
DOCTORA L  T H E S I S

Department of Civil, Environmental and Natural Resources Engineering
Division of Geosciences and Environmental Engineering

Nitrogen and Phosphorus Interactions 
and Transformations in Cold-Climate 

Mine Water Recipients

Sara Chlot

ISSN: 1402-1544
ISBN 978-91-7439-750-5 (print)
ISBN 978-91-7439-751-2 (pdf)

Luleå University of Technology 2013

Sara C
hlot   N

itrogen and Phosphorus Interactions and T
ransform

ations in C
old-C

lim
ate M

ine W
ater R

ecipients

ISSN: 1402-1544  ISBN 978-91-7439-XXX-X     Se i listan och fyll i siffror där kryssen är





Nitrogen and Phosphorus Interactions
and Transformations in Cold-Climate

Mine Water Recipients

Sara Chlot

Division of Geosciences and Environmental Engineering
Department of Civil, Environmental and Natural Resources Engineering

Luleå University of Technology
S-971 87 Luleå, Sweden



Printed by Universitetstryckeriet, Luleå 2013

ISSN: 1402-1544  
ISBN 978-91-7439-750-5 (print)
ISBN 978-91-7439-751-2 (pdf)

Luleå 2013

www.ltu.se

Cover picture: View over the Kiruna mine (left) and
view over Brubäcken stream, Boliden (right).

Photographs provided by Dmytro Siergieiev.



Nitrogen and phosphorus interactions and transformations in cold-climate mine water recipients

Abstract

Process water discharged from mine sites may contain elevated concentrations of nitrogen (N) and 
phosphorus (P), which both are nutrients for phytoplankton and macrophytes. Thus, discharge of 

species composition in the recipients. This thesis is focused on the speciation and transformation 

sites. The thesis also aimed at evaluating N removal capacity of these aquatic systems. Research 

simulations.
 The question of limiting nutrient for production of phytoplankton and macrophytes in these 
mine water recipients was investigated. For this reason, total nitrogen (TN), total phosphorus (TP) 
and TN:TP ratios in water, sediment and macrophytes were analysed and evaluated. Depending on 

that both sites may vary from N to P limitation. These aspects have implications for assessing the 
4
+ 

3 ) as well as lower concentrations during summer was observed in the receiving streams 
and lakes. To identify and quantify the major N transformation and removal processes responsible 
for these changes, a dynamic biogeochemical model was developed, calibrated and validated using 

calculates concentrations of six N species and simulates the rate of 16 N transformation processes 

2

0.86 for the inorganic nitrogen species ammonium, nitrate and organic nitrogen, respectively. When 
2

15N) was employed to trace N cycling in the various plant parts 
of common reed (P. australis

rates of 0.25 μg g  min 3 ) and 1.4 μg g  min 4
+) are similar to model simulated rates of 

removal through N uptake in macrophytes and phytoplankton may be of minor importance relative 

 
d . Field measurements suggested that oxidation of organic matter and inorganic mining related 

4
+

13C, 15N, 

rates increased upwards in all cores, which correlates with an increase in suspended load in  the 
15

phytoplankton and macrophyte organic detritus. 
 The improved knowledge on N and P dynamics in mine water recipients can be used in 
selection of mine water management strategies that may lead to reduced N discharge.
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Nitrogen and phosphorus interactions and transformations in cold-climate mine water recipients

1. Introduction

phosphorus) rich mine waters, which is partly explained by the naturally low N levels in rocks 

Wetzel, 2001), and high levels of nutrient release may be associated with eutrophication in aquatic 

discovered over a century ago, while new discoveries have been made regarding new types of 

the responsiveness of N removal mechanisms (e.g. gaseous losses) to elevated concentrations of 

further research.

1.1 Scope of the thesis

The focus of this research project was to study speciation and transformation processes of N and 

fact that the two sites display different N and P concentrations, the question of limiting nutrient for 

also aimed at evaluating the major N transformation pathways and processes leading to a natural 
permanent removal of N in the recipients. The two systems are populated by various macrophyte 

recipients was evaluated. 
The methods used and the obtained results are described in detail in the appended papers, and 

the general geochemistry of N and P, and their occurrence and potential environmental problems in 
natural and mine waters.

2. Nitrogen and phosphorus in the aquatic environment 

The availability of N and P determines various aspects of global biogeochemistry as well as 

transformation processes of N and P between the atmosphere and terrestrial and aquatic ecosystems, 
with focus on processes in the aquatic environment. 
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2.1 Nitrogen cycling in the aquatic environment 

Figure 1. Conceptual model displaying some of the major pathways included in the complex nitrogen cycle. Nitrogen 

the mining industry. 
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The nitrogen cycle is very complex and in the biosphere, nitrogen is involved in both abiotic 

Through the microbial process a
4

+
3 ) by the bacterial 

process  summarized as
 

4
+

2 3
+

2

The process is catalyzed by chemoautotrophic bacteria in the genera Nitrosomonas and Nitrobacter. 
4

+ and dissolved oxygen (Reddy 

denitrifying bacteria, e.g. Pseudomonas 3  to 
dinitrogen gas (N2

2 3 (aq)
+ 

2 (g) + 2N2 (g) 2
            

2 2
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Ammonia volatilisation (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 and Middlebrooks, 1982):

NH4
+ + OH- ↔ NH3 (aq) + H2O        (3)

NH3(aq) ↔ NH3(g)         (4)

In mine waters with high pH (> 8–9), the release of NH3 (g) into the atmosphere may be significant 
(Bouldin et al., 1974). 

2.2 Phosphorus cycling in the aquatic environment

In contrast to N, P is only present in one oxidation state (+5) in natural systems and has no significant 
gas phase (Schlesinger, 1997). Soluble reactive phosphorus (SRP) refers to dissolved inorganic P 
(orthophosphate, H2PO4

-, HPO4
2-, PO4

3-) and is believed to be the only bioavailable P form (Zhang 
et al., 1998; Vymazal, 2007). The following major biogeochemical transformations of P occur in 
aquatic systems: plant/microbial assimilation, adsorption/desorption, sedimentation followed by 
burial, and remineralisation (Fig. 2) (Wetzel, 2001; Vymazal, 2007). 

Figure 2. Conceptual model of 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 
(Das, 1999) and application of sewage sludge for mine waste remediation (Härynen et al., 2008).
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2.3 Biological uptake and release of N and P

4
+) is usually the preferred form of N for phytoplankton and 

4
+ uptake and inhibition of nitrate 

4
+

uptake and organic matter accumulation (Forshay and Dodson, 2011; Epstein et al., 2012).  Decay of 
macrophytes and settling phytoplankton mainly takes place in the lake sediment where a fraction of 
these compounds will be permanently buried and thereby become unavailable for biological uptake. 

remineralisation and 
. Thus, 

unless the macrophytes are harvested, P and N assimilation in vegetation only partially contributes to 

2.4 TN:TP ratios and limiting nutrient

TN:TP ratio to predict the potentially limiting nutrient for phytoplankton growth in aquatic systems 

and TP has been used and suggested to be a more appropriate measure to assess phytoplankton 

ratios are discussed in terms of TN and TP. Predictions on limiting nutrient often use as a target the 

site. They suggested that at a TN:TP ratio > 16, macrophyte production is limited by P, and at a 

these ratios.
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2.5 N and P in mine waters

2.5.1 Explosives

oxidizing agent, often ammonium nitrate salts, with a nitrogen content varying between 20 and 33 

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 

waste rock dumps or to processing plants, where they are washed out and nitrogen is dissolved in 
the process water. Leachate runoff from waste rock dumps is largest during spring and after heavy 

dissolve in mine waters, which are pumped up from the mines. 

discharged to the aquatic environment. Measures to decrease the amount of undetonated explosives 
include improved timing of blasting, alternative techniques for loading of the blastholes, and training 

some extent, nitrogen concentrations in the mine water can be reduced through proper management 
of the explosives. Furthermore, the quality of the explosives is continuously improved. 

2.5.2 Gold leaching using cyanide

cyanidation process, gold is extracted at oxidized and alkaline conditions according to the 
following reaction (Lottermoser, 2003):

(s) + 8NaCN(aq) 2(g) 2 (l) 2(aq) (aq)              (5)
           

2/air or hydrogen peroxide, or biologically 

cyanide oxidation reactions with nitrogenous compounds as end products.

2CN 2                                              (6)

2 3 2
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+
2 4

+
3                   (8)

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 

2.5.3 Tracing the fate of mining related N: a stable isotope approach

between 14N and 15 12C and 13

standard delta ( ) notation:

( sample) = ((R /R

For nitrogen, R  and R  refer to the ratio 15N/14N in the sample and atmospheric N2 respectively; 
for carbon R  and R  refer to the ratio13C/12

13C/12C ratio of 

shown a strong relationship between nitrate depletion in surface water and an increase in 15N values 

15N) and oxygen isotope ( 18

remineralisation and permanent burial of N in the sediment, as well as remediation measures based 

(soil, phytoplankton, terrestrial and littoral vegetation) were chosen. They were analysed with respect 
to their isotopic composition ( 15N and 13C) and nitrogen and carbon concentrations giving C/N 

15N and 18

2 in 13

modelled using the polynomial equation

13  t2  t3    (10)

13 13

these were used to model the source contribution to each 210
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is complicated by the fact that a number of isotope fractionating processes occur simultaneously 

systems is to use stable isotope labelling, a technique that has been widely used in recent years 
(Wozniak et al., 2008; Li et al., 2010; Tan et al., 2013). Experimental units (mesocosms) of varying 
sizes enclose macrophytes, which can be analysed for their N isotope composition in order to quantify 
enrichment of added 15N tracer in various ecosystem parts and to quantify nitrogen uptake rates (see 

2.5.4 Environmental effects of N and P in mine waters

4
+

3 ) and P are nutrients for aquatic plants. Therefore, large volumes of nutrient     
(N and P) rich water could result in algal blooms and eutrophication, and consequently oxygen 

4
+

2 3 ), the 

4
+

2 3  reactant, potentially resulting in 

deposition, since the nitric gases formed during detonation of explosives may react with oxygen and 

produce N2

2 ) is another intermediate N species 
formed during these processes. This N species may be toxic to aquatic organisms through destroying 

3
other aquatic organisms (Randall and Tsui, 2002).

2.5.5 Treatment of mine water 

Examples of physical treatment processes include membrane technologies such as reverse 

biological treatments can be 

4
+

3

3  

4
+
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slow processes. Chemical treatment methods on the other hand are kinetically rapid with less strict 

4
+ removal technology combines air stripping and an electrochemical 

stripping (Desloover et al., 2012). 

3. Study sites
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Figure 3.

this new pond became operational.

Boliden – Brubäcken – Skellefte River system
is dominated by boreal coniferous forest and peatlands, with Quaternary deposits mainly consisting 

oC from November to May. The system annually receives 
 106 m3
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3 s

2 4
mg L

, respectively, 
Phragmites 

australis

Kiruna – Rakkurijoki – Kalix River system- 

6 m3

approximately 10 km long and consists of one major stream (Rakkurijoki, average annual discharge 
3 s

23.3 x 106 tonnes of ore was extracted using about 0.4 kg of ammonium nitrate based explosives per 
4
+

3  ratio in the explosives is 
4

+ is rapidly reduced in the waste 

3
 

, 

Carex rostrata), Salix sp. and common 
sedge (Carex nigra) are three common species of littoral vegetation at the site.

average annual N transport in the two rivers is 1250 tonnes/year and 3500 tonnes/year, respectively 

transport.
 
4. Materials and methods

To address the formulated research tasks, research in the thesis was based on three, partly integrated 
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as for calibration and validation of the model. Rates of some N transformation processes obtained in 
the experiments were compared with model-simulated rates. Partly for practical reasons, a relatively 
large part of the research was performed at the Boliden field site. However, the intention was to 
design experiments so that results should be applicable also for the Kiruna site.

4.1 Sampling and sample preparation

The following section describes field sampling performed at the Boliden and Kiruna sites. Field 
sampling was performed during 2008-2011, with the most frequent and extensive stream water 
sampling in 2008. A sampling schedule is presented in Fig. 4. 

Figure 4. Sampling schedule describing when sampling of water, biological material and soil and sediment occurred. 
NS = Nya Sjön; Bru = Lake Bruträsket; Tailings = tailings pond Kiruna; MR = Lake Mettä Rakkurijärvi; R = Lake 
Rakkurijärvi.

Water Biological material Soil and sediment

Stream water sampling
Boliden: May - Oct 2008;
                Feb - Sept 2009
 Kiruna:  Apr - Oct 2008 

Phytoplankton
NS, Bru: May, Jul, Oct 2008
Tailings, MR, R: Aug 2009;
                             Jun 2010

Lake sediment cores
NS, Bru: Jun 2009; Apr 2010
Tailings, MR, R: Aug 2009;
                             Jun 2010

Lake vertical profiles
NS, Bru: May, Jul, Oct 2008;
                Apr, Jun 2009
Tailings, MR, R: Aug 2008;
                             Apr, Jun 2009

Littoral vegetation
(macrophytes)
Boliden: Jul 2008; Aug 2011
Kiruna:   Aug 2010 and 2011

Soil (stream, sediment,
peat, humus)
Boliden and Kiruna: Jun and
Aug 2011

Terrestrial vegetation
(fir and spruce needles,
birch leaves)
Boliden and Kiruna: Jun and 
Aug 2011

Table 1. Analysed parameters in the sampling media water, biological material and soils 
and sediment.

 
Parameters analysed 

in laboratory
Parameters

analysed in field
Data used in 

Paper #

Stream water
samples

TN, TP, NH4
+, NO3

-, 
NO2

-, PO4-P (SRP), 
DOC, POC, PON, 
Chl-a, Cu

Flow, Temp,
Conductivity, pH, 
DO (% and mg L-1)

I, II, III, IV, VI

d18O,  d15N in nitrate and 
ammonium VI

Lake water samples
TN, TP, NH4

+, NO3
-, 

NO2
-, PO4-P (SRP), 

Chl-a, phytoplankton, 
Fe, Mn, S

Temp, Conductivity, 
pH, DO (% and mg L-1) I, II, III, IV, VI

Soil and sediment Lead-210, TN, OC, P, Fe  I, II, III, IV, VI

d13C,  d15N  VI

Littoral  vegetation
TN, TP, OC,  d13C,
d 15N , 13Ca (at-%),
15N (at-%)a

Biomass, species 
composition

I, II, III, V, VI, 
V, VI

Terrestrial
vegetation TN, OC, d13C,  d15N  VI

Phytoplankton Biomass, species com-
position   I, II, III, VI
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Table 1 summarizes the various parameters analysed in water, sediment, soil and vegetation (littoral 

4.1.1 Water sampling

The sampling programme in the Brubäcken system included weekly to biweekly sampling at the 

Kiruna–Rakkurijoki system

environmental monitoring programme. 

 (Fig. 4) were measured in the deepest part of the lakes and ponds in the two systems. 

Water samples for dissolved organic carbon

oC until analysis.

The nitrogen isotopic composition of dissolved nitrate ( 15
3) and ammonium ( 15

4) was 
15

3) 
(Fig. 3). The samples were stored frozen until analysis. 

4.1.2 n situ measurement of water ow and water uality parameters 

Boliden – 
were measured in situ

ater discharge
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Kiruna -
Water 

discharge 

4.1.3 iffusive gradients in thin lms devices

station 6203b. They were mounted singly or in duplicate together with a temperature logger, enabling 

4.1.4 Sediment and soil 

sediment samples were dried at 50 oC and ground. For organic C determinations, samples were 

210Pb data using a 210Pb constant rate of supply 

4.1.5 Biological material 

Phragmites australis (common reed) were collected 

o31`, E 21o25`). Macrophytes were also collected at the two of the 

squares) randomly distributed. Macrophytes found included (water horsetail), 
Potentiella palustris (marsh cinquefoil), Carex nigra sp., Carex rostrata and Salix sp.
biomass 

oC, milled and put in tin capsules for determination of C and 

Lake water samples were collected to obtain biovolume and species composition of phytoplankton 
o8`, E 20o5`) and Lake Jutsajaure 

o o
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4.2 Analytical methods

4.2.1 Water parameters 

Boliden – Brubäcken system were sent to accredited laboratories for 

4

3 2

Kiruna – Rakkurijoki system, water samples were analysed for their N and P species at the 
2

4 3

Nitrogen isotopic composition of dissolved nitrate and ammonium was analysed at the University of 

et al. (2000) ( 15
3

15
4) were used, with analytical precisions 

15
3 and 15

4, respectively.

4.2.2 Sediment and soil 

Boliden (Paper I) - Total N in sediment was determined using 
while sedimentary TP was determined by inductively coupled 

Kiruna (Paper I) 

Papers II, III, IV, VI - 210

13 15N.

4.2.3 Biological material

Boliden (Papers I-III) –

Kiruna (Paper I)- 

Papers V and VI 
sediment samples.

Quantitative determination of biomass and species composition of algae was performed at the 
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4.3 Statistical analysis 

Minitab 16. 
sedimentary TN and TP concentrations and 15N data from sediment and plant analysis did not meet 

4.4 Laboratory experiments

4.4.1 Investigation of phosphorus speciation (Paper I)

4

4.4.2 Investigating SRP release (Paper IV)

4
concentration (trial 2), and dissolved oxygen concentration (trial 3). Furthermore, an experiment was 

3

4.5 Field experiments

4.5.1 Investigating limiting nutrient for macrophyte growth 

The question of limiting nutrient for macrophytes growing in mine water impacted lakes was 

Carex 
rostrata or Canadian pondweed, Elodea canadensis). The plants were subjected to different levels 

2 4) 
4 3) salts were dissolved in deionised water to obtain stock solutions, 

which were added with the intention to double the initial P and N concentrations. Each treatment was 

During the course of the fertilisation experiment, some plants of Elodea Canadensis did not manage to 
Carex rostrata survived and increased their biomass during the experiment. 

The largest increase in biomass was observed for the treatment with increased concentration of both 
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treatments (blank and high N/low P concentration).

4.5.2 Stable isotope tracer study (Paper V)
2, 0.4 m inner diameter) were inserted into the sediment 

4
+

3
isotope tracer solutions of 15

4
+

3
Phragmites australis

was chosen within a few metres of the mesocosms. The total duration of the experiment was 22 

15 15

15
f 3 4

+ by 
P. australis were calculated based on the equations originally proposed by Dugdale and Wilkerson 

4.6 Modelling and mass balance and approach to simulate nitrogen transformations

The focus of this work was to study N cycling and transformation reactions in lakes and streams 

concentrations in the receiving waters, and give some general insight into the behaviour of N in 

et al., 2008; Ford, 2010). This limitation was overcome by developing a dynamic biogeochemical 
model that describes the dynamics and transformation of N and links transport processes with 

al., 2002), has been further developed to simulate processes and impacts related to mine drainage 

few biogeochemical models have been developed that focus primarily on simulation of processes 

4.6.1 Conceptual model 

transformation processes of six N forms (state variables): ammonium nitrogen (Nam, 4
nitrogen (Nox 3 org), in phytoplankton (Npp), in macrophytes (Nmp) 
and in sediment (Nsed

processes were also included in the model. Three transformation processes are considered to lead to 
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4.6.2 Quantitative and dynamic models

the change of mass of a certain compound in a water body over time is the sum of all compound 

variations of the six state variables are described by a set of coupled differential equations (see Eqs. 
r) that 

rate of these processes is given in mg L  d .

4.6.3 Model boundaries and input data

of 135 000 m2 3, while the lake has an area of 360 000 m2 and a volume of 
3

6203a (Fig. 3) as well as groundwater data. Each input variable consisted of 53 data points, i.e. one 

4.6.4 Model evaluation and calibration

by changing values of various variables and observing the model outputs.

sensitivity analysis

                                                                                 
(11)    

                            

where p n is the number of days simulated, Xi 
is the new variable value and Xi

t the variable value for a certain year. 

calibration process, model parameters were stepwise and manually adjusted using 
intervals reported in the literature (Trolle et al., 2008). The precision of the calibration process 
was evaluated by plotting simulated model results versus measured values, obtaining values of the 

2).

validation step the model was tested against an independent data set in order to see how well 

∑
=

−
⎟⎟
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4.6.5 Mass balance calculations

In order to evaluate whether Lake Bruträsket was a sink or a source for the various N species (e.g. 
NH4-N and Npp), a mass balance calculation was performed for the period mid-April to mid-October 
(Paper III). The mass of the respective N species (Nspec) was expressed in kg and was calculated 
according to Eq. (12) 

Nspec(mg m-3)*flow volume (m-3 d-1)*number of representative days*10-6 = kg/time period   (Eq. 12)

∑(kg/ time period) = kg for the whole period.

The budget for these N species was then calculated as:

masslake inlet(kg) – masslake outlet (kg)

Accumulation in the lake was assumed to occur if massinlet > massoutlet. 

5. Findings

The sections below contain brief descriptions of the main objectives and results of Papers I-VI. 
Table 2 summarizes the rates (expressed as mg L-1 d-1) of various transformation processes obtained 
from modelling and laboratory experiments. 

Table 2. Rates of various N and P transformation processes (unit: mg L-1 d-1).
Permanent N removal Biological N uptake Phosphorus

Denitri-
fication

Volatili-
sation

Sediment 
N Burial

PPuptake MPuptake
b Sedimen-

tary SRP 
flux

External 
SRP flux

Lake Bruträsket

Modela 
simulations

0 – 0.028 
(0.0080)

0 – 0.0037 
(0.00030)

0.0037 
– 0.0082 
(0.0054)

0 – 0.0052 
(0.00053)

0  – 0.014 
(0.0020)

Estimated from 
experiments/
measurements

0.0026 0.0032 
-0.018 0.00041 5.2*10^-6

Nya sjönc

Modela 
simulations

0 – 0.13 
(0.022)

0.0003 
– 0.018 
(0.0061)

0.010 
– 0.022 
(0.015)

0 – 0.00094 
(0.00015)

0 – 0.073 
(0.011)

aMinimum to maximum values with average in parenthesis.
bRefers to ammonium uptake.
c Refers to simulation results obtained from modelling of Nya Sjön data in the STELLA software.

5.1 Paper I 

5.1.1 Objectives of the paper

At both study sites water, lake sediments, and macrophytes were collected and evaluated with regard 
to TN and TP concentrations, and TN:TP mass ratios (see section 2.4). Based on the data set the main 
objectives of the study were to examine (1) spatial variations within the systems, (2) differences 
between the systems and (3) seasonal variations. The question of limiting nutrient for phytoplankton 
and macrophytes in waters receiving mine effluents was also addressed. Two years were compared: 
2005 (Boliden gold leach plant in operation) and 2008 (Boliden gold leach plant closed).
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5.1.2 Results

at the same time it displayed  lower species variability. Depending on the ammonium concentration 
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Figure 5. Logtransformed TN:TP mass ratios plotted versus logtransformed TP concentrations (μg/L) for all the 

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 
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P-limitation. Furthermore, the ratios indicated between-sampling-station variations that could be 
due to differences in N and P supply (Shaver and Melillo, 1984). The study has highlighted that in 
the design of remediation measures and efficient monitoring programmes it is important to include 
different sampling media (water, sediment, and macrophytes), which should be analysed for all their 
major N and P species.

5.2 Paper II and Paper III 

5.2.1 Objectives of the papers

In Paper II, a dynamic biogeochemical model was developed using hydrological and water chemistry 
data for the clarification pond Nya Sjön (Boliden) (see section 4.6). The model was calibrated and 
validated with the aim of using it for simulation of nitrogen transformation and removal in nitrogen-
rich mine water recipients.

In Paper III, the previously developed model was applied at Lake Bruträsket downstream of the 
clarification pond. The following questions were addressed: 1) Which are the main processes 
responsible for observed seasonal variations of nutrient concentrations in the lake, (2) what is the 
relative importance of the various N transformation processes, and (3) what are the major differences 
between the two systems (the pond and the lake), and (4) is the lake a sink or source for N? To 
verify the biogeochemical modelling results in Lake Bruträsket, a mass balance calculation was also 
performed.

5.2.2 Results

According to the sensitivity analysis (Eq. 11) the state variables were most sensitive to changes in 
the coefficients related to the temperature dependence of the transformation processes (Arrhenius 
constants). For the 2008 data in Paper II, the values of R2 were 0.93, 0.79 and 0.86 for NH4-N, 
NO3-N and Org-N, respectively.  When applying the model in Lake Bruträsket (Paper III), some 
parameters related to water column organic N and phytoplankton and macrophyte N uptake were 
slightly altered, and the R2 values for the three state variables were 0.89, 0.79 and 0.54. The lower R2 
for Norg may be due to sediment resuspension or other transformation processes not accounted for in 
the model (Peng et al., 2007b). As a result of the validation step, the model could be used to simulate 
N transformations for 2006, 2007, 2008 (Paper II) and 2009 (Paper III), 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. 

In general, model simulations revealed clear seasonal variations for most of the transformation 
processes, with the highest rates occurring from late May until the end of September, when temperature 
exceeded 5 oC. The model-simulated rates of the various transformation processes  were 2 to 20 times 
lower in the lake compared to the clarification pond (Table 2), which was explained by differences 
in nutrient concentration, pH and residence time (Paper III). Hypothetical modelling (Asaeda et 
al., 2001) of Lake Bruträsket revealed that increased temperature and flow (shorter residence time) 
increased the simulated transformation rates (Paper III).  At the same time, increasing the flow rate 
also resulted in a higher percentage of N leaving the lake in the effluent, indicating a quicker washout 
of nutrients (Jørgensen, 2003).

In the lake, nitrification contributed with 23 % of NH4
+ removal, while about 10 % was removed 

through phytoplankton and macrophyte uptake (Paper III) (Fig. 6). In the pond, the corresponding 
numbers were 10%, 1%, and 5%. Hence, less of the NH4

+ in the pond was involved in transformation 
processes and was instead washed out. The same relative importance of the various transformation 
processes was observed in a wetland treating NH4-N rich mine water (Demin and Dudeney, 2003). 
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lake, the relative difference between N assimilation in phytoplankton and macrophytes was smaller 

vegetation and larger area covered by macrophytes in the pond. Mass balance calculations indicated 
3 3

4 3 org) left the lake than what entered, a probable result of 
uptake of inorganic N in phytoplankton and macrophytes converting it into organic N (Epstein et al., 
2013).

3 volatilisation was relatively 

5.3 Paper IV 

5.3.1 Objectives of the paper

this interaction.

5.3.2 Results

4
+

2 3
which might be caused by reduction of Fe and Mn oxides found in the normally oxidised surface 

N and P.
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increase in supernatant Mn and Fe concentrations could be observed, which is interpreted as a result 
) present in 

 
 d  (or 0.00041 mg L  d , Table 2). This was within 
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with N2 2). The arrow in b) shows the addition of ferric iron to the retrieved supernatant water.

5.4 Paper V 

5.4.1 Objectives of the paper

The overall goal with the stable isotope labelling experiment (see section 4.5.2) was to use the data 
to quantify N uptake in P. australis

4
+) or nitrate 

3 ) is the preferred N species for P. australis
4
+

3 .

5.4.2 Results

4
+

3 ) mesocosms. This probably indicated chamber effects 
caused by the relatively small size of the cylinders enclosing macrophytes and lake water. Especially 
15

4
+ was rapidly retained in the different plant parts, and at the end of the experiment 

15

injection. 15N enrichment occurred earlier in roots than in stem and leaf, and 15N enrichment was 

 min
or 0.018 mg L  d  min  or 0.0032 mg L  d ). 

4
+ 



22

Nitrogen and phosphorus interactions and transformations in cold-climate mine water recipients

P. australis 

together the results verify the assumption that emergent macrophytes mainly assimilate nutrients 
4
+ appears 

to be the preferred N form for N uptake by P. australis.
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5.5 Paper VI 

5.5.1 Objectives of the paper

The main objective of this paper was to use sediment proxy data ( 13C, 15N, C/N ratios) to reconstruct 

degree to which the original N isotope composition of explosives and NaCN changes during mineral 
processing and nitrogen transforming reactions in the recipient.

5.5.2 Results

15

authochtonous organic detritus. 

The sedimentary record of C/N, 15N, and 13

appear to be favourable for phytoplankton growth, with the phytoplankton biomass concentration 
15N shift towards higher values in the top 

4
+ enriched in 15
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component.

15N values of littoral vegetation and sediment were shifted towards higher values 
compared to that of the NaCN and the explosives.

6. 

The work performed in this thesis has improved the knowledge regarding N and P dynamics in 

Mining activities at the two sites have affected the nutrient regime in the recipients with elevated 
TN and TP concentrations compared to nearby reference stations, leading to higher TN:TP ratios 
and increased production of phytoplankton and macrophytes. Results indicate that waters receiving 

aquatic systems depends on whether TN:TP ratios of water or macrophytes are considered. These 

The observed decrease of downstream N and P concentrations is a combined result of removal processes 

4
+

The developed biogeochemical model appeared to be a reasonably robust simulation tool producing 

4
+ uptake rates estimated in the mesocosm experiment were similar to model 

simulated rates of macrophyte uptake, but lower than rates estimated from e.g. constructed wetlands. 

P. 
australis 4

+
3 , and N was preferentially accumulated 

4
+ and when the mine water is in contact with the root zone 

this would be a technically complicated remediation measure. The relative importance between 

result of denser macrophyte coverage and a shorter retention time of the pond, providing shorter 
time for transformation processes to occur. Consequently, residence time of a mine water recipient 
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is an important factor determining its nitrogen removal capacity. This factor can to some extent be 

process. Nitrogen removal through this coupled microbiological process could be enhanced if the 

from hypothetical modelling, increasing temperature of the water leads to increased transformation 

period of the year.  

4
+ and thiosalts may result in 

mine water recipients. 

Provided that 13C, 15N, and C/N ratios are known for all sediment end member components, this 

of remediation programmes, e.g. if macrophyte harvesting should be used. N isotope signals in the 
recipients were clearly shifted from the primary signal in explosives and NaCN. Thus, direct tracing 
of the primary N isotope signals in mining chemicals was not possible in the recipients, which 
demonstrates the complexity of N isotope fractionation processes in aquatic systems.

sediments.

7. Future work

ponds using the acetylene (C2 2

microelectrodes/sensors, which give a high spatial resolution (μm to mm) of various N species (e.g. 
N2 4

+

2 in pore waters. 

3  and 
4
+

interest to investigate the potential production of N2
by measuring degassing of N2 2 x 

18
2

possibility to increase the process rate, and simultaneously evaluate if this will lead to an increased 
N2
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further investigated. 

biomass, possibly as a result of too low concentrations of added nutrients and sorption and precipitation 
reactions removing nutrients from the water. This could be overcome through more frequent addition 

macrophytes should be included (e.g. Elodea Canadensis) due to their ability to assimilate nutrients 
throughout their whole biomass (cf. Tan et al., 2013).

Finally, the question of limiting nutrient for phytoplankton growth in mine water recipients warrants 

the mesocosm units exposed to different concentrations of TN and TP.
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a b s t r a c t

The question of the limiting nutrient(s) for production of phytoplankton and macrophytes was explored
in two contrasting freshwater systems receiving N- and P-rich mine effluents from the Boliden and Kir-
una mine sites, northern Sweden. For both sites, total N (TN), total P (TP) and TN:TP mass ratios in water,
sediment and macrophytes were used to examine (1) spatial variations within the systems, (2) differ-
ences between the systems and (3) seasonal variations. The TN concentration from the discharge point
at the Kiruna site was about seven times higher than at the Boliden discharge point, while the TP concen-
tration 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 (Bol-
iden). Mining activities have affected the nutrient regime of the two recipients by contributing to ele-
vated TN and TP concentrations and TN:TP mass ratios as well as elevated production of
phytoplankton and macrophytes compared to the reference sites. Depending on the NH4 concentration
in the effluent at the Boliden site, water column TN:TP mass ratios shifted from being >22, indicating
P-deficiency, to between 9 and 22, indicating a transition from N- to P-deficiency (co-limitation). How-
ever, water column TN:TP mass ratios at the Kiruna site always indicated P-deficiency, while TN:TP mass
ratios of macrophytes indicate that both sites may vary from N- to P-limitation. The study suggests that
for the design of efficient monitoring programmes and remediation measures, it is important to consider
the major N and P species in water, phytoplankton, sediment and macrophytes.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Effluents from the mining industry contain, among many com-
ponents, high concentrations of nitrogenous compounds (e.g. NHþ

4 ,
NO�

3 and NO�
2 ) and P. The NH4–NO3-based explosives used in ore

mining are a main source of NHþ
4 and NO�

3 in the effluent (Mattila
et al., 2007). The destruction of cyanide used in the Au extraction
process leads to elevated concentrations of, especially, NHþ

4 in
the mine water (Logsdon et al., 1999; Akcil et al., 2003). The major
sources of P in the mine effluent include dissolution of apatite in
apatite iron ore and flotation chemicals containing dithiophos-
phate used in the enrichment process. Due to the role of N and P
as important plant nutrients, the discharge of nutrient-rich mine
water may lead to eutrophication, with increased growth, changed
species composition of both phytoplankton and macrophytes and
O2 deficiency of the receiving waters (Koren et al., 2000; Mattila
et al., 2007).

Depending on variable ore production, the ore refinement
method and process chemicals used, recipients of nutrient-rich
mine waters may experience temporal variations in nutrient sup-

ply, speciation and total N: total P (TN:TP) mass ratios (hereafter
referred to as TN:TP ratios) clearly deviating from those in natural
waters. The overall goal of this study was to investigate these vari-
ations in two streams receiving contrasting types of mine water
effluents, one NO�

3 -dominated with low–moderate input of P, and
one NHþ

4 -dominated with high input of P. For efficient remediation
measures it is important to know whether phytoplankton and
macrophytes are limited by the same nutrient (N or P), and
whether changes in TN:TP ratios can be used as an indication of
which nutrient(s) are limiting.

The assumption that biological production is P-limited in fresh-
water systems (e.g. Schindler, 1977) and N-limited in oceanic and
coastal waters (e.g. Guildford and 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 phytoplankton growth in two small humic lakes in northern
Sweden was N-limited. Furthermore, Elser et al. (1990) concluded
that in most cases fertilisation experiments where both N and P
were added lead to the largest increase in phytoplankton growth.
Various studies have been performed to study the effect of in-
creased nutrient loading on phytoplankton by varying inputs of
N and P (cf. Bothwell, 1985; Bergström et al., 2008). The effect on
macrophytes, with regard both to nutrient uptake and biomass
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increase, has been studied in mesocosm experiments (Gonzáles
Sagrario et al., 2005). Even though these fertilisation experiments
give reliable information regarding the limiting nutrient, they are
time consuming and laborious as well as disturbing to the site
(Koerselman and Meuleman, 1996). Therefore, total N: total P
(TN:TP) ratios in water and plant tissues have been used to predict
nutrient limitation (Koerselman and Meuleman, 1996; Güsewell
et al., 1998). TN:TP ratios are a common tool for predicting nutrient
limitation for phytoplankton growth in lakes (cf. Downing and
McCauley, 1992; Guildford and Hecky, 2000) and periphyton
growth in streams (cf. Dodds et al., 1997; Stelzer and Lamberti,
2001). Phytoplankton assimilate both macronutrients (e.g. N, P
and K) and micronutrients (e.g. Fe, Zn and Ni) from the water col-
umn (Barko et al., 1991). Generally, for rooted macrophytes, lake
sediments are the primary source of the macronutrients N and P
as well as micronutrients, while macronutrients such as Ca and K
are more commonly assimilated through the shoots from the open
water (Barko et al., 1991; Wetzel, 2001).

With regard to TN, TP concentrations and TN:TP mass ratios, the
main objectives of the study were to examine (1) spatial variations
within the systems, (2) differences between the systems and (3)
seasonal variations. At both sites, year-round water sampling in
discharge- and downstream sampling stations were performed
and lake sediments and macrophytes collected. All samples were
analysed for their N and P species. Based on this dataset, it was also
addressed if the TN:TP ratios of both water and sediment need to
be considered when identifying the limiting nutrient for phyto-
plankton and macrophytes.

2. Materials and methods

2.1. Study sites

Sampling was performed in two natural water systems receiv-
ing mine effluents from the Boliden and Kiruna mine sites located
in northern Sweden (Fig. 1).

2.1.1. 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 clarification pond Nya Sjön through an artificially constructed
channel that diverges into the approximately 10 km long Brubäc-
ken system, consisting of one major stream (Brubäcken, average
annual discharge �1 m3 s�1), wetlands and Lake Bruträsket
(Fig. 1). The Brubäcken stream finally 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 SO2/air process (Robbins et al.,
2001), resulting in NH4-N concentrations that over the years have
varied between 0.2 and 14 mg L�1 in the Brubäcken system. 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 to 2.8 mg L�1 and
TP concentrations varying from 0.1 to 0.3 mg L�1, the system can
be classified as eutrophic (Kalff, 2002).

2.1.2. Kiruna–Rakkurijoki–Kalix River system
In the Kiruna mine, about 32 M tonnes of apatite iron ore is

mined annually and refined into iron pellets. This requires large
amounts of water and, depending on the amount of precipitation,
how much water is stored in the impoundments and the degree
of recirculation of process water, 4–9 million m3 of mine water is

discharged annually from a tailings and clarification pond system.
The receiving Rakkuri system is approximately 10 km long and
consists of one major stream (Rakkurijoki, average annual dis-
charge �1.5 m3 s�1), wetlands and the three lakes Mettä Rak-
kurijärvi, Rakkurilompolo and Rakkurijärvi (Fig. 1). The
Rakkurijoki stream finally discharges into the Kalix River. In the
ore extraction, NH4–NO3-based explosives are used, which have
an NHþ

4 :NO
�
3 -ratio of �1:1. However, the concentration of NHþ

4 is
rapidly reduced in the waste rock – process water – clarification
pond – system, and water discharging from the clarification pond
is dominated by NO�

3 (>90% of TN). 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 to 19.4 mg L�1, the system is classified as eutrophic, while
based on TP concentrations varying from 0.01 to 0.03 mg L�1 the
system is classified as oligotrophic to mesotrophic (Kalff, 2002).

2.2. Sampling and sample preparation

2.2.1. Water sampling
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. Sampling
was performed at sampling stations B1 and B2 (Fig. 1), and the ref-
erence station BR (N 64�420, E 20�260) (2008 data only). Station B1
represents the outlet from the clarification pond Nya Sjön, and Sta-
tion B2 is located downstream of Lake Bruträsket. In the Kiruna–
Rakkurijoki system, water sampling was performed by technical
personnel from the mining company Luossavaara Kiirunavaara
AB (LKAB) on 10 occasions from January until October 2008. Sam-
ples were taken at sampling stations K1, K2 and the reference sta-
tion KR (2008 data only) (Fig. 1). Station K1 represents the outlet
from the clarification pond, and Station K2 is located downstream
of the three lakes in the Rakkurijoki stream. To study variations re-
lated to periods when the Boliden gold leach plant is in operation
or closed, data were taken from years 2005 (in operation) and 2008
(closed) with data for February and March 2009 added in order to
get a 1-year-cycle. For comparison, data from 2005 and 2008 were
chosen also for the Kiruna site. For analysis of N and P species,
unfiltered water samples were collected at �15 cm depth in pre-
cleaned polyethylene bottles. Trace metals were determined in
water filtered through a 0.45 lm Millipore membrane filter. Only
Cu results are shown, but other ore metals (Zn, Cd, Pb) showed
similar patterns. Samples were stored at 4 �C or in a freezer until
analysis.

In July 2008 water samples were collected from the clarification
pond Nya Sjön and Lake Bruträsket (Boliden) to obtain total bio-
mass (lg L�1) and species composition of phytoplankton. At five
randomly selected sites in the lakes, water was sampled at 0.5–
1 m 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 Au-
gust 2009, the same procedure was performed in the tailings pond
and lakes Mettä Rakkurijärvi and Rakkurjärvi (Kiruna). Lake
Ögerträsket (Västerbotten county; N 64�80, E 20�50) and Lake Jutsaj-
aure (Norrbotten county; N 67�30, E 19�560), both included in the
Swedish lake monitoring programme, were chosen as reference
lakes for the Boliden and Kiruna sites, respectively.

2.2.2. Sediment sampling
In June and August 2009, 26–30 cm deep sediment cores were

collected from Lake Bruträsket (Boliden) and Lake Mettä Rak-
kurijärvi (Kiruna) using a Kajak gravity corer with a core tube
diameter of 64 mm (Blomqvist and Abrahamsson, 1985). Cores
were sectioned in subsamples (0.5 cm thick for the uppermost
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5 cm and 1 cm for the rest of the core), which were dried to a con-
stant weight at 50 �C and thereafter ground. Also, samples from the
littoral zone (uppermost 1 cm) of Lake Bruträsket were collected.
In August 2010 sediment samples were collected using the same
sampler at five stations (01–05) along a part of the Rakkurijokki
stream (Fig. 1).

2.2.3. Macrophyte sampling and estimation of biomass
The macrophytes included in this study are rooted emergent

macrophytes located in the littoral zone of lakes. 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 connected to the Gil-
lervattnet tailings impoundment, the clarification pond Nya Sjön
and Lake Bruträsket. For comparison, samples were also collected
from the reference Lake Brännträsket (N 65�310, E 21�250). At all
sampling stations, 2–3 replicates (50 � 50 cm squares) were ran-
domly distributed. Based on the number of shoots within the
square, dry weight biomass was calculated according to the follow-
ing equation:

Biomass ¼ �19:296þ ð3:1644 �No of shootsÞ

where �19.296 is the intercept and 3.1644 is the slope using the
biomass and number of shoot data for P. australis in Danell (1971).

In August 2010 macrophytes were collected at the Kiruna sam-
pling stations 01–05 (Fig. 1) for chemical analysis. Macrophytes
found included Equisetum fluviatile (water horsetail), Comarumpa-
lustre (marsh cinquefoil), Carex nigra sp. (common sedge), Carex
rostrata (bottle sedge) and Salix sp. At two of the sampling stations
biomass was estimated. At one of the stations five replicates
(50 cm � 50 cm) were randomly distributed within two vegetation

belts (water standing and shrub belt); at the second locality two to
three replicates were randomly distributed within three vegetation
belts (water standing, sedge belt and shrub belt). Within the
50 � 50 cm squares, fresh weight was obtained by harvesting and
weighing all macrophytes present in the square. For E. fluviatile
and C. rostrata, fresh weight was converted to dry weight by using
a linear regression model between fresh weight and dry weight
(see above and Danell, 1971). 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). Biomass
was expressed as total dry weight per m2. Before chemical analysis,
macrophyte samples were dried at 105 �C and ground. At both the
Boliden and Kiruna sites, the amount of N and P (g m�2) in biomass
was obtained by multiplying concentrations of these elements
with the biomass.

2.3. Investigation of phosphorus speciation and size distribution

A filtration 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 filtered in the field through Millipore Isopore mem-
brane filters (47 mm diameter, pore sizes 5, 2, 0.4 and 0.1 lm). Fil-
ters were rinsed in deionised Milli Q water for a minimum of 24 h
before filtration. The initial water volume was filtered in series
through filters of decreasing pore size, with part of the filtrate col-
lected in an acid-washed 50 or 125 mL polyethylene bottle for
analysis of TP and/or PO4-P. After the final filtration stage, part of
the filtrate was stored for analysis, while about 40 mL was kept
for ultrafiltration through a 10 kD Amicon Ultra-15 centrifugal fil-
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ter device. The filter devices were placed in an Eppendorf centri-
fuge 5804R with a fixed angle rotor, and centrifuged for 25 min
at 4 �C at a centrifugal force of 5000g. An unfiltered sample was
also collected.

2.4. Analytical methods

All samples collected in the Boliden–Brubäcken systemwere 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. Phophate-P
and NH4-N were determinsed on an AutoAnalyser. Finally, NO3-N
and NO2-N were determined spectrophotometrically on a TRA-
ACS-instrument. For 2005 water chemistry data, TN, TP and PO4-
P were determined using FIA. Phophate-P is considered to repre-
sent soluble reactive P (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 induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES).
For macrophytes, TN was determined using a Leco Tru Spec (LECO,
Michigan, USA) and TP was analysed using inductively coupled
plasma sector field mass spectrometry (ICP-SFMS). Throughout
the text, all TN:TP ratios are defined as mass ratios in accordance
with cited literature (cf. Downing and McCauley, 1992; Koersel-
man and Meuleman, 1996). Ratios were calculated by dividing con-
centrations in mg L�1 (water samples) or mg kg�1 (sediment and
macrophytes). For determination of Chlorophyll-a (Chl-a), a water
sample was filtered using Whatman GF/C filters and spectrophoto-
metrically determined on a Shimadzu instrument (MVR14). Dis-
solved O2 (DO), pH and conductivity were measured in situ using
a Hydrolab MS5 water quality sonde (Hach Environmental, Love-
land, CO, USA). For Bolidenmonitoring data (2005), DO and pH
were measured using an MTW 340, while at station B1, pH is re-
ported as the average value from two on-line pH meters.

In the Kiruna–Rakkurijoki system, water samples were analysed
for their N and P species at the analytical laboratory of LKAB, Kir-
una. 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 modified Kjeldahl
method (Bremner, 1996). Sedimentary TP was determined using
ICP-AES, while TP in macrophytes was determined using ICP-SFMS.
Chl-a was determined spectrophotometrically on a Hach instru-
ment (DR2010) after filtration using Whatman GF/C filters and
extraction with methanol. DO was measured in situ using a HACH
HQ 40D MULTI water quality sonde, while pH and conductivity
were measured at the LKAB laboratory with a Tinet instrument
(Metrohm).

For determination of filtered trace metals (<0.45 lm), samples
were acidified with 1 mL suprapur HNO3 and analysed using ICP-
SFMS.

Quantitative determination of phytoplankton species composi-
tion and bio mass (Olrik et al., 1998) was performed at the accred-
ited Biodiversity Laboratory at the Swedish University of
Agricultural Sciences (SLU). Ecological status of the lakes based
on total biomass of phytoplankton was determined using environ-
mental quality criteria established by the Swedish Environmental
Protection Agency (SEPA, 2007).

2.5. Statistical analyses

Statistical processing of the data was performed with the soft-
ware Minitab 16. Since data did not meet assumptions of homosce-
dasticity and normality, non-parametric Mann–Whitney tests
were performed to test for significant differences in sedimentary
TN and TP concentrations and ratios.

3. Results and discussion

3.1. Water quality parameters

At both the Boliden and Kiruna sites, seasonal variations in the
water quality parameters pH, conductivity and dissolved O2 (DO)
and the concentration of filtered Cu (<0.45 lm) were similar dur-
ing 2005 and 2008 (Figs. 2 and 3). In general, there was a down-
stream decrease at both sites for the different parameters and the
values were higher compared to the reference stations. However,
the Cu concentration was somewhat higher in B2 compared to B1,
probably as a result of lower pH in B2. Furthermore, DO was high-
er at sampling station B1 than at B2 (Fig. 2c and g), where it
showed a marked drop in late May. This may indicate nitrification,
since there was a concurrent minor drop in pH and a slight in-
crease in dissolved NO3-N relative to NH4-N (Fig. 4b). Due to lim-
ing of the water discharging from the Gillervattnet tailings
impoundment, pH varied between 10 and 12 at the Boliden dis-
charge point (B1), which was �3 units higher compared to the
Kiruna discharge point (K1). Both downstream points (B2 and
K2) had pH values �6–8. Cu concentrations varying between
�0.5 and 4.5 lg L�1 for the two sites are classified as low – mod-
erately high according to the Swedish Environmental Protection
Agency (SEPA, 1999). The approximately 10-fold increase in Cu
concentration in May 2005 at the Boliden site coincided with a
pH drop of about 2 units (Fig. 2e, h), which apparently mobilised
Cu from solid phases.

3.2. N and P speciation and size distribution

At the Boliden site, PO4-P constituted <13% of TP, while at the
Kiruna site PO4-P formed 9–38% of TP (Fig. 4a and c). The usage
of flotation chemicals containing dithiophosphate at Boliden leads
to considerably higher TP concentration at station B1 compared to
the Kiruna station K1 (Fig. 4a and c). TN was higher at station K1,
with NO3-N as the dominating inorganic N-species throughout the
year (Fig. 4d). At Boliden (Station B1), on the other hand, the dom-
inance varied between NO3-N and NH4-N (Fig. 4b).

The P size distribution experiment showed, except for station
B2, decreasing P concentration with decreasing filter pore size
(Fig. 5a and b). This was especially pronounced at station K1,
where 52% of TP occurred in fractions >2 lm. The contrasting pat-
tern at station B2, with lower P concentrations in fractions >2 lm,
appears unrealistic and is probably a filtration artefact. The Bol-
iden and Kiruna systems appeared quite similar, except for pH,
which was higher at the Boliden discharge point B1 (Figs. 2 and
3), while they differed with respect to N speciation as well as in
total concentration of N and P (Fig. 4). This is probably mainly
due to different ore processing techniques and chemicals used
at the two sites.

Information on N and P speciation is important for characterisa-
tion of the water and is also related to macrophyte uptake. How-
ever, 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 nutrient–algae relationship
often use TN and TP instead of inorganic nutrients (Guildford and
Hecky, 2000), which can be partly explained by the lack of specia-
tion data for N and P. In some studies (Morris and Lewis, 1988;
Bergström, 2010; Ptacnik et al., 2010) the ratio between dissolved
inorganic N (DIN) and TP has been used and is suggested to be a
more appropriate measure to assess phytoplankton nutrient limi-
tation. Nevertheless, at both the Kiruna and the Boliden sites,
DIN on average constitutes >70% of TN, leading to similar values
for DIN:TP and TN:TP ratios, respectively. For these reasons, N
and P and their ratios are discussed in terms of TN and TP through-
out this paper.
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3.3. Water column TN, TP and TN:TP mass ratios

3.3.1. Boliden–Brubäcken system

TN – During 2008 the TN concentration dropped sharply during
the spring flood in late April, some 6 weeks after closure of the
gold leach plant in March 2008 (Fig. 6a). The TN concentration
remained <2 mg L�1 during summer and increased slightly
towards the end of the year. The TN concentration was on aver-
age four times lower than in 2005 (Fig. 6d), when the gold leach
plant was in operation. Also in 2005 the concentration was low-
est 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.
TP – In 2008, TP concentrations dropped during the spring flood
(�0.2 mg L�1) and between August and mid-October
(�0.3 mg L�1) (Fig. 6b). Since the ratio of P/Chl-a in phytoplank-
ton is �5 by weight (Jørgensen et al., 1979) and the summer
maximum in Chl-a was 4.8 lg L�1 for sampling station B1, the

August–October drop in TP cannot be explained by biological
uptake of P. Instead, the summer decrease in TP is probably
mainly explained by settling of particulate P, which is sup-
ported 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. 6e). Similar to TN, the TP concentration was lower
in the downstream station B2, indicating dilution and/or P loss
from the system.
TN:TP mass ratios – In 2008 the TN:TP ratios increased during
summer and reached a maximum during the TP minimum in
August to October. In general, the variations in the TN:TP ratios
were influenced to a greater extent by TP concentrations than
by TN concentrations, since there was a greater seasonal varia-
tion 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. 6f). In 2005 the TN:TP ratios were influ-
enced by the TN concentration to a greater extent, since the
ratios decreased until August, even though the P concentration
peaked during this period.
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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. 6a and b). Also, the TN:TP ratio
showed considerably smaller seasonal variations compared to
the Brubäcken system (Fig. 6c).

3.3.2. Kiruna–Rakkurijoki system

TN – The TN concentration (�NO3-N) was about 4–6
times higher at the discharge station K1 than at K2
(Fig. 7a). In 2008, the TN concentration at K1 was on average
about seven times higher than for the Boliden discharge station
(B1).
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. 7b and e). This
is a possible indication of biological uptake of P in the clarifica-
tion pond system, where Chl-a concentrations in the range 18–
40 lg L�1 were measured in 2008 and plankton blooms have
been reported (LKAB, pers. comm.). In 2008 the TP concentra-
tion decreased markedly over the year, from 0.050 to
0.020 mg L�1 (Fig. 7b).

TN:TP mass ratios – Since the annual variations in the TN con-
centrations were relatively minor, the TN:TP ratios were mainly
governed by variations in the P concentration, with the summer
minimum in TP at Station K1 corresponding to a summer max-
imum in the TN:TP ratio (Fig. 7c and f). In 2008 the TN:TP 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 nine times lower than at K2, and showed little vari-
ation over the year (Fig. 7a). 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. 7b). Thus, the TN:TP ratio (25–36) was considerably lower
compared with the ratio at the sampling stations in the Rakk-
urijoki stream (>200) (Fig. 7c).

3.4. Phytoplankton biomass and species composition

According to the Swedish environmental quality criteria for to-
tal biomass of phytoplankton (SEPA, 2007), the ecological status of
the clarification pond Nya Sjön is classified as moderate to poor
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and that of Lake Rakkurijärvi as high, while the status of other
studied lakes and ponds is assessed as bad (Table 1).

It should be noted that assessment of the Kiruna and Boliden
lakes and ponds is based on a 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 ele-
vated biomasses compared with their reference lakes (Fig. 8a–d).
Total biomass in Lake Bruträsket (5064 lg L�1) was almost five
times higher than for the clarification pond Nya Sjön
(1000 lg L�1), and about twice as high as the biomass in the Kir-
una tailings pond (2200 lg L�1) (Table 1). The production of phy-
toplankton in the Kiruna pond could be hindered by the shallow
secci depth (�0.5 m), leading to reduced light penetration and
hence lower photosynthetic activity (Fragoso et al., 2008). Based
on their TP concentrations, these three lakes are classified as
mesotrophic to eutrophic and their species composition was dom-
inated by Chlorophyceae (40–96% of total biomass, major species
Oocystis marssonii and Tetrachlorella alternans) (Fig. 8a and 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) and the species is favoured by
high TN:TP ratios or high sediment nutrient supply. However, in
the year 2000, before the gold leach plant was in operation, Chlo-
rophycea constituted only 4% of total biomass, which was
20 lg 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 Rak-
kurijärvi other phytoplankton groups were present, with Bacillar-
iophyceae, (major species Cyclotella spp.) constituting 20% or,
Cryptophyceae and Cyanophycaeae, (with Rhodomonas lacustris
and Woronichinia compacta as respective major species) constitut-
ing 10% of total biomass (Fig. 8b). The presence of Cyanophycaeae
can be used as an indicator of N-limiting conditions, since this is a
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N-fixing phytoplankton group (Kalff, 2002). However, due to the
high TN:TP ratios (2100–3400) observed for this lake, this is prob-
ably not the explanation for their presence. The dominant phyto-
plankton group, in Lake Rakkurijärvi as well as in the reference
lakes, was Chrysophyceae (major species Pseudospinella sp.), which
is common in oligotrophic systems with low TP concentrations
(Watson et al., 1997).

3.5. Sediment and macrophyte data

Modelling of N transformations in the clarification pond Nya
Sjön showed that nutrient uptake by macrophytes is quantitatively
more important than uptake by phytoplankton (Chlot et al., 2011).
Moreover, due to excessive growth, macrophytes are harvested
every year in the Rakkurijoki system. Due to the importance of sed-
iment for macrophyte nutrient uptake (Carignan and Kalff, 1980;
Barko and Smart, 1981), it is important to study the relationship
between TN:TP ratios in water, macrophytes and sediment in order
to investigate the role of lake water versus the sediment pore-
waters as a nutrient source for macrophytes. In general, at the Bol-
iden and Kiruna sites, the TN:TP ratios of both sediments and mac-
rophytes were lower compared with the ratios in the water
column, with the lowest ratios found in sediments (Figs. 6f, 7f
and Table 2).

3.5.1. Sediment
Average sedimentary TN and TP concentrations for both the

sediment cores and the littoral samples are within the range re-
ported in literature (Table 2). The dry weight concentration of TN
was significantly higher (P < 0.05) in the sediments from the Kir-
una sampling stations (01–05) and Lake Mettä Rakkurijärvi than
the TN concentration in Lake Bruträsket sediment (Table 2). Aver-
age TP concentration for the two lake sediment cores was quite
similar, while it was on average about 50% lower for the sediment
collected at sites 01–05 (Table 2). This is consistent with the rela-
tionship for these species in the water column; i.e. the TN concen-
tration is higher at the Kiruna site, while the TP concentration is
higher at the Boliden site. Several studies have shown that the con-
centrations of these elements in lake sediments and overlying
water are correlated (cf. Enell and Löfgren, 1988: Fukushima
et al., 1991). Furthermore, the Kiruna sedimentary TN:TP ratios
were significantly higher (P < 0.05) than the Boliden ratios. The
average TN:TP ratios in the sediments from the Kiruna sampling
stations 01–05 were higher compared with values for an oligo-
trophic, mesotrophic and eutrophic lake reported by Fukushima
et al. (1991) (Table 2). The average TN:TP ratio from Lake Mettä
Rakkurijärvi sediment corresponds to the TN:TP ratio for a meso-
trophic lake (Fukushima et al., 1991), while the average TN:TP ratio
for the Bruträsket sediment core corresponds to the TN:TP ratio for
an eutrophic lake (Fukushima et al., 1991).
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3.5.2. Macrophytes
Dry weight biomass obtained for the Boliden gradient was on

average three times higher compared to the reference Lake

Brännträsket but four times lower compared to what was obtained
for the sampling stations at the Kiruna site (Table 3). Hence, the
amount of TN and TP (g m�2) contained in the Boliden macro-
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Table 1
Measured phytoplankton biomass (BM) (lg L�1) in the study and reference lakes and classification of ecological status according to SEPA (2007).

Lake Type of lake Measured BM (lg L�1) Ecological status

Clarification pond (B) Clear 1009 Moderate-poore

Bruträsket (B) Humic 5064 Badg

Tailings pond (K) Clear 2200 Badf

Mettä Rakkurijärvi (K) Clear 1457 Badf

Rakkuirjärvi (K) Humic 273 Highc

Ögerträsketa Humic 500 Goodd

Jutsajaureb Humic 360 Highc

(B): Boliden; (K): Kiruna.
a Reference lake, Västerbotten county, measured BM is an average value for the years 2004–2009, except 2005.
b Reference lake, Norrbotten county, measured BM is an average value for the years 2004–2009.
c BM 6 400, in humic lakes.
d 400 < BM 6 1000, in humic lakes.
e 650 < BM 6 1350, in clear lakes.
f BM > 1350, in clear lakes.
g BM > 2000, in humic lakes.
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phytes was on average two to three times lower compared to the
Kiruna macrophytes (Table 3). The TN concentration observed in
the macrophyte species collected at sampling stations 01–05 was
generally at the higher end or exceeded the concentrations re-
ported in literature for these species (Table 2 and references there-
in). The TP concentration, on the other hand, was generally
towards the lower end reported for these species (Table 2). The
same pattern could be observed for P. australis collected along
the Boliden gradient (cf. Koerselman and Meuleman, 1996; Ta-
ble 2). The accuracy of the relation between biomass and TN and
TP could in future studies be assessed and potentially be improved
by measuring both number of shoots as well as dry and fresh
biomass.

The values of the TN:TP ratios for macrophytes collected in Bol-
iden and Kiruna were within the same range of minimum to max-
imum values (Table 2) and they are comparable with ranges in
macrophytes reported by Koerselman and Meuleman (1996). In
general, for the macrophytes collected along the Boliden gradient,
the TN:TP ratio increased from the liming pond to Lake Bruträsket.
This between-sampling station variation could be a response to
differences in N and P supply ratios (Shaver and Melilo, 1984).
For the macrophytes collected in Kiruna some species from one
sampling station (01–05) had a mean TN:TP ratio > 16, while other
species in general had a mean TN:TP ratio < 14. This within-
sampling station variation could indicate that the same site can
be P-rich for some species and P-poor for others (Güsewell et al.,
1998).

3.6. Limiting nutrient

Liebig’s ‘‘Law of the minimum’’ states that the yield of an organ-
ism is determined by the abundance of the nutrient that, in rela-
tion to the needs of the organism, is least abundant in the
system (Wetzel, 2001). Due to the importance of N and P for both
phytoplankton and macrophyte production (Barko et al., 1991;
Wetzel, 2001), it is usually the limitation of one of these nutrients
that is considered.

3.6.1. Phytoplankton and macrophyte growth
Several authors have used the water column TN:TP ratio to pre-

dict the potentially limiting nutrient for phytoplankton growth in
aquatic systems (cf. Downing and McCauley, 1992; Guildford and
Hecky, 2000). These predictions often use as a target the atomic
TN:TP ratio of 16:1 for planktonic biomass first proposed by Red-
field (1958). Guildford and Hecky (2000) concluded that at a water
column TN:TP ratio > 22, phytoplankton growth of a system will be
P-deficient, at a TN:TP ratio < 9, N will be the limiting nutrient
(TN:TP ratios refer to mass ratios in accordance with cited litera-
ture). Systems with ratios within the 9–22 range show a transition
from N to P deficiency (co-limitation). According to these limits,
the Boliden sampling station B1 was co-limited or approached
the limit of P deficiency during early spring 2008 when the N con-
centration was high, or in late summer and autumn when the P
concentration was low (Fig. 9a). During the rest of the year it
was N-limited. Station B2 was mostly co-limited by N and P, except
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in mid-August to October when it could be defined 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 Rakkurij-
oki system are clearly defined as P-limited. During 2005 all sam-
pling points at the two sites could be defined as P-limited
(Fig. 9b). However, the TN:TP-ratios at station B2 and to some ex-
tent at station B1 were closer to the target TN:TP ratio of 22 than
were the ratios at K1 and K2 (Fig. 9b).

The TN:TP 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 TN:TP ratios > 16,
and by N at ratios < 14 (Koerselman and Meuleman, 1996). Inter-
mediate ratios indicate that both these nutrients could be limiting.
Comparison of the observed ranges in TN:TP ratios for Boliden and
Kiruna macrophytes (Table 2) with these established ratios sug-
gests that the sites vary from N- to P-limitation. For the Kiruna case

this is in contrast to the clear phytoplankton P limitation indicated
by the streamwater TN:TP ratios. One explanation for this discrep-
ancy could be the fact that the preferred form of N for uptake by
macrophytes (NHþ

4 , Barko et al., 1991; Jampetoong and Brix,
2009) is much less abundant than NO�

3 . This limits the potential
uptake of N from the water column, which otherwise might occur
at higher N concentrations (Huebert and Gorham, 1983). In Bol-
iden, on the other hand, where NHþ

4 is the dominating inorganic
N species (Fig. 4b), 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 and Mantai, 1978).

One explanation for the low water column PO4-P concentration
in Kiruna and, hence, an indication of P-limitation could be the
high average solid Fe:P mass ratio of 65 for the Kiruna sediments.
This is higher than the ratio of 15 suggested by Jensen et al. (1992)
as sufficient to control P loading through Fe adsorption. For com-
parison, the ratio was 19 for the Boliden sediments. This suggests

Table 2
TN and TP concentrations and TN:TP mass ratios in sediment and aboveground biomass in macrophytes reported as average values ± S.D. (standard deviation) or min–max values.

Site Sample type na TN (mg/kg dw) TP (mg/kg
dw)

TN:TP mass
ratio

Remark/reference

Sediment
Boliden Lake Bruträsket sediment

core
26 6557 ± 1681 2580 ± 889 2.89 ± 0.89 Average, 0–26 cm sediment depth

Lake Bruträsket littoral zone 7 8891 ± 3002 2492 ± 585 4.0 ± 2.4 0–0.5 cm Sediment depth

Kiruna 01–05 5 13,900 ± 1681 1506 ± 424 9.91 ± 3.32 0–10 cm Sediment depth
Lake Mettä Rakkurijärvi
sediment core

30 12,423 ± 1360 2727 ± 1166 5.35 ± 2.1 Average, 0–30 cm sediment depth

References American lakes 40 300–24,100
(7800)

200–4900
(1800)

1.5–3.1 (4.3) Barko and Smart (1986) (mean in parenthesis)

Oligotrophic lakes 3 3000–4400
(3733)

1090–1150
(1120)

2.8–3.8 (3.3)

Mesotrophic lakes 3 3500–8600
(7100)

510–1850
(1130)

4.6–6.9 (6.3) Fukushima et al. (1991) (mean in parenthesis)

Eutrophic lakes 28 1000–12,800
(4820)

260–13,300
(1920)

0.96–3.8
(2.5)

Macrophytes
Boliden Boliden gradient (Phragmites

australis)
16b 21,370 ± 17307 1239 ± 880 15.5 ± 4.6 Stem and leaf samples collected at liming pond, clarification

pond and Lake Bruträsket
Lake Brännträsket
(Phragmites australis)

4 17,154 ± 16085 1527 ± 1048 11.5 ± 7.3 Reference lake (Norrbotten county)

Kirunac Equisetum fluviatile 4 18,450 ± 2645 1853 ± 447 10.30 ± 2.5 Sampled at sampling points 01, 02, 03, 05
Comarumpalustre 3 19,767 ± 961 1260 ± 414 13.5 ± 2.6 Sampled at sampling points 02, 03, 04
Carex nigra sp. 3 22,067 ± 2714 1333 ± 383 17.5 ± 5.0 Sampled at sampling points 02, 03, 04
Carex rostrata 4 13,775 ± 1996 1116 ± 178 12.4 ± 1.8 Sampled at sampling points 01, 02, 03, 04
Salix sp. 3 10,000 ± 1054 690 ± 141 14.7 ± 1.9 Sampled at sampling points 02, 03, 04

50 � 50 cm squares randomly distributed at sampling points
01–05

References Phragmites australis 11 13,000–31,000 1000–3100 5–29.1 Koerselman and Meuleman (1996)
Equisetum fluviatile 15,600 1900; 2400 6.5 Caines (1965) and Sarvala et al. (1982)
Potentiella Palustris
Carex nigra sp. 5000–18,000 700–2800 1.8–7.5 Pegtel et al. (1996) and Hoosbeek et al. (2002)
Carex rostrata 15,950–19,560 780; 1380–

2920
6.7–11.6 Ho (1979) and Caines (1965)

Salix sp. 10,000–27,500 900 10–20 Weih and Nord (2002) and Hodkinson (1975)

a Number of samples.
b Refers to total number of stem and leaf samples.
c Average and S.D. calculated of the samples collected for each of the macrophytes species.

Table 3
Dry weight (DW) biomass (g m�2) for Boliden and Kiruna sampling stations and reference Lake Brännsträsket.

na DW Biomass (g m�2) g TN m�2 g TP m�2

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 station 01–02 14 571 ± 492 8.6 ± 6.7 0.89 ± 0.78

a Number of samples.
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that during oxic conditions little PO4-P will be released from the
sediment, since most of the PO4-P is adsorbed on the Fe and Mn
oxides formed in the uppermost oxidised layer of the sediment
(Mortimer, 1942; Gunnars and Blomqvist, 1997). However, during
anoxic conditions these oxides are reduced and PO4-P is released
(Boström et al., 1988). This release might be hindered at the Kiruna
site due to the high concentration of water column NO�

3 , which
may act as an oxidiser of Fe(II). Straub et al. (1996) showed that
biological oxidation of Fe(II) was carried out by enrichment cul-
tures and pure cultures of denitrifiers. In a study by Nielsen and
Nielsen (1998) it was found that NO�

3 and NO�
2 were reduced in

activated sludge with associated oxidation of Fe(II) to Fe(III). To
further investigate this for the Boliden and Kiruna sites, intact lake
sediment cores could be collected to study the release of Fe, P and
Mn during anoxic and oxic conditions, respectively.

4. Conclusions

The study of the concentrations of TN, TP and the TN:TP mass
ratios in water, macrophytes and sediment collected along a
down-stream gradient at two mine sites revealed seasonal as well
as between- and within-site variations. Mining activities at the two
sites have affected the nutrient regime in the recipients with ele-
vated TN and TP concentrations compared to nearby reference sta-
tions, leading to higher TN:TP ratios and increased production of
phytoplankton and macrophytes. Based on water column TN:TP-
ratios, it is evident that phytoplankton growth in recipients of N-
and P-rich mine effluents can vary between being limited by N
or P, depending on the concentrations of these elements in the
mine effluents. 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, TN:TP ratios >22 indicated P-defi-
ciency. When this plant was closed, TN:TP ratios in the range 9–22
indicated N and P co-limitation. At the Kiruna site, water column
TN:TP ratios in the range 209–950 clearly indicated P-limitation
for phytoplankton growth. On the other hand, TN:TP ratios in mac-

rophytes showed that both sites could vary from N- to P-limitation.
To further investigate the question of the limiting nutrient(s) for
macrophyte growth at these mine sites, in situ nutrient enrichment
mesocosm experiments should be performed. Such experiments
should be designed so that the increase in total biomass can be
compared between different macrophyte species grown in the
mesocosms at different concentrations of TN and TP.

This study emphasises that the definition of limiting nutrients
in aquatic systems depends on whether TN:TP ratios of phyto-
plankton or macrophytes are considered. Furthermore, it is impor-
tant to bear in mind that nutrient uptake by phytoplankton and
macrophytes may vary in importance between species and aquatic
systems. These aspects have implications for assessing the envi-
ronmental influence of nutrient-rich mine effluents. This is impor-
tant to bear in mind in the design of remediation measures, such as
phytoremediation, and efficient monitoring programmes, which
should include sampling of water as well as phytoplankton, sedi-
ment and macrophytes, all of which should be analysed for the ma-
jor N and P species.
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This paper presents a biogeochemical model developed for a clarification pond receiving ammonium nitrogen
rich discharge water from the Boliden concentration plant located in 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, whilst
validation was performed using data from 2006 to 2007. The sensitivity analysis showed that the state
variables are most sensitive to changes in the coefficients related to the temperature dependence of the
transformation processes. A six-year simulation of Nam showed stable behaviour over time. The calibrated
model rendered coefficients 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 denitrification rate was on
average five times higher than the ammonia volatilisation rate and about three 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 nitrogen load and, after some modification and
recalibration, it can be applied at other mine sites affected by N rich effluents.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Effluents from the mining industry may contain elevated concen-
trations 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 et al., 1999; Akcil
et al., 2003). Other sources are flotation 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 flooding
of mines, leachate runoff from waste rock piles and wastewater from
ore processing (Mattila et al., 2007).

Waters receiving mine effluents are often small streams and water
bodies, where excess N loads may have undesirable environmental
effects. A commonly used explosive in the mining industry is ANFO
(ammonium-nitrate fuel oil), which contains between 20 and 33% (by
weight) of N (Forsyth et al., 1995). Studies have shown that 0.2–28%
of the N contained in ANFO may leach into the drainage water (Morin
and Hutt, 2009). At a Swedish mine that annually uses about
8000 tonnes of ANFO this results in a discharge of ~100 tonnes of N

into the receiving water, which is consequently classified as eutrophic
(Kalff, 2002). The effluent will contain both NH4–N and NO3–N, which
are nutrients for phytoplankton and aquatic plants. Thus, discharge of
N rich mine water may lead to algal blooms, eutrophication, oxygen
deficiency and changed species composition in the receiving waters
(Koren et al., 2000; Mattila et al., 2007). A study by Holopainen et al.
(2003) showed that lakes that were affected by N rich drainage had a
higher phytoplankton biomass but a lower number of species
compared with reference lakes. In addition, at pH values N8–9, 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 produc-
tion 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
definition 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 stabilisation 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
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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 effluents.

The major aim of the present paper is to model N transformations
in waters receiving N rich mine effluents 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 affectingN transformations, (2) simulate
processes affecting N transport and (3) simulate possible measures to
reduce the N load. After some modification and recalibration the
model can also be used for other mine sites affected by N effluents.

2. Material and methods

2.1. Study site

The study areawas the Brubäcken system, receivingmine effluents
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 ~9×106 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 2001–2008 a gold leach plant using sodium cyanide (NaCN) as
the extracting agent was in operation. The CNwas 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).

Process water is passed from the tailings impoundment to the
clarification pond Nya Sjön (64° 51′N, 20° 18′E), for which the model
was developed by using inflow and outflow 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).

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 includemonitoring 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 flow metre (General Oceanics) (Station 6202).
However, for Station 6201, discharge data were provided by Boliden
Mineral AB.

Unfiltered samples for nitrogen (NH4–N, NO3–N and NO2–N) were
collected at ~15 cm depth in pre-cleaned polyethylene bottles, and
stored at 4 °C 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 N3 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 N10 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 five specimens. Before analysis,
macrophyte samples were dried at 105 °C 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 flow 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 flow analysis (CFA and FIA) and
spectrometric detection. Samples for dissolved organic carbon (DOC)
(12–14 ml) were vacuum filtrated through a pre-combusted GF/F
glass fibre filter (pore size 0.7 μm) and immediately acidified with
200 μl of 0.1 M HCl. DOC was later determined on a high-temperature
catalytic oxidation instrument (Shimadzu TOC-5000). Water temper-
ature, conductivity, dissolved oxygen (DO), and pH were measured in

Fig. 1. Study area and position of the sampling points and clarification pond Nya Sjön.
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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 metres (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),
unmanned aerial vehicle (UAV) photographs (Rango et al., 2006) with
5 cm ground resolution obtained in August 2009, the reed stands were
divided into polygons of four cover classes: 0–25%, N25–50%, N50–75%
and N75–100%. 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 classwasmultiplied by the specific biomass of the respective
cover class obtained from field 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 fluxes are conceptualised 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 influence the N transformation processes.

NH4–N may undergo several transformation pathways: volatilisa-
tion as gaseous ammonia leading to a permanent reduction of NH4–N,
conversion to nitrite and nitrate (NO2–N/NO3–N) via nitrification,
assimilation by phytoplankton/macrophytes or export from the
system with effluent 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 denitrification (Seitzinger, 1988) or discharged with effluent
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, ammonification and the decompo-

sition (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 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 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 clarification 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 profiles). 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 time-
step of 7 days.

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 flow regime, the mass balance equations (Fritz et al., 1979) for

Table 1
Physical and chemical parameters for clarification pond Nya Sjön (2008 data).

Parameter Annual mean (range)

Q (m3 s−1) 0.36 (0.15–0.67)
pH 9.74 (7.86–11.7)
Water temperature (°C) 6.3 (0–20)
DO (mg l−1) 6.54 (2.1–10.2)
NH4–N (mg l−1) 1.7 (0.1–5.5)
NO3–N (mg l−1) 0.8 (0.4–1.3)
Chl-a (μg l−1) 0. 11 (0.00–0.50)
DOC (mg l−1) 3.5 (1.6–8.4)
Norg (mg l−1) 0.2 (0.1–0.4)
PO4–P (μg l−1) 2 (0. 5–6)
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Fig. 2. Conceptual model of nitrogen input, transformation and removal in lakes receiving
mine effluents. Arrows represent transformation pathways and boxes indicate the
nitrogen specieswhich are represented as state variables in themodel: Nam=ammonium
nitrogen; Nox=nitrate nitrogen; Nmp=nitrogen in macrophytes (Phragmites australis);
Npp=nitrogen in phytoplankton; Norg=dissolved organic nitrogen andNsed= nitrogen in
sediment. The concentration of nitrogen species is calculated as mg N l−1 lake water.
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Nam, Nox, Norg, Npp, Nmp, Nsed1, Nsed2, and Nsed3 are given by the
following coupled differential Eqs. (1–8)

d Namð Þ
dt

=
Qi

V
Nami−

Qe

V
Nam−rn−rv−ruptakeAM−ruptakeAP + rammoniNorg

+ rre min1 + rre min2 + rre min3 ð1Þ

d Noxð Þ
dt

=
Qi

V
Noxi−

Qe

V
Nox + rn−rd−ruptakeOM−ruptakeOP ð2Þ

d Norg

� �
dt

=
Qi

V
Norgi−

Qe

V
Norg + rmortaliNpp−rammoniNorg ð3Þ

d Npp

� �
dt

=
Qi

V
Nppi−

Qe

V
Npp + ruptakeOP + ruptakeAP−rsetNpp + rmortNpp

ð4Þ

d Nmp

� �
dt

= ruptakeOM + ruptakeAM−rmortNmp ð5Þ

d Nsed1ð Þ
dt

= rset + rprecipNorg + rmortNmp−rre min1−rbur1 ð6Þ

d Nsed2ð Þ
dt

= rbur1−rbur2−rre min2 ð7Þ

d Nsed3ð Þ
dt

= rbur2−rbur3−rre min3 ð8Þ

where Qi and Qe represent the water inflow and outflow 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 whilst
Nami, Noxi, Nppi and Norgi are the concentration in the influent 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. Values of all the parameters, calibrated and literature values,
which are included in these equations are listed in Table 2.

The nitrification 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 =
μn
Yn

Nam

K1 + Nam

� �
DO

K2 + DO

� �
CNH4
pH CNH4

T ð9Þ

where μn and Yn represent the maximum growth rate and yield
coefficient 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 = e0:051 T−1:58ð Þ ð10Þ

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

CNH4
T =

e0:098 T−15ð Þ

1 + 10 5−Tð Þ� � ð11Þ

The growth of nitrifying bacteria is considered to stop at pHb6.0
(Colomer and Rico, 1993), whilst 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

CNH4
pH =

1
1 + 1006:6−pH
� � ð12Þ

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

rv =
KvNam

h 1 + 10 10:5−0:03T−pHð Þ� � ð13Þ

where h is depth of water column. Kv is the mass transfer coefficient
(Stratton, 1969; Colomer and Rico, 1993) expressed as

Kv = 0:0566 � exp 0:13 T−20ð Þð Þ ð14Þ

The denitrification 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

rd = DpfNC
Nox
O2

CNox
pH CNO3

T ð15Þ

where Dp is the potential denitrification 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 =
Nox

Kd + Nox
ð16Þ

where Kd is the half-saturation constant for nitrate. The term CO2

Nox

describes the oxygen dependency of the denitrification process
according to Eqs. (17) and (18)

CNox
O2

=
1 + ae −3DOsedð Þ� �

1 + að Þ ð17Þ

DOsed = DO
1

1 + 10 5−DOð Þ

� �
ð18Þ

where a is a constant that represents the increase in denitrification
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 denitrifica-
tion (Knowles, 1982; Peterjohn, 1991). Studies by Šimek and
Hopkinson (1999) and Peterjohn (1991) showed that denitrification
almost ceases for pHb4 or pHN10, which is reflected in the term CpH

Nox

expressed as

CNox
pH =

1
1 + 100 5:5−pHð Þ� � � 1

1 + 100 pH−8:5ð Þ� � ð19Þ

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

CNO3
T =

θT−20
den

1 + 10 5−Tð Þ� � ð20Þ

In all equations and terms that include θ, this symbol represents
the Arrhenius constant. For description of each θ mentioned, see
Table 2.
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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)

rutptakeAM = μmp
PAR0

KPARmp + PAR0

 !
Nam

K3 + Nam

� �
PPO4

KPO4 + PPO4

� �
NmpP1C

mp
T

ð21Þ

ruptakeOM = μmp
PAR0

KPARmp + PAR0

 !
Nox

K4 + Nox

� �
PPO4

KPO4 + PPO4

� �
NmpP2C

mp
T

ð22Þ

ruptakeAP = μ max
PARh

KPARpp + PARh

 !
Nam

K3 + Nam

� �
PPO4

KPO4 + PPO4

� �
NppP1C

pp
T

ð23Þ

rutptakeOP = μ max
PARh

KPARpp + PARh

 !
Nox

K4 + Nox

� �
PPO4

KPO4 + PPO4

� �
NppP2C

pp
T

ð24Þ

where

Cmp
T =

θT−20
mpgr

1 + 10 5−Tð Þ� � ð25Þ

and

Cpp
T =

θT−20
ppgr

1 + 10 5−Tð Þ� � : ð26Þ

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 et al.,
2008), whilst 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

Table 2
Values of the model parameters.

Parameter Symbol Unit Model valuea Literature valueb Reference/remark

Water column inorganic N
Maximum growth rate of Nitrosomonas μn d−1 0.1(C) 0.1–0.47 Fritz et al., 1979; Senzia et al., 2002
Yield coefficient for Nitrosomonas Yn No units 0.25 (C) 0.1–0.3 Fritz et al., 1979; Peng et al., 2007a
Oxygen half-saturation constant for nitrosomonas K2 mg l−1 1.3 1–1.3 Peng et al., 2007a
Potential denitrification Dp mg l−1 d−1 0.95 Calibrated
Nitrate half-saturation constant for denitrificaion Kd d−1 0.15 (F) 0.1–0.2 Kadlec and Knight, 1996
Arrhenius constant for denitrification θden No units 1.08 (F) 1.072–1.083 Heinen, 2006

Water column organic N
Rate coefficient for precipitation of Norg K5 d−1 0.035 0.035 Peng et al., 2007a
Rate coefficient for ammonification of Norg Kao d−1 0.1 (C) 0.001–0.1 Insel et al., 2006; Jørgensen and Bendoricchio, 2001
Arrhenius constant for ammonification of Norg θam No units 1.02 (F) 1.02–1.08 Jørgensen and Bendoricchio, 2001

Phytoplankton
Maximum growth rate of phytoplankton μmax d−1 0.6 (C) 0.06–3 Burger et al., 2008; Jørgensen et al., 1979
PAR half-saturation constant KPAR_pp μmol m−2 s−1 100 (F) 78–115 46–460 Jørgensen et al., 1979; Sagehashi et al., 2000
Light extinction coefficient γ m−1 0.5 (F) 0.25–0.65 Fragoso et al., 2008
Ammonium half-saturation constant K3 mg l−1 0.01 (F) 0.005–0.25 Beran and Kargi, 2005; Fragoso et al., 2008
Nitrate half-saturation constant K4 mg l−1 0.01 0.025–0.045 Beran and Kargi, 2005; Burger et al., 2008
Phosphorus half-saturation constant Kpo4 mg l−1 0.005 (F) 0.001–0.01 Beran and Kargi, 2005; Burger et al., 2008;

Fragoso et al., 2008
Arrhenius constant for phytoplankton growth θpp_gr No units 1.066 (C) 1.02–1.08 Jørgensen and Bendoricchio, 2001
Fraction of settling phytoplankton f No units 0.4 0.34–0.40 Burger et al., 2008
Rate constant for settling of phytoplankton S d−1 0.1 Calibrated
Zooplankton grazing rate μgr d−1 0.1 (C) 0.1–0.2 Fragoso et al., 2008
Phytoplankton respiration and excretion rate μre d−1 0.05 (C) 0.001–0.25 Burger et al., 2008; Fragoso et al., 2008
N:Chl-a ratio By weight 10 (F) 7–13 Jørgensen et al., 1979; Insel et al., 2006;

Peng et al., 2007a; Fragoso et al., 2008
Arrhenius constant for phytoplankton respiration θpp No units 1.05 (C) 1.05–1.09 Robson and Hamilton, 2004

Macrophytes
Maximum growth rate of macrophytes μmp d−1 0.35 (C) 0.47 Peng et al., 2007a
PAR half-saturation constant KPAR_mp μmol m−2 s−1 145 (F) 145 Asaeda et al., 2000
Mortality rate coefficient for macrophytes μmmp d−1 0.01–0.2 0.009–0.05 Peng et al., 2007a
Arrhenius constant for macrophyte mortality θmp No units 1.05 (C) 1.05–1.12 Asaeda et al., 2000
Arrhenius constant for macrophyte growth θmp_gr No units 1.02 (C) 1.09 Asaeda et al., 2000

Sediment
Lake depth h m 1 Calculated
Fraction of remineralized Nsed1 fd1 No units 0.27
Fraction of remineralized Nsed2 fd2 No units 0.37 Based on sediment N profiles
Fraction of remineralized Nsed3 fd3 No units 0.25
Remineralisation rate coefficient for Nsed1 Kamsed1 d−1 0.0094 (M) 0.005–0.2 Lehmann et al., 2002; Gälman et al., 2008
Remineralisation rate coefficient for Nsed2 Kamsed2 d−1 0.00034 (M) 0.0005–0.008 Lehmann et al., 2002; Gälman et al., 2008
Remineralisation rate coefficient 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−1 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 0.067 cm yr−1, sed thickness 14 cm
Arrhenius constant for remineralisation of Nsed1, Nsed2, Nsed3 θrem1,2,3 No units 1.02 (C) 1.02–1.08 Jørgensen and Bendoricchio, 2001

a (C)=calibrated value; (F)=fixed value; (M)=measured value.
b Represent literature value mentioned in reference/remark.
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whilst PARh is PAR0 corrected for light adsorption down to water
depth h using Lambert–Beer's Law:

PAR hð Þ = PAR0e
�γh ð27Þ

where γ is the light extinction coefficient (m−1) defined according to
Fragoso et al. (2008):

γ = γ0 + 0;008a + 0;054a
2
3 ð28Þ

where γ0 is the light extinction due to other factors than phytoplank-
ton and a is chlorophyll concentration in water (μg l−1). PARh is
integrated over the lake depth (h) as

PARh = PAR0 ∫
h

0

e�γh = PAR0 − 1
γ
e�γh

� 	h
0
= PAR0

1
γ− 1

γ e
�γh

� �
h

ð29Þ

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 =
0:78Nam0:23Nox

K3 + 0:78Namð Þ K3 + 0:23Noxð Þ +
0:78NamK3

0:78Nam + 0:23Noxð Þ K3 + 0:23Noxð Þ

ð30Þ

and

P2 = 1−P1 ð31Þ

After the growing season, the mortality rate of macrophytes
increases, which can be described by using first-order Arrhenius
kinetics according to the equation

rmortality mp = μm
mpθ

T−20
mp Nmp ð32Þ

where μm
mp is the mortality rate coefficient for macrophytes (Peng et

al., 2007a). The mortality of phytoplankton is calculated as

rmortaliN pp = 1−fð Þ μgr + μreθ
T−20
pp

� �
Npp ð33Þ

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

rsetN pp = f SNpp ð34Þ

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 ammonification process as

rammoni Norg
= Kaoθ

T−20
am Norg ð35Þ

where Kao is the rate coefficient for ammonification (Jørgensen and
Bendoricchio, 2001; Insel et al., 2006). Since Kao is one order of
magnitude lower than the rate coefficients of other N transformation
processes (Jørgensen and Bendoricchio, 2001), ammonification
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 Norg
= K5Norg ð36Þ

where K5 is the rate coefficient for precipitation of Norg (Peng et al.,
2007a).

A multi-G model (Westrich and Berner, 1984) is used to describe
organic matter decomposition and remineralisation 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 first-order kinetics, and the concentration of
sedimentary N decreases exponentially with depth in the sediment as

GT = G01 exp−β1Z + G02 exp−β2Z + G03 exp−β3Z + GREF ð37Þ

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. β=Kamsed/U,
where Kamsed is the first-order remineralisation 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 fitting Eq. 37 to sedimentary N data.

The remineralisation rate of sedimentary N is expressed as

rre min i = fdiKamsediθ
T−20

re min i Nsedi ð38Þ

where fdi is the fraction of remineralized sedimentary N, Kamsedi is the
remineralisation 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 dið ÞKBurialiNsedi ð39Þ

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 influence on the N

transformations and fluxes in the system, a sensitivity analysis was
performed based on 2008 data, both for the preliminary and final
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 analysed using a sensitivity index (SI) that calculates
the variation of each state variable for p% variation of the parameter
(Chapelle et al., 2000):

SI =
100
p

� �
� 1
n
� ∑

n

i=1

Xi−Xt
i

Xt
i












 ð40Þ

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 Xi

t the
variable value for 2008. The parameters whose variations had
practically no influence on the model output were fixed at constant
values (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 N1% are shown in Fig. 3.
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The state variables were most sensitive to changes in the
coefficients (Arrhenius constants) related to the temperature depen-
dence 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 (θmp)
modified Nam and Nmp by 3.7 and 11.9%, respectively. A corresponding
change in the Arrhenius constants for macrophyte growth (θmp

gr )
modified Nam, Nox, Nmp and Nsed1 by 10.3, 3.8, 31.5 and 7.6%,
respectively. A similar change of the Arrhenius constants for
denitrification of Nox (θden) and remineralisation of Nsed1 (θrem1)
rendered a change in Nox and Nsed by 4.7 and 4.2%, respectively.
Adjusting μmp (maximum growth rate of macrophytes) and μre
(phytoplankton respiration and excretion rate) by ±10% modified
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, the transformation processes governing
these state variables require careful consideration.

4.1.2. Calibration and performance measures
Model parameters estimated from 2008 field 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), which was followed by a fine-calibration
step that further improved the correlation between measured and
predicted values. The results of this fine-calibration step with the
calibrated values of the model parameters are summarised in Table 2.
Ameasure of correlation betweenmeasured and predicted values was
obtained from the coefficient of determination (R2). For the 2008 data
these coefficients 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
(Nam) and, since this is the dominating species in the Brubäcken
system, it was crucial to obtain the best fit between measured and
predicted NH4–N (Nam). 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).

To quantitatively express the deviation between simulated data
(model predictions) Pi and measured data Oi, the performance
measures mean absolute error (MAE), normalised mean absolute
error (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
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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)

MAE =
∑N

i = 1 Pi−Oið Þ2
N

ð41Þ

NMAE =
MAE
O
� ð42Þ

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i = 1 Pi−Oið Þ2
N

s
ð43Þ

where Ō 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 (0.01–0.11).

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. 5a–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 flood, up to
0.2 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 Nam concentrations
show stable behaviour over time, suggesting a well calibrated model
(Fig. 5b).

4.1.4. Validation
The model was validated against independent data sets from 2006

and 2007 in order to see howwell themodel simulations fit 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

(NH4–N) was the only N form that could be validated. Because of a
temporary closure of the gold leach plant in 2008, NH4–N concentra-
tions were lower in 2008 than in 2006 and 2007. The validation step
rendered R2-values between predicted and measured NH4-data of
0.91 for 2006 and 0.81 for 2007.

4.2. Identified important processes

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 and Bigambo (2005)
and Senzia et al. (2002), who found denitrification and burial in
sediment to contribute to 4.1–29.9% and 8.2–9.7%, respectively, of
permanent N removal. In addition, NH4-uptake by macrophytes and
nitrification 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 and
Bigambo, 2005; Peng et al., 2007b). This could be due to lower
concentrations of Nam and Nox in the influent water and lower and
more variable water temperature in the pond.

Both simulations and measured data show that Nam decreased
fromMay to September (Fig. 4) owing to nitrification andmacrophyte
uptake, which according to the simulations increased during the same
period (Figs. 6 and 7). Both uptake by phytoplankton and ammonia
volatilisation, the latter considered to lead to permanent removal of N,
were less important.

According to the simulations, Nox concentrations decreased during
the summer months (Fig. 4), with denitrification 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 andmacrophyte 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 (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, the standing stock of macrophyte biomass (on average
6.19 tonnes) contained on average 0.17 tonnes of N, 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
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Table 3
Results of quantitative performance measures for the state variables Nam, Nox and Norg.

Name Index Nam Nox Norg

Mean absolute error MAE 0.54 0.29 0.04
Normalised mean absolute error NMAE 0.29 0.33 0.24
Root mean square error RMSE 0.65 0.34 0.05

RMSE-MAE 0.11 0.05 0.01
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importance. Settling was identified to be the second most important
process affecting N in phytoplankton (Npp).

According to the simulations, the concentration of Norg was mostly
affected by the ammonification process, whilst 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). Over the year there
was some accumulation of Nsed (Fig. 8b), consistent with the findings
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 remineralisation and
burial rates, thus contributing to the annual accumulation of Nsed.
From each active sedimentary fraction the burial rate was one to three
times higher than the remineralisation 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 remineralisation process, whilst the rest will
be permanently buried in the refractive fraction (GREF).

The rates of nitrification, denitrification, ammonification and
remineralisation all increased from May to August (Figs. 7 and 8b),
whilst the volatilisation rate was highest from January to May. The
four former processes, which are described by first-order Arrhenius
kinetics, are catalysed by microorganisms, which increase their
activity at the higher summer temperatures (12–20 °C in July–
August). As suggested by Pano and Middlebrooks (1982), ammonia
volatilisation will be the most important removal process during
periods of low bacterial activity. Furthermore, the early peak for
volatilisation could be explained by the high NH4–N concentrations

(3–4 mg l−1) that were still present in the system. In addition,
ammonia volatilisation is also affected by pH (Pano andMiddlebrooks,
1982), which is higher in the pond during winter and spring than
during summer.

According to Figs. 7 and 8b, denitrification rate was on average five
times higher than the volatilisation rate and about three 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 stabilisation ponds (Senzia et al., 2002; Zimmo et al.,
2003; Mayo and Bigambo, 2005). In the two former studies it was
concluded that ammonia volatilisation only has a minor significance
for the removal of N. In accordance with findings by, e.g. Mayo and
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
b0 °C, the removal of N through macrophytes is only important in the
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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 clarification pond for which themodel was developed has well
defined, single in- and outlets, with the discharge being almost equal
at these two points. However, when applying themodel 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 flow. For some
calculations of the rates of the various N transformations in the
present model, literature data were first used and later replaced by
sampled data, which improved the model. Therefore it is recom-
mended to analyse water samples for all N as well as P species. In
addition, sampling and analysis of sediment is useful for calculation of
remineralisation- and burial rates, whilst analysis of N inmacrophytes
is useful for estimation of macrophyte uptake. Finally, the clarification
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 stratification in ponds and lakes should
be applied.

5. Conclusions

A dynamic biogeochemical model for a mine water clarification
pond, including six N species and 16 N transformation processes, was
developed, calibrated and validated. Determination coefficients (R2)N
0.7 for the state variables Norg, Nam, and Nox in the calibrated model
and the results from the performancemeasures 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 clarification 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. The developed
model provides increased knowledge regarding processes responsible

for N transformations in waters receiving mine effluents, 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, denitrification
was the most important process for permanent removal of N, whilst
ammonia volatilisation was of minor importance.

Finally, the model can be applied to a hypothetical lake (Asaeda
et al., 2001) and a series of simulations can be run by varying input
parameters, e.g. pH and retention time. The results obtained give
insights how the input parameters affect the transformation processes
and can also be used to judge the final N concentration in the receiving
waters.
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Abstract 
The overall aim of the performed study was to identify and quantify the major processes that govern 
nitrogen transformation and removal in Lake Brutäsket (northern Sweden). This lake periodically 
receives ammonium nitrogen (NH4-N) rich mine water when cyanide gold leaching is in operation 
at the Boliden sulphide ore concentration plant. A biogeochemical model (previously developed 

and the downstream lake with respect to the magnitude of the various transformation processes 

concentration) was applied in the model.

-
-

ed to differences in pH, nutrient concentration and residence time.  Simulations suggested that N 
transformation and removal in the lake to a minor extent occurred through biological uptake into 

-
tion process, which contributed with ~25% of removal of ammonium and nitrate N.  In the pond, 
this difference was relatively smaller, with a larger contribution of macrophyte uptake. A nitrogen 
mass balance revealed that the lake served as a sink for NH4-N but as a source for dissolved organic 
nitrogen.  A combined modelling and mass balance approach increased the knowledge regarding N 
behaviour in the lake and may serve as a foundation for further evaluation of the N removal capacity 
of mine water impacted lakes.

Keywords: mine water; nitrogen transformation; lake; model; northern Sweden
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1.  Introduction

 Acid mine drainage (AMD) typically resulting 
from weathering of sulphide-bearing minerals 
extracted during mining activities (c.f. 
Nordström, 2011), has been extensively studied 
over the years, while less attention has been 
paid to circumneutral, nutrient rich mine waters 
(Morin and Hutt, 2009). Elevated concentrations 
of nitrogenous compounds (e.g. ammnonium 
and nitrate) in these waters are mainly due 
to ammonium nitrate based explosives and 
sodium cyanide (NaCN) used in gold extraction 
(Logsdon et al., 1999; Morin and Hutt, 2009). 
Concentration of phosphorus (P) may also 

chemicals as one important source (Hansson, 
2006; Häyrynen et al., 2008). Excess mine 

systems is usually discharged into natural water 
systems (streams and lakes). Due to the role of 
nitrogen (N) and P as nutrients for phytoplankton 
and macrophytes, discharge of nutrient rich 
mine water may result in eutrophication, with 
increased growth, changed species composition 
of phytoplankton and macrophytes, and oxygen 

al., 2000; Mattila et al., 2007; Galloway, 2008). 
In addition, elevated P concentrations may lead 
to e.g. increased macrophyte N uptake (Best 
and Mantai, 1978; Shaver and Mellilo, 1984) 
resulting in less N being involved in other 
transformation processes. Usually mine water is 
limed before being discharged, which also may 
affect N transformation processes, since several 
of them are pH dependent.

Lakes are important within watersheds as 

water downstream (Brown et al., 2008). They 
may act as sinks for certain N species such as 
ammonium and nitrate and sources for other 
species such as dissolved organic N, and may 
also switch between being sources and sinks 
for these species (Brown et al., 2008; Epstein 
et al., 2013). In freshwater systems (e.g. lakes) 
N cycling is complex, with N present in several 
forms involved in various transformation 
processes. For example, ammonium (NH4

+) may 
be volatilised to ammonia, converted to nitrite 

and nitrate (NO2
-/NO3

-

assimilated by phytoplankton and macrophytes. 
Routine monitoring data will give some general 
insight into the behaviour of N transformation 
and removal and can be used to interpret past 
behaviour of the system. However, it does not 
capture complex ecological processes occurring 
in the system and will not reveal the contribution 
of different transformation pathways (Chapelle 
et al., 2000; Burger et al., 2008; Ford, 2010). 
Dynamic biogeochemical models are therefore 
often used to describe the dynamics and 
transformation of N, and link transport processes 
with biogeochemical processes (Jørgensen 
and Bendoricchio, 2001; Burger et al., 2008). 
Previously, a dynamic biogeochemical model 
was developed, calibrated and validated to 
simulate nitrogen transformation and removal 

nitrogen-rich mine water from the Boliden 
concentration plant (Chlot et al., 2011). 

more important for permanent N removal than 
ammonia volatilisation and burial of sedimentary 
organic N.

Lake Bruträsket, is located downstream of this 

has revealed lower nutrient concentrations 
in summer compared to autumn, indicating a 
summer uptake or other transformation/removal 
processes (Chlot et al., 2013a). Given that the 
lake and the pond have different chemical and 
physical characteristics, we hypothesize that the 
pond and the lake should demonstrate differences 
in magnitude of different transformation 

removal capacity.

In this study we analysed and modelled nutrient 
dynamics in Lake Bruträsket to address the 
following questions: (1) Which are the main 
processes responsible for observed seasonal 
variations of nutrient concentrations in the 
lake, (2) what is the relative importance of the 
various N transformation processes, (3) what are 
the major differences between the two systems 
(the pond and the lake), and (4) is the lake a 
sink or source for N?  To investigate nutrient 
dynamics in the lake and test the hypothesis of 
differences between the two systems, we applied 
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the previously developed model (Chlot et al., 
2011). Field data were collected to calibrate and 
run the model. To verify the biogeochemical 
modelling results and to investigate the lake´s 
role as N source or sink, a mass balance 
calculation was performed. In addition, to 
investigate how various factors such as pH and 

N transformations in the lake, simulations were 
run with a hypothetical set of input parameters 
(Asaeda et al., 2001). 

2. Materials and methods

2.1 Study site 

Lake Bruträsket (modelled in this paper) is 
a small (0.36 km2), shallow (average depth 
2.7 m) (Table 1) lake located in one of the 
major mining districts in northern Sweden, 
the Skellefte Sulphide Ore District (Weihed 
et al., 1992; Allen et al., 1997) (Fig.1). 

The approximately 10 km long Brubäcken system 
is dominated by coniferous forest and peatland 
(Table 1). The system annually receives 5–11  
106 m3 of water from the Boliden concentration 
plant, The Brubäcken system discharges into 
the Skellefte River, and consists of one major 
stream (Brubäcken, average annual discharge ~1 
m3 s–1) and Lake Bruträsket (Fig. 1). From 2001 
to 2008 a gold leach plant was operating at the 
Boliden plant. The destruction of the leaching 
agent NaCN was performed using the SO2/Air 
process (Robbins et al., 2001) with NH4-N as 
one of the decomposition products.  In 2008, the 
system received about 45 tonnes of total N (TN) 
(Rönnblom-Pärson, 2009) and 2000 kg of total 
P (TP). In addition, the system also received 
elevated nutrient discharge from the local 
sewage treatment plant. Based on 2008 data, 
with TP and TN concentrations in the ranges 
0.03 – 0.1 mg L-1 and 1.00 -1.56 mg L-1, the lake 
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Fig. 1 Study area and position of the sampling points 
(6203a and 6203b) and location of Lake Bruträsket. The 
inset shows the barythmetric map of the lake.

 Brubäcken system 
Lake Bruträsket  
Lat. / Long. N64°49.08’/E20°20.34’ 
Altitude (m asl) 191 
Ice covered period Late October–mid-May 
Lake area (km2) 0.360 
Average depth (m)a 2.7 
Residence time (d)b 5–70 
Cond. ( S cm–1)c 174–1140 
pHc 5.8–9.7 
DO (mg L–1)d 0.18 – 10.72 
NO3-N (mg L–1)c 0.22-3.3 
NH4-N (mg L–1)c 0.01-4.7 
PO4-P ( g L–1)c 1.5 – 60 
DOC (mg L-1)c 3.4 – 10.8 
Chl-a ( g L–1)c <0.1–19 
Catchment data  
Catchment area (km2) 41.1 
Coniferous forest (%)e 76 
Deciduous forest (%)e 0.73 
Peatland (%)f 15 % 

Lakes (%)e 7.7 

Table 1. Physical and chemical characteristics of the 
Lake  Bruträsket and its catchment area.

aObtained through measurements using echo sounder  and 
GPS 
bMinimum and maximum water residence time during spring 

cReported as the range of values measured at lake outlet 
(6203b) during 2008–2009.
dReported as the range of values obtained from lake vertical 

e% of catchment area. Data from Corine Land Cover database 
(Nunes de Lima, 2005)
fVestermark and Persson, 2007
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2001). Common reed (Phragmites australis 
(Cav.) Steud.) is the dominating macrophyte 
species in the lake, covering ~20 % of the lake 
area (Husson et al., 2013).

2.2 Model description 

The biogeochemical dynamic model, previously 

paper applied in the downstream located Lake 
Bruträsket (Fig.1), calculates the concentration 
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). Nsed was divided 
into three fractions (i = 1, 2 and 3) of reactive 
organic matter and one refractive, permanently 

chemistry and hydrological and meteorological 
data, the model simulates the rate of 16 N 
transformation/removal processes occurring in 
the water column and sediment as well as water-
sediment and water-atmosphere interactions (see 
Supplementary Material, Fig. S1). The model 
also takes into account forcing factors (e.g. pH, 

processes were elaborated in a mathematical 

regime, the mass balance equations (Fritz et 
al., 1979) for the state variables Nam, Nox, Norg, 
Npp,  Nmp, Nsed1, Nsed2, and Nsed3 are given by a 
set of coupled differential equations (Eqs. 1-8, 
Supplementary Material). All transformation 

the concentrations of each state variable are 
described in Table S1 (Supplementary Material). 
See also Chlot et al. (2011) for further details.

The presented model was simulated in STELLA 
software (STELLA 9.1.4), while the previously 

written in the software Powersim (Chlot et al., 
2011). To facilitate comparisons between the 
two systems, the same model was later written 
and simulated in STELLA. Simulations were 
run with a time-step of one day from 1 January 
2008 to 31 December 2008.  Each state variable 
was given an initial concentration representing 
the concentration in the lake in the beginning 

of the year, the one-year simulation would then 
show how the concentration changed and the 
magnitude and variation of the transformation 
reactions (r) responsible for this change. For 
each input variable (e.g. pH, DO and NH4-N 
concentrations) a ratio between these variables 
at the in- and outlet was calculated, i.e. NH4in/
NH4out. This ratio was used to calculate the value 
for a certain variable in the case data was missing 

data-points, each representing the value for one 
week, existing input-data was interpolated using 

approximation (Senzia et al., 2002).

2.3 Input and output data

2.3.1 Hydrological data

At the time of water sampling, water discharge 

Predictions for the Environment) model 
(Lindström et al., 2010). This hydrological 

turnover of nitrogen and phosphorus, where 
nutrients follow the same pathways as water in 
the model (Lindström et al., 2010). There was 
reasonably good agreement between measured 

3 s-1 and there 

occurring from late April to mid-May (Fig. 2).
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model (Lindström et al., 2010).

Monthly precipitation data (volume and 
chemistry) was obtained from Swedish 
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Environmental Research Institute (IVL). 
Estimated direct interception of precipitation to 
the surface water area showed that precipitation 
contributed with only small amounts of N (e.g. 
for NH4–N, ~2‰ of the total NH4–N budget 
in the lake). Therefore, only stream water 

considered, with the former contributing 93 % 

balance was established in STELLA where 
conductivity was used as input parameter. The 

compared with measured conductivity, thereby 

The lake is ice-covered from November to April 
(Table 1), which affects the lake volume due to 
the growing ice thickness. Thus, to calculate the 
change in lake volume, Eq. 1 was introduced: 

h = R x S1/2      (1)

where h is the ice thickness (cm), R is an 
empirical constant (2.2), and S is the sum of 
negative degrees multiplied by the number of 
days after formation of ice (hence S =  Ti*di.). 

h from average depth (Table 1) and multiplying 
it by the lake area.

2.3.2 Sampling and analytical methods

 Water sampling 
was initiated in mid-April 2008 with sampling 

the beginning of July, followed by biweekly 
sampling until the end of October. Data from 
2009 used for model validation (see section 
2.4) was collected once a month in February 
and March and then once a week from April to 
September. Data for the rest of the year (2008 
and 2009) includes monitoring data collected 
twice a week by Boliden Mineral AB. Input data 
for the state variables Nam, Nox and Norg  was used 
for the lake inlet sampling station (6203a) (Fig.1) 
in the Brubäcken stream. In model calibration, 

obtained from the lake outlet sampling station 
6203b. 

Water quality parameters including water 
temperature, pH and dissolved oxygen (DO) were 
measured in situ using a Hydrolab MS5 water 
quality sonde (Hach Environmental, Loveland, 
CO, USA). These parameters were used in 
several of the model equations (see Table S1, 
Supplementary Material). Water was analysed 
for TN (only used in mass balance calculations), 
PO4-P, NH4-N, NO3-N, Chlorophyll-a (Chl-a), 
and dissolved organic carbon (DOC). TN was 
determined using Flow Injection Analysis 
(FIA) (standard deviation (SD) of analytical 
reproducibility: TN = ±110 μg L-1), PO4-P, 
NH4-N, NO3-N, Chlorophyll-a (Chl-a), and 
dissolved organic carbon (DOC). PO4-P and 
NH4-N were determined on an autoanalyser 
(AA3) (SD of analytical reproducibility: PO4-P 
= ±0.5 μg L-1; NH4-N = ±50 μg L-1). NO3-N 
was determined spectrophotometrically on 
a TRAACS-instrument (SD of analytical 
reproducibility: ±41 μg L-1). Chlorophyll-a 
(Chl-a) was determined spectrophotometrically 
on a Shimadzu instrument (MVR14) (SD of 
analytical reproducibility: ±0.2 μg L-1). Organic 
nitrogen in phytoplankton (Npp) was calculated 
from an N:Chl-a ratio of 10 (Jørgensen et al., 
1979; Fragoso Jr et al., 2008). Dissolved organic 
nitrogen in the water column (Norg) was estimated 
from DOC, using a DOC:Norg mass ratio of 20 
(Wetzel, 2001). DOC was determined using a 
high-temperature catalytic oxidation instrument 
(Shimadzu TOC-5000).

 data together with 

groundwater contribution of N and TOC. 
Concentrations of NH4–N, NO3–N and TOC in 
groundwater were obtained from the Geological 
Survey of Sweden (SGU) (Station 1: 630 50´N, 
210 30´E; Station 2: 640 19´N, 210 22´E; Station 
117: 640 50´N, 210 56´E and Station 118: 640 
25´N, 210 58´E).

 Pore water PO4-P concentration was 
used in the model to calculate macrophyte uptake 
of NH4–N (Nam) and NO3–N (Nox) (see equations 
ruptakeAM and ruptakeOM in Table S1, Supplementary 
Material). At four occasions in summer 2010, 
~30 mL of pore water was collected by inserting 
an Eijkelklamp Rhizon soil moisture sampler at 
the shoreline of Lake Bruträsket. The sampler 
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consisted of a porous material tube (10 cm long, 
diameter 3 mm) with a nominal pore size of 0.1 
μm. PO4-P was analysed as described above.

Phytoplankton - In July 2008, water for 
phytoplankton samples (250 mL) was collected 
in Lake Bruträsket from depths of 0.5 – 1 m at 

one sample from which a subsample of 200 
mL was retrieved and conserved using Lugol’s 
potassium iodide solution (5% I2
sample was stored for quantitative determination 
of phytoplankton biomass (μg L-1) according to 
Olrik et al. (1998). 

Macrophytes - In July 2008 whole-species 
samples of common reed were collected and 
separated into roots, stems and leaves dried at 
105oC, ground and analysed for their N-content 
using a Leco Tru Spec (LECO, Michigan, 
USA). Biomass was estimated from determined 
percentage cover of common reed performed 
using the ArcGIS software (ESRI 2008) at a scale 
of 1:100 (Husson et al., 2013). Based on low-
altitude (200 m), unmanned aerial vehicle (UAV) 
photographs (Rango et al., 2006) with 5 cm 
ground resolution, the reed stands were divided 
into polygons of four cover classes (Husson et 
al., 2013). To calculate the total reed biomass, 
the area of each cover class was multiplied by 

Estimated biomass and N-content was used 
in mass balance calculations to determine 
the amount of N stored in macrophytes and 
phytoplankton. It was also used to verify model 
simulated concentrations of Npp and Nmp (in mg 
Npp/mp L

-1).

Sediment - Two 18-26 cm deep sediment cores 
were collected from Lake Bruträsket (June 

gravity corer (Blomqvist and 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). After drying at 50°C the 
samples were ground and stored for 210Pb (Flynn, 
1968) and N determination. Sedimentary N 
was determined using a PDZ Europa ANCA–
GSL elemental analyser coupled to a PDZ 
Europa 20–20 isotope ratio mass spectrometer.  
Sedimentary N data was used in a multi-G 
model (Westrich and Berner, 1984), from 

amsedi (Table 2) could be estimated and 
used to calculate remineralisation rates (rremini, 
Table S1). 210Pb data was used to calculate the 
sedimentation rate (Turner and Delorme, 1996), 
which was used to calculate N burial rates (rburi, 
Table S1, Supplementary Material). The fraction 
of remineralised sedimentary N (fdi) (Table 2) 

Parameter Symbol Unit Model valuea Literature valueb Reference/remark 
Water column inorganic N      
Maximum growth rate of 
nitrosomonas μn d-1 0.1(C) 0.1-0.47 Fritz et al., 1979; Senzia et al., 

2002 
Yield coefficient for 
nitrosomonas Yn No units 0.25 (C) 0.1-0.3 Fritz et al., 1979; Peng et al., 2007a  

Oxygen half-saturation 
constant for nitrosomonas K2 mg L-1 1.3 1-1.3 Peng et al., 2007a 

Potential denitrification Dp mg L-1 d-1 0.1c  Calibrated 
Nitrate half-saturation 
constant for denitrificaion Kd d-1 0.15 (F) 0.1-0.2 Kadlec and Knight, 1996 

Arrhenius constant for 
denitrification den No units 1.08 (F) 1.072-1.083 Heinen,  2006 

Water column organic N       
Rate coefficient for 
precipitation of Norg 

K5 d-1 0.0035c  Calibrated 

Rate coefficient for 
ammonification of Norg 

Kao d-1 0.01 (C)c Insel et al., 2006; Jørgensen and 
Bendoricchio,   2001 

Arrhenius constant for 
ammonification of Norg 

am No units 1.05 (F)c 1.02-1.08 Jørgensen and Bendoricchio,   2001 

Phytoplankton       
Maximum growth rate of 
phytoplankton μmax d-1 0.6 (C) 0.06-3 Burger et al. 2008; Jørgensen et 

al., 1979 
PAR half-saturation 
constant KPAR_pp μmol m-2s-1 100 (F) 78-115 

46-460 
Jørgensen et al.,  1979 
 Sagehashi et al.,  2000 

Light extinction coefficient  m-1 0.5 (F) 0.25-0.65 Fragoso Jr et al.,  2008 

Table 2. Values of the model parameters.
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Table 2. cont.

Ammonium half-saturation 
constant K3 mg L -1 0.045c   

0.005-0.5 

Hamilton and Schladow, 1997; 
Beran and Kargi, 2005; Fragoso Jr 
et al.,  2008 

Nitrate half-saturation 
constant K4 mg L-1 0.045c  

0.025-0.045 
Beran and Kargi,  2005; Burger et 
al.,  2008 

Phosphorus half-saturation 
constant Kpo4 mg L-1 0.005 (F) 0.001-0.01 Beran and Kargi, 2005; Burger et 

al.,  2008;  Fragoso Jr et al.,    2008 
Arrhenius constant for 
phytoplankton growth pp_gr  No units 1.066 (C) 1.02-1.08 Jørgensen and Bendoricchi,  2001 

Fraction of settling 
phytoplankton f No units 0.4 0.34-0.40 Burger et al.,  2008 

Rate constant for settling of 
phytoplankton S  d-1 0.1   Calibrated 

Rate constant for settling of 
phytoplankton S  d-1 0.1   Calibrated 

Zooplankton grazing rate μgr d-1 0.1 (C) 0.1-0.2 Fragoso Jr et al.,  2008 
Phytoplankton respiration 
and excretion rate μre d-1 0.05 (C) 0.001-0.25 Burger et al., 2008; Fragsoso Jr 

et al., 2008 

N:Chl-a ratio  By weight 10 (F) 7-13 
Jørgensen et al., 1979; Insel et al. 
2006; Peng et al., 2007a; Fragoso 
Jr et al. 2008 

Arrhenius constant for 
phytoplankton respiration pp  No units 1.05 (C) 1.05-1.09 Robson and  Hamilton, 2004 

Macrophytes      
Ammonium half-saturation 
constant K3 mg L -1 0.2c  0.005-0.5 

Hamilton and Schladow, 1997; 
Beran and Kargi, 2005; Fragoso Jr 
et al., 2008 

Nitrate half-saturation 
constant K4 mg L-1 0.045c  

0.025-0.045 
Beran and Kargi, 2005; Burger et 
al.,  2008 

Maximum growth rate of 
macrophytes μmp d-1 0.35 (C) 0.47 Peng et al.,  2007a 

PAR half-saturation 
constant KPAR_mp μmol m-2s-1 145 (F) 145 Asaeda et al.,  2000 

Mortality rate coefficient for 
macrophytes 

m
mp d-1 0.01-0.2 0.009-0.05  Peng et al.,  2007a 

Arrhenius constant for 
macrophyte mortality mp  No units 1.05c  1.05-1.12 Asaeda et al.,  2001 

Arrhenius constant for 
macrophyte growth mp_gr  No units 1.02c 1.09  Asaeda and Karunaratne,  2000 

Sediment      
Lake depth h m 2.7c  Measured 
Fraction of 
remineralized Nsed1 

fd1 No units 0.27   

Fraction of  
remineralized Nsed2 

fd2 No units 0.37  Based on sediment N profiles 

Fraction of 
remineralized Nsed3 

fd3 No units 0.25   

Remineralization rate 
coefficient for Nsed1 

Kamsed1 d-1 0.0094 (M) 0.005-0.2 Lehmann et al.,  2002; Gälman
et al., 2008   

Remineralization rate 
coefficient for Nsed2 

Kamsed2 d-1 0.00034 (M) 0.0005-0.008 Lehmann et al.,  2002; Gälman 
et al., 2008 

Remineralization rate Kamsed3 d-1 0.000028 (M)   
Remineralization rate 
coefficient 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-1 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 

Arrhenius constant for 
remineralisation of Nsed1, 
Nsed2, Nsed3 

rem1,2,3 No units 1.02 (C) 1.02-1.08 Jørgensen and Bendoricchio, 2001 

a

bRepresents literature value mentioned in reference/remark
cValues of model parameters changed compared to the model for Nya Sjön (Chlot et al., 2011)

Parameter Symbol Unit Model valuea Literature valueb Reference/remark 
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2.4 Evaluation of the model

Model parameters that were determined when 

et al., 2011) were initially used to calibrate the 
Lake Bruträsket model. Based on the outcome of 
a sensitivity analysis (Chapelle et al., 2000), and 
to
of determination, R2) between measured and 
predicted values, the values of some model 
parameters were slightly changed (Table 2).  It 
was mainly parameters related to water column 
organic N and phytoplankton and macrophyte 
N uptake that were altered compared to their 

2; Chlot et al., 2011). In the calibration step, 
a measure of correlation between measured 
and predicted values was obtained from the 

2).  Analogously 

of the model (expressed as effR2, Nash and 
Sutcliffe, 1970) was calculated. 

The model was validated against an independent 
data set from 2009 in order to see how well the 

Heuberger, 1995; Jørgensen and Bendoricchio, 
2001). Due to the lack of measured data for Norg 
in 2009, only Nam (NH4-N) and Nox (NO3-N) 
were validated. 

The sensitivity analysis and the calibration and 
validation measures together revealed that the 
model is a reasonably robust simulation tool 
producing realistic simulation results. Thus the 
model can be used for further investigation of 
N transformation and removal in the lake, and 
simulation results can be used to evaluate the 
performance of the lake.

2.5 Mass balance approach

For the N species TN, NH4-N, NO3-N, Norg, Nsed, 
Npp and Nmp a mass balance calculation was 
performed, with the lake N budget expressed in 
kg for the period mid-April to mid-October 2008 
and 2009. Flow data and water chemistry was 
used for the lake inlet (6203a) and lake outlet 
(6203b). Also here a ratio between in- and outlet 
data was used for interpolation in the case of 
missing data. Sampling in 6203a and 6203b was 
done on a weekly to bi-weekly basis, and data 

to represent the time period between two 
successive sampling occasions (representative 
days). 

The mass of Nsed was obtained by multiplying 
the sedimentation rate (g N cm-2 yr-1) by lake 
area and the N concentration (wt %) in the top 
sediment layer. Mass of Npp and Nmp was obtained 
by multiplying the biomass with estimated N 
concentration. Finally, the mass of the N species 
(Nspec) TN, NH4-N, NO3-N, Norg was calculated 
according to Eq. (2):

Nspec(mg m-3 -3 d-1) x number 
of representative days x 10-6 = kg/d   
      (2)

October 2008 and 2009.

The budget for these three N species was then 
calculated as:

masslake inlet(kg) – masslake outlet (kg)

Accumulation in the lake was assumed to occur 
if massinlet > massoutlet. 

3. Results and Discussion

3.1 Model simulations of N transformation 
processes

For 2008 data the values of R2 were 0.89, 0.79 
and 0.54 for Nam, Nox and Norg, respectively (Fig. 
3). Corresponding effR2 values were 0.75, 0.65 
and 0.44 for Nam, Nox and Norg, respectively. 
Lower R2 and effR2 values for the latter two 
state variables may indicate a less satisfactory 

NO3-N and dissolved Org N in the later part 
of the year (Fig. 3). Also, the lower R2 for Norg 
may be due to sediment resuspension or other 
transformation processes not accounted for in 
the model (Peng et al., 2007b). The validation 
step resulted in R2-values between predicted and 
measured NH4-N and NO3-N data of 0.71 and 
0.8 respectively.
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Nam - The gold leach plant was temporarily closed 
in March 2008, resulting in decreasing NH4-N 
concentrations during 2008 (Fig. 3). According 

important transformation process of Nam (Fig. 
4a) and contributed with 23 % of NH4

+ removal, 
while about 10 % was removed through phyto-
plankton and macrophyte uptake. In the pond, 
the corresponding numbers were 10, 1 and 5%. 
The same relative importance of the various 
transformation processes was observed in a wet-
land treating NH4-N rich mine water (Demin 
and Dudeney, 2003). The annual average nitri-

-1d-1 is approximate-
ly three times higher than estimates from a me-
sotrophic lake (Hall and Jeffries, 1984).  From 
late May to mid-August, pH in the lake (pH 
~6.7) was ~2 units lower than in the pond, which 

proceed (Colomer and Rico, 1993). Hence the 

period (Fig. 4a). This pH difference could also 
explain why removal through NH3 volatilisation 
was only of minor importance in the lake (Fig. 
4a). A comparatively higher volatilisation rate in 
spring compared to summer was expected due to 

-
tion, higher pH and NH4-N concentration during 
this period (Pano and Middlebrooks, 1982). Am-

equal relative amounts to an increase in NH4-N 
concentration (Fig. 4a). 

Nox –NO3-N concentrations varied between 0.2 
-0.6 mg L-1 from January to September and 
then reached values > 2 mg L-1 at the end of 
the year (Fig. 3). This increase could be a result 
of outwash from the tailings pond occurring 
simultaneously with ice-coverage of the lake 

was not completely captured by the model 
(Fig. 3).  Annual average uptake rates of Nox by 
phytoplankton and macrophytes of approximately 
0.0002 mg L-1 d-1

-1 
d-1 (Fig. 4b), which contributed with ~20% of the 
NO3

-

is similar to rates obtained from measurements 
performed on lake sediment (Seitzinger, 1988; 
van Luijn et al., 1996), but four times lower than 

of the time lower than 0.004 mg L-1 d-1, implying 

(Seitzinger, 1988; Peng et al., 2007b). Hence the 
two processes showed similar seasonal variation.

Norg – The seasonal variation of dissolved Norg, 
with the highest concentrations observed during 

is similar to variations observed for wetland-

et al. (2008). With the highest removal rate 
occurring late in April to Mid-September, model 
simulations showed that the annual average 

to removal of dissolved Norg was 14% and 
10% respectively (Fig. 4c). The remaining 
dissolved Norg was discharged through the lake 

0

1

2

3

4

5

0

1

2

3

Measured
Predicted

0.2

0.3

0.4

0.5

0.6

R2 = 0.89

R2 = 0.79

Jan Mar May Jul Sep Nov

Jan Mar May Jul Sep Nov

Jan Mar May Jul Sep Nov

R2 = 0.54

N
or

g 
(m

g 
L-1

)
N

O
X 
(m

g 
L-1

)
N

am
 (m

g 
L-1

)

Fig. 3 Calibration results for the model for the simulation 
period January to December 2008. Correlation is ex-

2) between 
predicted values from simulations (solid line) and meas-
ured values (triangles) for ammonium (Nam), nitrate (Nox), 
and dissolved organic N (Norg).
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outlet. With an annual average rate of 0.0007 
mg L-1 d-1, mortality of phytoplankton contributed 
on average 5% to the increase of the dissolved 
Norg

Nsed – In the lake, dissolved Norg precipitation 
from the water column contributed on average 

cm of the sediment, while macrophyte detritus 
and settling of phytoplankton contributed 
16% and 4%, respectively. These observations 
are similar to those of Peng et al. (2007b).  
However, macrophyte mortality showed 
pronounced seasonal variation and was the most 
important contributor to sedimentary organic 
N from late June until the end of September. 
The highest remineralisation rate of 0.004 mg 
L-1 d-1 coincided with the summer temperature 
maximum (Fig. 4d). A simulated burial rate of 
0.0047 mg L-1 d-1 is four times lower than for 

burial rates calculated following the procedure 
in Rydin et al. (2011) (Chlot et al., 2013a). 

3.1.1 Future improvements of the simulation model

Some of the simulated rates, e.g. burial and 

measurements of the rates, while other rates only 
were estimated through model simulations. To 
improve the reliability of the model, rates of N 
transformation processes could be estimated in 

rates can e.g. be measured by collecting 
undisturbed sediment cores and applying the 
acetylene blockage method (Tiedje et al., 1989). 
If measurements are performed at 20 oC, potential 

p) can be estimated (Hénault 
and Germon, 2000), which is a parameter in the 

Ammonia volatilisation rates can be estimated 

et al., 1977). The presence of nitrifying and 
denitrifying bacteria in the water column could 

number (MPN) technique (Christensen, 1985).
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Fig. 4 Transformation rates (mg L-1 d-1) and permanent removal processes in Lake Bruträsket from January to Decem-
ber 2008. a) Ammonium (Nam), b) nitrate (Nox), c) dissolved organic nitrogen (Norg) and d) sedimentary organic nitrogen 
(Nsed).  
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3.2 Lake Bruträsket – a nitrogen source or 
sink?

3.2.1 Nitrogen mass balance for Lake Bruträsket

A mass balance from Mid-April to Mid-
October 2008 for the various N-species in Lake 
Bruträsket indicated that approximately 1000 
kg or 12% of the incoming ammonium (Nam) 
accumulated in the lake. For nitrate (Nox), the 
corresponding number was 4% or 271 kg (Fig. 
5). More organic nitrogen (Norg) left the lake 
than what entered, which probably was a result 
of uptake of inorganic N in phytoplankton 
and macrophytes converting it into organic N. 

3.2.2 Biological uptake

Average macrophyte uptake rates of 0.002 mg 
Nam L-1 d-1 simulated in the model are similar 
to those estimated in an N isotope tracer study 
performed in the lake (Chlot et al., 2013, 
manuscript in preparation). Macrophyte N 
concentrations based on biomass calculation 
and macrophyte N (Nmp) content ranged from 
0.04 – 0.45 mg L-1 of lake water. The simulated 
maximum value 0.32 mg L-1 of Nmp was within 
this range.  For the whole one-year simulation 
period, the macrophyte and phytoplankton 
uptake of Nox was less important than uptake of 
Nam (Fig. 4a and b). The uptake of Nam by both 

 Nsed 822  

NH4-N  
NO3-N
NO2 -N
Npp   

NO3-N
Tot-N

NO2-N
Org-N
Npp

Nmp 166  

2008
ΔN (kg)

−ΔN (kg)

2009

1034
271

526
Tot-N 794

150
49 2008 2009

-15

-108

-1012
-240

-539

-1342

Similar observations were reported by Epstein 
et al. (2013). Mass balance results are in line 
with model simulations for 2008, that for 

macrophyte ammonium uptake rates, leading 
to a decreased NH4-N concentration and an 
increased Nmp concentration. In 2009 there was 
also an accumulation of Nam (~16% of incoming 
NH4-N), while the opposite occurred for NO3-N. 
Thus, the lake is a sink for NH4-N that seems to 
be transformed into other N-species, making the 
lake a source for these species.

macrophytes and phytoplankton was on average 

et al., 2011). This can partly be explained by 
the more equal concentrations of Nam and Nox 
in the lake (Table 1) compared to the pond. 
Using a conservative phytoplankton biomass 
estimate of 1.0 mg L–1 to represent a summer 
period of 3 months and a plankton settling rate 
of 0.1 m d-1 (Table 2; Jørgensen et al., 1979), 

bound N was 6.3 mg m–2 d–1 (0.0023 mg L–1 
d–1), which is similar to the maximum settling 

–1 d–1, 
Fig. 4d). Based on mass balance calculations for 
the period April-October 2008, N contained in 

Fig. 5 Nitrogen mass balance for Lake Bruträsket shown for two years (2008 and 2009). Positive 

(kg) signify a net export of the N species from the lake.
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phytoplankton biomass in Lake Bruträsket was 
~240 kg, while the standing stock of macrophyte 
biomass (on average 8 100 kg) contained 
~170 kg of N (Fig. 5). In the pond, ~30 times 
more N was assimilated in macrophytes than 
in phytoplankton (Chlot et al., 2011). Hence, 

the relative difference between N assimilation 
in phytoplankton and macrophytes was smaller 
in the lake. However, macrophytes may play an 
additional role through providing surfaces for 

denitrifying bacteria (Gonzáles-Sagrario et al., 
2005; Peng et al., 2007b). Settling phytoplankton 
will decompose in the surface sediment, from 
which nutrients later can be regenerated to the 
water column or to the pore-water (Fragoso Jr et 
al., 2008). Consequently, phytoplankton bound 
N may contribute to long-term internal nutrient 
loading in the lake (Burger et al., 2008).

3.2.3 Permanent N removal

In general, model simulations in the lake 
revealed clear seasonal variations for most of 
the transformation processes, with the highest 
rates occurring from late May until the end of 
September (Fig. 4) when temperature exceeded 
5 oC, with rates being 2- 20 times lower 

According to model simulations, a relatively 
lower percentage of especially NH4

+ was 
discharged through the lake outlet compared 

this could be a larger lake volume, i.e. a longer 
residence time of the water, and therefore an 
increased time for the nitrogen to be involved in 
the various transformation processes (Demin and 
Dudeney, 2003; Jørgensen, 2003).  According 
to model simulations, approximately 67% of 
the permanent N removal occurred through 

of sedimentary organic N contributed to 1% 
and 32%, respectively, of permanent N removal 
from May to October. However, on an annual 
basis, burial was more important. Compared to 
the ~16000 kg of TN transported in the lake inlet, 
about 23% of the transported N is permanently 
or temporarily stored in the sediment, which 
demonstrates the importance of sediment burial 
for permanent N removal. However, ~30% will 
be released back to the water column through 

from May to October, with a relatively larger 
contribution of NH3 volatilisation and burial 
to permanent N removal. During periods with 
temperatures < 5 oC (Fig. 2), >90 % of the N 

Similar observations with decreased N removal 
at low temperatures are reported in other studies 
(cf. Chen et al., 2006), a possible consequence 
of decreased bacterial species richness at lower 

3.3 Hypothetical modelling- simulating 
scenarios of changed conditions

the rates of the N transformations in the lake 
and how these factors could be changed to 
increase nitrogen removal, a hypothetical set of 
input parameters (retention time, pH, nutrient 
concentration) was applied in the model. A 
series of simulations were run, where one input 
parameter at the time was varied (Asaeda et al., 
2001).

3.3.1 Changed temperature and precipitation pattern  

A change in future climate with increased 
temperature (IPCC, 2007) is expected to 
affect precipitation patterns (Dore, 2005) and, 

residence time in lakes. Over the year, the 
residence time in Lake Bruträsket varies between 
5-68 days (Table 1), with the shortest residence 
time during spring and summer (5-30 days). 
Since residence time is an important factor that 
determines water quality in lakes (Jørgensen, 
2003), simulations of climate related changes in 

run (Eq. 1).
 
Temperature – Simulations of temperature 
changes within a 2 oC range (0.5 oC incremental) 
had pronounced effects on burial and 

internal loading of lake nutrients (James et al., 
2000; Burger et al., 2008). Higher temperature 
resulted in removal and transformation 

occurring during a longer period of the year and 
in increased biological uptake. Consequently, 
~10 % less NH4
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 A reduction of residence time with 5 

in higher rates of various N transformation 
processes (expressed as mg L-1 of lake water 
d-1) (Fig. 6a). At the same time it resulted in a 
higher percentage of NH4-N and NO3-N leaving 

wash out of the nutrients (Jørgensen, 2003). A 

transformation rates.

Volume – Simulations of longer periods without 
ice-coverage of the lake (larger water volume, Eq. 
1) had only marginal effects on N transformation 
and removal rates.

3.3.2 pH 

Simulations where pH was increased with 
one unit resulted in increased rates of NH3 

increase of the last two transformation processes 

to be the rate-determining step in the coupled 

pH more than one unit had an opposite effect on 

approaching the upper limit for the process to 
proceed (Peterjohn, 1991; Šimek and Hopkinson, 
1999). 

3.3.3 Nutrient concentrations

PO4-P concentration – Summer TN:TP ratios 
of 27 in the lake (Chlot et al., 2013b) indicate 
P limiting conditions for phytoplankton growth 
(Guilford and Hecky, 2000). Based on the results 
from a sediment incubation experiment it was 
estimated that whole lake PO4-P concentration 
would increase by 10% as a result of sedimentary 
SRP release during low-oxygen conditions 
(Chlot et al., 2013b). Therefore, a scenario with 
10% higher water column PO4-P concentration 
on a yearly basis was simulated. This resulted in 
~10% more phytoplankton-bound N during the 
period May to August. Increasing the pore-water 
PO4-P concentration had hardly any effect on 
macrophyte-bound N.

NH4-N and NO3-N concentrations – During 
periods when the gold leach plant has been in 
operation, NH4-N concentrations have varied 
between 0.2 – 14 mg L-1 in the Brubäcken 
system (Chlot, 2011). In a simulation scenario 

4-N and NO3-N concentrations 
of 10 and 8 mg L-1, 

with present-day, measured concentrations. The 

the period when transformation processes 
occurred during summer was increased by 10-15 
days. Higher NO3-N concentrations resulted in 
a higher percentage of the NO3

- species leaving 

preferential NH4
+ assimilation into biota. Hence, 

NO3
- entering the lake would not be assimilated 
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and instead washed out. In a simulation scenario 
with low nutrient conditions (NH4-N = 0.1 mg 
L-1 ; NO3-N = 0.05 mg L-1

three times, while the volatilisation rate 
decreased nine times. 

4. Conclusions
Despite some discrepancies between measured 
and predicted values, overall the model produces 
realistic simulation results that show the relative 
importance of various N transforming processes. 

Both NH4-N and NO3-N concentrations 
decreased during summer (Fig. 3). All 
simulated processes showed clear seasonal 
variation, with very low rates from October 

transformation process for ammonium, followed 
by uptake in phytoplankton and macrophytes 

transformation process for nitrate. It was also 
the most important permanent nitrogen removal 
process, at least from May to October, but on an 
annual basis, burial of sediment organic N was 
more important.

In general, simulated transformation rates were 

pond, which is attributed to differences in pH, 
nutrient concentrations and residence time. 
Simulation scenarios indicate that pH and 

Both mass-balance calculations and simulations 
indicate that the lake may be a source of NO3-N, 
especially at elevated NO3-N concentrations. 
According to the mass-balance for 2009, 
when more NO3-N than NH4-N was present in 
the lake, NO3-N was exported from the lake 
(Fig. 5). However, for 2008 both mass-balance 
and simulation results indicated that the lake 
was a sink for NH4-N and NO3-N. Mass balance 
calculations also showed that a relatively larger 
amount of N was assimilated by phytoplankton 

pond. A large amount of phytoplankton-bound 
N may contribute to long-term internal nutrient 
loading in the lake.

The simulations suggest that N transformation 
and removal in this mine water recipient to a 
larger extent occurred through microbiological 

through biological uptake into macrophytes and 
phytoplankton. In the pond, this difference was 
relatively smaller, with a larger contribution of 
macrophyte uptake. This could be a result of 
denser macrophyte coverage and a shorter reten-
tion time of the pond, providing shorter time for 
transformation processes to occur. Simulations 

-
-

tion process. Nitrogen removal through this cou-
pled microbiological process could be enhanced 

-
ing pH between 7-8. 

The combined modelling and mass balance 
approach provided new insights regarding N 

located in cold climates. Modelling can be used 
as a decision-making tool to evaluate the most 
suitable measures to increase natural attenuation 
of N in lakes receiving nutrient-rich mine water 
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The biogeochemical dynamic model calculates the concentration 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). Nsed was divided 
into three fractions (i = 1, 2 and 3) of reactive organic matter and one refractive, permanently 

conceptualised in Fig. S1.

Fig. S1. Conceptual model of nitrogen input, transformation and removal in lakes receiving 

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= nitro-
gen in sediment. The concentration of nitrogen species is calculated as mg N L-1 lake water
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given by the following set of coupled differential equations (Eqs. 1-8).
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Table S1. Reaction rates (r) and the model equations of N transformation process.
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Values of the parameters included in the equations are found in Table 2 in the manuscript.
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Abstract The main objectives of this study were to (a)
study the interaction between N and P cycles in mining-
affected aquatic systems and (b) to quantify release rates of
sedimentary soluble reactive phosphorus (SRP) that may be
related to this interaction. Sediment cores and water from
Lake Bruträsket (Boliden, northern Sweden) were collected
and a time series of water sampling and flow measurements
was conducted in the Brubäcken stream connected to the
lake. Factors affecting SRP release were studied in a sedi-
ment incubation experiment and water column experiments.
Field and laboratory measurements indicated that pH and
dissolved oxygen are two important factors for SRP release.
At the end of the low-oxygen incubation, an SRP concen-
tration of 56 μgL−1 resulted in a sedimentary flux of 1.1 mg
SRPm−2day−1. This is ∼10 times higher than the flux of
0.12 mg SRPm−2day−1 obtained from depth integration of
vertical SRP profiles measured in the lake, and ∼100 times
higher than the external flux of 0.014 mg SRPm−2d−1 into
the lake (based on catchment area). Field measurements
indicated that oxidation of organic matter and mining-
related chemicals (ammonium and thiosulphates) may result
in increased internal SRP flux from the sediment. Increased
P loading in the lake as a result of low-oxygen conditions
could change water column total nitrogen/total phosphorus
ratios from 27 to 17, consequently changing the lake from
being P-limited to be co-limited by N and P. The obtained
findings point to possible interaction between the cycles of
nitrogen (oxygen consumption) and P (flux from sediment)

that may be important for nutrient regulation in mine water
recipients.

Keywords Mining . Recipient . Nitrogen . Phosphorus .

Sediment . Incubation experiment . SRP flux . Boliden

Introduction

Process water discharged from mine sites to receiving
streams and lakes may contain elevated concentrations of
phosphorus compounds. Major sources include dissolution
of apatite in apatite iron ore, chemicals used in the flotation
process, sewage sludge used in various mine waste remedi-
ation activities (Hansson 2006; Häyrynen et al. 2008), as
well as mining of phosphate rock for manufacturing of
mineral fertilisers (Das 1999; UNEP and IFA 2001).
Elevated concentrations of nitrogenous compounds (e.g.
ammonium, nitrate and nitrite) in the mine effluent are
mainly a result of the use of ammonium-nitrate-based ex-
plosives in rock blasting and cyanide used in gold extraction
(Logsdon et al. 1999; Mattila et al. 2007; Morin and Hutt
2009).

Changed conditions with increased pH, lowered redox-
potential and increased microbial activity can result in re-
lease of sedimentary P to the hypolimnion (Andersen 1975;
Boström and Pettersson 1982; James et al. 2000). When this
hypolimnetic P reaches the epilimnion (Stauffer 1987), eu-
trophication is initiated or intensified (James et al. 2000;
Søndergaard et al. 2003).

The classic concept that P release to the overlying water is
higher during anoxic than oxic conditions was first proposed
by Einsele (1936) and later by Mortimer (1941, 1942). The
concept is based on the close coupling between the Fe and P
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cycles, with reductive dissolution of Fe(III) hydroxides
resulting in release of sorbed P (Boström et al. 1988). Even
though this view is still relevant (Davison and Tipping 1984), it
also seems to be an over-simplification, and other factors have
been found important to control mobilisation of Fe and P (cf.
Hupfer and Lewandowski 2008). The nitrogen and iron
cycles may be coupled in anoxic environments due to
chemical or biological reduction of nitrate coupled to Fe
(II) oxidation (Stumm and Morgan 1996; Kampschreur
et al. 2011). This would promote immobilisation of P to
newly precipitated Fe(III) compounds (Boström et al.
1988; Søndergaard et al. 2000).

The present study was performed in Lake Bruträsket, which
receives N- and P-richmine effluents. In addition, the effluents
contain thiosulphates that are generated during grinding and
flotation of complex sulphide ores, with oxidation of these
ores as primary generating mechanism (Söderlund 2008). In
the lake, inorganic N occurs in almost equal concentrations of
ammonium (NH4

+) and nitrate (NO3
−). Oxidation of NH4

+ to
NO3

− (nitrification) and further oxidation of thiosulphates are
two oxygen-consuming processes that might indirectly en-
hance the diffusion of soluble reactive phosphorus (SRP) from
sediments becoming anoxic. This, in turn, may change the
water column N/P ratio and accelerate eutrophication in P-
limited systems.

The main objectives of this study were to (a) study the
interaction between N and P cycles in mining-affected
aquatic systems and (b) to quantify release rates of sedimen-
tary SRP that may be related to this interaction. Release
rates were obtained from a laboratory sediment incubation
experiment and data from vertical lake profiles were used to
compare the internal and external load of P to the water
column of Lake Bruträsket. In addition, we investigated the
role of NO3

− in maintaining a redox level high enough to
promote the presence of Fe(III) hydroxides in the surface
sediment, which might increase sedimentary P retention.

Materials and methods

Study site

The study area is located in the Skellefte district, northern
Sweden (Fig. 1). This is one of the most important mining
districts in Sweden, dominated by Early Proterozoic
volcanogenic massive sulphide deposits (Weihed et al.
1992; Allen et al. 1997). Sulphide ores from the Skellefte
district are processed at the Boliden concentration plant. At
the time of sampling, tailings were deposited in the
Gillervattnet impoundment (today a new impoundment is
in operation). The impoundment and the associated clarifi-
cation pond Nya Sjön discharged into the approximately 10-
km-long Brubäcken system, consisting of one major stream

(Brubäcken), wetlands and Lake Bruträsket. Further down-
stream, the system also received discharge from a municipal
sewage treatment plant (Lundkvist 2001). From 2001 to
2008, a gold leach plant was operating at Boliden. The
destruction of the leaching agent NaCN was performed
using the SO2/air process (Robbins et al. 2001), resulting
in high NH4–N concentrations (0.2–14 mgL−1) in the
discharging water. Total phosphorus concentrations of
0.08–0.57 mgL−1 in the discharging effluent are a result of
flotation chemicals containing dithiophosphate used at the
Boliden plant.

Lake Bruträsket is dimictic and shallow (mean depth
2.7 m), with a surface area of 0.36 km2. Annually, the total
phosphorus (TP) and total nitrogen (TN) concentrations in the
lake vary between 0.03 and 0.1 and 1.00 and 1.56 mgL−1,
respectively, corresponding to high to very high concentra-
tions according to the Swedish Environmental Protection
Agency (SEPA 2000). Based on TN and TP concentrations,
the Brubäcken system can be classified as eutrophic (Kalff
2002).

Field methods

Water sampling

Between mid-April and mid-October 2008 water was col-
lected at stations 6202 and 6203b in the Brubäcken stream.
The former is located at the outlet from the clarification
pond while the latter is located downstream of Lake
Bruträsket (Fig. 1). Stream water was analysed for dis-
solved oxygen (DO), NH4

+ (sampling station 6202) and
ortophosphate from diffusive gradients in thin film devices,
(“Diffusive gradients in thin films devices”) and chlorophyll-a
(Chl-a; sampling station 6203b).

On five occasions between May 2008 and June 2009,
vertical profiles were measured in the deepest part of Lake
Bruträsket (N 64°49′5, E 20°20′26; water depth, 5 m). Water
was sampled every 0.5 m down to a depth of 4 m and was
analysed for water quality parameters (DO, pH and conduc-
tivity) as well as concentrations of NO3

−, NH4
+, Chl-a, SRP,

Mn, Fe and S (in May 2008, only DO, pH and conductivity
were determined). Water was collected using an all-plastic
Ruttner sampler (Heraco) and immediately filtered through
0.45 μmMillipore membrane filters. All samples were stored
in acid-washed polyethylene bottles at 4 °C until analysis.

Diffusive gradients in thin films devices

Ferrihydrite diffusive gradients in thin films (FH DGT) de-
vices (DGT Research, Lancaster, UK) were used to measure
truly dissolved orthophosphate, which is believed to be the
only bioavailable form of P (Zhang et al. 1998; Vymazal
2007). Between mid-April and mid-October 2008, FH DGT
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devices were deployed for 1 or 2 weeks at sampling station
6203b. They were mounted singly or in duplicate together
with a temperature logger, enabling temperature correction
of the diffusion coefficient (Zhang and Davison 1995).

The devices were also deployed to obtain a vertical
profile of orthophosphate in Lake Bruträsket. On the 8th
of October 2008, down to a total depth of 4.5 m, six DGT
devices were mounted at intervals of 0.3–1 m on a rope
along with temperature loggers. They were retrieved 11 days
later and stored at 4 °C until analysis.

Collection of lake sediment and water for sediment
incubation experiment

Sediment for the incubation experiment (“Experimental
design of sediment incubation experiment”) was collected
in early June 2010. At a water depth of 4 m, two 15-cm-long
sediment cores (one used as a reference) were collected
using a Kajak gravity corer equipped with a cylindrical
Plexiglas coring tube with an inner diameter of 64 mm
(Blomqvist and Abrahamsson 1985). The cores were sealed

Fig. 1 Study area and position
of the sampling points (6202
and 6203b) and location of
Lake Bruträsket. The inset
shows the bathymetric map of
the lake
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at the top and bottom with polyvinyl chloride (PVC) stop-
pers. The oxidised surface layer of the sediment was
reddish-brown, while the deeper anoxic sediment was
brownish-black or black. From a nearby location, reference
bottom water was collected using a Ruttner sampler and
stored in a 10 L polyethylene water carrier. During transport
from the sampling station to the laboratory, the sediment
cores were kept vertical, and both the cores and the refer-
ence water carrier were kept in darkness.

In addition, using the same sampler one 26-cm-deep
sediment core was collected in June 2009. The core was
sectioned in subsamples (0.5-cm thick for the uppermost 5
and 1 cm for the rest of the core), which were dried to a
constant weight at 50 °C and thereafter ground. The core
was 210Pb dated, and selected sub-samples were analysed
for their Fe and P concentrations.

Laboratory experimental procedures

Using water and sediment cores from Lake Bruträsket,
a sediment incubation experiment was performed
(“Experimental design of sediment incubation experiment”)
to quantify sedimentary SRP release. Also, water column
experiments were performed to study how the SRP concen-
tration varied as a result of changes in pH (trial 1), SO4

2−

concentration (trial 2), and DO concentration (trial 3)
(“Effects of pH, SO4

2− and DO concentration on SRP
concentration”). Furthermore, an experiment was performed
to investigate if NO3

- worked as an oxidant of Fe(II)
(“Oxidation of Fe(II) with nitrate”). For all laboratory ex-
periments (“Experimental design of sediment incubation
experiment”, “Effects of pH, SO4

2− and DO concentration
on SRP concentration” and “Oxidation of Fe(II) with
nitrate”), water was collected through a PVC tube connected
to a 50-ml polypropylene syringe and immediately filtrated
through a 0.45-μm Millipore membrane filter, using a
Whatman® 25-mm filter holder, directly connected to the
syringe. About 5 ml of the aliquot was squeezed through the
filter before collection of the filtrate. Filtrated samples were
stored at 4 °C until they were analysed. Syringes and filter
holders were washed in 5 % HCl for five days and were then
thoroughly rinsed with MilliQ water (Millipore, <18.2 MΩ).
The filters were washed in 5 % acetic acid with subsequent
rinsing in MilliQ water.

Experimental design of sediment incubation experiment

The experimental setup of the sediment incubation experiment
is shown in Fig. 2. After collection of the first water sample
and before the incubation started, about four fifths of the
overlying water was replaced by new bottom water. This
was done in order to minimise errors that might result from
high concentrations of nutrients in the overlying water

building up during transport of sediment cores (Gunnars and
Blomqvist 1997). The core was wrapped with black plastic to
exclude light and incubated at room temperature with contin-
uous gentle stirring of the water (Fig. 2) Low-oxygen condi-
tions (DO<0.4 mgL−1) were generated by constant bubbling
of N2–gas through the overlying water. The low-oxygen in-
cubation was interrupted by bubbling with air.

On eight occasions, ∼130 ml of supernatant water was col-
lectedfromtheincubatedcoreusingaperistalticpump.Onthese
occasions, reference water (blank water) with similar oxygen
concentrationwas sampled, and∼130ml pumpedback into the
core tube to keep the water constant. In addition, supernatant
waterwas collected from the reference coreon threeoccasions.

At the end of the experiment, about 300 ml of supernatant
water was transferred to a 1-L plastic bottle to which Fe(III)

O2/N2-gas
bubbling
and water
sampling

Magnetic stirrer

Supernatant
water

Sediment

Fe (III)
hydroxide layer

Fig. 2 Schematic presentation of the low-oxygen incubation experi-
ment. A magnetic stirring bar propelled by an externally placed mag-
netic stirrer was mounted 10 cm above the sediment surface. The
upward-bent pipe was used for retrieval and replacement of superna-
tant water and for supply of N2–gas or air
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Cl3 salt was added in order to promote precipitation of Fe(III)
hydroxides. Thereafter, the rest of the overlying water was
removed, two Rhizon soil moisture samples (Eijelklamp)
were inserted vertically to a depth of 10 cm and pore water
was collected for analysis of TP. Later, the same procedure
was performed for the reference core for analysis of pore-
water SRP. Finally, the Fe(III) hydroxide layer that had formed
at the sediment surface was scraped off and collected in a jar.
The rest of the core was sectioned into 0.5- or 1-cm sub-
samples and stored for later analysis.

Effects of pH, SO4
2− and DO concentration on SRP

concentration

For trials 1–3, water was collected at sampling station 6202
(Fig. 1), in 10 L carriers. Water was also collected for blank
analysis.

Trial 1 The effect of pH on the SRP concentration was
investigated using titration with 0.1 M HCl or
0.1 M NaOH. A known volume of titrant was
added followed by a thorough stirring until the
desired pH was reached. pH was measured again
1 h later, and water was filtrated for analysis of
SRP and minor and major elements. When pH 5
was reached, a sample was taken out every 15th
minute. pH was then stepwise raised to pH 9.

Trial 2 The sulphate concentration of the water was con-
tinuously increased in order to simulate oxidation
of thiosulphate and tetrathionate to SO4

2− as well
as the SO4

2− competition with adsorbed SRP on
particle surfaces. The SO4

2− concentration (mea-
sured as total S) was increased by 20, 40, 100 and
250 mgL−1 S using potassium sulphate (K2SO4)
salt. After addition of salt, the solution was thor-
oughly stirred and then left for one hour before
sampling.

Trial 3 Water was deoxygenated with N2–gas to maintain
low-oxygen conditions (DO<0.4 mgL−1) and
analysed for SRP and TP after 5, 10 and 15 days.

Oxidation of Fe(II) with nitrate

Water was collected from the shoreline of Lake Bruträsket
and stored in a 5-L water carrier, which was covered with
black plastic and brought to the laboratory for experiments
the following day. Approximately 20 g of lake sediment was
added to the water in order to stimulate microbiological
activity (Nielsen and Nielsen 1998; Weber et al. 2006).
Low-oxygen conditions (DO<0.4 mgL−1) were established
through N2–gas bubbling, followed by addition of Fe(II)
SO4*7H2O and, 30 min later, KNO3. The first sample was
retrieved shortly after addition of the Fe(II) salt, then

samples were collected at regular intervals during 6 h.
Samples for Fe analysis were acidified with 1 M HNO3.
To establish a pH of 6.6, which is close to the optimum pH
for nitrate reduction, 0.1 M HCl was added (Nielsen and
Nielsen 1998; Kampschreur et al. 2011).

Analytical methods

At the collection of water and lake sediment cores (“Water
sampling” and “Collection of lake sediment and water for
sediment incubation experiment”) water temperature, conduc-
tivity, DO and pHweremeasured in situ using a HydrolabMS5
water quality sonde (Hach Environmental, Loveland, CO).

In the laboratory experiments, DO and temperature were
measured at regular intervals using an oxygen meter (VWR
DO200) calibrated against saturated air, and pH was mea-
sured with a Hanna 991301 pH meter calibrated against
Hanna buffer solutions pH 7.01 and 10.01. To verify DO
measurements with the oxygen meter, a water sample was
deoxygenated with Ar–gas, conserved with MnSO4 and
alkaline iodine acid and analysed for DO concentration the
next day following the Winkler method.

All samples were sent to accredited laboratories for analy-
sis. TN and TP were determined using Flow Injection Analysis
and spectrophotometric detection, respectively, (standard de-
viation (SD) of analytical reproducibility—TN=±110 μgL−1;
TP=±3 μgL−1). SRP and NH4–N were determined on an
autoanalyser (AA3; SD of analytical reproducibility—SRP=
±0.5 μgL−1; NH4–N=±50 μgL−1). NO3–N was determined
spectrophotometrically on a TRAACS-instrument (SD of an-
alytical reproducibility, ±41 μgL−1). Concentrations of filtered
Fe and S were analysed using inductively coupled plasma-
atomic emission spectroscopy (ICP-AES), while P and Mn
were analysed using inductively coupled plasma sector field
mass spectrometry (ICP-SFMS; SD of analytical reproducibil-
ity—Fe=±1 μgL−1; S=±15 mgL−1; P=±18 μgL−1 and Mn=
±6 μgL−1). SO4

2− was determined using liquid chromatogra-
phy (SD of analytical reproducibility, ±26 mgL−1). Chl-a was
determined spectrophotometrically on a Shimadzu instrument
(MVR14; SD of analytical reproducibility, ±0.2 μgL−1) after
filtration using Whatman GF/C filters and extraction with
acetone.

Fe and P concentrations in the 26-cm-deep sediment core
were analysed using ICP-AES, while sedimentary P and Fe
from the incubation experiment were determined using ICP-
SFMS. The same method was used to determine Fe and P
collected on membrane filters as well as DGT-P after the DGT
adsorption gel had been leached in 10 % suprapur HNO3.

Lead-210 in sediment was determined by its granddaugh-
ter 210Po (Flynn 1968), measured by alpha spectrometry at
Risø National Laboratory for Sustainable Energy, Denmark.
210Pb dates were calculated using a constant rate of supply
model (Turner and Delorme 1996).
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Calculations

Diffusive sediment phosphorus flux and phosphorus
transport to the lake

In the sediment incubation experiment, both TP and SRPwere
determined on filtered samples (<0.45 μm) but with different
methods. Phosphorus is predominantly released as SRP from
the sediment, but may adsorb to particles of >0.45 μm and
hence be analysed as TP. For this reason, only SRP flux and
transport were considered. Following the procedure in
Haggard et al. (2005), the SRP flux from the sediment was
calculated as the linear temporal change in SRP mass in the
overlying water, after corrections for the water removed for
filtration and replacement with reference (blank) water.
Finally, by multiplying the flux with the lake area (0.36 km2)
and 182 days (assuming the hypolimnion to have low DO
concentrations from October to April), total annual sedimen-
tary SRP loading was determined.

The difference in SRP concentration between the vertical
profiles for Lake Bruträsket obtained in October 2008 and
April 2009 was assumed to represent winter accumulation of
SRP (in milligrammes per litre per day) in the hypolimnion,
and depth integration of the accumulated concentration gave
SRP flux in milligrammes per square metre per day.

During 2008 and 2009, water dischargewasmeasured in the
Brubäcken stream (minimum to maximum discharge,
2.16*104–2.37*105m−3day−1) at the in- and outflow of Lake
Bruträsket using a mechanical flow meter (General Oceanics).
Based on the difference between in- and outflow data, the 2008
inflow to the lake from the Brubäcken stream was 93 % of the
total flow, and the rest was diffuse groundwater flow (during
2009, 82 % groundwater flow). Concentrations of SRP in
groundwater were obtained from the Geological Survey of
Sweden (station 1, 63°50′N, 21°30′ E; station 2, 64°19′N, 21°
22′E; station117,64°50′N,21°56′E; andstation118,64°25′N,
21°58′E).FlowmeasurementsandSRPconcentrationdatawere
used to calculate P transport to the lake, expressed as
kilogrammes SRP per year. Using a lake catchment area of
38 km2 (Hellman and Lindeström 2004), the external flux of
SRPcanbeexpressedasmilligrammespersquaremetreperday.

Deposition, burial and release rates for sedimentary P

To estimate potentially mobile sediment P in the 26-cm-deep
sediment core, a “stabilisation depth” below which the P con-
centration became approximately constant (Rydin et al. 2011)
was determined. The average P concentration below this depth
was subtracted from P concentrations in the layers above, and
depth integration of the remaining P gave potentially mobile P
per square metre. The P concentration (2,470 mgkg–1; Table 1)
in the surface layer was multiplied by the present-day 210Pb
sediment accumulation rate (in milligrammes per square metre

perday)and the lakearea toobtainpresent-daygrossdeposition.
Permanent burial was calculated as 210Pb sediment accumula-
tion rates multiplied by the average P concentration below the
stabilisation depth. Finally, average long-term release rates of P
were obtained by subtracting burial rate from the present-day
deposition rate (Rydin et al. 2011).

Results and discussion

Field measurements

Outlets from clarification pond and Lake Bruträsket

At the clarification pond outlet (station 6202), NH4–N concen-
trations ranged from 3 to 6 mgL−1 until mid-April 2008 when
the concentration dropped sharply to ∼1 mgL−1 during spring
flood (Fig. 3). A marked drop in dissolved O2 (2 mgL−1) and a
concurrent minor drop in pH (data not shown) in late May
(when temperature exceeds 10 °C) together with decreased
NH4–N concentrations is indicative of oxidation of ammonium
(nitrification). Shortly after the DO minimum, DGT-P at the
lake outlet (station 6203b; Fig. 3) showed a pronounced max-
imum. Based on the sediment incubation experiment, we sug-
gest that this DGT-P maximum indicates a flux of SRP from
the sediment that is related to the DO minimum. Since phyto-
plankton production in the lake is P limited (Chlot et al. 2013),
the Chl-a maximum occurring together with the P maximum
may be directly linked to an input of bioavailable SRP from the
lake sediment.

Water column variables

Temperature gradients were observed in the water column in
July 2008 and April 2009, with the sharpest gradient occur-
ring on the latter occasion when the lake was ice covered
(Fig. 4a). On both occasions, DO concentrations decreased
towards the hypolimnion (Fig 4b). During autumn (October)
and spring lake overturn (May and June) the water column
was isothermal. In July pH, DO and Chl-a concentrations
increased down to ∼3 m depth and decreased towards
deeper levels (Figs. 4b, c and 5a). In addition, NH4–N
concentrations increased with depth. We suggest that this
pattern indicates phytoplankton production in the hypolim-
nion and organic matter degradation under hypoxic–suboxic
conditions (Murray et al. 1989; Stevenson and Bruce 2007)
at the sediment–water interface. This summer phytoplank-
ton production is further confirmed by lower NH4–N and
NO3–N concentrations in July compared with October
(Fig. 5b, c), indicating a summer uptake.

In July and April, SRP, Fe and Mn concentrations
increased with depth (Fig. 5f–h), accompanied by a
decrease in DO concentrations (Fig. 4b). This might
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Table 1 Dry weight concentra-
tions of P and Fe and their ratio
and pore-water TP and SRP
concentrations for the deep sed-
iment core and the cores from
the incubation experiment

aHorizontal line indicates as-
sumed stabilisation depth of the
sediment P concentration

Depth (cm) P (mgkg−1) Fe (mgkg−1) Fe/P ratio Pore-water
TP (mgL−1)

Pore-water
SRP (mgL−1)

26 cm deep sediment
core

0.75 2,470 49,500 20

1.25 2,420 42,500 18

1.75 3,790 47,200 12

2.25 4,230 60,200 14

3.25 3,500 79,600 23

4.25 3,840 42,800 11

5.5 3,040 41,600 14

7.5 2,560 55,100 22

9.5 2,130 75,500 35

10.5 1,540 48,200 31

11.5 1,270a 37,000 29

12.5 1,840 33,800 18

15.5 1,910 33,900 18

18.5 2,340 30,000 13

21.5 1,960 33,100 17

25.5 1,830 29,800 16

Incubated core Fe–OH layer 2,210 51,000 23

0–0.5 cm 2,540 32,000 13

0.5–1 cm 2,700 27,400 10

10 cm 0.71

Reference core 10 cm 0.46
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be caused by reduction of Fe and Mn oxides found in
the normally oxidised surface sediment (Mortimer 1942;
Gunnars and Blomqvist 1997), hence resulting in a
release of SRP, Fe and Mn. In October, conventional
and FH DGT SRP showed similar trends with depth in
the water column, with slightly higher concentrations at
3–4 m depth (Fig. 5f). However, FH DGT SRP concen-
tration was on average 20 times lower, which is attrib-
uted to the small pore size (5 nm) of the diffusive gel
(Zhang and Davison 1999).

Sediment incubation experiment

Sediment characteristics

The pore-water TP concentration (0.71 mgL–1; Table 1)
corresponds to pore-water concentrations for mesotrophic
to eutrophic lakes (Enell and Löfgren 1988), but the SRP
concentration (0.46 mgL–1) is 20 times lower than pore-
water SRP concentrations reported by Urban et al. (1997)
for a eutrophic lake. For the incubated core, the concentra-
tion of Fe was higher in the uppermost sediment layer rich in
newly precipitated Fe(III) hydroxides compared with the

two underlying layers (Table 1), while the P concentration
was 15–20 % higher in the underlying layers. Dry weight
TP concentrations in the sediment are in the range found in
eutrophic lakes (Fukushima et al. 1991).

Redox and pH conditions in supernatant water

After two hours of bubbling with N2, the DO concentration
had decreased to <0.4 mgL−1 (Fig. 6a, here referred to as low-
oxygen conditions; supported by DO measurement using the
Winkler method). During the low-oxygen incubation, an ap-
proximately 1-mm-thick layer of precipitated Fe(III) hydrox-
ides formed on top of the sediment, and also covered the inner
side of the Plexiglas coring tube, as well as the tube used for
bubbling and water sampling. Unlike field observations, there
was no sulphide smell. These observations indicate a suboxic
environment, where Fe(II)/Fe(III) is the controlling redox
couple (Froelich et al. 1979; Murray et al. 1989; Stevenson
and Bruce 2007). Simultaneously with decreasing DO con-
centrations, pH increased from 7.5 to 9 (Fig. 6a), also observed
in the blank water (Fig. 6b). This suggests that deoxygenation
with N2–gas in addition to O2 removed CO2 from the water
(Gunnars and Blomqvist 1997). Anoxic conditions with a
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concurrent rise in pH inducing release of SRP has been ob-
served in several studies (cf. Andersen 1975; Duras and

Hejzlar 2001; Koski-Vähälä and Hartikainen 2001) and has
been attributed to liberation of SRP adsorbed to clays and
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other minerals by exchange of OH− ions from the water. We
suggest that desorption as a result of hydroxyl ions competing
with SRP ions for adsorption onto, e.g. iron hydroxides
(Lijklema 1980; Stumm and Morgan 1996) is a possible
explanation for the observed SRP increase also in our incuba-
tion experiment. Decreasing pH during re-aeration (Fig. 6a) is
indicative of precipitation of Fe(III) hydroxides and associated
release of hydrogen ions.

Phosphorus, Fe and Mn in supernatant water

During low-oxygen conditions, concentrations of SRP increased
and decreased again as the supernatant water was reoxygenated
with air, and reached concentrations of <3 μgL−1, when Fe
(III)Cl3 was added to the retrieved supernatant water (Fig. 6c).
Despite the fact that SRP constitutes on average only 14 % of
TP in the lake water, which could result in SRP release from
the particulate P in the water column during low-oxygen

conditions, the same increase could not be observed for the
blank water (Fig. 6d). This suggests that SRP was mainly
released from the sediment, with little or no release from
suspended particles. At the end of the low-oxygen incubation
period the SRP concentration was 56 μgL−1 (Fig. 6c), which
is 100–1,000 times lower than observed by e.g. Gunnars and
Blomqvist (1997) and Moore et al. (1998). In contrast to what
has been demonstrated for lakes experiencing hypolimnetic
anoxia (cf. Stauffer 1986), and in similar incubation studies
(Gunnars and Blomqvist 1997), filtered (<0.45 μm) Fe and
Mn concentrations decreased during the low-oxygen period
(Fig. 6c). This is interpreted to be a result of precipitation of Fe
(III) hydroxides in the supernatant water and hence less Fe
existing as filterable Fe(II). Traces of oxygen (<0.4 mgL−1)
and nitrate (∼0.3 mgL−1) may have promoted Fe(II) oxidation
(Søndergaard et al. 2000). Concentrations (in microgrammes
per litre) of particulate Fe and P (>0.45 μm) showed similar
trends as the filtered concentrations (Fig. 6c, e). However, the
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particulate Fe concentration was 10–30 times higher than that
of filtered Fe. Furthermore, similar temporal variations for
particulate Fe and P and the decreasing Fe/P ratio in the
particulate phase (from 83 to 11) suggest that P released from
the sediment adsorbed to suspended Fe oxides in the super-
natant water.

Flux and transport of SRP

The increase in SRP under low-oxygen conditions in the
incubation experiment resulted in a sedimentary flux of
1.1 mg SRPm−2day−1, which on an aerial basis was higher
than the external P flux to the lake (0.004–0.047mgm−2day−1)
(Table 2). The experimentally determined SRP fluxwas within
the lower range or lower than fluxes reported in other similar
studies (Table 2; James et al. 2000) and is most comparable
with flux estimates in mesotrophic lakes (e.g. Holdren and
Armstrong 1980). However, the true SRP flux was probably
higher than that measured in the experiment, since SRP dif-
fusing from the sediment may have adsorbed to suspended Fe
(III) hydroxides. In Lake Bruträsket, the bottom water net
accumulation of SRP from October to April (Fig. 5f) was
approximately 5.13*10−5mg SRPL−1day−1, corresponding
to a flux of 0.12 mgm−2day−1. The whole-lake loading was
70 kg SRPyear−1 (Table 2), which, due to the small lake area,
is much lower than values reported in other studies (Table 2).

Deposition, burial and release rates for sedimentary P

The present-day, annual P deposition in the lake was calculat-
ed to 424 kg (Table 3) which is ∼20 % of the 2,000 kg of P
released from the tailings impoundment (Chlot 2011) and
80 % of this deposited P was estimated to be permanently

buried. The calculated long-term release rate of 0.64 mgm−2

day−1 (Table 3) is relatively close to the flux of 1.1 mg SRP
m−2day−1 estimated in the sediment incubation experiment
(Table 2). Potentially mobile P (910 mgm−2; Table 3) was ∼5–
8 times lower than that measured in moderately eutrophic to
hypertrophic lakes (Rydin 2000; Reitzel et al. 2005).

Water column experiments

Trials 1–3

Lowering pH from ∼9 to 5 initially led to a decrease in the
SRP concentration from 7 to 3 μgL−1 (Fig. 7a). As the pH
was raised back to the initial value (∼9), the SRP concen-
tration increased only marginally.

Increasing the SO4
2− concentration did not significantly

affect the SRP concentration (Fig. 7b), which indicates that
there does not seem to be competition between SRP and
SO4

2− for adsorption onto particle surfaces.
In accordance with what was observed in the incubation

experiment (Fig. 6c), the SRP concentration increased (here
from 6 to 12 μgL−1; Fig. 7c) as the water was deoxygenated
with N2. At the same time, the Fe concentration decreased
(data not shown).

Nitrate oxidation experiment

Addition of iron and nitrate salts markedly increased the Fe
and NO3–N concentrations (Fig. 8a). Despite low-oxygen
conditions (Fig. 8b), the Fe concentration decreased during
the experiment, indicating that some of the Fe(II) was oxidised
to larger Fe(III) particles that did not pass the 0.45-μm mem-
brane filter. This trend has been observed in other similar

Table 2 Release rates and whole-lake loading of SRP from cores of intact bottom sediments. External flux and transport of SRP to the lake is
calculated for the inflow to the lake shown as average values with min-max values in parenthesis

Experimentally determined
SRP flux (mgm−2day−1)a

External SRP flux
(mgm−2day−1)b

Whole-lake loading
(kg SRPyear−1)

SRP transport
(kgyr−1)

Reference

Inflow to Lake
Bruträsket 2008

0.014 (0.004–0.047) 194 (61–656) This study

Inflow to Lake
Bruträsket 2009

0.014 (0.0038–0.037) 183 (53–517) This study

Incubation
experiment

1.1 70 This study

Reference 4.4c 12*103 Haggard et al. (2005)

Reference 2.8c 124*103 Moore et al. (1998)

Reference 0.03–3.1d Holdren and Armstrong (1980)

Reference 0.95–65c Holdren and Armstrong. (1980)

a Based on the area of the Plexiglas coring tube, 0.0032 m2

b Based on the lake catchment area, 38*106 m2

c Anoxic flux, eutrophic lake
d Anoxic flux, mesotrophic lake
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studies (Nielsen and Nielsen 1998; Kampschreur et al. 2011).
However, the NO3–N concentration did not decrease (Fig. 8a),

and the experiment failed to show that the presence of NO3
− is

responsible for oxidation of Fe(II). Early in the experiment,
pH decreased to ∼6.6 (Fig. 8b), which is towards the lower
end of the optimum pH interval (6–9) for nitrate-dependent Fe
(II) oxidation (Nielsen and Nielsen 1998). If pH had been kept
at around 8, where Fe(II) oxidation by NO3

− is at a maximum,
a more pronounced decrease in the two species might have
been observed (Ottley et al. 1997; Nielsen and Nielsen 1998).

Factors affecting SRP release

The Brubäcken system is characterised by elevated concen-
trations of NH4

+ (1–14 mgL−1) and thiosulphates (S2O3
2−,

Table 3 Present-day 210Pb sediment accumulation rate and calculated deposition release and burial rates for phosphorus in Lake

Sedimentation rate
(mgm−2day−1)

P deposition
(mgm−2day−1)

P deposition
(kgyear−1)

P release (mgm−2day−1) P burial (mgm−2day−1; %)a Potentially mobile Pb (mgm−2)

1.31*103 3.23 424 0.64 2.59 80 910

Based on data for the 26 cm deep sediment core
a Percentage of deposition rate
b Calculated by subtracting average P concentration below the stabilisation depth from the P concentration in the layers above, followed by depth integration
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3–97 mgL−1). These compounds undergo bacterially medi-
ated oxidation according to reactions 1 and 2:

NH4
þ þ 2O2 ! NO3

� þ 2Hþ þ H2O ð1Þ

S2O3
2� þ H2Oþ 2O2 ! 2SO4

2� þ 2Hþ ð2Þ
Since 2 mol of oxygen are required for oxidation of 1 mol of

respective compound, it is evident that presence of these com-
pounds can result in oxygen deficiency in the recipient. These
reactions might explain the trend observed in Fig. 3 with
simultaneously decreasing pH,NH4–N andDO concentrations.

When the lake was ice covered (April 2009) pH and
DO decreased with depth, probably as a result of sub-
stantial oxidation of organic matter and mining-related
NH4

+ and S2O3
2− (reactions 1 and 2). In the sediment

incubation experiment, pH instead increased during low-
oxygen incubation (Fig. 6a). Despite the difference in
pH, both field and laboratory data showed increasing SRP
concentrations during low-oxygen conditions. Furthermore,
results from trials 1 and 3 showed that pH and DO concentra-
tions affected SRP concentration in the water. Apparently, low
DO concentrations and high pH are two important factors for
SRP release.

At the end of the low-oxygen incubation period, the filtered
(<0.45 μm) molar Fe/P ratio (release ratio) in the supernatant
water was 0.28. The low ratio is a result of a smaller amount of
Fe released in relation to P and it was still <2 after
reoxygenation with O2 gas, indicating insufficient supply of
iron to completely bind SRP diffusing from the sediment
(Gunnars et al. 2002). Hence, Fe/P dynamics at the
sediment-water interface appears to influence the SRP release.

Possible implications of SRP release in mining-affected
aquatic systems

A P-speciation experiment performed in the Brubäcken
stream (Chlot et al. 2013) showed that P mainly was present
in the size fraction of >5 μm, which is the main fraction of P
settling to the sediment (Holdren and Armstrong 1980;
Urban et al. 1997). This P may be liberated as SRP during
low-oxygen conditions (Andersen 1975) and hence become
available for phytoplankton and macrophyte uptake
(Vymazal 2007).

During spring turnover, P that has accumulated during
periods of ice coverage (Fig. 5f) will reach the epilimnion of
Lake Bruträsket, resulting in a pulse of P affecting both the
lake and downstream parts of the Brubäcken system, as illus-
trated by increased concentration of orthophosphate (FH
DGT-P) at the lake outlet (station 6203b; Fig. 3). Together
with mine-water N already present in the lake, the P pulse can
potentially cause a spring bloom of phytoplankton. In the
middle of the summer, the average TN/TP ratio is 27 in

Lake Bruträsket, indicating P-limiting conditions for phyto-
plankton growth (Guildford and Hecky 2000). The sediment
incubation experiment indicated an increased internal TP
loading during low-oxygen conditions. Assuming that the
TN concentrations remain the same, the increased TP loading
would change the TN/TP ratio from 27 to 17. Hence phyto-
plankton production would instead be co-limited by N and P
(Guildford and Hecky 2000).

Conclusions

During the course of the incubation experiment sedimentary
SRP flux increased, which suggests that long periods of
low-oxygen conditions may affect the prevailing SRP con-
centrations in the lake. Consequently, the conditions for
phytoplankton growth may change if the lake changes from
P limitation to N/P co-limitation.

Data from the lake inlet (station 6202) and outlet (station
6203b) suggested that oxygen-consuming organic matter and
inorganic mining-related chemicals (ammonium and
thiosulphates) in the Brubäcken system may result in in-
creased internal SRP flux (Fig. 3). The higher SRP concen-
trations and lower DO concentrations in the water column
during summer (June and July) compared with autumn further
demonstrate that internal loading of SRPmay occur as a result
of on-going oxygen-consuming processes. These findings
point to a possible interaction between the cycles of N (oxy-
gen consumption) and P (flux from sediment) that may be
important for nutrient regulation in mine water recipients.

In the present study, we were unable to demonstrate that
nitrate-dependent Fe(II) oxidation occurred in the water
column. However, since nitrate concentrations may be ele-
vated in mining-affected aquatic systems, this process
should be further investigated in such systems.
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Abstract 
Uptake and cycling of nitrogen (N) in the littoral zone of a lake receiving nutrient rich mine water 
located in Boliden, northern Sweden, was investigated. Stable isotope tracer solutions of 15N as NH4

+ 
(NAM mesocosm) or NO3

- (NOX mesocosm) were added to mesocosms enclosing plants of common 
reed (Phragmites australis). The 15

time intervals over an experimental period of 22 days. During the course of the experiment, plant 
15N than plant parts from the 

NOX mesocosms. On day 13, 15N
+8220‰, while the maximum 15N value in NOX roots was considerably lower at +4430 ‰. Using 
15N values in macrophyte tissues present at the end of the experiment enabled calculations of uptake 
rates and % of tracer N recovered in the plant (%tracerNrecov). Maximum tracer uptake rates were 
higher for the NAM mesocosms (1.4 μg g-1 min-1) compared to the NOX mesocosms (0.23 μg g-1 
min-1). Calculations of %tracerNrecov indicated that 1 -8 % and 25 – 44 % of added N was assimilated 
by plants in the NOX and NAM mesocosms, respectively. Hence, P. australis was more effective in 
assimilating N in the roots compared to the other plant parts. Consequently, macrophyte N removal 
is most effective for cold-climate mine water recipients dominated by NH4

+ and when the mine 
water is in contact with root zone of the macrophytes. For permanent removal of N, the whole plant 
(including the roots) should be harvested. 

Keywords: mine water; northern Sweden; nitrogen; Phragmites australis; mesocosm; stable isotope 
labelling
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1. Introduction

Over the last decades studies of mine water 

drainage (AMD) (Lottermoser, 2003), while 
circumneutral, mine waters rich in nutrients 
have received relatively little attention (Morin 
and Hutt, 2009). Major sources of nitrogenous 
compounds such as ammonium and nitrate in 
these mine waters are ammonium nitrate based 
explosives and sodium cyanide (NaCN) used 
in gold extraction (Logsdon et al., 1999; Morin 
and Hutt, 2009). Elevated concentrations of 

due to dissolution of apatite in apatite iron ore, 

sewage sludge used for mine waste remediation 
(Hansson, 2006; Häyrynen et al., 2008). Due to 
the role of nitrogen and phosphorus  as nutrients, 
discharge of nutrient rich mine water may 
result in eutrophication, with increased growth, 
changed species composition of phytoplankton 

water recipients (Koren et al., 2000; Mattila et 
al., 2007; Galloway et al., 2008).  

The emergent, aerenchymatous plant common 
reed (Phragmites australis (Cav.) Steud.) is a 
perennial grass with worldwide distribution 
(Campbell and Ogden, 1999). Dense stands of 
P. australis may grow in wetlands, along the 
shores of rivers, lakes and ponds, and along 
roadsides (Campbell and Ogden, 1999). Due 
to its adaptability and deep root structure it is 
considered as an effective species for nutrient 
removal in both constructed wetlands (Tanner, 
1996; Nijburg and Laanbroek, 1997; Vymazal, 
2013) and lakes (Sollie et al., 2008). For rooted 
macrophytes, lake sediments are generally the 
primary source for the macronutrients N and P 
(Barko et al., 1991). There is usually a synergistic 
effect in macrophyte uptake of N and P, where 
uptake of N increases as the concentration of 
available P increases (Best and Mantai, 1978; 
Shaver and Mellilo, 1984). Zones in the lake 
colonized by macrophytes tend to have greater 
water clarity due to the ability of macrophytes 
to reduce sediment resuspension (Horppila and 
Nurminen, 2001). Also, nitrogen transformation 

are elevated, as a result of a combined N uptake 

and organic matter accumulation (Forshay and 
Dodson, 2011). Small, shallow lakes often 
have an extensive littoral zone (Schindler and 
Scheurell, 2002) that may be important for 
nutrient uptake and recycling (Sollie et al., 2008; 
Epstein et al., 2012).

One approach to increase understanding of 
the fate of nitrogen in mining affected aquatic 
systems is stable isotope labelling, a technique 
that has been widely used in recent years (Tan 
et al., 2013). The scale of the experimental unit 
for such studies varies from microcosm (Li 
et al., 2010) and mesocosm (Wozniak et al., 
2008) to the ecosystem level (Carpenter et al., 
2005). Mesocosm experiments are considered 
as physical models of ecosystems that provide a 
controlled replicable low cost framework (Odum, 
1984; Ahn and Mitsch, 2002). Some often 
mentioned limitations with these experiments 
include enclosure size, experimental duration 

1999). Chamber effects refer to decreased 
dissolved oxygen (DO) concentrations, altered 
pH and nutrient supply and microbial growth 
on enclosure walls (Wozniak et al., 2008). 

conditions inside the mesocosms and comparing 
them with unenclosed reference sites (Wozniak 
et al., 2008). The combination of the stable 
isotope labelling technique and mesocosms 
offers a powerful research tool for quantifying 
ecosystem processes and cycling of elements 
(Noe et al., 2003; Kadlec et al., 2005). Several 
studies using this combination of techniques 
have been applied in lakes (Li et al., 2010), 
wetlands (cf. Wozniak et al. 2008; Tan et al. 
2013), and coastal waters (Barrón et al., 2006). 
The results from these studies have mainly been 
used to quantify enrichment of 15N in various 
ecosystem parts, but few have focused on 
quantifying nitrogen uptake rates. 

In this study we employed the stable nitrogen 
isotope 15N to trace N cycling in the various plant 
parts of common reed (P. australis) growing in 
the littoral zone of Lake Bruträsket in northern 
Sweden. The overall goal was to use the data to 
quantify N uptake in P. australis as an N removal 
mechanism in a cold-climate aquatic system 
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we investigated whether ammonium (NH4
+) or 

nitrate (NO3
-) is the preferred N species for P. 

australis

mine sites may be dominated by NH4
+ or NO3

–.

2. Materials and methods

2.1 Study site

The present study was performed in the littoral 
zone of Lake Bruträsket, which is located in one 
of the major mining districts in northern Sweden, 
the Skellefte Sulphide Ore District (Fig.1). The 
approximately 10 km long Brubäcken system 
discharges into the Skellefte River, and consists 
of one major stream (Brubäcken, average annual 
discharge ~1 m3 s–1) and Lake Bruträsket (Fig. 1). 

The catchment is dominated by coniferous forest 
and peatland with Quaternary deposits mainly 
consisting of glacial till with well-developed 

middle boreal sub-zone (Sjörs, 1999), with 
temperatures < 0 oC from November to May.  The 
Brubäcken system annually receives 5–11  
106 m3 of water from the Boliden concentration 
plant, where sulphide ores from the Skellefte 
District (Weihed et al., 1992; Allen et al., 1997) 
have been processed since 1953. From 2001 
to 2008 a gold leach plant was operating at 
Boliden. Since then, the gold leach plant has 
been in operation temporarily (September 2009, 
December 2009 – May 2010, September 2012 
and on-wards). The destruction of the leaching 
agent NaCN is performed using the SO2/Air 
process (Robbins et al., 2001) with NH4

+ as one 
of the main decomposition products.  In 2011, 
approximately 7300 kg of N (Forsell, 2012) and 
1000 kg of P were discharged from the tailings 

Brubäcken system also received elevated nutrient 
discharge from the local sewage treatment plant. 

Lake Bruträsket (N 64o49`, E 20o20`) is dimictic 
and shallow (mean depth 2.7 m), with a surface 
area of 0.36 km2. The lake is ice-covered from 
Late October to Mid-May. During periods when 
the gold leach plant has been in operation, 
total phosphorus (TP) and total nitrogen (TN) 
concentrations in the lake have varied between 
0.03 – 0.1 mg L-1 and 0.12 -12.0 mg L-1, 
respectively. These concentrations correspond 
to high to very high concentrations according to 
the Swedish Environmental Protection Agency 
(SEPA, 1999). P. australis is the dominating 
macrophyte species in the lake, covering ~20 % 
of the lake area (Husson et al., 2013).

2.2 Experimental design of labelling 
experiment

Mesocosms (0.13 m2, 0.4 m inner diameter) 
were installed in the eastern part of the lake (Fig. 
1), by inserting 5 PVC cylinders into the lake 
sediment to a depth of 20 cm, each enclosing 6-7 
plants of P. australis (Fig. 2). The mesocosms 
were labelled NOX.1, NOX.2 (duplicate 
mesocosms with 15NO3

– tracer solution added), 
NAM.1, NAM.2 (duplicate mesocosms with 
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15NH4
+ tracer solution added), and CONTR (no 

tracer solution added). The mesocosms were left 
undisturbed for one week before the experiment 
was initiated on 28th of June 2011. During the 
study period, water depth inside the mesocosms 
was 50 ± 3 cm. One label solution consisted of 
3 g of calcium nitrate (Ca(NO3)2; 98 atom % 
15N) dissolved in 3 L MilliQ water, of which 311 
mL was added to the surface water of NOX.1 
and NOX.2 respectively, in a manner to assure 
uniform spatial application. The second label 
solution consisted of 1 g of ammonium chloride 
(NH4Cl; 98atom % 15N) dissolved in 1 L MilliQ 
water, of which 74 mL was injected with a 
syringe to a depth of 8 cm at evenly spaced 
points in the sediment of NAM.1 and NAM.2. 
The quantity of tracer solution was intended to 
increase the 15N value of NH4

+ and NO3
-, but not 

to increase their concentration (Wozniak et al., 
2008; Hood, 2012). However, because ambient 
concentrations were lower than anticipated, 
addition of the tracer did increase the NH4

+ and 
NO3

- concentration in the mesocosms.

2.2.1 Field sampling in the labelling experiment

The total duration of the experiment was 22 
days (528 hours). Sampling was performed at 
day 0, 6, 13, 16 and 22 after tracer application/
injection. Initially, plant samples were collected 
before tracer addition (day 0) to obtain natural 

abundance levels of 15N. Also, samples of 
P.australis were collected from the reference 
lake Bergtjärnen (N 64o49`, E 20o22`) not 

sampling occasion, temperature, conductivity, 
dissolved oxygen (DO), and pH were measured 
in the mesocosms using a Hydrolab MS5 water 
quality sonde (Hach Environmental, Loveland, 
CO, USA). In addition, to test for mesocosm 
chamber effects (Carpenter, 1996; Schindler, 
1998; Gry et al., 1999; Wozniak et al., 2008), 
these water column parameters were compared 
with measurements from an unenclosed 
reference site (REF), within a few metres of 
the mesocosms. On day 0, 6, 13 and 22, ~30 
mL of pore water was collected by inserting 
an Eijkelklamp Rhizon soil moisture sampler 
into the sediment. The sampler consisted of a 
10-cm-long porous drain (diameter 5 mm) with 
a nominal pore size of 0.1 μm. Pore water was 
analysed for soluble reactive phosphorus (SRP), 
NH4-N and NO3-N concentrations.  On day 0, 
13 and 22, water column nutrient samples were 
collected and analysed for chlorophyll-a (chl-a), 
TN, TP, SRP, NH4-N and NO3-N.  Water column 
and pore water samples from each treatment 
(NOX.1 and 2; NAM.1 and 2) were pooled into 
one sample. From each mesocosm and from 
the reference site REF, one plant of P. australis 
was harvested. The plant was gently rinsed with 

NOX.1

Addition of Ca(NO3)2 - tracer
to water column (+98% 15N)

Addition of NH4Cl - tracer
to sediment (+98% 15N)

NOX.2 NAM.1 NAM.2 CONTR. UNENCLOSED SITE
(REF)

Fig. 2 Illustration of the mesocosm design. PVC cylinders were inserted into the sediment to a depth of approximately 
20 cm. The water depth in the mesocosms was 50 ± 3 cm. To allow for solar irradiance and to prevent wash-over of 
lake water into the mesocosms, each cylinder was extended upwards with transparent plastic.
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deionized water and separated into stem, leaf, 

separate plastic zip bags.  All samples (water and 
macrophytes) were placed on ice for transport to 
the laboratory.

2.3 Sample handling and analysis

All samples were sent to accredited 
laboratories for analysis. Chl-a was determined 
spectrophotometrically on a Shimadzu 
instrument (MVR14) (standard deviation (SD) 
of analytical reproducibility: ±0.2 μg L-1) after 

extraction with acetone. TN was determined 
using oxidative digestion with peroxodisulfate 
while TP was determined using Continous 
Flow Analysis (CFAA) (SD of analytical 
reproducibility: TN = ±50 μg L-1; TP = ±7 μg L-1). 
SRP was determined spectrophotometrically 
using ammonium molybdenate and NH4-N was 
determined on an autoanalyser (AA3) (SD of 
analytical reproducibility: SRP = ±0.5 μg L-1; 
NH4-N = ±4 μg L-1). NO3-N was determined 
spectrophotometrically on a TRAACS-
instrument (SD of analytical reproducibility: 
±2 μg L-1).
 In the laboratory, macrophyte samples 
were weighed, dried to a constant weight (50 
oC) and then milled. A subsample of ~15 mg 
was put in a tin capsule which was closed, put 
in a tray and shipped to UC Davis (University of 
California) for analysis. TN concentration and 
N isotopic composition were determined using 
a PDZ Europa ANCA–GSL elemental analyser 
coupled to a PDZ Europa 20–20 isotope ratio 
mass spectrometer. 15N/14N isotopic ratios ( 15N) 
are reported in the standard delta notation:

( 15N) = (( 15N sample/
15N standard)-1)*1000 [‰] (1)

15N) was obtained by 
subtracting initial 15N values from the 15N 
value obtained on day 6, 13,16 and 22 (Gribsholt 
et al., 2007). N isotope  values are expressed 
relative to the international standard atmospheric 
N (AIR, N2). For laboratory standards, the long-
term standard deviation was ±0.3 ‰ for 15N.

2.4 Calculations

Uptake rates of NH4
+ and NO3

- by P. australis 
were calculated in three steps, based on the 
equations originally proposed by Dugdale and 
Wilkerson (1986) to be used for uptake of 15N 
in incubations of marine phytoplantkon. Using 
15N values of macrophyte tissues present at the 
end of the incubation gives an estimate of uptake 
according to the following equations:

15Nxs = 15Ns – 15Ni    (2)

where 15Nxs is the excess of 15N of macrophyte 
tissues after the incubation, in atom%, 15Ns is 
15N in harvested macrophyte tissues, and  15Ni 
is initial tissue 15N obtained from macrophytes 
sampled at day 0.

Vf = 15Nxs/(
15Nenr – 15Ns)*T   (3)

where Vf
-1) 

of the fraction of NH4
+ or NO3

- taken up by 
the macrophytes from the mesocosm per unit 
time (T). 15Nenr is 15N of the label solution. By 
multiplying Vf  by N concentration in the plant 
(Nmac) and dividing by biomass (M), NH4

+ and 
NO3

- uptake velocities (U), expressed as μg N/ 
g Dry macrophyte Weight (DW)/min, can be 
calculated as

U = Vf* Nmac/M    (4)

By using the values of 15Ns, 
15Ni and 15Nenr, the 

fate of added tracer (%Ndft) can be estimated 
using an equation adapted from Barraclough 
(1995):

%Ndft = 100*((15Ns – 15Ni)/(
 15Nenr – 15Ni)) (5)

where %Ndft describes the proportion of 
nitrogen in the plant recovered from the tracer.

Amount of tracer N recovered (%tracerNrecov) 
in each plant fraction was estimated using an 
equation adapted from Ehaliotis et al. (1998):

%tracerNrecov = 100*Nweight crop*((15Ns – 
15Ni)/((Nweightlabel)*( 15Nenr – 15Ni))   (6)
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calculated by dividing total DW biomass with 
total N content. Leaf NUE was calculated by 
dividing leaf biomass by leaf N mass (Tylová-
Munzarova et al., 2005).

2.5 Statistical analyses

Water column pH, dissolved oxygen and 
conductivity from mesocosms were compared 
to the unenclosed reference site (REF). A 
single factor ANOVA test was employed to 

hoc Tukey´s HSD test was used to identify 
similarities and differences among sample 
means. Water column data was found to be 
normally distributed. However, 15N data from 
plant analyses did not meet assumptions of 
homocedasticity and normality. Hence, non-
parametric procedures (Mann-Whitney test for 
two-sample comparisons and Kruskal-Wallis for 
multiple comparisons) were used for statistical 

Statistical analyses were performed using the 
software Minitab (version 16).

3. Results

3.1 Tracer study

3.1.1 Water quality of water column and pore water

Over the course of the experiment pH increased 
slightly in all mesocosms (Table 1), with no 

to the mesocosms (one way ANOVA, P < 0.05). 

Dissolved oxygen concentrations, on the other 

compared to the NAM and NOX mesocosms, 
but not compared to the control (CONTR) 
mesocosm.

NO3-N concentrations in the water column 
remained approximately constant in all 
treatments except where the Ca(NO3)2 tracer 
solution was added (NOX) (Table 1). Also TN 
and NH4-N concentrations increased in the 
NOX mesocosms as well as in the CONTR 
mesocosm. TP concentrations remained fairly 
constant in all the mesocosms and at the REF 
site, while SRP concentrations decreased during 
the experimental period (Table 1).

As a result of low-oxygen conditions and 

2004), pore-water NO3-N concentration was 
lower compared to the water column (Fig. 3). 
Both NH4-N and SRP concentrations were higher 
in the pore-water than in the overlying water 
column, with the highest NH4-N concentration 
in the NAM mesocosms (Fig. 3).

3.1.2 Plant analysis 

N content of the various plant parts
Plants collected from Lake Bruträsket had a 
higher N content compared to plants collected 
at the reference site Lake Bergtjärnen (Fig. 4a). 
The N content (wt-%) in the various plant parts 
did not differ between the treatments (Kruskal-

in leaves compared to roots and stems (Fig. 4a). 
NUE obtained from N content and total biomass 

Treatment Sampling b

Interval 
(day)

pH DO  
(mg L-1) 

Conductivity  
( S cm-1) 

TN  
(mg L-1) 

TP  
(mg L-1) 

SRP  
(mg L-1) 

NH4-N  
(mg L-1) 

NO3-N  
(mg L-1) 

REF 0 5.8 9.4 485 0.44 0.089 0.021 0.003 0.002 
13 6.3 8.3 473 0.3 0.041 0.015 0.002 0.001 
22 6.5 8.6 467 0.34 0.05 0.006 0.01 0.003 

CONTR 0 5.5 7.2 510 0.51 0.087 0.019 0.004 0.003 
13 5.9 3.7 530 0.43 0.052 0.01 0.031 0.003 
22 6.2 3.4 524 0.85 0.077 0.014 0.23 0.005 

NOX a 0 5.4 3.7 502 0.49 0.088 0.022 0.004 0.003 
13 6.0 6.0 525 0.51 0.056 0.002 0.007 0.001 
22 6.4 3.7 516 0.71 0.049 0.009 0.17 0.082 

NAM a 0 5.6 6.5 501 0.44 0.084 0.018 0.004 0.002 
13 5.9 4.7 518 0.38 0.04 0.002 0.003 0.001 
22 6.3 5.4 505 0.44 0.062 0.003 0.015 0.004 

Table 1. Water quality parameters in mesocosms during the labelling experiment.

aNOX and NAM are average values for NOX.1 and NOX.2; NAM.1 and NAM.2, respectively.
b
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was higher compared to NUE based on leaf 

among treatments (P > 0.05). Similar results on 
N distribution and NUE for P. australis were 
found by Tylova-Munzarova et al. (2005). 

15N) of the various plant 
parts
Before tracer solutions were added to the 
mesocosms, 15N in aboveground and 
belowground parts of P. australis was similar to 
plants sampled from the CONTR and REF sites 
on day 0 (Fig. 5). The average 15N value (+3.3 
‰) for P. australis collected from the reference 
Lake Bergtjärnen was ~1/3 of the average 15N 
(+10.9 ‰) of P. australis collected from Lake 
Bruträsket (data not shown). This difference is 
probably caused by the discharge of mining-
related N to the Brubäcken system. During the 
course of the experiment, 15N in the control 
(CONTR) plants remained fairly constant in the 
range +8.2 ‰ to +16.2 ‰ (Fig. 5), apparently 
representing present-day isotope signatures 
in various parts of P. australis growing in the 
mining-affected Lake Bruträsket. Initial 15N 
values (day 0) in the plants sampled from the 
mesocosms where tracer solutions later were 
added were similar in the range +8.8 ‰ to 
+20.9‰ but then increased, which indicates that 
the tracer solutions were taken up and distributed 
in the plants.  

0

0.4

0.8

1.2

1.6

2

0

0.04

0.08

0.12

0.16

0 5 10 15 20
Time after addition (days)

0

0.002

0.004

0.006

0.008

0.01

NOX
NAM
CONTR
REF

N
H

4-N
 (m

g 
L-1

)
SR

P 
(m

g 
L-1

)
N

O
3-N

 (m
g 

L-1
)

Fig. 3 Pore water concentrations in the various meso-
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tration of the respective species in the overlying water 
column.

Fig. 4 a) Relative N content (wt-%) for root, stem and 
leaves from the various mesocosm treatments. The N 
content of plants from the reference Lake Bergtjärnen is 
an average value from whole-plant analysis. b) Nitrogen 

and leaf basis.
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During the course of the experiment plant parts 

more enriched in 15N than plant parts from the 
NOX mesocosms (P < 0.05). Belowground 
biomass (roots) became enriched earlier than 
aboveground biomass (stems and leaves). On 
day 13, 15N
NAM mesocosms had increased to +8220‰, and 
then decreased slightly (Fig. 5). The increase in 
roots from the NOX mesocosms appeared later 
(day 16) with a maximum isotopic enrichment 
of +4430‰. In addition, these values showed a 

continuous increase, which could be a result of 
diffusion of tracer from the overlying water. In 
both the NAM and NOX mesocosms, the pattern 
of 15N enrichment was rather similar for stems 
and leaves, with only a slight increase on day 
6 after injection, and a more marked increase 
on day 16 with 15N values of +4900 ‰ and 
+3500 ‰ respectively (NAM mesocosm, Fig. 
5). During the course of the labelling experiment 

15N than stems and leaves (Mann-Whitney test, 
P < 0.05). 

3.1.3 Tracer uptake rates

NAM-treatment compared to the NOX-treatment 

uptake in the stem. Similar trends were observed 
for tracer uptake rates or velocities (U) (Fig.7). 

Fig. 5 Time series of isotopic composition in 
aboveground and belowground parts of common reed 
during the 22-day labelling experiment. Values on the 

15N), while values on the right-hand y-axis show the 

from CONTR and REF sites. For the NAM and NOX 
mesocosms, average values are shown.

Fig. 6 Fraction of NO3
– and NH4

+ taken up by the macro-
phytes from mesocosms per unit time (min-1) expressed 

leaves, stem and roots are shown for each treatment 
(NOX or NAM).
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NOX.1, NOX.2 and NAM.2 showed maximum 
values for U on day 16 of the experiment. On 
day 22, uptake velocities had decreased (Fig. 7). 
NAM.1 on the other hand, showed the highest 
value on day 6 (Fig. 7).  The estimated range 
of maximum NH4

+ uptake rates (0.24 -1.4 μg g-1 
min-1, Fig. 7)  is similar to the maximum rate 
obtained from model simulations of macrophyte 
NH4

+  uptake in the lake (1.1 μg g-1 min-1) (Chlot 
et al., 2013, manuscript in preparation).
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Trends were similar for tracer N recovered 
(%tracerNrecov, Eq. 6) and the fate of added 
tracer (%Ndft
values for the NAM-mesocosms compared to 
the NOX-mesocosms (Table 2). For NAM.1, the 
highest values for %tracerNrecov and %Ndft were 
found on day 22 (528 h after tracer addition). In 
the other mesocosms values had decreased on 
this occasion (Table 2).

4. Discussion

4.1 Chamber effects and tracer addition

Regarding pH, there was no inhibitory effect 
during the experimental period, with no 

conductivity in the mesocosms (NAM, NOX and 
CONTR) compared to the unenclosed site (REF) 

diffusion of nutrients and other ions from the 
sediment that are trapped in the above water 

pore-water NH4-N concentrations measured in 
the mesocosms compared to the REF site further 
supports this suggestion. As a result of ecosystem 
uptake in the mesocosms, concentrations of 
NH4-N and NO3-N were expected to decrease 
during the experiment (Wozniak et al., 2008). 
Instead they increased, which could be a result 
of tracer being added in excess of what was 
taken up by the macrophytes. The fact that 
the highest pore-water NH4-N concentration 
was observed in the NAM mesocosms further 
supports this suggestion (Fig. 3). Higher SRP 
and TP concentrations at the beginning of the 
experiment could be caused by a release of 
P from the sediment as a result of disturbance 
during mesocosm installation (Wozniak et al., 
2008).

4.2 Experimental limitations

Chamber effects such as increased conductivity 
and decreased DO concentration have also been 
observed by e.g. Ahn and Mitsch (2002). These 
authors partly attributed these effects to the scale 
of the mesocosms. Due to the limited size of the 
mesocosms in this study (0.4 m inner diameter), 
combined with the relatively low surface 
density of P. australis, only one plant instead 
of replicates was sampled from each mesocosm 
on each sampling occasion. Although this may 
have been a potential limitation, scaling up the 
mesocosms was not considered as practically 
possible. However, the duplicate mesocosms 
of each treatment (e.g. NAM.1 and NAM.2) 
should compensate for this potential limitation. 
An attempt to sample sediment for 15N analysis 
was unsuccessful. Such data would have given 
information on transfer of 15N from the dissolved 

Day 6
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Fig. 7 Time series of tracer uptake velocity (U) of NH4
+ 

and NO3
– taken up by common reed in mesocosms 

during the 22-day labelling experiment. Values from day 

g-1 min-1) for each treatment is the summarized value of 
root, stem and leaf.

 Treatment Time (day) %tracerNrecov   %Ndft

NOX.1 6 16 3 

 
13 7 5 

 
16 11 31 

 
22 0.14 0.30 

   8 10 
NOX.2 6 0.21 0.81 

 
13 0.62 2.7 

 
16 2.1 8.2 
22 1.7 4.2 

 
1.2 4 

NAM.1 6 48 56 

 
13 65 56 

 
16 11 20 
22 53 41 

44 44 
NAM.2 6 27 16 

 
13 18 37 

 
16 45 73 

 
22 8.9 12 

  25 35 

Table 2. Calculations of tracer N recovered in the plant 
(%tracerNrecova) and nitrogen derived from tracer 
(%Ndftb).

a Calculated using equation adapted from Ehaliotis et al. (1998)
b Calculated using equation adapted from Barraclough (1995)
Bold values are the average values for each treatment.
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pool to the sediment (Wozniak et al., 2008; 
Gribsholt et al., 2009; Li et al., 2010). In addition, 
sediment 15N data could have been compared 
between vegetated and unvegetated sites to 
further evaluate nitrogen retention capacity of 
the macrophytes (Li et al., 2010; Forshay and 
Dodson, 2011). Pore-water was sampled and 
analysed for its nutrient concentration but not 
with respect to 15N. Such data would have 
given information on 15N of ammonium and 
the rate by which the label was depleted from 
the dissolved pool (Gribsholt et al., 2009).  The 
present experiment did not evaluate the potential 
limitation of other nutrients (e.g. phosphate). 
This was done in a study by Hood (2012), who 
did not detect any effect on NH4

+ uptake as a 
result of phosphate addition.

4.3 Tracer uptake and cycling

Despite potential limitations of the experiment, 
tracing 15N in the different plant parts did deliver 
useful insights.  Especially the 15N added as 
NH4

+ was rapidly retained in the different parts 
of the plants. At the end of the experiment, 15N 
values (in at-%) of the roots from the NAM 
mesocosms were 4 times greater than before 
injection, indicating that a portion of the tracer 
was incorporated into the belowground biomass 
of P. australis.  Particularly in the NAM 
mesocosms, 15N enrichment occurred earlier in 
roots than in stem and leaf, and 15N enrichment 

reported by Li et al. (2010). However, Tan et 
al. (2013) could not observe such differences 
and interpreted this as a quick distribution of 
nutrients from the roots to the other plant parts. 
The same study found greater 15N enrichment in 
submerged than emergent macrophytes, which 
was explained by the ability of submerged plants 
to assimilate nutrients from the water column 
as well as from the sediment. Wozniak et al. 
(2008) observed higher 15N in aboveground than 
belowground biomass. These differences in 15N 
distribution could be attributed to application 
of tracers to the surface water in the latter two 
studies compared to injection of the tracer in the 
sediment in this study and in Li et al. (2010). 
These results verify the assumption that emergent 
plants mainly assimilate nutrients through their 

root system (Barko et al., 1991; Li et al., 2010; 
Tan et al., 2013). At the end of the experiment, 

15N values were higher in plant parts sampled 
from the NAM mesocosms compared to plant 
parts from the NOX mesocosms. These results 
indicate that NH4

+ was the preferred nitrogen 
form for P. australis grown in Lake Bruträsket. 
Ammonium preference of P. australis has also 
been found in other studies (cf. Tylová et al., 
2008). In general, the various plant parts were 
rapidly enriched, but 15N levels then stabilized 
(Fig. 5). This pattern of rapid initial loss of 
tracer followed by stabilization of tracer levels 
is consistent with observations from similar 
labelling studies (Gribsholt et al., 2009; Li et al., 
2010; Tan et al., 2013).

Maximum tracer uptake velocities (U) were 
higher for the NAM mesocosms (1.4 μg g-1 
min-1 or 47.7 mg N m-2 d-1) compared to the 
NOX mesocosms (0.25 μg g-1 min-1 or 8.5 mg N 
m-2 d-1

maximum NH4
+ uptake rates were established 

under laboratory conditions (25 oC) for P. 
australis growing naturally in a nature reserve 
in Denmark (Romero et al., 1999). Our N uptake 
velocities estimated for P. australis are ~50 times 
lower compared to periphyton N assimilation 
determined by Wozniak et al. (2008). Such 
a difference was expected since periphyton 
nutrient uptake has been shown to occur on 
shorter time scales than macrophyte nutrient 
uptake (Wozniak et al., 2008). Part of the added 
tracer was probably assimilated by periphyton 
and phytoplankton also in our experiment, and 

in future studies. Also 15N losses caused by 
N2 gas emissions and other transformation 

that added NH4
+ and NO3

- may undergo various 
transformation processes and ultimately be lost 
to the atmosphere through processes resulting in 
15N enrichment in the remaining NH4

+ and NO3
– 

(Mariotti et al., 1981; Högberg, 1997). Nitrogen 
added as NH4

+ in the sediment may be oxidized to 
NO3

-

from plant roots (Nijburg and Laanbroek, 1997). 
This NO3

- may then diffuse to anoxic zones in 
the sediment and be lost as N2 gas through the 

1999; Gribsholt and Kristensen, 2002), which 
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may have been stimulated through presence of 
macrophytes. Some of the nitrate added to the 
NOX mesocosms might have diffused into the 

According to the calculated recovery of tracer N, 
25-44 % of this N was recovered in P. australis 
in the NAM mesocosms (Table 2) and thus 

macrophyte N uptake and cycling (cf. Dahlin et 
al., 2011). In the NOX mesocosms only 1-8 % of 
the added tracer was recovered by P. australis. 
Ndft values were also higher for the NAM 
mesocosms compared to NOX mesocosms, 
and higher values were calculated for the roots 
compared to stem and leaves. 

P. australis is commonly planted in constructed 
wetlands treating various kinds of nutrient rich 
waste waters (cf. Vymazal, 2013). In regions 
with annual average temperatures > ~10 oC, N 
uptake rates in P. australis in the range 121 – 
1080 mg m-2 d-1 have been reported (Tanner, 

These rates are 3 - 23 times higher than those 
estimated in this study, partly as a result of denser 
vegetation in the wetland compared to the lake. 
Several studies, in both cold and warm climate, 
have shown that N removal through macrophyte 
uptake was of minor importance compared to 

Similar relative importance of N transformation/
removal processes has also been observed 
through model simulations in Lake Bruträsket 
(Chlot et al., 2013, manuscript in preparation). 

to achieve in cold-climate aquatic systems. 
However, macrophytes are important through 
organic matter accumulation and provision of 

(Jing and Lin, 2004; Gonzáles-Sagrario et al., 
2005; Forshay and Dodson, 2011).

5. Conclusions

This study aids the understanding of N cycling 
in P. australis growing in mine water impacted 
lakes. The stable isotope tracer technique was a 

useful approach for investigating this cycling. 
Plant parts from the NAM mesocosm were 

15N than plant 
parts from the NOX mesocosm, with a maximum 

15N value of 

uptake rates were ~60 % higher in the NAM 
mesocosms compared to the NOX mesocosms. 
These uptake rates were in the same range as 
model simulated macrophyte NH4

+ uptake rates, 
but lower than uptake rates estimated in other 
studies. Therefore, for cold-climate recipients 
of N-rich mine water, direct N removal through 
N uptake in P. australis might be of minor 
importance relative to microbially mediated 

Calculations of % tracer N recovered indicated 
that the plants recovered 25 – 44 % of the added 
NH4Cl tracer. Hence, P. australis was more 
effective in assimilating NH4

+ than NO3
-, with 

NH4
+ preferentially accumulating in the roots. 

Therefore, N removal through macrophyte 

water impacted lakes dominated by NH4
+ and 

when the mine water is in contact with root zone 
of the macrophytes Ideally, in order to achieve 
permanent macrophyte N removal from the 
lake, the whole plant (including roots) should be 
harvested at the end of the growth season. 

study. Such information would elucidate the 
relative importance of macrophyte uptake. Also, 
in future studies other transformation processes 

would together with 15N analysis of sediment 
increase the understanding of nutrient retention 
mechanisms.
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Abstract
Organic C and total N concentrations, C/N ratios, 15N, and 13C values in 210Pb-dated sediment 
cores were used to reconstruct historical changes in organic matter (OM) accumulation in three 
Swedish lakes receiving nutrient-rich mine waters. Ammonium nitrate based explosives and NaCN 
used in gold extraction were the major N sources, while lesser amounts of P originated from apatite 

the lakes, sedimentary detritus of littoral vegetation and phytoplankton had increased by 15–20% 
and 20–35%, respectively, since ~1950, when N- and P-rich mine waters began to reach the lakes. 

to be a eutrophication effect related to mining operations. Changes in the N isotopic composition 
of biota, lake water, and sediments related to the use of ammonium nitrate based explosives and 
NaCN were evident in the two studied systems. However, N isotope signals in the recipients ( 15N ~ 
+9‰ to +19‰) were clearly shifted from the primary signal in explosives ( 15N–NO3 = +3.4±0.3‰; 

15N–NH4 = –8.0±0.3‰) and NaCN ( 15N = +1.1±0.5‰), and direct tracing of the primary N isotope 
signals in mining chemicals was not possible in the recipients. Systems where mine waters with a 

should, however, be suitable for further studies of processes controlling N isotope signatures and 
their transformation in mine water recipients.

Keywords: Nitrogen, isotope, Kiruna, Boliden, Rakkurijoki, Brubäcken
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1. Introduction

Over the last decades studies of mine water 

drainage (AMD) (Lottermoser, 2003), while 
circumneutral, nutrient-rich mine waters have 
received relatively little attention. However, 
mine waters rich in N and P are a growing 
concern, since eutrophication is an emerging 
problem in aquatic systems receiving this type 

explosives and sodium cyanide (NaCN) used 
in gold extraction are the two major N sources 
in these waters (Logsdon et al., 1999; Morin 
and Hutt, 2009), while lesser amounts of P may 
originate from apatite (Ca5(PO4)3(F,Cl,OH)) or 

Lake sediments are a semi-permanent sink for 
organic N and P, and can reveal mining-related 
ecosystem changes involving the type of organic 
matter (OM) accumulating (autochthonous vs. 
allocthonous), and pathways for transport of 
mining-related N to sediments (phytoplankton 

the sediment may have an important impact on 
remineralization and permanent burial of N and P 
in the sediment, as well as remediation measures 
based on macrophyte biomass harvesting 
(Asaeda et al., 2000).

Stable isotope data ( 13C, 15N) and C/N ratios 
have been used in several studies to reconstruct 
eutrophication effects and historical changes in 
OM accumulation in lakes (Hodell and Schelske, 
1998; Neumann et al., 2002; Vreca and Muri, 
2006; Lu et al., 2010). However, interpretation 
of sedimentary 13C and 15N data is complex, 
since the original source isotope signatures of 
C and N entering aquatic systems are altered 
through fractionation during biogeochemical 
processes occurring in the system. Carbon 
isotope fractionation during photosynthesis is 
well known (O’Leary, 1988), while fractionation 
of N isotopes during N assimilation in plants 
and aquatic algae is more complex (Mariotti et 
al., 1980; Fogel and Cifuentes, 1993). Nitrogen 

effects, are fairly well known under laboratory 
conditions (Mariotti et al., 1981). Although 

agreement (e.g. Kendall, 1998), several studies 
have demonstrated the complexities involved in 
understanding sedimentary N isotope data (e.g. 

(annamox) can be expected to occur in freshwater 
systems (Osaka et al., 2012). However, little 
appears to be known regarding N isotope 
fractionation during this process (Dähnke and 

15N, and 
13C values to reconstruct historical changes 

in OM accumulation in lakes requires that 
the original composition of settling organic 
source materials be preserved in the sediments. 
Previous studies have indicated that early 
diagenetic changes in C/N ratios, 15N, and 13C 
values are small, and that palaeoenvironmental 
information is retained in sediments (Meyers 

et al., 1995). For example, although C/N ratios 
are reported to have increased from ~10 to ~12 
due to selective degradation of OM (Gälman et 
al., 2008), the original C/N difference between 
vascular (macrophytes) and non-vascular plants 
(algae) is commonly preserved in sediments 

lake, early diagenetic effects on 15N and 13C 
were found to be relatively small, with 15N 
increasing by 0.3–0.7‰ and 13C by 0.4–1.5‰ 
over a 27-year period (Gälman et al. (2009). 
Lehmann et al. (2002) found changes of similar 
magnitude.

to use sediment proxy data (C/N ratios, 15N, 
and 13C) to reconstruct historical changes in 
OM accumulation in lakes receiving nutrient-
rich mine waters in two major Swedish 
mining districts. A second objective was to 
determine the degree to which the original 
N isotope composition of ammonium nitrate 
based explosives and NaCN changes during 
mineral processing and nitrogen transforming 

second objective has an important bearing on 
the possibilities to use N isotope data to trace 
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the distribution of mining-related N in the 
receiving waters.

measuring organic C and total N concentrations, 
C/N ratios, 15N, and 13C values in lake 
sediments and four OM end member components 

(Phillips and Gregg, 2003) was then used to 
model the relative contribution of these four 
OM sources in six 210Pb-dated sediment cores 
(two from each lake) (Das et al., 2008). Shifts 
of the isotopic signal of mining-related N were 
studied by comparing the N isotope composition 
of explosives and NaCN with that of waters, 
macrophytes, and sediments in the recipients. 

2. Study area

major mining districts in northern Sweden, the 
Skellefte Sulphide Ore District (Brubäcken 

catchment) and Northern Norrbotten Ore District 
(Rakkurijoki catchment) (Fig. 1). Basic physical 
and chemical lake characteristics are shown in 

 
system is dominated by boreal coniferous 

deposits mainly consisting of glacial till with 

annually receives 5–11  106 m3 of water from 
the Boliden concentration plant, where sulphide 
ores from the Skellefte District (Weihed et al., 
1992) have been processed since 1953. Low 
pH values (<4) were common in Brubäcken 
until the mid 1970s when liming of AMD 

the Skellefte River, and consists of one major 
stream (Brubäcken, average annual discharge 
~1 m3 s–1) and Lake Bruträsket (Fig. 1). From 
June 2001 to March 2008 a gold leach-plant 
using NaCN as extracting agent was in operation 

Table 1. Physical and chemical characteristics of the studied lakes and their catchment areas.
Brubäcken system Rakkurijoki system
Lake Bruträsket Lake Mettä-Rakkurijärvi Lake Rakkurijärvi

Lat. / Long. N64°49.08’/E20°20.34’ N67°47.92’/E20°09.06’ N67°46.29’/E20°09.15’
Elevation (m asl) 191 488 468

Late October–mid-May Mid-October–early June Mid-October–early June
Lake area (km2) 0.360 0.721 0.769
Average depth (m) 2.7 3.3 1.8
Residence time (d)a 3–120 7–420 2–80
Cond. (μS cm–1)b 174–1140 730–1950 360–1040
pHb 5.8–9.7c 6.9–8.5 7.1–8.2
Alkalinity (mM)b 0.082–0.41 0.59–0.75 0.35–0.66

–1)b 5.8–10.8 (DOC)
–1)b 0.70–3.5 4.6–13 2.2–6.4

–1)b 31–350 5–10 5–16
Chl-a (μg L–1)b <0.1–19d 0.35–25d 0.25–8.6
Catchment data
Catchment area (km2) 41.1 40.6 93.4
Coniferous forest (%)e 76 1.5 2.7
Deciduous forest (%)e 0.73 31 48
Peatland (%)e 15f 21 17
Lakes (%)e 7.7 2.9 2.1

a

bReported as the range of values measured at lake outlets during 2008–2009.
cpH affected by present-day AMD liming upstream of Lake Bruträsket.
d

e% of catchment area. Data from Corine Land Cover database (Nunes de Lima, 2005).
fVestermark and Persson (2007).
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Figure 1.
Kiruna and Boliden mine sites, located in Northern Norrbotten Ore District and the Skellefte Sulphide Ore District, 
respectively.
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using the SO2/Air process (Robbins et al, 2001), 
resulting in NH4-N concentrations varying 
between 0.2–14 mg L–1 in the Brubäcken system. 

(Rönnblom–Pärson, 2009) and ~2 tonnes of P 

nutrient discharge from a local sewage treatment 

concentrations in the ranges 1.5–2.8 mg L–1 and 
0.1–0.3 mg L–1, respectively, the system can be 

2002). 

arctic region dominated by deciduous forest and 

approximately 10-km-long Rakkurijoki system 
discharges into the Kalix River, and consists of 
one major stream (Rakkurijoki, average annual 
discharge ~1.5 m3 s–1) and the three lakes Mettä–
Rakkurijärvi, Rakkurilompolo, and Rakkurijärvi 

 
106 m3 of slightly alkaline process water (pH 
7.5–8.5) from the Kiruna mine, where ~32  106 
tonnes of apatite iron ore is mined annually and 

Open pit mining started 
in the 1890s and continued until the early 1960s, 
when all mining operations moved underground. 

Rakkurijoki system began ~1950, and tailings 
dams were constructed in the early 1970s. During 
the year 2000, ~7000 tonnes of ammonium 
nitrate based explosives with an NH4:NO3-ratio 
of ~1:1 were used for ore blasting. However, 
the NH4 concentration is rapidly reduced in the 

system, and water discharging to the Rakkurijoki 
system is dominated by NO3

– (>90% of total N). 

released into the system (Waaranperä, 2009). 

the range 3.1–19 mg L–1 

concentrations of 0.01–0.03 mg L–1, the system is 

2002). Due to excessive growth, macrophytes 
are harvested annually along approximately 2.5 
km of the Rakkurijoki system. 

3. Methods

3.1. Water parameters

nitrate ( 15N–NO3) and ammonium ( 15N–NH4) 
was determined at the discharge point from the 
Kiruna mine and in the Rakkurijoki lakes ( 15N–
NO3
and stored frozen until analysis at the University 

Silva et al. (2000) ( 15N–NO3) and Brooks et al. 
(1989) ( 15N–NH4) were used, with analytical 
precisions of ±0.2‰ and ±0.5‰ for 15N–NO3 
and 15N–NH4, respectively. 

Water for phytoplankton samples (250 mL) 

randomly selected sites in the central part 
of lakes, and pooled into one sample from 
which a 200 mL subsample was retrieved and 
immediately conserved with Lugol’s solution 

2
of biomass and species composition of algae 
in the pooled sample was performed at the 
Biodiversity Laboratory of Swedish University 
of Agricultural Sciences (Olrik et al., 1998).

Water samples for Chlorophyll-a (Chl–a) 

and at lake outlets. Chl–a was determined 
spectrophotometrically using a Hach DR 
2010 or a Shimadzu MVR14 instrument after 

Chl–a extraction with methanol.

3.2. Sediment 

A total of six sediment cores, 19 to 34 cm deep, 
were collected in the deepest parts of Lake 
Bruträsket, Lake Mettä-Rakkurijärvi and Lake 
Rakkurijärvi (two cores in each lake, Fig. 1). 

cm (0–5 cm) and 1-cm subsamples (5–34 cm). 
Sampling was performed in 2009–2010 using 

Abrahamsson, 1985). All samples were dried at 
50 °C and grinded before analysis.

Lead-210 in the sediments was determined by its 
granddaughter 210Po (Flynn, 1968), measured by 
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alpha spectrometry at Risø National Laboratory 
for Sustainable Energy, Denmark. Sediment 
deposition rates were calculated using a 210Pb 

Delorme, 1996).

For organic C determinations, calcium carbonate 

~10 mg of sediment in a silver capsule (Brodie 
et al., 2011), with 25 μL of deionised water and 
2  x 25 μL of 1 M HCl added to each capsule. 

isotopic composition were determined at 
UC Davis (University of California) using a 
PDZ Europa ANCA–GSL elemental analyser 
coupled to a PDZ Europa 20–20 isotope ratio 
mass spectrometer. Carbon and N isotope  
values are expressed relative to the international 
standards V–PDB (Vienna PeeDee Belemnite) 
and atmospheric N for C and N, respectively. 
For laboratory standards, the long-term standard 
deviation was ±0.2‰ for 13C and ±0.3‰ for 

15N.

3.3. Organic matter source end members

Organic matter source end members in the 

into four groups: 1) soil (humus, peat, stream 

pine needles, leaves), 3) littoral vegetation 
(macrophytes) in lakes, and 4) phytoplankton 
(algae) (Das et al., 2008). Filters for stream 
water particulate organic matter (POM >0.7 

in silver capsules as the sediment samples. 
Samples of soil, terrestrial and littoral vegetation 
were dried at 60 °C, ground and homogenized 

isotopic compositions were determined as for 
the sediment samples.

2 in 13C due 
to fossil fuel burning (Suess effect) (Friedli et 
al., 1986) was modelled using the polynomial 
equation

13C = –4577.8 + 7.3430 t – 3.9213 x 10–3 t2 + 
6.9812 x 10–7 t3 

where t is time (year AD) (Schelske and Hodell, 

of 13C since ~1840 was added to 13C measured 
in modern OM samples collected in 2008–2011 
when these were used to model the source 
contribution to each 210Pb dated sediment section 
(Section 3.4).

3.4. Isotope mixing model

members to lake sediment OM was calculated 

software calculates the range of feasible source 
contributions in an underdetermined system 
with no unique solution (n isotope signatures 

sources (a, b, c, d) with two isotopic signatures 
( 13C and 15N) each contribute a fraction f, the 
isotopic composition of the sediment mixture 
(M) is described by the equations

 13CM = fa
13Ca + fb

13Cb + fc
13Cc + fd

13Cd (1)

15NM = fa
15Na + fb

15Nb + fc
15Nc + fd

15Nd (2)

1 = fa + fb + fc + fd    (3)

was calculated for source increments of 1% 
and tolerances generally <0.6‰, the latter 
corresponding to ±2 stdev for the 15N variability. 

contributions based on isotopic data was further 
constrained by C/N ratios calculated from end-

solutions were obtained for each sediment 

constraints (Phillips and Gregg, 2003).

4. Results and discussion

4.1. Organic matter source end members

With the exception of soil and terrestrial 
vegetation in the Rakkurijoki catchment, the four 
OM source end members (soil, phytoplankton, 
terrestrial and littoral vegetation) form separate 
clusters in plots of 15N vs. 13C or C/N vs. 

13C (Fig. 2). Considerable spread (~4–5‰) is 
evident in both the 13C and 15N values. Since 
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the Rakkurijoki and Brubäcken catchments are 
dominated by deciduous and coniferous forest, 

the former catchment is represented by leaves, 
and in the latter by spruce and pine needles.
During summer (June–July), phytoplankton 
biomass concentrations of 3.7 mg L–1 and 5.1 mg 
L–1 were measured in Lake Mettä-Rakkurijärvi 

exceeded the normal biomass concentration in 
the reference lakes by factors of ~20–25, and 
indicates the importance of phytoplankton as 

a component in present-day sediments of the 
mining-affected lakes. According to their Chl–a 

mole ratios measured in POM (C/NRakkurijoki = 
4.6–27; n = 27) indicated that this material was 
a mixture of autochthonous and allocthonous 
OM, and thus could not be used to represent the 

mixing model (Section 3.4), this end member 
is instead represented by phytoplankton of 

106H263O110N16

Figure 2. 15N vs. 13C and molar C/N ratios vs. 13C for source end member materials and sediments from the Rak-
kurijoki and Brubäcken catchments. 13C values are not corrected for the Suess effect. Lake sediments are separated 

Mettä-Rakkurijärvi (MR) and Rakkurijärvi (R) in the Rakkurijoki catchment), and AMD (Lake Bruträsket in the 
Brubäcken catchment).
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and Dokulil, 2002), with a C/N mole ratio of 
13C 

and 15N values were chosen to obtain a good 

For the pre-1950 period (i.e. before discharge 

system began), a 15N value of +2.5‰ was used, 
which is similar to that in phytoplankton from 
temperate–arctic lakes (Fry, 1991; Kling et al., 
1992). Assuming that N isotope fractionation is 
small (<–4‰, Fogel and Cifuentes, 1993) during 
NH4

+ assimilation into aquatic algae, 15N values 
close to those for NH4

+

were chosen for mining-affected phytoplankton 
in the Rakkurijoki lakes (Fig. 2).

using an unmanned aircraft system (UAS) 
(Husson et al., 2013). Along Rakkurijoki, where 
only the most intensely vegetated (and annually 
harvested) area immediately upstream of Lake 
Rakkurijärvi was covered by UAS images, 
single- and multiple-species stands covered 
up to 28% of the investigated area (Husson et 

stands of Phragmites australis covered ~20% 
of the lake area. Plants from nearby reference 

to represent pre-1950 littoral vegetation that 
assimilated N with a natural isotopic composition 
(Fig. 2).
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4.2. Nitrogen isotope composition of 
dissolved inorganic nitrogen (DIN)

in the Kiruna mine are the major N source in 
the Rakkurijoki system, and the N isotope 
composition of the explosives ( 15N–NH4expl 
= –8.0±0.3‰; 15N–NO3expl = +3.4±0.3‰, 
average±stdev; n = 3) can be used as a reference 

15N values of dissolved NO3
– measured in the 

Kiruna pond and lakes were shifted towards 
higher values, with 15N–NO3 reaching +8.3‰ 
to +11.6‰ at Station KVA36 at the outlet of 

pond system (Station KVA88 to KVA01), 15N–
NO3 increased only during summer (August). 
Explaining these isotopic shifts is beyond the 
scope of this paper, but they are probably related 
to fractionation during mineral processing 

dissolved NH4
+, 15N–NH4 increased markedly 

from –8.0±0.3‰ in the explosives to +12.7‰ 

dissolved NH4
+ concentrations <0.6 mg L–1 did 

not permit determination of 15N–NH4.

When the gold leach plant had closed in 2008, 

were too low to permit determination of 15N–
NH4 and 15N–NO3. However, 15N values of 
littoral vegetation and surface sediment (+3.0‰ 
to +19‰, Fig. 2) were shifted towards higher 
values compared to that of the NaCN used at 
the gold leach plant ( 15NNaCN = +1.1±0.5‰ 
(average±stdev; n = 5)).

4.3. Sediment data

4.3.1 Sediment accumulation rates and mining 
activities

expressed as mg dry sediment cm-2 yr–1 differed 
by a factor of 1.2–1.6 between the two cores 
dated in each lake (Fig. 5). Such variations can be 
expected in shallow lakes where sedimentation 
conditions may be affected by changes in bottom 

sediment accumulation rate increased upwards 
in all cores, being 3.6–7.5 times larger at the 
surface than in the deepest core sections, with 
the most pronounced increase occurring during 
the last decade (Fig. 5). For lakes in the Rakkuri 
system, this recent increase in the accumulation 
rate correlates with an increase in suspended load 

(1.1±0.3 mg L–1 up to the year 1999 (n = 37); 
4.0±3.9 mg L–1 from 2000 onwards (n = 29)). 

the cores from Lake Bruträsket in the Brubäcken 
system coincides in time with construction works 
on impoundment dikes upstream of the lake. 
Discharge of process water from the Boliden 
concentrator, which started in 1953, appears to 
have increased the sediment accumulation rate 
by a factor of ~2 in Lake Bruträsket (Fig. 5). Figure 4. Nitrogen isotope composition of dissolved 

NO3
– and NH4

+ in mine explosives and the Rakkurijoki 
system. Error bars show ±2 stdev for the long-term 
analytical precision of 15  
sampling stations KVA88 to KVA02 are shown in 
Fig. 1a. Station KVA88 is the discharge point from the 
mineral processing plants at the Kiruna mine. 
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4.3.2 Carbon and nitrogen accumulation

presented as mass accumulation rates in Fig. 6, 
since this compensates for changes in OC and 

sediment accumulation rates closely, including 
the most pronounced increase during the last 
decade, with present-day OC accumulation rates 
of 27–40 g m-2 yr-1 (Lake Bruträsket), 25–62 g 
m-2 yr-1 (Lake Mettä-Rakkurijärvi), and 34–36 g 
m-2 yr-1

g m-2 yr-1 (Lake Bruträsket), 3.3–9.0 g m-2 yr-1 
(Lake Mettä-Rakkurijärvi), and 4.0 g m-2 yr-1 
(Lake Rakkurijärvi) (Fig. 6).

4.3.3 C/N, 15N, and 13C in the Rakkurijoki 
lakes

intervals for the C/N ratio before ~1950 
were 11.6±0.3 and 13.9±0.2 in Lake Mettä-
Rakkurijärvi and Lake Rakkurijärvi, respectively 
(Fig. 6). From ~1950, the C/N ratio showed a 
pronounced decrease to present-day values 
of 8–9 in Lake Mettä-Rakkurijärvi and ~10 in 
Lake Rakkurijärvi, consistent with an increasing 
deposition of phytoplankton in the sediments. 
Decreasing C/N ratios were accompanied by 
increasing 13C and 15N values from ~1950, 
although 13C in Lake Rakkurijärvi decreased 
towards the sediment surface (Fig. 6). 

15N value in lake surface sediment (0–1 
cm) was +9.6±0.6‰ (average±stdev; n = 8 
from four sediment cores), which was similar 
to summer (August) values of 15N in dissolved 
NO3

– in the lakes (Lake Mettä-Rakkurijärvi: 
15N–NO3 = 9.4–11.6‰; Lake Rakkurijärvi: 
15N–NO3 = 9.0–11.6‰, Fig. 4). Macrophytes 

growing in the lakes showed similar 15N values 
(+10.5±2.5‰, average±stdev; n = 8, Fig. 2). 

15N 
value in surface sediment (0–1 cm) was +10.6‰ 
to +12.7‰ (n = 2), i.e. ~2‰ lower than pond 
water 15N–NH4 (+12.7‰ to +14.5‰, n = 2), 
and similar to 15N–NO3 in the pond (+7.7‰ 

15N 

settling of phytoplankton and macrophyte 

tailings pond and Lake Mettä-Rakkurijärvi (Fig. 
3) supports this interpretation. Any N isotope 
fractionation associated with this biological 
N assimilation appears to be have been small 

fractionation of –0.25‰ observed for vascular 
plants (macrophytes) (Mariotti et al., 1980). 
For aquatic algae, Fogel and Cifuentes (1993) 
presented a model predicting a fractionation 
of –4‰ for ammonium assimilation when the 
cells are N limited, which would agree with our 
observed 15N–NH4

+ values in the Kiruna pond. 
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13C values in sediment deposited 
from ~1950, which are particularly evident in 
Lake Mettä-Rakkurijärvi (Fig. 6), suggest that 
isotopically heavier, mining-related dissolved 
inorganic C (HCO3

–) may have been assimilated 
by phytoplankton and/or macrophytes. 
Assimilation of HCO3

– is well documented 
(e.g. Goldman and Graham, 1981), and this is 

a likely process in the Rakkurijoki lakes where 
dissolved CO2 would be low (~15 μM at pH 8 

the Kiruna pond (located approximately 2 km 
upstream of Lake Mettä-Rakkurijärvi) contain 
5–10 wt-% of calcite, which is a likely source 
of isotopically heavier HCO3

–

supported by the presence of isotopically heavier 
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sedimentary organic C in the Kiruna tailings 
pond ( 13C = –24.2±2.0‰ (average±stdev; n = 
35). A predominantly planktonic origin of this 
OM is indicated by summer (August 2009) C/N 
values of 7.5±0.8 at the tailings surface (0–5 
mm, average±stdev; n = 4). 

4.3.4 C/N, 15N, and 13C in Lake Bruträsket
15N, and 13C 

is more complicated in Lake Bruträsket (Fig. 
6), which has been affected by AMD since 
1953 (liming applied since the mid-1970s), 
and cyanide gold leaching during 2001–2008. 

the Boliden ore concentrator are likely to be 
responsible for variations in C/N, 15N, and 13C. 
Other anthropogenic effects are considered to 

use (forestry) are known, and N from the local 
sewage treatment plant forms <8% of the total N 
transport in Brubäcken. 

15 in the deepest, pre-1950 core sections, to 
ratios of 15–16 (with peaks up to 22) during 

decrease of autochthonous OM in the sediment 

ratio = 6.7), and a relative increase of allocthonous 
OM (spruce and pine with C/N = 50–75, Fig. 2). 
Decreasing phytoplankton biomass may have 
been related to combined stress effects from 
low pH, dissolved metals, and precipitation of 
metal oxides due to the discharge of AMD to 
the system (Niyogi et al., 2002). A simultaneous 
relative increase of allocthonous OM (spruce 
and pine) in the sediment is supported by 15N 
minima in the range –0.9‰ to –2.5‰ during 

present-day conditions in the lake appear to be 
favourable for phytoplankton growth (Fig. 3), 
and C/N ratios of 15–16 in the surface sediment 
are consistent with a considerable proportion of 
phytoplankton detritus (C/N = 6.7) mixed with 
detritus of terrestrial vegetation (C/N = 50–75). 

From ~2001, when dissolved NH4–N in the 
lake began to increase up to ~12 mg L–1, 15N 
increased in both cores and reached values 
of +3.3‰ to +5.2‰ at the surface (0–0.5 cm, 

15N values (+8‰ to +19‰) in 

macrophytes (P. australis) growing in Lake 
Bruträsket were also higher than in P. australis 
growing in a nearby reference lake (+2‰ to 
+4‰) (Fig. 2). We suggest that this increase of 

15N was related to the cyanide gold leaching 
that commenced in 2001. However, 15N values 
measured in the sediment were higher than 
that of the NaCN used at the gold leach plant 
( 15NNaCN = +1.1±0.5‰, Section 4.2). 

nitrogen-transforming reactions in Lake 
Bruträsket, removing 20–25% of NH4

+ and NO3
–

, respectively, during 2008 (Chlot et al., 2013c). 
When the cyanide gold leaching plant was in 
operation, the dissolved NH4

+ concentration 
reached up to ~12 mg L–1 in Lake Bruträsket. 

stimulated, and a large N isotope fractionation 
(–12‰ to –29‰ in soils, Kendall, 1998) can 

with 15N increasing in the remaining NH4
+ 

(Mariotti et al., 1981). An N isotope tracer 
experiment performed with P. australis in Lake 
Bruträsket showed that the NH4

+ uptake rate 
exceeded that of NO3

– by a factor of 5–6 (Chlot 

phytoplankton preferentially assimilate NH4
+ 

suggest that the shift towards higher 15N values 
in the top 2–3 cm of the sediment (Fig. 6) was 
mainly caused by biological assimilation of NH4

+ 
enriched in 15

in the lake. During summer the phytoplankton 
biomass in Lake Bruträsket exceeded that in 
the reference lake by a factor of ~25 (Fig. 3). 
Decomposition of this OM probably contributed 
to the anoxic bottom water conditions observed in 
the lake (Chlot et al., 2013a), which, in turn, may 

increased 15N values in the top 2–3 cm of the 
sediment (Fig. 6), as was suggested by Lu et al. 
(2010) in Lake Erie.
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4.4. Sedimentary organic matter sources

4.4.1 Lake Mettä-Rakkurijärvi and Lake 
Rakkurijärvi

Based on the OM source end members soil, 
terrestrial and littoral vegetation (Fig. 2), 
and phytoplankton (Section 4.1), the relative 
contribution of these OM end members to the 
lake sediments was calculated using the software 

of autochthonous OM (littoral vegetation and 
phytoplankton) showed a clear increase ~1950, 

detritus appears to have been the dominating type 
of OM since ~1950, particularly in Lake Mettä-
Rakkurijärvi located closer to the Kiruna mine 

4.4.2 Lake Bruträsket

the relative sedimentary contribution of the 
four types of OM used in the Rakkurijoki lakes. 

inconsistent with the corresponding sedimentary 
C/N ratios, and sedimentary 13C values were in 
many cases, particularly for the pre-1950 period, 
more negative than those for any of the four OM 
source end members (corrected for the Suess 

at least one unknown OM source component, 
with 13C below approximately –32‰ (Fig. 

Sweden, Hammarlund et al. (1997) measured 
sedimentary organic 13C values between 

13C values were 

Figure 7. Calculated relative contributions of the four organic matter source end-members soil, terrestrial vegetation, 
-

for each end-member are delineated by % contributions obtained for the two cores collected in each lake. End-member 
contributions were calculated from 13C and 15

ratios calculated from end-member C and N concentrations.
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(40–60%) in the sediment of this lake during the 
pre-1950 period was most likely caused by input 
of peat (included in soil OM) from the large 
wetland Kirunavuoma, which covers ~8 km2 
and drains directly into Lake Mettä-Rakkurijärvi 
(Fig. 1). 

attributed to supply of 13C-depleted CO2 from 
soil respiration and decay of humic substances 
when the lake catchment was dominated by 
boreal pine forest. 2) Bourbonniere and van 
Halderen (1989) showed that approximately 
half of the humic acid (HA) that precipitates at 
pH 2.0 can precipitate already at pH values of 
3.4–4.6. Since humic lakes in general can have 
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pH values as low as ~4 (Keskitalo and Eloranta, 
1999), precipitation of HA is a likely source of 
sedimentary OM in the humic Lake Bruträsket, 
both during the pristine, pre-1950 period, and the 
post-1950 period when AMD reached the lake. 
A qualitative interpretation of the distribution of 
various types of OM in Lake Bruträsket sediment 
is given in Section 4.3.4.

5. Concluding remarks

5.1. OM accumulation in lakes receiving 
mine water ef uents

Provided that C/N ratios, 15N, and 13C values 
are known for all major sedimentary OM 

used to reconstruct historical changes in OM 
accumulation in lakes receiving nutrient-rich 

OM source in lake sediments (Fig. 7) depends on 
a complex interplay between natural catchment 
characteristics, e.g. soil and vegetation types, 

to lake sediments through assimilation 
into phytoplankton and littoral vegetation, 
decomposition of organic detritus in surface 

back into the water column. Since phytoplankton 
detritus decomposes fairly rapidly, with a half-
life of ~15 days under oxic conditions (Westrich 

detritus forms a major fraction of sediments 

appears to be related to the discharge of nutrient-

harvesting will remove mining-related N from 
the system (Fig. 7), although the effectiveness of 
this measure cannot be judged from the present 
study.

5.2. Nitrogen isotope signatures in mine-
water recipients

Ammonium nitrate based explosives 
(Rakkurijoki) and NaCN (Brubäcken) were the 
major N sources in the two studied recipients, 
and changes in the N isotopic composition of 
biota, lake water, and sediments related to the 
use of these mining chemicals were evident 

in both systems. However, N isotope signals 
in the recipients were clearly shifted from the 
primary signal in explosives and NaCN. At 
the Kiruna site (Rakkurijoki system), 15N in 
dissolved NH4

+ and NO3
– was shifted towards 

higher values already in the ore and mineral 

direct tracing of the primary N isotope signals 
in mining chemicals was not possible in the 
recipients, which demonstrates the complexity 
of N isotope fractionation processes in aquatic 
systems (cf. Lu et al., 2010). However, systems 
where mine waters with a well known discharge 
history are a major point source of N with well-

for further studies of processes controlling N 
isotope signatures and their transformation in 
mine water recipients.
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