailings are
deposited in the Gillervattnet impoundment (Fig.1). From this impoundment ¾9 x 106 m3 of process
water is discharged annually into the approximately 10 km long Brubäcken system consisting of
one stream (Brubäcken, average annual discharge ~1 m3 s-1) that passes through wetlands and Lake
Bruträsket. Finally, the stream discharges into the Skellefte River (Fig. 1). Between the years 2001-
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2008 a gold leach plant using sodium cyanide (NaCN) as the extracting agent was in operation. The
CN was destroyed using the Inco SO2/Air process (Robbins et al., 2001) with NH4-N as one of the
decomposition products and, thus, one of the major sources of the annual total-N discharge of ~100
tonnes (Rönnblom Pärson, 2007).
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Fig. 1. Study area and position of the sampling points and clarification pond Nya Sjön.

Process water is passed from the tailings impoundment to the clari cation pond Nya Sjön (64°
51’N,. 20° 18’E), for which the model was developed by using in ow and out ow data for the
pond. Nya Sjön has an area of 96.200 m2, a volume of ~86.400 m3, and a residence time varying
from 1.5 d to 6.5 d depending on the discharge rate (Table 1). Most of the year, NH4-N is the
dominant inorganic N species in Nya Sjön, as in the rest of the Brubäcken system (on average
~30% of total-N) (Table 1.)
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Table 1: Physical and chemical parameters for clarification pond
Nya Sjön (2008 data)
Parameter

$QQXDOPHDQ UDQJH

Q (m s )

0.36 (0.15 – 0.67)

3

-1

pH

9.74 (7.86-11.7)

Water temperature ( C)

6.3 (0-20)

DO (mg l-1)

6.54 (2.1-10.2)

o

NH4-N (mg l-1)

1.7 (0.1-5.5)

NO3-N (mg l )

0.8 (0.4-1.3)

Chl-a (mg l-1)

0.000106 (0.000-0.0005)

-1

DOC (mg l-1)

3.5 (8.4-1.6)

Norg (mg l-1)

0.2 (0.1-0.4)

PO4-P (mg l-1)

0.002 (0.0005-0.0060)

2.2 Sampling and analytical methods
2.2.1 Sampling methods
Data used for modelling were collected at Stations 6201 (Nya Sjön inlet) and 6202 (Nya Sjön outlet)
(Fig. 1), and include monitoring data collected regularly by Boliden Mineral AB (2001–2008),
as well as data collected by the authors (April to October 2008). At the time of water sampling,
water discharge was measured using a mechanical ow meter (General Oceanics) (Station 6202).
However, for Station 6201, discharge data were provided by Boliden Mineral AB. Un ltered
samples for nitrogen (NH4-N, NO3-N and NO2-N) were collected at ~15 cm depth in pre-cleaned
polyethylene bottles, and stored at 4oC or in a freezer until analysis. In June 2009 and April 2010,
18-26 cm deep sediment cores were collected from Lake Bruträsket using a Kajak gravity corer
with a core tube having a diameter of 64 mm. Cores were sectioned in subsamples (0.5 cm thick
for the uppermost 5 cm and 1 cm for the rest of the core). Porosity was calculated from wet and
dry sediment weights (drying at 50°C). Thereafter, the samples were grinded and stored for 210Pb
and N determination.
2.2.2 Vegetation sampling
Common reed (Phragmites australis (Cav.) Steud.) was the dominating macrophyte species in
Nya Sjön, where it formed >3 m high single-species stands. In July 2008 whole-species samples of
common reed from three 0.25 m2 plots were taken in Nya Sjön and percentage cover of common
reed was estimated and converted to biomass. The interdistance of the three plots was >10 m.
The samples were taken using powder-free surgical gloves and were separated for roots, stems
and leaves. From each plot, a sample for chemical analyses consisted of tissue of at least ve
specimens. Before analysis, macrophyte samples were dried at 105oC and grinded.
2.2.3 Analytical methods
All samples were sent to accredited laboratories for analysis. NO3-N and NO2-N were determined
spectrophotometrically on a TRAACS-instrument, and NH4-N was determined on an AutoAnalyzer
by ow analysis, Continuous Flow Analysis (CFA) and Flow Injection Analysis (FIA) and
spectrometric detection. Chlorophyll (chl-a) was determined spectrophotometrically on a Shimadzu
instrument. PO4-P was determined on an AutoAnalyzer using standard methods. In the Boliden
monitoring programme all inorganic N species (NH4-N, NO3-N and NO2-N) were determined by
4

ow analysis (CFA and FIA) and spectrometric detection. Samples for dissolved organic carbon
(DOC) (12-14 ml) were vacuum ltrated through a pre-combusted GF/F glass bre lter (pore
size 0.7 μm) and immediately acidi ed with 200 l of 0.1 M HCl. DOC was later determined
on a high-temperature catalytic oxidation instrument (Shimadzu TOC-5000). Water temperature,
conductivity, dissolved oxygen (DO), and pH were measured in situ using a Hydrolab MS5 water
quality sonde (Hach Environmental, Loveland, CO, USA) or an MTW 340. At Station 6202, pH is
reported as the average value from two on-line pH meters (Boliden monitoring data, 2001–2008).
Lead-210 in sediment was determined by its granddaughter 210Po (Flynn, 1968), measured by
alpha spectrometry at Risø National Laboratory for Sustainable Energy, Denmark. Sedimentation
rates were calculated using a 210Pb constant rate of supply (CRS) model (Turner and Delorme,
1996). Sedimentary N concentrations were determined using a PDZ Europa ANCA-GSL elemental
analyzer (Sercon Ltd., Cheshire, UK). N-concentration in macrophytes was determined using a
Leco Tru Spec (LECO, Michigan, USA).
The estimation of the cover of common reed in Nya Sjön was performed in a geographic information
system (GIS) using the ArcGIS software (ESRI 2008) at a scale of 1:100. Based on low-altitude
(200 m) aerial photographs with 5 cm ground resolution obtained in August 2009, the reed stands
were divided into polygons of four cover classes: 0-25%, >25-50%, >50-75% and >75-100%.
Stands with a minimum diameter of 0.5 m were considered. To calculate the total reed biomass
at Nya Sjön, the area of each cover class was multiplied by the speci c biomass of the respective
cover class obtained from eld sampling (see section 2.2.2).

3. Model description
3.1 Conceptual model
The key N compounds in the model, N transformation pathways and N uxes are conceptualized in
Fig. 2. The model includes the transformation processes of six N forms (state variables): ammonium
nitrogen (Nam, NH4-N), nitrate nitrogen (Nox, NO3-N), dissolved organic nitrogen in water (Norg), N
in phytoplankton (Npp), in macrophytes (Nmp) and in sediment (Nsed). The concentration of the N
species was calculated as mg l-1 lake water. The model also takes into account forcing factors (e.g.
pH, DO, temperature, and discharge) that in uence the N transformation processes.
NH4-N may undergo several transformation pathways: volatilization as gaseous ammonia leading to
a permanent reduction of NH4-N, conversion to nitrite and nitrate (NO2-N)/NO3-N via nitri cation,
assimilation by phytoplankton/macrophytes or export from the system with ef uent water (Bouldin
et al., 1974; Pano and Middlebrooks, 1982). NO3-N may be assimilated by phytoplankton/
macrophytes (Wetzel, 2001), permanently lost as dinitrogen gas (N2) via denitri cation (Seitzinger,
1988) or discharged with ef uent water (Peng et al., 2007a). Dissolved organic nitrogen in the
water column (Norg) was estimated from DOC, using a DOC/Norg mass ratio of 20 (Wetzel, 2001).
Norg in the water column is affected by precipitation of organic matter, adsorption onto particles,
ammoni cation and the decomposition (mortality) of phytoplankton (Peng et al., 2007a). Organic
nitrogen in phytoplankton (Npp) is calculated from the chlorophyll a (chl-a) concentration of the
water (Fragoso Jr et al., 2008). The effect of zooplankton grazing on phytoplankton was not
modelled exclusively but their contribution was included in the mortality loss term as respiration
and excretion (Sagehashi et al., 2000; Burger et al., 2008). The growth of macrophytes, (Nmp, here
Phragmites australis) is considered to primarily depend on the concentration of inorganic N (Nam
and Nox) and phosphate in sediment pore water. Decay of macrophytes was assumed to mainly
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take place in the sediment, where three sediment fractions of different activity are considered,
and therefore their contribution to water column Norg was ignored. However, macrophytes are an
important pathway of N to the sediment as well as of inorganic nutrients to the water column.
The clari cation pond Nya Sjön, for which the model was developed, is shallow (average depth
0.9 m), and can be considered as a continuous stirred tank reactor (Jørgensen and Bendoricchio,
2001) (supported by vertical concentration pro les). Thus, data from the outlet (Station 6202)
should be representative for the conditions within the pond. Each input variable consisted of 53
data points, i.e. one per week, where data for each week were interpolated or extrapolated based
on the available neighbouring data points. Simulations were run for a one-year period with a timestep of 7 days.

Volatilization
Outflow Nitrification

Ammonification

Nam

Remineralization 1,2,3

Denitrification
Inflow

Uptake

Outflow
Inflow

PP mortality

Norg

Outflow

Inflow

Uptake

Npp

Uptake

Outflow

Nox

Uptake

Uptake
Settling

Inflow

Precipitation /
Adsorbtion

Nmp
MP mortality

Nsed1
Burial 1

Nsed2
Burial 2

Nsed3
Burial 3
Fig. 2. Conceptual model of nitrogen input, transformation and removal in
lakes receiving mine effluents. Arrows represent transformation pathways and
boxes indicate the nitrogen species which are represented as state variables in
the model: Nam = ammonium nitrogen; Nox = nitrate nitrogen; Nmp = nitrogen
in macrophytes (Phragmites australis); Npp = nitrogen in phytoplankton; Norg =
dissolved organic nitrogen and Nsed= nitrogen in sediment. The concentration of
nitrogen species is calculated as mg N l-1 lake water.
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3.2 Mathematical model
The mathematical model based on the conceptual model in Fig. 2 was programmed using the
software Powersim (Professional Studio 8 Academic), and data were processed using fourth order
Runge-Kutta approximation (Senzia et al., 2002). Assuming a completely mixed ow regime, the
mass balance equations (Fritz et al., 1979) for Nam, Nox, Norg, Npp, Nmp, Nsed1, Nsed2, and Nsed3 are given
by the following coupled differential equations (1-8)

d ( N am ) Qi
Q

N ami < e N am < rn < rv < ruptakeAM < ruptakeAP
dt
V
V

rammoniNorg

Q
d(N ox ) Qi
= N oxi  e Nox + rn  rd  ruptakeOM  ruptakeOP
dt
V
V

d ( N org )
dt
d ( N pp )
dt
d ( N mp )
dt



Qi
Q
N orgi < e Norg rmortaliNpp < rammoniNorg
V
V



Qi
Q
N ppi < e N pp
V
V

 ruptakeOM

d ( N sed 1 )
 rset
dt

ruptakeOP

ruptakeAP < rsetNpp

ruptakeAM < rmortNmp

rprecipNorg

rre min 1

rre min 2

rre min 3 (1)

(2)

(3)

rmortNpp

(4)

(5)

rmortNmp < rre min 1 < rbur1

(6)

d ( N sed 2 )
 rbur1 < rbur 2 < rre min 2
dt

(7)

d ( N sed 3 )
 rbur 2 < rbur 3 < rre min 3
dt

(8)

where Qi and Qe represent the water in ow and out ow rates in m3 per day (m3 d-1), respectively;
V = lake volume (m3); Nam, Nox, Npp and Norg is the concentration of these species within the pond
while Nami, Noxi, Nppi and Norgi is the concentration in the in uent and r (expressed as mg l-1 d-1) is the
reaction rate of the various N transformation processes described and elaborated in Eq. 9 through
Eq. 39. All values of the parameters included in these equations are listed in Table 2.
The nitri cation rate rn is controlled by chemoautotrophic nitrifying bacteria (Nitrosomonas and
Nitrobacter) and depends on pH, temperature, Nam concentration and dissolved oxygen (Reddy and
Patrick, 1984) expressed as

rn 

+n
Yn

£ N am ¥£ DO ¥ NH4 NH4
²²
´´²²
´´C pH CT
¤ K1 N am ¦¤ K 2 DO ¦

(9)

where μn and Yn represent the maximum growth rate and yield coef cient for Nitrosomonas,
respectively (Fritz et al., 1979). K1 is the ammonium half saturation constant for Nitrosomonas
(Senzia et al., 2002), which is temperature-dependent according to

K1  e 0.051T <1.58

(10)
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K2 is the oxygen half-saturation constant for Nitrosomonas (Burger et al., 2008). CT describes the
temperature dependence of the nitri cation rate, here expressed according to Colomer and Rico
(1993)

CTNH4 

e 0.098T <15
1 10 5<T

(11)



The growth of nitrifying bacteria is considered to stop at pH<6.0 (Colomer and Rico, 1993), while
in the pH range 6.0–7.2 it varies with pH (Downing and Knowles, 1966; Painter and Loveless,
1983). The pH-dependence is described by the equation
NH 4

C pH

1

1
100 6.6< pH

(12)

The volatilization rate depends on the concentration of ammonia gas in the liquid (NH3-N(g)), pH
and temperature (Pano and Middlebrooks, 1982) according to

rv 

K v N am
h(1 10 10.5<0.03T < pH )

(13)

where h is depth of water column. Kv is the mass transfer coef cient (Stratton, 1969; Colomer and
Rico, 1993) expressed as
(14)
K  0.0566 * exp(0.13(T < 20))
v

The denitri cation rate, rd, is a microbial process that depends on environmental factors such as
oxygen concentration, pH and temperature. Here, it is described according to Heinen (2006) as
N ox
rd  D p f N CON2ox C pH
CTNO3

(15)

where Dp is the potential denitri cation rate. In the presence of nitrate, the activity of denitrifying
bacteria can be described by a Michaelis-Menten type relation (Heinen, 2006). Hence, the nitrate
reduction function fN can be written as

fN 

Kd

N ox
N ox

(16)

where Kd is the half-saturation constant for nitrate. The term CON2ox describes the oxygen dependency
of the denitri cation process according to Eqs. (17) and (18)

CON2ox 

1

ae <3DOsed
1 a

(17)

1
£
¥
DOsed  DO²
5<DO ´
¤ 1 10
¦

(18)

where a is a constant that represents the increase in denitri cation rate when DOsed in the surface
sediment (0-1 cm) decreases from 1 mg l-1 down to 0 mg l-1, and DO is dissolved oxygen measured in
surface water. pH is an important secondary regulator of denitri cation (Knowles, 1982; Peterjohn,
1991). Studies by Šimek and Hopkinson (1999) and Peterjohn (1991) showed that denitri cation
almost ceases for pH<4 or pH>10, which is re ected in the term C Nox expressed as
pH
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Nox

C pH

1
1
*
1 100  pH <8.5
100 5.5< pH

1

(19)



Finally, the temperature dependence of the denitri cation process is described according to Eq.
(20)

CTNO 3 

e den T < 20

1

(20)

10 5<T

In all equations and terms that include , this symbol represents the Arrhenius constant. For
description of each mentioned, see Table 2.
Nam and Nox can be converted to macrophyte or phytoplankton biomass according to Eq. (21)
through Eq. (24) (A = Nam, O = Nox, M = macrophytes and P = phytplankton)

£
¥£ N am ¥£
¥
PAR0
PPO 4
´²
´²
´´ N mp P1CTmp
rutptakeAM  + mp ²
´² K N ´² K
²K
PAR
P
am ¦¤
PO 4
PO 4 ¦
0 ¦¤
3
¤ PAR _ mp

(21)

£
¥£
¥£
¥
PAR0
PPO 4
´² N ox ´²
´´ N mp P2 CTmp
ruptakeOM  + mp ²
´² K N ´² K
²K
PAR
P
ox ¦¤
PO 4
PO 4 ¦
0 ¦¤
4
¤ PAR _ mp

(22)

£
¥£ N am ¥£
¥
PARh
PPO 4
´²
´²
´´ N pp P1CTpp
ruptakeAP  + max ²
´² K N ´² K
²K
PAR
P
h ¦¤
am ¦¤
PO 4
PO 4 ¦
3
¤ PAR _ pp
£
¥£
¥£
¥
PARh
PPO 4
´² N ox ´²
´´ N pp P2 CTpp
rutptakeOP  + max ²
²
´
²
´
²K
PAR
K
N
K
P
PAR
pp
h
ox
PO
PO
_
4
4
4
¤
¦
¤
¦
¤
¦

(23)
(24)

where

CTmp 

e mp _ gr T <20

1

(25)

10 5<T

and

CTpp 

e pp _ gr T <20

1

(26)

10 5<T

μmp and μmax represent maximum growth rates of macrophytes and phytoplankton, respectively
(Jørgensen et al., 1979; Peng et al., 2007a; Burger et al., 2008). K3 and K4 are half-saturation
constants for Nam and Nox, respectively (Asaeda et al., 2000). KPO4 is the half saturation constant
for phosphorus (Asaeda et al., 2000; Fragoso Jr et al., 2008), while KPAR pp and KPAR mp represent
the half saturation constants for photosynthetically active radiation (PAR) (Jørgensen et al., 1979;
Asaeda et al., 2000), here calculated according to Brock (1981). PAR0 is photosynthetically active
radiation at lake surface while PARh is PAR0 corrected for light adsorption down to water depth h
using Lambert-Beer’s Law:

PARh  PAR0 e <ah

(27)

where is the light extinction coef cient (m-1) de ned according to Fragoso Jr et al (2008):
2

(28)

a  a 0 0,008a 0,054a 3
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where a0 is the light extinction due to other factors than phytoplankton and a is chlorophyll
concentration in water (μg l-1). PARh is integrated over the lake depth (h) as
h

PAR h  PAR0 0 e <ah
0

£ 1 1 <ah ¥
²² < e ´´
h
a a
 1 <ah 
¦
 PAR0 ³< e µ  PAR0 ¤
h
 a
0

(29)

The average PARh available for photosynthesis down to water depth h is obtained by dividing PARh
by depth h.
P1 and P2 are preference factors for uptake of Nam and Nox, respectively. Ammonium is usually the
preferred N source (Fritz et al., 1979). With N contents of 78% in Nam and 23% in Nox (Clough and
Park, 2005), P1 is calculated according to Eq. (30)

P1 

(K 3

0.78 N am 0.23 N ox
0.78 N am )(K 3 0.23 N ox )

(0.78 N am

0.78 N am K 3
0.23 N ox )(K 3

0.23 N ox )

(30)

and
(31)

P2  1 < P1

After the growing season, the mortality rate of macrophytes increases, which can be described by
using rst-order Arrhenius kinetics according to the equation
m
rmortality mp  + mp
e mp

T < 20

N mp

(32)

where μmmp is the mortality rate coef cient for macrophytes (Peng et al., 2007a). The mortality of
phytoplankton is calculated as

rmortaliN pp  (1 < f )(+ gr

+ ree pp T <20 ) N pp

(33)

where 1-f is the fraction of non-settling phytoplankton (Burger et al., 2008). gr and re represent the
zooplankton grazing rate (Fragoso Jr et al., 2008) and phytoplankton respiration and excretion rate,
respectively (Sagehashi et al., 2000; Fragoso Jr et al., 2008). The remaining settling phytoplankton
fraction settles to the lake bottom according to

rsetN pp  fSN pp

(34)

where f is the fraction of settling phytoplankton (Burger et al., 2008) and S is the rate constant
for settling of phytoplankton. The mortality of phytoplankton is a source of organic N, which is
subsequently partly converted to Nam through the ammoni cation process as

rammoni Norg  K aoe am

T <20

(35)

N org

where Kao is the rate coef cient for ammoni cation (Jørgensen and Bendoricchio, 2001; Insel et al.,
2006). Since Kao is one order of magnitude lower than the rate coef cients of other N transformation
processes (Jørgensen and Bendoricchio, 2001), ammoni cation should have only minor effects on
the NH4-N concentration in the lake. Some of the organic N will precipitate to the lake sediment
according to
rprecip N org = K 5 N org

(36)

where K5 is the rate coef cient for precipitation of Norg (Peng et al., 2007a).
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A multi-G model (Westrich and Berner, 1984) is used to describe organic matter decomposition
and remineralization of sedimentary N. The model contains three fractions (i = 1, 2 and 3) of
reactive organic matter and one refractive, permanently buried organic fraction. Decomposition
follows rst-order kinetics, and the concentration of sedimentary N decreases exponentially with
depth in the sediment as

GT  G01 exp < ` 1Z G02 exp < ` 2 Z G03 exp < ` 3 Z G REF

(37)

where GT is the total concentration of sedimentary N, and G01, G02, and G03 are the initial N
concentrations of the most reactive (G01) and less reactive (G02 and G03) fractions. GREF is the
refractory N fraction, permanently buried below 20 cm depth in the sediment. ` = Kamsed/U, where
Kamsed is the rst-order remineralization rate constant of nitrogen (d-1), U is the sedimentation rate
(cm d-1), and z (cm) is the depth below the sediment–water interface. Values of Kamsed were obtained
by tting Eq. 37 to sedimentary N data.
The remineralization rate of sedimentary N is expressed as

rre min i  f di K amsedie re min i

T < 20

N sedi

(38)

where fdi is the fraction of remineralized sedimentary N, Kamsedi is the remineralization rate constant
for sedimentary Ni and i = 1, 2 or 3. A part of each fraction of the sedimentary N is buried
according to

rburi  (1 < f di ) K burial i N sedi

(39)

where 1-fdi is fraction of buried Nsedi, Kburiali is the burial rate for Nsedi and i = 1, 2 or 3.

4. Results and discussion
4.1 Evaluation of the model
4.1.1 Sensitivity analysis
To estimate which parameters had the greatest in uence on the N transformations and uxes in the
system, a sensitivity analysis was performed based on 2008 data, both for the preliminary and nal
calibration. Based on the results from the analysis for the preliminary calibration, each parameter
was changed ±10% or ±1%. The results of each run were analyzed using a sensitivity index (SI)
that calculates the variation of each state variable for p % variation of the parameter (Chapelle et
al., 2000):

£ 100 ¥ 1 n X i < X it
´´ * * SI  ²²
(40)
X it
¤ p ¦ n i 1
where p is the % of the parameter variation (±10% or ±1%), n is the number of days simulated,
Xi is the new variable value and Xit the variable value for 2008. The parameters whose variations
had practically no in uence on the model output were xed as constants (Janssen and Heuberger,
1995). The most sensitive parameters were stepwise and manually adjusted using intervals reported
in the literature (Trolle et al., 2008). During the process, one selected parameter was changed at a
time and the model was run for one simulation period (1 year) and in total, 126 groups of results
were obtained from the sensitivity analysis. Only those parameters that changed any of the state
variables with >1% are shown in Fig. 3.
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34

Nam (NH4–N)
Nox (NO3–N)
Npp (N in phytoplankton)
Nmp (N in macrophytes)
Norg (Org–N)
Nsed (Sedimentary N)

32

Sensitivity index, Sl (%)

30
28
26
14
12
10
8
6
4
2
0

μmp

μre

θam

θden

θmp

θmpgr

θpp

θppgr

θrem1

Fig. 3. Sensitivity analysis results for each state variable. Sensitivity index (SI) calculates the variation of each state variable for p % variation of the parameter, where p is
changed by ±10% or ±1%. μmp and μre represent maximum growth rate of macrophytes and phytoplankton respiration and excretion rate, respectively. θ is the
Arrhenius constant for: ammonification of Norg (am), denitrification (den), macrophytes mortality (mp), macrophyte growth (mpgr), phytoplankton respiration (pp),
phytoplankton growth (ppgr) and remineralization of Nsed1 (rem1)

The state variables were most sensitive to changes in the coef cients (Arrhenius constants) related
to the temperature dependence of the transformation processes (Fig. 3). Apart from the other
parameters, the Arrhenius constants were only changed by ±1%. A 1% change in the Arrhenius
constant for macrophyte mortality ( mp) modi ed Nam and Nmp by 3.7 and 11.9%, respectively. A
corresponding change in the Arrhenius constants for macrophyte growth ( mpgr) modi ed Nam, Nox,
Nmp and Nsed1 by 10.3, 3.8, 31.5 and 7.6%, respectively. A similar change of the Arrhenius constants
for denitri cation of Nox ( den) and remineralization of Nsed1 ( rem1) rendered a change in Nox and
Nsed by 4.7 and 4.2%, respectively. Adjusting mp (maximum growth rate of macrophytes) and re
(phytoplankton respiration and excretion rate) by ±10% modi ed all state variables except Norg by
up to 1.5%. A corresponding change in the other parameters had little effect on the state variables.
The implication of the results of the sensitivity analysis is that the parameters resulting in the
highest values of SI might introduce slight errors to the simulations. In addition, since Nsed and
Nmp are the most sensitive state variables and the transformation processes governing these state
variables require careful consideration.
The sensitivity analysis was followed by a ne-calibration step, which further improved the
correlation between measured and predicted values. The results of this ne-calibration step with
the calibrated values of the model constants are summarized in Table 2.
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Table 2. Values of the model constants
Parameter

Symbol

Unit

Value

Reference/remark

:DWHUFROXPQLQRUJDQLF1
Maximum growth rate of nitrosomonas

d-1

0.1(C)

Fritz et al., 1979; Senzia et al., 2002

Yield coef cient for nitrosomonas

Yn

No units

0.25 (C)

Peng et al, 2007a; Fritz et al., 1979

Oxygen half-saturation constant for
nitrosomonas

K2

mg l

1.3

Peng et al., 2007a

Potential denitri cation

Dp

mg l-1 d-1

0.95

Calibrated

Nitrate half-saturation constant for
denitri caion

Kd

d

0.15 (F)

Kadlec & Knight, 1996

No units

1.08 (F)

Heinen, 2006

n

Arrhenius constant for denitri cation

den

-1

-1

:DWHUFROXPQRUJDQLF1
Rate coef cient for precipitation of Norg

K5

d-1

0.035

Peng et al., 2007a

Rate coef cient for ammoni cation of Norg

Kao

d-1

0.1 (C)

Insel et al., 2006; Jørgensen & Bendoricchio,
2001

am

No units

1.02 (F)

Jørgensen & Bendoricchio, 2001

max

d-1

0.6 (C)

Burger et al, 2008; Jørgensen et al., 1979

Arrhenius constant for ammoni cation of Norg
Phytplankton
Maximum growth rate of phytoplankton
PAR half-saturation constant

KPAR pp

Light extinction coef cient

mol m-2s-1

100 (F)

Jørgensen et al., 1979; Sagehashi et al., 2000

m-1

0.5 (F)

Fragoso Jr et al., 2008
Beran & Kargi, 2005; Fragoso et al., 2008

Ammonium half-saturation constant

K3

mg l -1

0.01 (F)

Nitrate half-saturation constant

K4

mg l-1

0.01

Phosphorus half-saturation constant

Kpo4

mg l-1

0.005 (F)

Fragoso Jr et al., 2008
Jørgensen & Bendoricchio, 2001

Arrhenius constant for phytoplankton growth

No units

1.066 (C)

Fraction of settling phytoplankton

f

No units

0.4

Calibrated

Rate constant for settling of phytoplankton

S

d-1

0.1

Calibrated

pp gr

Zooplankton grazing rate

gr

d-1

0.1 (C)

Fragoso et al., 2008

Phytoplankton respiration and excretion rate

re

d-1

0.05 (C)

Burger et al., 2008; Fragsoso Jr et al., 2008

By weight

10 (F)

7–13

pp

No units

1.05 (C)

Robson & Hamilton, 2004

mp

d-1

0.35 (C)

Peng et al., 2007a

145 (F)

Asaeda et al., 2000

d-1

0.01-0.5

Peng et al., 2007a

1.05 (C)

Asaeda et al., 2000

1.02 (C)

Asaeda & Karunaratne, 2000

N:Chl-a ratio
Arrhenius constant for phytoplankton
respiration
Macrophytes
Maximum growth rate of macrophytes
PAR half-saturation constant

KPAR mp

Mortality rate coef cient for macrophytes

μmmp

mol m-2s-1

Arrhenius constant for macrophyte mortality

mp

No units

Arrhenius constant for macrophyte growth

mp gr

No units

Sediment
Lake depth

h

m

1

Calculated

Fraction of remineralized Nsed1

fd1

No units

0.27

Based on sediment N pro les

Fraction of remineralized Nsed2

fd2

No units

0.37

Fraction of remineralized Nsed3

fd3

No units

0.25

Remineralization rate coef cient for Nsed1

Kamsed1

d

0.0094 (M)

Remineralization rate coef cient for Nsed2

Kamsed2

d-1

0.00034 (M)

Remineralization rate coef cient for Nsed3

Kamsed3

d-1

0.000028 (M)

Burial rate for Nsed1

Kburial1

d-1

0.0044 (M)

Sed rate 1,6 cm yr-1, sed thickness 1 cm

Burial rate for Nsed2

Kburial2

d

0.00015 (M)

Sed rate 0,28 cm yr-1, sed thickness 5 cm

Burial rate for Nsed3

Kburial3

d-1

0.000013 (M)

Sed rate 0,067cm yr-1, sed thickness 14 cm

No units

1.02 (C)

Jørgensen & Bendoricchio, 2001

rem1,2,3

-1

-1

(C) = calibrated value; (F) = xed value; (M) = measured value
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Lehmann et al., 2002; Gälman et al., 2008

4.1.2 Calibration
Model parameters estimated from 2008 eld measurements and literature data were initially used
in the model calibration. Some of the parameters were then changed according to the outcome
of the sensitivity analysis (Fig. 3), thus enabling a more precise calibration. A measure of the
performance of the model was obtained from the coef cient of determination (R2). For the 2008
data these coef cients were 0.93, 0.79 and 0.86 for Nam, Nox and Norg respectively (Fig. 4). Thus,
the highest R2 was obtained for NH4-N and, since this is the dominating species in the Brubäcken
system, it was crucial to obtain the best t between measured and predicted NH4-N. According to
Fig.4, the largest discrepancy between predicted and measured data for the three state variables is
observed in spring or early summer (April to June), which could be due to a phenomenon that is
not considered in the model (Fritz et al, 1979).
6

R2 = 0.93

Nam (mgl-1)

5

Measured
Predicted

4
3
2
1
0

J

F

M

A

M

J

J
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S

O

N

D

N

D

N

D

2008
1.4

R2 = 0.79

1.2

Nox(mgl-1)

1.0
0.8
0.6
0.4
0.2
0

J

F

M

A

M

J

J

A

S

O

2008
R2 = 0.86

Norg (mgl-1)

0.4
0.3
0.2
0.1
0

J

F

M

A

M

J

J

A

S

O

2008
Fig. 4. Calibration results for the model for the simulation period January (J) to
December (D) 2008. Correlation is expressed as the coefficient of determination
(R2) between predicted values from simulations (solid line) and measured values
(triangles) for Nam, Nox and Norg.
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4.1.3 Long-term stability test
A long-term stability test was performed to investigate if the model realistically simulates several
consecutive years. Six-year simulations were performed, where the same input data were used for
each year (Fig. 5 a-b). The slow increase of Nmp over time (Fig. 5a) implies that further calibration
is required to achieve long-term stability for this state variable. This was corrected by varying the
macrophyte mortality rate from 0.01 d-1 before spring ood, increasing up to 0.5 d-1 in late August
and maintaining values in the 0.01 – 0. 1 range until the end of the year. Long-term simulations
of NH4-N concentrations show stable behaviour over time, suggesting a well calibrated model
(Fig. 5b).
1.2

a

Nmp (mg l-1)

1.0
0.8
0.6
0.4
0.2
0

0

1

2

3

4

5

6

Years
6

b

Nam(mg l-1)

5
4
3
2
1
0
0

1

2

3

4

5

6

Years
Fig. 5. Results of six-year simulations using data from 2008 as input-data
each year (1-6). The simulation curve in a) for N in macrophytes (Nmp) is
slowly increasing over time implying the need for further calibration. The
simulation curve in b) for Nam (NH4-N) has a stable behavior over time.

4.1.4 Validation
The model was validated against independent data sets from 2006 and 2007 in order to see how well
the model simulations t these data (Janssen and Heuberger, 1995; Jørgensen and Bendoricchio,
2001) and for further correction and improvement of the model. Due to the lack of measured data
for Nox and Norg for 2006 and 2007, Nam was the only N form that could be validated. Because of a
temporary closure of the gold leach plant in 2008, NH4-N concentrations were lower in 2008 than
in 2006 and 2007. The validation step rendered R2-values between predicted and measured NH4data of 0.91 for 2006 and 0.81 for 2007.
To quantitatively express the deviation between simulated data (model predictions) Pi and measured
data Oi , the performance measures mean absolute error (MAE), normalized mean absolute error
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(NMAE) and root mean square error (RMSE) were calculated (Table 3) (Janssen and Heuberger,
1995). The latter measures the quadratic deviation between predicted and measured values and is
therefore sensitive to outliers (Janssen and Heuberger, 1995). The former two (MAE and NMAE)
measure the absolute deviation and are less sensitive to outliers. These performance measures are
described by Eq. 41-43 (Janssen and Heuberger, 1995)
N

- P < O
MAE 
i 1

i

2

i

(41)

N

NMAE 

MAE

(42)

<

O
N

RMSE 

- P < O
i 1

i

2

(43)

i

N

where denotes the mean of the measured data and N is the number of measurements, i.e. 53.
Errors in modelled data for the state variables Nam, Nox and Norg can be shown as the difference
between RMSE and MAE (Table 3). For all three state variables this value was close to zero,
indicating a stable model structure (Janssen and Heuberger, 1995).
7DEOH5HVXOWVRITXDQWLWDWLYHSHUIRUPDQFHPHDVXUHVIRUWKHVWDWHYDULDEOHV1am1oxDQG1org

1DPH

Index

1am

1ox

1org
0.04

Mean absolute error

MAE

0.54

0.29

Normalized mean
absolute error

NMAE

0.29

0.33

024

Root mean square
error

RMSE

0.65

0.34

0.05

RMSE-MAE

0.11

0.04

0.01

,GHQWL¿HGLPSRUWDQWSURFHVVHV
In general, the simulated trends for various processes of N removal and transformation are in
agreement with those reported elsewhere and show similar seasonal variations as those found
by, e.g. Peng et al (2007b). Also the relative magnitudes of these processes are comparable with
those reported by, e.g Mayo & Bigambo (2005) and Senzia et al (2002), who found denitri cation
and burial in sediment to contribute to 4.1- 29.9% and 8.2- 9.7%, respectively, of permanent N
removal. In addition, NH4-uptakes by macrophytes and nitri cation were indicated as important
transformation processes. However, the actual magnitude of the rates was generally one to two
orders of magnitude lower in this study than those observed in the previously mentioned studies
(Senzia, et al 2002; Mayo & Bigambo, 2005; Peng et al 2007b). This could be due to lower
concentrations of Nam and Nox in the in uent water and lower and more variable water temperature
in the pond.
Both simulations and measured data show that Nam decreased from May to September (Fig. 4)
owing to nitri cation and macrophyte uptake, which according to the simulations increased during
the same period (Figs. 6 and 7). Both uptake by phytoplankton and ammonia volatilization, the
latter considered to lead to permanent removal of N, were less important.
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Fig. 6. Simulated seasonal dynamics of a) N in macrophytes (Nmp) shown as dashed line and b) uptake
rates (mg l-1 day-1) of Nam and Nox by macrophytes and phytoplankton. Time period ranges from January (J) to December (D) 2008. Measured Nmp based on biomass calculation and macrophytes sampling,
where vertical line in a) indicates min and max range for measured Nmp, while average Nmp is indicated
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Fig. 7. Simulated seasonal dynamics for the N-transformation processes denitrification, nitrification, volatilization and ammonification (mg l-1 day-1), from January (J) to
December (D) 2008.

According to the simulations, Nox concentrations decreased during the summer months (Fig. 4),
with denitri cation as the most important process affecting the Nox concentration. In contrast to the
inorganic N forms, the N concentration in macrophytes increased from May and showed a peak in
July-August, towards the end of the growing season (Fig. 6a). The minimum, maximum and average
N concentrations based on biomass calculation and macrophyte N (Nmp) content were calculated
to 0,51; 4,57 and 1,99 mg l-1 lake water, respectively. The simulated value of Nmp was within this
range (Fig. 6a). The uptake of Nam was the most important process affecting concentration of Nmp
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(Fig. 6b), at least until the end of the growing season in August, when concentration of Nmp was
more affected by macrophyte mortality. For the whole one-year simulation period, the macrophyte
uptake of Nox was less important. The same trend was simulated for Npp (Fig.6b). In fact, the uptake
of Nam by both macrophytes and phytoplankton was about 94% of the total uptake of inorganic N.
This can partly be explained by the higher concentration of Nam relative to Nox. It is also consistent
with the assumption that Nam is the preferred N source for macrophytes in this model and the
model proposed by Fritz et al. (1979), who stated that if NH4-N is present, preference factor P1=
1 and preference factor P2=0. However, the uptake and growth responses of common reed seem
to be rather unaffected by N-speciation (Tylova-Munzarova et al, 2005). In July, N contained in
macrophyte biomass was on average 0.17 tonnes, which was 30 times higher than the N contained
in phytoplankton biomass. Thus, the overall effect of phytoplankton on N transfer processes was
of less importance. Settling was identi ed to be the second most important process affecting N in
phytoplankton (Npp).

Nsed1 (mg l-1)

According to the simulations, the concentration of Norg was mostly affected by the ammoni cation
process, while precipitation and adsorption of Norg was of some importance in late spring. The
mortality of Npp, however, had very little effect on the content of Norg in the water column.
The concentration of Nsed showed an opposite seasonal pattern to the Norg concentration, with
decreasing concentrations until July and then steadily increasing concentrations (Fig. 8a).
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Fig. 8. Simulated seasonal dynamics for a) concentration of sedimentary N (mg l-1) in
surface sediment (0-0.5 cm), Nsed1 and b) processes (mg l-1 day-1) leading to an increase
or decrease in sedimentary N1. Simulation period ranges from January (J) to December (D) 2008.

Over the year there was some accumulation of Nsed (Fig.8b), consistent with the ndings of Peng
et al (2007a). The macrophyte mortality rate showed a distinct peak in August (Fig. 8b), i.e. at the
end of the growing season. The mortality rate was higher than both the remineralization and burial
rates, thus contributing to the annual accumulation of Nsed. From each active sedimentary fraction
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the burial rate was one to three times higher than the remineralization rate further explaining the
accumulation of Nsed. Thus, approximately one-third of the Nsed contributed by the mortality of
macrophytes will be returned to the water column due to the remineralization process, while the
rest will be permanently buried in the refractive fraction (GREF).
The rates of nitri cation, denitri cation, ammoni cation and remineralization all increased from
May to August (Fig. 7 and 8b), while the volatilization rate was highest from January to May.
The four former processes, which are described by rst-order Arrhenius kinetics, are catalyzed
by microorganisms, which increase their activity at the higher summer temperatures (12-20°C in
July–August). As suggested by Pano & Middlebrooks (1982), ammonia volatilization will be the
most important removal process during periods of low bacterial activity. Furthermore, the early
peak for volatilization could be explained by the high NH4-N concentrations (3-4 mg l-1) that were
still present in the system. In addition, ammonia volatilization is also affected by pH (Pano and
Middlebrooks, 1982), which is higher in the pond during winter and spring than during summer.
According to Figs. 7 and 8b, denitri cation rate was on average 5 times higher than the volatilization
rate and about 3 times higher than the permanent burial of Nsed. The relative importance of these
processes is in agreement with simulations in models developed for waste water stabilization
ponds (Zensia et al 2003; Zimmo et al 2003; Mayo & Bigambo 2005). In the two former studies
it was concluded that ammonia volatilization only has a minor signi cance for the removal of N.
In accordance with ndings by, e.g. Mayo & Bigambo (2005), uptake by macrophytes was also an
important process for removal of N (Fig. 6). However, since the study site is situated in the north
of Sweden, with long periods of temperatures <0oC, the removal of N through macrophytes is only
important in the summer months (June – August). In addition, for the removal to be permanent
and contribute to a reduced N load in the system, macrophytes should be removed/harvested (cf.
Asaeda et al., 2000; Mayo and Bigambo, 2005).
The clari cation pond for which the model was developed has well de ned, single in- and outlets,
with the discharge being almost equal at these two points. However, when applying the model
to other mine sites with multiple in-and outlets and possible diffuse discharge points, a complete
water balance should be used that includes precipitation, evoptranspiration and groundwater ow.
For some calculations of the rates of the various N-transformations in the present model, literature
data were rst used and later replaced by sampled data, which improved the model. Therefore it is
recommended to analyse water samples for all N- as well as P-species. In addition, sampling and
analysis of sediment is useful for calculation of remineralization- and burial rates, while analysis
of N in macrophytes is useful for estimation of macrophyte uptake. Finally, the clari cation pond
for which the model was developed is shallow and well-mixed. If the model is applied to deeper
ponds and lakes, a multi-layer model that considers thermohaline strati cation in ponds and lakes
should be applied.

5. Conclusions
A dynamic biogeochemical model for a mine water clari cation pond, including six N species and
16 N transformation processes, was developed, calibrated and validated. Determination coef cients
(R2) > 0.7 for the state variables Norg, Nam, and Nox in the calibrated model and the results from the
performance measures together imply a fairly good agreement between measured and predicted
values. It also suggests that the model structure chosen can be used to simulate the behaviour
of clari cation ponds and lakes receiving mine waters rich in nitrogen. However, the sensitivity
analysis revealed that there is a need for a better understanding regarding transformation processes
affecting N contained in macrophytes. Furthermore, the discrepancy between simulated and
measured data for Nam and Nox from April – June suggests that the model can be further improved.
19

The developed model provides increased knowledge regarding processes responsible for N
transformations in waters receiving mine ef uents, and it can be used to identify and quantify
processes that are important for permanent N removal under different environmental conditions.
According to the simulations in the presented model, denitri cation was the most important process
for permanent removal of N, while ammonia volatilization was of minor importance. Finally, the
model can be used to simulate different scenarios by varying input data and in that way judge the
nal N concentration in the receiving waters.
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Abstract
The question of limiting nutrient for bioproduction was explored in two contrasting freshwater
systems receiving nutrient rich mine ef uents from the Boliden and Kiruna mine sites, northern
Sweden. For both sites, total nitrogen (TN), total phosphorus (TP) and N:P ratios in water, sediment
and macrophytes were used to examine (1) spatial variations within the systems, (2) differences
between the systems and (3) seasonal variations. The TN content from the discharge point at the
Kiruna site was on average about seven times higher than at the Boliden discharge point, while
the TP content was 10 times lower than in the discharge point at the Boliden site. The majority
of the studied lakes showed elevated biomass of phytoplankton with maximum values found in
Lake Bruträsket (Boliden). Sedimentary N:P ratios were signi cantly higher for the Kiruna site.
Depending on the ammonium concentration in the ef uent at the Boliden site, water column N:P
ratios shifted from being >22, indicating P-de ciency, to between 9-22, indicating a transition from
N to P de ciency (co-limitation). However, water column N:P ratios at the Kiruna site always
indicated P de ciency. On the other hand, the N:P ratios of macrophytes indicate that both sites
may vary from N to P limitation. These differences are important to consider when establishing a
monitoring programme for assessing the environmental in uence of nutrient rich mine ef uents.
Such a programme should include the major N and P species of the water as well as samples of
phytoplankton, sediment and macrophytes.
Key words: limiting nutrient, phytoplankton, macrophytes, sediment, mine sites, Boliden, Kiruna
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Introduction
Ef uents from the mining industry contain, among many elements, high concentrations of
nitrogenous compounds (e.g. ammonium, nitrate and nitrite) and phosphorus. The ammonium
nitrate based explosives used in ore mining are a main source of ammonium and nitrate in the
ef uent (Mattila et al, 2007). The destruction of cyanide used in the gold extraction process leads
to elevated concentrations, of especially, ammonium in the mine water (Logsdon et al, 1999; Akcil
et al, 2003). Other nutrient sources are otation chemicals, pH regulating agents (Häyryen et al,
2008) and sewage sludge used in various mine waste remediation activities. Due to the role of
nitrogen (N) and phosphorus (P) as important plant nutrients, the discharge of nutrient-rich mine
water may lead to eutrophication, with increased growth, changed species composition of both
algae and macrophytes and oxygen de ciency of the receiving waters (Koren et. al, 2000; Mattila
et al, 2007).
The assumption that biological production is P limited in freshwater systems (e.g. Schindler, 1977)
and N limited in oceanic and coastal waters (e.g. Guildford & Hecky, 2000) is referred to as the
“phosphorus limitation paradigm” (Sterner, 2008). However, a whole-lake experiment conducted
by Jansson et al (2001) found that algal growth in two small humic lakes in northern Sweden was
N limited. Furthermore, Elser et al (1990) concluded that in most cases fertilization experiments
where both N and P were added lead to the largest increase in algal growth. Various studies have
been performed to study the effect of increased nutrient loading on algae by varying inputs of N
and P (c.f. Bothwell, 1985; Bergström et al, 2008). The effect on macrophytes, with regard both to
nutrient uptake and biomass increase, has been studied in mesocosm experiments (Gonzales Sagrario
et al., 2005). Even though these fertilization experiments give reliable information regarding the
limiting nutrient, they are time consuming, laborious as well as disturbing to the site (Koerselman
& Meuleman, 1996). Therefore, N:P ratios in water and plant tissues have been used to predict
nutrient limitation (Koerselman & Meuleman, 1996; G sewell et al, 1998). Nitrogen:phosphorus
ratios are a common tool to predict nutrient limitation in lakes (c.f. Downing & McCauley, 1992;
Guildford & Hecky, 2000) and in streams (c.f. Dodds et al, 1997; Stelzer & Lamberti, 2001). The
N:P mass ratios of lakes as well as the nutrient sources of lakes vary from <1 in sewage and urban
runoff to >200 in precipitation and groundwater (Downing & McCauley, 1992). The N:P-ratios
in aquatic organisms are more restricted, with ranges of 7-10 for algae and 6-18 for macrophytes,
respectively (Downing & McCauley, 1992). Planktonic algae assimilate both macronutrients (e.g.
N, P and K) as well as micronutrients (e.g. Fe, Zn and Ni) from the water column (Barko et al,
1991). For macrophytes on the other hand, the role of lake water as a nutrient source depends on its
nutrient concentration (Best & Mantai, 1978; Carignan & Kalff, 1980). The relative contribution
of emergent macrophytes to total macrophyte production in lakes may vary from 22.5 to 98.8 %
(Best, 1982). Generally, for rooted macrophytes, lake sediments are the primary source for the
macronutrients N and P as well as micronutrients, while macronutrients such as calcium (Ca) and
potassium (K) are more commonly assimilated through the shoots from the open water (Barko et
al, 1991; Wetzel, 2001). Macrophytes may assimilate both forms of inorganic N (NH4+ and NO3-),
but since the former is less complex to assimilate it is usually the preferred form (Jampetoong &
Brix, 2009). However, too high NH4+ concentrations may result in ammonium toxicity in plants
(Britto & Kronzucker, 2002).
The overall goal of our study is to investigate which nutrient is limiting for bioproduction in two
contrasting freshwater systems receiving nutrient rich mine ef uents. Our study focuses on N and P
since these elements have the greatest potential to limit macrophyte production in aquatic systems
(Barko et al, 1991). The two systems that were analyzed can be characterized as NO3- dominated
with low–moderate input of P, and NH4+ dominated with high input of P, respectively. Furthermore,
at one of the sites the concentration of N in the ef uent varies depending on whether a gold leach
plant is in operation or not. With regard to total nitrogen (TN), total phosphorus (TP) and N:P
2

ratios, the main objectives of our study are to examine (1) spatial variations within the systems,
(2) differences between the systems and (3) seasonal variations. At both sites, we performed yearround water sampling in discharge- and downstream sampling stations and collected lake sediments
and macrophytes. All samples were analysed for their N- and P-species. Based on this dataset, we
also address if the N:P ratios of both water and sediment need to be considered when identifying
the limiting nutrient for algae and macrophytes.

Materials and methods
Study sites
Sampling was performed in two natural water systems receiving nutrient-rich mine ef uents from
the Boliden and Kiruna mine sites, respectively (Fig. 1).
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Figure 1. Study sites and position of the sampling points (Boliden left and Kiruna right). Marked section
indicates area of macrophyte and sediment sampling at the Kiruna site.

Boliden – Brubäcken – Skellefte River system - Sulphide ores from the Skellefte district (Weihed et
al, 1992) are processed at the Boliden concentration plant. Tailings are deposited in Gillervattnet
impoundment, which is connected with the clari cation pond Nya Sjön through an arti cially
constructed channel that diverges 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). The Brubäcken stream nally discharges into the Skellefte River (Fig. 1). Between May
2001 and March 2008 a gold leach plant using NaCN as extracting agent was in operation at the
Boliden plant. The cyanide was oxidised using the SO2/Air process (Robbins et al, 2001), resulting
in NH4-N concentrations that over the years have varied between 0.2-14 mg L-1 in the Brubäcken
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system. Most of the year NH4-N is the dominant inorganic N species (Fig. 2). About 5-11 million
m3 of process water is discharged annually from the Gillervattnet impoundment into the Brubäcken
system, which in 2008 received about 45 tonnes of N (Rönnblom-Pärson, 2009) and 2000 kg of
P from the tailings impoundment. Based on 2008 data with TN concentrations varying from 1.5
-2.8 mg L-1 and TP concentrations varying from 0.1 - 0.3 mg L-1, the system can be classi ed as
eutrophic (Kalff, 2002).
Kiruna – Rakkurijoki – Kalix River system- In the Kiruna mine, about 32 Mtonnes of apatie iron
ore is mined annually and re ned into iron pellets. This requires large amounts of water and,
depending on the amount of precipitation and how much water that is stored in the impoundments,
4-9 million m3 of mine water are annually discharged from a tailings and clari cation pond system.
The receiving Rakkuri system is approximately 10 km long and consists of one major stream
(Rakkurijoki, average annual discharge ~1.5 m3/s), wetlands and the three lakes Mettä Rakkurijärvi,
Rakkurilompolo and Rakkurijärvi (Fig. 1). The Rakkurijoki stream nally discharges into the Kalix
River. In the ore extraction, ammonium nitrate based explosives are used, which have an NH4+:NO3-ratio of ~1:1. However, the concentration of NH4+ is rapidly reduced in the waste rock–process
water–clari cation pond-system, and water discharging from the clari cation pond is dominated
by NO3- (> 90 % of TN) (Fig. 2). In 2008, about 97 tonnes of N and 150 kg of P were released into
the system (Waaranperä, 2009). Based on 2008 data, with TN concentrations varying from 3.1
-19.4 mg L-1 the system is classi ed as eutrophic, while based on TP concentrations varying from
0.01 - 0.03 mg L-1 the system is classi ed as oligotrophic to mesotrophic (Kalff, 2002).
Sampling and sample preparation
Water chemistry data for the Boliden site included monitoring data regularly collected by Boliden
Mineral AB (2005) as well as data collected by the authors (2008). In 2008, water was sampled
weekly or biweekly from Mid-April until Mid-October. In the Kiruna–Rakkurijoki system, water
sampling was performed by technical personnel from LKAB at 10 occasions from January until
October 2008. At both eld sites, un ltered samples were collected at ~15 cm depth in pre-cleaned
polyethylene bottles, and stored at 4oC or in a freezer until analysis.
In June and August 2009, 26-30 cm deep sediment cores were collected from Lake Bruträsket
(Boliden) and Lake Mettä Rakkurijärvi (Kiruna) using a Kajak gravity corer with a core tube
diameter of 64 mm (Blomqvist & Abrahamsson, 1985). Cores were sectioned in subsamples (0.5
cm thick for the uppermost 5 cm and 1 cm for the rest of the core), which were dried to a constant
weight at 50 oC and thereafter grinded. In August 2010 sediment samples were collected using the
same sampler, at ve stations along a part of the Rakkurijokki stream.
The macrophytes included in this study are rooted emergent macrophytes located in the littoral zone
of the lake. In July 2008, stem and leaf samples of the macrophyte Phragmites australis (common
reed) were collected along a gradient in the Brubäcken system. Sampling stations included the
liming pond in connection to the tailings impoundment, the clari cation pond and Lake Bruträsket.
For comparison, samples were also collected from the reference Lake Brännträsket (N 65o31`, E
21o25`). At all sampling stations, 2-3 replicates (50 x 50 cm squares) were randomly distributed
and based on number of shoots within the square, dry weight biomass was calculated according to
the equation suggested by Danell (unpublished data).
In August 2010 samples of macrophytes were collected, with ve replicates (50 x 50 cm squares)
randomly distributed at the ve sampling stations in the Rakkurijoki stream. Macrophytes found
at the ve sampling stations included (TXLVHWXPÀXYLDWLOH(water horsetail), Potentiella palustris
(marsh cinquefoil), Carex nigra sp. (common sedge), Carex rostrata (Bottle sedge) and Salix
sp. Within the 50 x 50 cm squares, fresh weight was obtained by harvesting and weighing all
macrophytes present in the square. For (TXLVHWXPÀXYLDWLOHand Carex rostrata fresh weight was
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converted to dry weight by using a linear regression formula between fresh weight and dry weight
(Kjell Danell, unpublished data). For the other three species fresh weight was converted to dry
weight by applying the conversion factors 2.92 (25th percentile) or 6.2 (75th percentile). To obtain
biomass per m2 total dry weight within the square was multiplied by four. At both the Boliden and
Kiruna site amount of N and P (g /m2) in biomass was obtained by multiplying concentrations of
these elements with the biomass. Before chemical analysis, macrophyte samples were dried at 105
o
C and grinded.
In July 2008, water samples were collected from the clari cation pond Nya Sjön and Lake
Bruträsket (Boliden) to obtain total biomass (μg L-1) and species composition of planktonic algae.
At ve randomly selected sites, water was sampled at 0.5-1 meter depth using a Ruttner sampler.
A volume of 250 mL was taken from each site, mixed into one sample from which a subsample of
200 mL was retrieved and conserved using Lugol´s solution. In August 2009, the same procedure
was performed in the tailings pond and lakes Mettä Rakkurijärvi and Rakkurjärvi (Kiruna). Lake
Ögerträsket (Västerbotten county; N 64o8`, E 20o5`) and Lake Jutsajaure (Norrbotten county; N
67o3`, E 19o56`) were chosen as reference lakes for the Boliden and Kiruna sites, respectively.
Sampling stations
Water chemistry data of N and P species was collected at sampling stations B1 and B2 at the
Boliden site (Fig. 1), and the reference station BR (2008 data only). Station B1 represents the outlet
from the clari cation pond “Nya Sjön”, and Station B2 is located downstream of Lake Bruträsket.
For the Kiruna site, data is shown for sampling stations K1, K2 and the reference station KR (2008
data only) (Fig. 1). Station K1 represents the outlet from the clari cation pond, and Station K2
is located downstream of the three lakes in the Rakkurijoki stream. To study variations related to
periods when the Boliden gold leach plant is in operation or closed, data was taken from years 2005
(open) and 2008 (closed) with data for February and March 2009 added in order to get a one-yearcycle. For comparison, data from these two years was chosen also for the Kiruna site.
Investigation of phosphorus speciation
A ltration experiment was conducted to investigate the size distribution of P in the water column.
It was performed at Stations B1 and B2 in early June and at Stations K1 and K2 in late August
2010.
Water was sampled in acid-washed polyethylene 1-L bottles, and vacuum ltered in the eld
through Millipore Isopore membrane lters (47 mm diameter, pore sizes 5, 2, 0.4 and 0.1 μm).
Filters were rinsed in deionised Milli Q water for a minimum of 24 h before ltration. The initial
water volume was ltrated in series through lters of decreasing pore size, with part of the ltrate
collected in an acid-washed 50 or 125 ml polyethylene bottle for analysis of TP and/or PO4-P. After
the nal ltration stage, part of the ltrate was stored for analysis, while about 40 ml was kept for
ultra ltration through a 10 kDalton Amicon Ultra-15 centrifugal lter device. The lter devices
were placed in an Eppendorf centrifuge 5804R with a xed angle rotor, and centrifuged for 25
minutes at 4 oC at a centrifugal force of 5000 g. An un ltered sample was also collected.
Analytical methods
All samples collected in the Boliden – Brubäcken system were sent to accredited laboratories
for analysis. For 2008 water chemistry data, TN and TP were determined using Flow Injection
Analysis (FIA) and spectrophotometric detection, respectively, while soluble reactive PO4-P
and NH4-N were analyzed on an Autoanalyser. Finally, NO3-N and NO2-N were determined
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spectrophotometrically on a TRAACS-instrument. For 2005 water chemistry data, TN, TP and
PO4-P were determined using FIA. PO4-P is considered to represent soluble reactive phosphorus
(SRP). Total N in sediment was determined using a PDZ Europa ANCA-GSL elemental analyzer
(Sercon Ltd., Cheshire, UK), while sedimentary TP was determined by inductively coupled plasmaatomic emission spectroscopy (ICP-AES). For macrophytes, TN was determined using a Leco
Tru Spec (LECO, Michigan, USA) and TP was analyzed using inductively coupled plasma sector
eld mass spectrometry (ICP-SFMS). For determination of Chlorophyll-a (Chl-a), a water sample
was ltrated using Whatman GF/C lters and spectrophotometrically analyzed on a Shimadzu
instrument (MVR14).
In the Kiruna – Rakkurijoki system, water samples were analyzed at the analytical laboratory
of LKAB, Kiruna. Total N and NO2-N were measured using FIA. TP, NH4-N and PO4-P were
determined spectrophotometrically, and NO3-N was determined using ion chromatography. Total N
in sediment and macrophytes were determined according to a modi ed Kjeldahl method (Bremner,
1996). Sedimentary TP was determined using ICP-AES while TP in macrophytes was analyzed
using ICP-SFMS. Chl-a was determined spectrophotmetrically on a Hach instrument (DR2010)
after ltration using Whatman GF/C lters and extraction with methanol.
Quantitative determination of phytoplankton species composition and bio volume (Olrik et al
1998) was performed at the accredited Biodiversity laboratory at Swedish University of Agricultural
Sciences (SLU). Ecological status of the lakes based on total biomass of phytoplankton was
determined using environmental quality criteria established by Swedish Environmental Protection
Agency (SEPA, 2007).
Statistical analyses
Statistical processing of the data was performed in the software Minitab 16. Since data did not
meet assumptions of homocedasticity and normality, non-parametric Mann-Whitney tests were
performed to test for signi cant differences in sedimentary N and P content.

Results and discussion
Water column data
P and N speciation
At the Boliden site, PO4-P constituted <13 % of TP, while at the Kiruna site PO4-P formed 9-38
% of TP (Fig. 2a and c). In general, TP was considerably higher at Boliden (Station B1) than at
Kiruna (Station K1), while TN was higher at Station K1, with NO3-N as the dominating inorganic
N-species throughout the year (Fig. 2d). At Boliden (Station B1), on the other hand, the dominance
varied between NO3-N and NH4-N (Fig. 2b), and the inorganic species constituted a relatively
smaller fraction of TN.
The P size distribution experiment showed, except for Station B1, decreasing P concentration
with decreasing lter pore size (Fig. 3a,b). This was especially pronounced at Station K1, where
76 % of TP occurred in fractions >2 μm. The contrasting pattern at Station B1, with lower P
concentrations in fractions > 2 μm, appears unrealistic and is probably a ltration artefact.
Information on N and P speciation is important for characterization of the water and is also related
to macrophyte uptake. However, Dodds et al (1997) found that TN and TP related more strongly to
algal biomass than did dissolved inorganic N or P. Moreover, limnological models of the nutrientalgae relationship often use TN and TP instead of inorganic nutrients (Guildford & Hecky, 2000),
which partly can be explained by the lack of speciation data for N and P. For these reasons, N and
P and their ratios are discussed in terms of TN and TP throughout this paper.
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TN, TP and N:P ratios in the Brubäcken system
TN - During 2008, the TN concentration dropped sharply during spring ood in late April, some
six weeks after closure of the gold leach plant in March 2008 (Fig. 4a). The TN concentration
remained < 2 mg L-1 during summer and increased slightly towards the end of the year. The TN
concentration was on average 4 times lower than in 2005 (Fig. 4c), when the gold leach plant was
in operation. Also in 2005 the concentration was lowest during summer. In both years the TN
concentration was lower in the downstream station B2, indicating dilution and/or N loss from the
system. However the downstream decrease of TN was larger in 2005.
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Figure 4. TN, TP and N:P-ratios in mass units for 2008 (a-c) and 2005
(d-f) for sampling stations B1, B2 and R (2008 data) at the Boliden site.

TP- The 2008 data showed a marked drop in the TP concentration during spring ood (Fig.
4b), and a concentration minimum between August and mid-October. The ratio of P/Chl-a in
phytoplankton is ~5 by weight (Jørgensen et al, 1979). The summer maximum in Chl-a was 4.8
μg L-1 for sampling station B1. Hence, not all P present in the water was used by biota, and the
summer decrease in TP could partly be explained by settling of particulate P. This is supported by
a decrease in suspended material during the same period (data not shown). During 2005, the TP
concentration peaked in early April and then decreased during the rest of the year (Fig. 4e). Similar
to TN, the TP concentration was lower in the downstream station B2, indicating dilution and/or P
loss from the system.
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N:P ratios– In 2008, the N:P ratios increased during summer and reached a maximum during
the TP minimum in August to October. In general, the variations in the N:P ratios were to a greater
extent in uenced by TP concentrations than by TN concentrations, since there was a greater
seasonal variation in the former. During 2005 the ratios were about 10 times higher and showed an
opposite pattern, with minimum values in July to August (Fig. 4f). In 2005, the N:P ratios were to
a greater extent in uenced by the TN concentration since the ratios decreased until August, even
though the P concentration peaked during this period.
The reference station BR– Both the TN and TP concentrations were lower and showed less
variation than for the stations in the Brubäcken system (Fig.4a,b). Also the N:P ratio showed
considerably smaller seasonal variations compared to the Brubäcken system (Fig. 4c).
TN, TP and N:P ratios in the Kiruna system
TN- The TN concentration ( NO3-N) was about 4-6 times higher at the discharge station K1 than
at K2 (Fig.5a) and is comparable to the NO3-N concentration in three mine waters from Finnish
mines that ranged from 15.5- 44 mg L-1 (Häyrynen et al, 2008). In 2008, the TN concentration at
K1 was on average about 7 times higher than for the Boliden discharge station (B1).
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Figure 5. TN, TP and N:P-ratios in mass units for 2008 (a-c) and 2005
(d-f) for sampling stations K1 and K2 at the Kiruna site.

TP- In general, the TP concentration in K1 was 10 times lower than in B1. Both in 2005 and
2008, total P decreased by 0.015–0.020 mg L-1 during summer (June–August) (Fig. 5b and e). This
is a possible indication of biological uptake of P in the clari cation pond system, where Chl-a
concentrations in the range 18-40 μg L-1 were measured in 2008 and plankton blooms have been
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reported (LKAB, personal communication). In 2008 the TP concentration decreased markedly
over the year, from 0.050 to 0.020 mg L-1 (Fig. 5b).
N:P ratios – Since the annual variations in the N concentrations are relatively minor, the N:P
ratios are mainly governed by variations in the P concentration, with the summer minimum in TP
at Station K1 corresponding to a summer maximum in the N-P: ratio (Fig. 5 c and f). In 2008, the
N:P ratios observed at the Kiruna site were about 20 -60 times higher than at the Boliden site.
The reference station KR- The TN concentration (0.15–0.22 mg L-1) was about 130 times lower
than at Station K1 and about 9 times lower than at K2, and showed little variation over the year
(Fig. 5a). The TP concentration (0.005–0.007 mg L-1) showed only minor variations, and was
similar to that at Station K2 but considerably lower than at K1 (Fig. 5b). Thus, the N:P-ratio (2536) was considerably lower compared with the ratio at the sampling stations in the Rakkurijoki
stream (> 200) (Fig. 5c).
Phytoplankton species composition
The ecological status of the clari cation pond Nya Sjön was according to the Swedish environmental
quality criteria for total biomass of phytoplankton (SEPA, 2007) classi ed as moderate, the status
of Lake Rakkurijärvi as good, while the status of other lakes and ponds was assessed as bad
(Table 1).
Table 1. Measured phytoplankton biomass (BM) (μg L-1) in the study and reference lakes and classification
of ecological status according to SEPA (2007).
Lake
Clari cation pond (B)
Bruträsket (B)
Tailings pond (K)
Mettä Rakkurijärvi (K)
Rakkuirjärvi (K)
Ögerträsketa
Jutsajaurec

Type of lake
Clear lake
Humic lake
Clear lake
Clear
Humic
Humic
Humic

Measured BM (μg L-1)
1009
5064
2200
1457
273
500b
360d

Ecological status
Moderate-unsatisfactory
Bad
Bad
Bad
Good
Good
High

(B): Boliden; (K): Kiruna
a
Reference lake, Västerbotten county.
b
Average value for years 2004, 2006, 2007, 2008 and 2009
c
Reference lake, Norrbotten county.
d
Average value for years 2004, 2005, 2006, 2007, 2008 and 2009

It should be noted that assessment of the Kiruna and Boliden lakes and ponds is based on one
single measurement. Usually the assessment of ecological status of lakes is based on data from at
least three consecutive years.
Except for Lake Rakkurijärvi, all lakes generally showed elevated biomasses compared with
their reference lakes (Fig. 6 a-d). Total biomass in Lake Bruträsket, (5064 μg L-1) was almost ve
times higher than for the clari cation pond Nya Sjön (1000 μg L-1), and about twice as high as the
biomass in the Kiruna tailings pond (2200 μg L-1) (Table 1). The bioproduction in this pond could
be hindered by the shallow secci depth (~0.5 m), leading to a reduced light penetration and hence
lower photosynthetic activity (Fragoso Jr et al, 2008). Based on their TP concentrations, these three
lakes are classi ed as mesotrophic to eutrophic and their species composition was dominated by
Chlorophyceae (40-96 % of total biomass) (Fig. 6 a,b), common in lakes of that nutrient status
(Watson et al, 1997). However, they rarely contribute much to total biomass except in for example
water bodies that are highly polluted or rich in nutrients (N and P) (Kalff, 2002). Chlorophyceae
are favoured by high N:P ratios or high sediment nutrient supply, which has been observed for
the Kiruna tailings pond and Lake Bruträsket, respectively. However, in the year 2000, before
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the gold leach plant was in operation, Chlorophycea constituted only 4 % of total biomass, which
was 20μg L-1, i.e. 250 times, lower than in 2008 (Lundkvist, 2001). The low species diversity
indicates that these lakes are affected by the mine water discharge (Lundkvist, 2001). In Lake Mettä
Rakkurijärvi, other phytoplankton groups were present, constituting 30% (Bacillariophyceae) or
10% (Cryptophyceae and Cyanophycaeae ) respectively of total biomass (Fig.6b). The presence of
Cyanophycaeae can be used as an indicator of N limiting conditions since this is a nitrogen xing
phytoplankton group (Kalff, 2002). However, due to the high N:P ratios observed for this lake (2100
-3400) this is probably not the explanation for their presence. The dominant phytoplankton group,
in Lake Rakkurijärvi as well as in the reference lakes, was Chrysophyceae, which is common in
oligotrophic systems, i.e. systems with low TP concentrations (Watson et al, 1997).
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Figure 6. Biomass (μg l-1) of different classes of phytplankton in a) clarification pond Nya sjön
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Sediment and macrophyte data
Modelling of N transformations in the clari cation pond “Nya Sjön” show that nutrient uptake
by macrophytes is quantitatively more important than uptake by algae (submitted manuscript).
Moreover, due to excessive growth, macrophytes are harvested every year in the Rakkurijoki
system. Several authors have concluded that sediments are an important nutrient source for
macrophytes, especially for P (Carignan & Kalff, 1980; Barko et al, 1981), but also for N (Barko et
al, 1991; Rattray et al, 1991). Therefore, it is important to study the relationship between N:P ratios
in water, macrophytes and sediment. Concentration ranges of N and P and N:P ratios in sediments
and macrophytes from the Boliden and Kiruna sites are shown in Table 2. In general, the N:P ratios
of both sediments and macrophytes were lower compared with the ratios in the water column, with
the lowest ratios found in sediments.
Table 2. N and P concentrations and N:P-ratios in sediment and aboveground biomass in macrophytes.
Average values ± s.d or min-max values
na

N
(mg/kg dw)

P
(mg/kg dw)

N:P (mass)

Remark/reference

Sediment

Boliden

Kiruna

References

Lake Bruträsket pro le

26

Lake Bruträsket littoral
zone
01-05

3326 ±889

7

8891±3002

2492±585

4.0±2.4

0-0.5 cm sediment depth

5

13900±1681

1506±585

9.91±3.32

0-10 cm sediment depth

Lake Mettä
Rakkurijärvi pro le

30

12423±1360

2727±1166

5.35±2.1

American lakes

40

300 - 24100 (7800)

Oligotrophic lakes

3

3000-4400 (3733)

Mesotrophic lakes

3

3500 - 8600 (7100)

28

1000-12800 (4820)

Boliden gradient
(Phragmites australis)

16b

21370±17307

1239±880

15.5±4.6

Lake Brännträsket
(Phragmites australis)

4

17154±16085

1527±1048

11.5±7.3

(TXLVHWXPÀXYLDWLOH

4

18450±2645

1853±447

10.30±2.5

Potentiella Palustris

3

19767 ±961

1260±414

13.5±2.6

Carex nigra sp.

3

22067±2714

1333±383

17.5±5.0

Carex rostrata

4

13775±1996

1116±178

12.4±1.8

Salix sp.

3

10000±1054

690±141

14.7±1.9

11

13000-31000

1000-3100

5 - 29.1

15600

1900; 2400

6.5

Carex nigra sp.

5000-18000

700-2800

1.8-7.5

Carex rostrata

15950-19560

780; 13802920

6.7-11.6

Salix sp.

10000-27500

900

10-20

Eutrophic lakes

200- 4900
(1800)
1090-1150
(1120)
510 -1850
(1130)
260-13300
(1920)

2.36±0.89

Average, 0-26 cm sediment
depth

7946±1717

1.5 -3.1 (4.3)

Average, 0-30 cm sediment
depth
Barko & Smart, 1986 (mean in
parenthesis)

2.8 -3.8 (3.3)
4.6 -6.9 (6.3)

Fukushima et al, 1991 (mean
in parenthesis)

0.96-3.8 (2.5)

Macrophytes

Boliden

Kirunac

Phragmites australis
(TXLVHWXPÀXYLDWLOH

Stem and leaf samples
collected at liming pond,
clari cation pond and Lake
Bruträsket
Reference lake (Norrbotten
county)
Sampled at sampling points 01,
02, 03, 05
Sampled at sampling points
02, 03, 04
Sampled at sampling points
02, 03, 04
Sampled at sampling points
01, 02, 03, 04
Sampled at sampling points
02, 03, 04
50*50 cm squares randomly
distributed at sampling points
01-05
Koerselman & Melueman,
1996
Caines, 1965; Sarvala et al,
1982

Potentiella Palustris
References

Pegtel et al, 1996; Hoosbeek
et al, 2002
Ho, 1979; Caines, 1965
Weih & Nord, 2002;
Hodkinson, 1975

number of samples, bRefers to total number of stem and leaf samples, cAverage and s.d calculated of the samples
collected for each of the macrophytes species.

a
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Sediment- The sedimentary N and P concentrations are within the range reported in literature
(Table 2). The dry weight concentration of N was on average about twice as high in the sediments
from the Kiruna sites compared with the N concentration in Lake Bruträsket (Table 2), while
the P content on average was about 50 % higher in Lake Bruträsket. This is consistent with the
relationship for these species in the water column, i.e. the N concentration is higher at the Kiruna
site while the P concentration is higher at the Boliden site. In fact, several studies have shown that
the concentrations of elements in lake sediments and overlying water are correlated (c.f. Enell
& Löfgren, 1988: Fukushima et al, 1991). Furthermore, the Kiruna sedimentary N:P ratios were
signi cantly higher (P< 0.05) than the Boliden ratios. The average N:P ratios in the sediments from
the Kiruna sites were higher compared with values for an oligotrophic, mesotrophic and eutrophic
lake reported by Fukushima et al (1991) (Table 2), while the average N:P ratio from the Bruträsket
sediment corresponds to the N:P-ratio for a eutrophic lake (Fukushima et al, 1991).
Macrophytes- Average dry weight biomass obtained for the Boliden gradient was on average
three times higher compared to the reference lake Brännträsket but ve times lower compared to
what was obtained for the sampling stations at the Kiruna site (Table 3). Hence the amount of N
and P (g /m2) contained in the Boliden macrophytes was on average three times lower compared
to the Kiruna macrophytes (Table 3). The N concentration observed in the macrophyte species
collected at sampling stations 01-05 was generally in the higher end or exceeded the concentrations
reported in literature for these species (Table 2 and references therein). The P concentration on the
other hand, was generally towards the lower end reported for these species (Table 2). The same
pattern could be osbserved for P. australis collected along the Boliden gradient (c.f. Koerselman
& Meuleman, 1996, Table 2).
Table 3. Dry weight (DW) biomass ( g/m2) for Boliden and Kiruna sampling points
and reference Lake Brännsträsket
n

DW Biomass (g/m2)

g N/m2

g P/m2

Boliden gradient

8

137±44

3.9±0.69

0.27±0.04

Lake Brännträsket

2

38±9

0.61±0.14

0.03±0.008

Kiruna sampling stations
01-05

9

698±565

10.3±7.7

1.05±0.89

The values of the N:P ratios for macrophytes collected in Boliden and Kiruna were within the
same range of minimum to maximum values and they are comparable with ranges in macrophytes
reported by Koerselman & Meuleman (1996). In general for the macrophytes collected along the
Boliden gradient, the N:P ratio increased from the liming pond to Lake Bruträsket. This betweensampling station variation could be a response to differences in N and P supply ratios (Shaver &
Melillo, 1984). For the macrophytes collected in Kiruna some species from a certain sampling
station (01-05) had a mean N:P ratio >16, while other species in general had a mean N:P ratios<
14. This within-sampling station variation could indicate that the same site can be experienced as
P rich for some species and P poor for others (G sewell et al, 1998).
Limiting nutrient
Liebig’s “Law of the minimum” states that the yield of an organism is determined by the abundance
of the nutrient that, in relation to the needs of the organism, is least abundant in the system (Wetzel,
2001). Due to the importance of N and P for both algae and macrophyte production (Barko et al,
1991; Wetzel, 2001) it is usually the limitation of one of these nutrients that is considered.
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Algal growth – Several authors have used the water column N:P ratio to determine the potentially
limiting nutrient of aquatic systems c.f. (Downing & McCauley, 1992; Guildford & Hecky, 2000).
Guildford & Hecky (2000) concluded that at an N:P mass ratio > 22 the algal growth of a system
will be P-de cient, at an N:P mass ratio < 9, N will be the limiting nutrient. Systems with ratios
within in the 9-22 range show a transition from N to P de ciency (co-limitation). According to
these limits, the Boliden sampling station B1 was co-limited or approached the limit of P de ciency
during early spring 2008 when the N level was high, or in late summer and autumn when the P-level
was low (Fig. 7a). During the rest of the year it was N limited. Station B2 was mostly co-limited
by N and P, except in mid-August to October when it could be de ned as P limited. The reference
station R approached or was just above the level of P limitation. The same pattern is seen for the
reference station KR at the Kiruna site, while the K1 and K2 stations in the Rakkurijoki system are
clearly de ned as P limited. During 2005 all sampling points at the two sites could be de ned as P
limited. However, the N:P ratios at station B2 and to some extent at station B1 were closer to the
target N:P ratio of 22 than were the ratios at K1 and K2 (Fig.7b).

3.5

a

2005
P-limited

log N:P ratio

3.0
2.5
2.0

N:P=22

1.5
1.0

0.0

N:P= 9

N-limited

0.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

log TP (μg L-1)
B1

B2

K1

K2

BR

b

3.5

KR

2008

log N:P ratio

3.0

P-limited

2.5
2.0

N:P=22

1.5
1.0
0.5
0.0

N:P= 9

N-limited
0.0

0.5

1.0

1.5

2.0

2.5

3.0

log TP (μg L-1)

Figure 7. Logtransformed N:P mass ratios plotted versus logtransformed
TP-concentrations (μg L-1) for all sampling stations at the Kiruna and the
Boliden sites for the years 2008 (a) and 2005 (b). The limiting N:P-ratios
(mass) are proposed by Guildford & Hecky (2000) and refer to N- or P-limitation for algal growth. Figure modified from Downing & McCauley (1992).

Macrophyte growth– The N:P ratios in plant biomass can be used as an indicator of whether
biomass production at a given site is limited by N or P. Biomass production is limited by P at
plant N:P ratios > 16, and by N at ratios < 14 (Koerselman & Meuleman 1996). Intermediate
ratios indicate that both these nutrients could be limiting. Comparing the observed ranges in N:P
ratios for Boliden and Kiruna macrophytes (Table 2) with these established ratios suggests that the
sites vary from N to P limitation. For the Kiruna case this is in contrast to the clear P limitation
indicated by the streamwater N:P ratios. One explanation to this discrepancy could be the fact
that the preferred form of N for uptake by macrophytes (NH4+, Barko et al, 1991) is much less
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abundant than NO3-. This limits the potential uptake of N from the water column, which otherwise
might occur at higher N concentrations (Huebert & Gorham, 1983). In Boliden, on the other hand,
where NH4+ is the dominating inorganic N species (Fig. 2b), some N could be taken from the water
column. In addition, N uptake at the Kiruna sites might be limited by the low PO4 concentration
in the water (Best & Mantai,1978). Moreover, the N limitation may be promoted by macrophytes
themselves that provide surfaces for bio lms where denitri cation of NO3- may occur (GónzalesSagrario et al, 2005).
Generali]ed pore-water NP pro¿les
Redox controlled cycling of N and P in surface sediments will in uence pore-water N:P ratios.
In general, due to decreasing concentrations of dissolved oxygen, NO3- will decrease with depth
in the sediment while NH4+ will increase (Urban et al, 1997) (Fig. 8). Irrespective of the NO3concentration in the overlying water, pore-water NO3- concentrations tend to be close to zero
some distance below the sediment surface due to the possible occurrence of dissimilatory nitrate
reduction and denitri cation (e.g. Goltermann, 2004). The shape of pore-water PO4 gradients
varies depending on lake nutrient status (Enell & Löfgren, 1988), though they generally look as
the conceptual gradient a) in Fig. 8. In well oxygenated waters the NH4+ concentration is low in
overlying waters (Wetzel, 2001), partly explained by the nitri cation process transforming NH4+
into NO3-. However, the concentrations may increase due to anoxic conditions in the hypolimnion
(Wetzel, 2001), or due to high input of NH4+ as is the case in Boliden when the gold leach plant is
in operation. As redox decreases with depth in sediments the NH4+ concentration will increase due
to dissimilatory reduction of nitrate and ammoni cation of detritus (Golterman, 2004). Barko &
Smart (1981,1986) reported interstitial NH4+ pore-water concentrations between1.6 and 45.6 mg
L-1 with NH4+:PO4 ratios varying from 4.9 to 40, thus resulting in quite variable vertical pro les
of NH4+:PO4 ratios (Fig. 8). When the Boliden gold leach plant is in operation gradient c) could
represent the NH4+:PO4 ratio in the Lake Bruträsket sediment, while gradient d) is representative
for the NH4+:PO4 ratio in the Kiruna sediments (Fig 8). The interstitial pore-water concentrations
of NO3- on the other hand usually vary only from 0.2 to 0.3 mg L-1 for oligotrophic and eutrophic
lakes, respectively (Wetzel, 2001). Consequently, pore-water NO3-:PO4 ratios tend to vary less
than NH4+:PO4 ratios (Fig. 8). Pore-water NH4+ seems to be buffered by smaller exchangeable
pools than P (Barko et al, 1991). This implies that pore-water NH4+ will be more rapidly depleted
than pore-water PO4 and hence N is more likely to limit macrophyte growth. It also leads to lower
TN:TP pore-water ratios compared with the overlying water.
TP / PO4
a)

NO3– NH4+ : PO4 NH4+ : PO4
b)

c)

d)

NO3– : PO4
e)

+
pe
_

Fe/Mn-OH layer

Figure 8. Schematic representation of pore-water
_
gradients of TP/PO4 (a), NO3 (b), NH4+:PO4 ratios
_
(c-d) and NO3 :PO4 ratios (e) in freshwater surface
sediments. Redox conditions are indicated by positive or negative pe.
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The exchange of PO4 between sediment and overlying water is in uenced by redox conditions in
the hypolimnion of lakes (Golterman, 2004). During aerobic conditions transport of PO4 from the
sediment to the water is reduced due to the iron and manganese oxides formed in the uppermost
oxidized layer of the sediment (Fig 8) to which PO4 will adsorb (Mortimer, 1942; Gunnars &
Blomqvist, 1997). During anoxic conditions, these oxides are reduced and PO4 is released (Boström
et al, 1988). The average solid Fe:P ratio for the Kiruna sediments was 65 which is higher than the
ratio of 15 suggested by Jensen et al (1992) as suf cient to control P loading through Fe adsorption.
For comparison, the ratio was 18 for the Boliden sediments. This could be one explanation to the
low water column PO4 concentration in Kiruna, since little PO4 will be released from the sediment.
Consequently the water chemistry data indicate P limitation. Moreover, the P speciation experiment
showed that P mainly was present in particles > 2 μm (Fig. 2c). Settling of this particulate P may
lead to a build-up of P within the sediment (Fig. 8) and hence high concentrations of pore-water
PO4 (Urban et al, 1997).
The implication of the suggested vertical pro les for the studied mine sites is that even though
water column chemistry data suggest limitation of a certain nutrient, this might only be the case
for planktonic algae. There may still be enough nutrients in the sediment to sustain macrophyte
growth, and the limiting nutrient may not be the same as for planktonic algae. This shows that the
sampling strategy is important at mine sites, and that sampled parameters should include all major
N and P species in water as well as samples of phytoplankton, sediment and macrophytes.

Conclusions
The study of concentrations of N, P and the N:P ratios in water, macrophytes and sediment collected
along a down-stream gradient at two mine sites revealed seasonal as well as between- and withinsite variations. Based on water column N:P ratios, it is evident that waters receiving nutrientrich mine ef uents can vary between being limited by N or P depending on the concentrations
of these elements in the mine ef uents. This was the case at the Boliden site, where during a
year with high NH4-N concentrations caused by the operation of a cyanide gold extraction plant,
N:P ratios >22 indicated P de ciency. When this plant was closed, N:P ratios in the range 9-22
indicated N de ciency. At the Kiruna site, water column N:P ratios in the range 209-950 clearly
indicated P-limitation while N:P ratios in macrophytes showed that the site could vary from N
to P limitation. Therefore, our study emphasizes that the de nition of limiting nutrient in aquatic
systems depends on whether N:P ratios of phytoplankton or macrophytes are considered. This
aspect has implications for assessing the environmental in uence of nutrient-rich mine ef uents
and in the design of environmental monitoring programmes.
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