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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
QXWULHQWULFKPLQHZDWHUFDQUHVXOWLQDOJDOEORRPVHXWURSKLFDWLRQR[\JHQGH¿FLHQF\DQGFKDQJHG
species composition in the recipients. This thesis is focused on the speciation and transformation
SURFHVVHVRI1DQG3LQVWUHDPVDQGODNHVUHFHLYLQJPLQHHIÀXHQWVIURPWKH.LUXQDDQG%ROLGHQPLQH
sites. The thesis also aimed at evaluating N removal capacity of these aquatic systems. Research
PHWKRGVLQWKHWKHVLVLQFOXGHGFROOHFWLRQRI¿HOGGDWDODERUDWRU\DQG¿HOGH[SHULPHQWVDQGFRPSXWHU
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
WKHDPPRQLXPFRQFHQWUDWLRQLQWKHHIÀXHQWDWWKH%ROLGHQVLWH7173UDWLRVRIWKHZDWHUFROXPQ
VKLIWHG IURP EHLQJ ! LQGLFDWLQJ 3GH¿FLHQF\ IRU SK\WRSODQNWRQ WR EHWZHHQ  LQGLFDWLQJ D
WUDQVLWLRQIURP1WR3GH¿FLHQF\ FROLPLWDWLRQ +RZHYHUZDWHUFROXPQ7173UDWLRVDWWKH.LUXQD
VLWH DOZD\V LQGLFDWHG 3 GH¿FLHQF\ 2Q WKH RWKHU KDQG WKH7173 UDWLRV RI PDFURSK\WHV UHYHDOHG
that both sites may vary from N to P limitation. These aspects have implications for assessing the
HQYLURQPHQWDOLQÀXHQFHRIQXWULHQWULFKPLQHHIÀXHQWV$GRZQVWUHDPGHFUHDVHLQLQRUJDQLF1 1+4+
DQG 123) 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
K\GURORJLFDO DQG ZDWHU FKHPLVWU\ GDWD IRU WKH FODUL¿FDWLRQ SRQG 1\D 6M|Q %ROLGHQ  7KH PRGHO
calculates concentrations of six N species and simulates the rate of 16 N transformation processes
RFFXUULQJ LQ WKH ZDWHU FROXPQ DQG VHGLPHQW DV ZHOO DV ZDWHUVHGLPHQW DQG ZDWHUDWPRVSKHUH
LQWHUDFWLRQV 7KH FDOLEUDWHG PRGHO UHQGHUHG FRHI¿FLHQWV RI GHWHUPLQDWLRQ 52  RI   DQG
0.86 for the inorganic nitrogen species ammonium, nitrate and organic nitrogen, respectively. When
DSSO\LQJWKHPRGHOLQWKHGRZQVWUHDP/DNH%UXWUlVNHWWKHFRUUHVSRQGLQJ52YDOXHVZHUH
DQG0RGHOVLPXODWLRQVLQWKHWZRV\VWHPVVXJJHVWHGWKDWQLWUL¿FDWLRQFRQWUROOHGWKHUHDFWLRQ
UDWHRIWKHFRXSOHGQLWUL¿FDWLRQGHQLWUL¿FDWLRQSURFHVVDQGWKDWDSSUR[LPDWHO\±RISHUPDQHQW
UHPRYDO RFFXUUHG WKRXJK GHQLWUL¿FDWLRQ IROORZHG E\ EXULDO LQ WKH VHGLPHQW a   0D\ 
2FWREHU $VWDEOHQLWURJHQLVRWRSH 15N) was employed to trace N cycling in the various plant parts
of common reed (P. australis JURZLQJLQWKHOLWWRUDO]RQHRI/DNH%UXWUlVNHW,VRWRSHHQULFKPHQW
GDWDLQGLFDWHGDVLJQL¿FDQWO\PRUHHIIHFWLYHDVVLPLODWLRQRI1LQWKHURRWV0D[LPXPWUDFHUXSWDNH
rates of 0.25 μg g min 123) and 1.4 μg g min 1+4+) are similar to model simulated rates of
PDFURSK\WH1XSWDNH6LPXODWLRQUHVXOWVDQGUHVXOWVIURPWKHWUDFHUVWXG\LQGLFDWHGWKDWGLUHFW1
removal through N uptake in macrophytes and phytoplankton may be of minor importance relative
WRQLWUL¿FDWLRQDQGGHQLWUL¿FDWLRQ

$ VHGLPHQW LQFXEDWLRQ H[SHULPHQW XVLQJ ODNH ZDWHU DQG VHGLPHQW IURP /DNH %UXWUlVNHW
%ROLGHQ UHVXOWHGLQDVHGLPHQWDU\ÀX[RIVROXEOHUHDFWLYHSKRVSKRUXV 653 RIPJ653P
d. Field measurements suggested that oxidation of organic matter and inorganic mining related
FKHPLFDOV HJ1+4+DQGWKLRVDOWV PD\UHVXOWLQLQFUHDVHGLQWHUQDO653ÀX[7KHVH¿QGLQJVSRLQWWR
DSRVVLEOHLQWHUDFWLRQEHWZHHQWKHF\FOHVRI1 R[\JHQFRQVXPSWLRQ DQG3 ÀX[IURPVHGLPHQW WKDW
PD\EHLPSRUWDQWIRUQXWULHQWUHJXODWLRQLQPLQHZDWHUUHFLSLHQWV6HGLPHQWSUR[\GDWD b13C, b15N,
&1UDWLRV ZDVXVHGWRUHFRQVWUXFWKLVWRULFDOFKDQJHVLQRUJDQLFPDWWHU 20 DFFXPXODWLRQLQODNHV
UHFHLYLQJQXWULHQWULFKPLQHZDWHUVLQWKH%ROLGHQDQG.LUXQDPLQHVLWHV6HGLPHQWDFFXPXODWLRQ
rates increased upwards in all cores, which correlates with an increase in suspended load in the
PLQLQJ HIÀXHQWV GLVFKDUJLQJ WR WKH V\VWHPV 6LPLODU b151 YDOXHV LQ GLVVROYHG LQRUJDQLF 1 ',1 
DQGVXUIDFHVHGLPHQWVPRVWOLNHO\UHÀHFWELRORJLFDODVVLPLODWLRQRI',1DQGVXEVHTXHQWVHWWOLQJRI
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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1. Introduction
0LQLQJDQGPLQHUDOSURFHVVLQJUHTXLUHODUJHYROXPHVRISURFHVVZDWHU$OWKRXJKZDWHUWRDODUJH
H[WHQWLVUHF\FOHGLQPLQHUDOSURFHVVLQJSODQWV /XQGNYLVW H[FHVVZDWHULVGLVFKDUJHGLQWR
WDLOLQJVDQGFODUL¿FDWLRQSRQGV\VWHPVDQGIXUWKHULQWRQDWXUDOZDWHUV\VWHPV2YHUWKHODVWGHFDGHV
VWXGLHVRIPLQHZDWHUHIÀXHQWVKDYHPDLQO\IRFXVHGRQDFLGPLQHGUDLQDJH $0'  /RWWHUPRVHU
1RUGVWU|P ZKLOHOHVVDWWHQWLRQKDVEHHQSDLGWRFLUFXPQHXWUDOQXWULHQW QLWURJHQDQG
phosphorus) rich mine waters, which is partly explained by the naturally low N levels in rocks
0RULQDQG+XWW +RZHYHUPLQHZDWHUVULFKLQ1DQG3DUHDJURZLQJFRQFHUQVLQFHERWK
1DQG3DUHHVVHQWLDOQXWULHQWVIRUSK\WRSODQNWRQDQGPDFURSK\WHSURGXFWLRQ %DUNRHWDO
Wetzel, 2001), and high levels of nutrient release may be associated with eutrophication in aquatic
V\VWHPV UHFHLYLQJWKLVW\SHRI PLQHHIÀXHQWV7KHPDMRUELRJHRFKHPLFDO1 WUDQVIRUPDWLRQVZHUH
discovered over a century ago, while new discoveries have been made regarding new types of
RUJDQLVPVLQYROYHGLQZHOONQRZQSURFHVVHVDVZHOODVQHZW\SHVRISURFHVVHV 7KDPGUXS 
$OVRWKHUHDUHVWLOOJDSVLQRXUNQRZOHGJHUHJDUGLQJWKHEHKDYLRXURI1 $GDPV ZKLFKKDYH
DGLUHFWEHDULQJWRZDUGVQLWURJHQHIÀXHQWVIURPPLQHVLWHV2QHDVSHFWLVWRLQYHVWLJDWHWKHUHODWLRQ
EHWZHHQ QXWULHQW FRQFHQWUDWLRQV 1 DQG 3  DQG WURSKLF OHYHO LQ WKH UHFHLYLQJ ZDWHUV ,Q DGGLWLRQ
the responsiveness of N removal mechanisms (e.g. gaseous losses) to elevated concentrations of
DQWKURSRJHQLF1LVQRWZHOONQRZQ :HW]HO*DOORZD\HWDO )XUWKHUPRUHFROGFOLPDWH
DVSHFWVRIWKHELRJHRFKHPLFDOF\FOLQJDQGVSHFLDWLRQRI1LQZDWHUVUHFHLYLQJPLQHHIÀXHQWVUHTXLUH
further research.
1.1 Scope of the thesis

The focus of this research project was to study speciation and transformation processes of N and
3 LQ VWUHDPV DQG ODNHV UHFHLYLQJ PLQH HIÀXHQWV 7KH .LUXQD DQG %ROLGHQ PLQH VLWHV LQ QRUWKHUQ
6ZHGHQZHUHFKRVHQDVVWXG\VLWHV7KHWZRVLWHVFDQEHFKDUDFWHUL]HGDVQLWUDWHGRPLQDWHGZLWKORZ±
PRGHUDWHLQSXWRI3 .LUXQD DQGDPPRQLXPGRPLQDWHGZLWKKLJKLQSXWRI3 %ROLGHQ %DVHGRQWKH
fact that the two sites display different N and P concentrations, the question of limiting nutrient for
SK\WRSODQNWRQDQGPDFURSK\WHJURZWKLQZDWHUVUHFHLYLQJPLQHHIÀXHQWVZDVHYDOXDWHG7KHWKHVLV
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
VSHFLHVDQGWKHLUSRWHQWLDOFRQWULEXWLRQWR1UHPRYDOZDVHYDOXDWHG3UHVHQFHRIR[\JHQFRQVXPLQJ
PLQLQJUHODWHGFKHPLFDOVLQPLQHZDWHUFRXOGSRWHQWLDOO\UHVXOWLQVHGLPHQWDU\UHOHDVHRIVROXEOH
UHDFWLYHSKRVSKRUXV 653 7KHSRVVLEOHRFFXUUHQFHRIWKLVSKHQRPHQRQZDV LQYHVWLJDWHGLQWKLV
WKHVLV$OVRWKHFRQWULEXWLRQRIPLQLQJUHODWHG1LQUHODWLRQWRWKHQDWXUDOORDGRIQLWURJHQLQWKH
recipients was evaluated.
The methods used and the obtained results are described in detail in the appended papers, and
VXPPDUL]HGDQGGLVFXVVHGLQWKH¿UVWSDUWRIWKLVWKHVLV7KH¿UVWVHFWLRQRIWKHWKHVLVDOVRGHVFULEHV
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
ORFDO HFRV\VWHP IXQFWLRQ 6FKOHVLQJHU   )LJXUHV  DQG  GHVFULEH VRPH PDMRU F\FOLQJ DQG
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
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Figure 1. Conceptual model displaying some of the major pathways included in the complex nitrogen cycle. Nitrogen
PD\UHDFKWKHDTXDWLFHFRV\VWHPWKURXJKUXQRIIOHDFKLQJELRORJLFDO¿[DWLRQDQGDWPRVSKHULFGHSRVLWLRQ+XPDQ
DFWLYLWLHVLQFOXGHWKHXVHRIIHUWLOL]HUV 6FKOHVLQJHU DQGWKHXVHRIH[SORVLYHVDQGF\DQLGHIRUJROGH[WUDFWLRQLQ
the mining industry.

The nitrogen cycle is very complex and in the biosphere, nitrogen is involved in both abiotic
LQRUJDQLF DQGELRWLF RUJDQLF WUDQVIRUPDWLRQV 9\PD]DO7KDPGUXS 1LWURJHQRFFXUV
LQVHYHQYDOHQFHVWDWHVIURPWR 9\PD]DO DQGLQRUJDQLFLQRUJDQLFDQGJDVHRXVIRUPV
Through the microbial process aPPRQL¿FDWLRQ .DGOHFDQG.QLJKW RUJDQLFQLWURJHQPD\EH
FRQYHUWHGWRLQRUJDQLFDPPRQLXP 1+4+ WKDWPD\EHWUDQVIRUPHGWRQLWUDWH 123) by the bacterial
process QLWUL¿FDWLRQ summarized as
1+4+22 ĺ123+++22















The process is catalyzed by chemoautotrophic bacteria in the genera Nitrosomonas and Nitrobacter.
1LWUL¿FDWLRQGHSHQGVRQWHPSHUDWXUHS+DQGFRQFHQWUDWLRQVRI1+4+ and dissolved oxygen (Reddy
DQG3DWULFN&RORPHUDQG5LFR 'HQLWUL¿FDWLRQLVDPXOWLVWHSSURFHVVSHUIRUPHGE\
denitrifying bacteria, e.g. Pseudomonas .QRZOHV   UHVXOWLQJ LQ WKH UHGXFWLRQ RI 123 to
dinitrogen gas (N2 DFFRUGLQJWRWKHRYHUDOOUHDFWLRQ 5HGG\DQG3DWULFN 
&+22123(aq)++ Æ&22 (g) + 2N2 (g)+22

 





ZLWK12212DQG122DVLQWHUPHGLDWHFRPSRXQGV'HQLWUL¿FDWLRQGHSHQGVRQHQYLURQPHQWDOIDFWRUV
VXFKDVR[\JHQFRQFHQWUDWLRQWHPSHUDWXUHDQGS+ 5HGG\DQG3DWULFN3HWHUMRKQ 
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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-, HPO42-, PO43-) 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).

Rain
Human activities
Run-Off
Macrophytes
LAKE
Phytoplankton

Org-P, SRP
Leaching

SRP

Org-P

Assimilation

Adsorption

Diffusion

Org-P

SRP

Sedimentation Remineralisation

LAND

SRP

SEDIMENT
Assimilation

Org-P

Burial
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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,QODNHVVHGLPHQWDWLRQRISDUWLFXODWH3QRUPDOO\H[FHHGVWKHGLIIXVLYHÀX[RI3IURPWKHVHGLPHQW
WKHUHE\ OHDGLQJ WR D QHW VHGLPHQWDWLRQ RI 3 RYHU WLPH +RZHYHU FKDQJHG FRQGLWLRQV ZLWK HJ
LQFUHDVHGS+ORZHUHGUHGR[SRWHQWLDODQGLQFUHDVHGPLFURELDODFWLYLW\FDQUHVXOWLQUHOHDVHRI3WR
WKH K\SROLPQLRQ $QGHUVHQ  %RVWU|P DQG 3HWWHUVVRQ  -DPHV HW DO  :KHQ WKLV
K\SROLPQHWLF 3 UHDFKHV WKH HSLOLPQLRQ 6WDXIIHU   HXWURSKLFDWLRQ LV LQLWLDWHG RU LQWHQVL¿HG
-DPHVHWDO6¡QGHUJDDUGHWDO 
2.3 Biological uptake and release of N and P

3K\WRSODQNWRQ DVVLPLODWH PDFURQXWULHQWV HJ 1 3 DQG .  DV ZHOO DV PLFURQXWULHQWV HJ )H =Q
DQG1L IURPWKHZDWHUFROXPQ %DUNRHWDO 0DFURSK\WHVVWXGLHGLQWKLVWKHVLVDUHURRWHG
HPHUJHQW PDFURSK\WHV ORFDWHG LQ WKH OLWWRUDO ]RQH RI WKH LQYHVWLJDWHG ODNHV *HQHUDOO\ IRU WKHVH
PDFURSK\WHVODNHVHGLPHQWVDUHWKHSULPDU\VRXUFHIRUWKHPDFURQXWULHQWV1DQG3 %DUNRHWDO
:HW]HO $PPRQLXP 1+4+) is usually the preferred form of N for phytoplankton and
PDFURSK\WHXSWDNHGXHWRORZHUHQHUJHWLFFRVWVDVVRFLDWHGZLWK1+4+ uptake and inhibition of nitrate
XSWDNHE\1+4+ 'XJGDOHHWDO-DPSHHWRQJDQG%UL[ 3UHVHQFHRIPDFURSK\WHVWHQGVWR
LQFUHDVHZDWHUFODULW\GXHWRWKHLUDELOLW\WRUHGXFHVHGLPHQWUHVXVSHQVLRQ +RUSSLODDQG1XUPLQHQ
 $OVRQLWURJHQWUDQVIRUPDWLRQSURFHVVHV HJGHQLWUL¿FDWLRQ DUHHOHYDWHGGXHWRFRPELQHG
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.
+RZHYHU VRPH RI WKH 1 DQG 3 ZLOO EH UHWXUQHG WR WKH ZDWHU SKDVH WKURXJK remineralisation and
WKHUHE\ FRQWULEXWH WR ORQJWHUP LQWHUQDO QXWULHQW ORDGLQJ LQ WKH ODNH %XUJHU HW DO  . Thus,
unless the macrophytes are harvested, P and N assimilation in vegetation only partially contributes to
DORQJWHUPUHPRYDORIWKHVHQXWULHQWV $VDHDGDHWDO'XQQHDQG5HGG\ 
2.4 TN:TP ratios and limiting nutrient

*HQHUDOO\ELRORJLFDOSURGXFWLRQLQIUHVKZDWHUV\VWHPVLVDVVXPHGWREHOLPLWHGE\3 HJ6FKLQGOHU
 ZKLOHELRORJLFDOSURGXFWLRQLVDVVXPHGWREH1OLPLWHGLQRFHDQLFDQGFRDVWDOZDWHUV HJ
*XLOGIRUGDQG+HFN\ +RZHYHUWKHJHQHUDOLW\RIWKLVYLHZKDVEHHQTXHVWLRQHG (OVHUHWDO
 %HUJVWU|PHWDO  DUJXHWKDWODNHVWKDWKLVWRULFDOO\KDYHEHHQ1OLPLWHGKDYHVKLIWHGWR
UHFHQW3OLPLWDWLRQGXHWRDQWKURSRJHQLF1GHSRVLWLRQ6HYHUDODXWKRUVKDYHXVHGWKHZDWHUFROXPQ
TN:TP ratio to predict the potentially limiting nutrient for phytoplankton growth in aquatic systems
FI'RZQLQJDQG0F&DXOH\*XLOGIRUGDQG+HFN\ ,QVRPHVWXGLHV 0RUULVDQG/HZLV
%HUJVWU|P3WDFQLNHWDO WKHUDWLREHWZHHQGLVVROYHGLQRUJDQLFQLWURJHQ ',1 
and TP has been used and suggested to be a more appropriate measure to assess phytoplankton
QXWULHQWOLPLWDWLRQ1HYHUWKHOHVVDWERWKWKH.LUXQDDQGWKH%ROLGHQVLWHV',1RQDYHUDJHFRQVWLWXWHV
!RI71OHDGLQJWRVLPLODUYDOXHVIRU',173DQG7173UDWLRV7KHUHIRUH1DQG3DQGWKHLU
ratios are discussed in terms of TN and TP. Predictions on limiting nutrient often use as a target the
DWRPLF7173UDWLRRIIRUSODQNWRQLFELRPDVV¿UVW SURSRVHGE\5HG¿HOG  *XLOGIRUG
DQG+HFN\  FRQFOXGHGWKDWDWDZDWHUFROXPQ7173UDWLR!SK\WRSODQNWRQJURZWKZLOOEH
3OLPLWHGZKLOHDWD7173UDWLR1ZLOOEHWKHOLPLWLQJQXWULHQW 7173UDWLRVUHIHUWRPDVVUDWLRV
LQDFFRUGDQFHZLWKFLWHGOLWHUDWXUH 6\VWHPVZLWKUDWLRVZLWKLQWKHUDQJHVKRZDVLPXOWDQHRXV
OLPLWDWLRQ E\ 1 DQG 3 FROLPLWDWLRQ 6DLWR HW DO   .RHUVHOPDQ DQG 0HXOHPDQ   DQG
*VHZHOO HW DO   VXJJHVWHG WKDW SODQW WLVVXH7173 UDWLRV FRXOG EH XVHG WR SUHGLFW OLPLWLQJ
QXWULHQWIRUPDFURSK\WHV7KLVPHWKRGZRXOGEHWLPHDQGODERXUVDYLQJDQGOHVVGLVWXUELQJWRWKH
site. They suggested that at a TN:TP ratio > 16, macrophyte production is limited by P, and at a
7173UDWLR1LVOLPLWLQJ,QWHUPHGLDWHUDWLRVLQGLFDWHFROLPLWDWLRQE\WKHVHQXWULHQWV,Q3DSHU
,WKHUHODWLRQVKLSEHWZHHQ7173UDWLRVLQZDWHUPDFURSK\WHVDQGVHGLPHQWZDVFRPSDUHGZLWK
these ratios.
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2.5 N and P in mine waters

7KHPDLQVRXUFHVRI1LQPLQHZDWHUVDUHDPPRQLXPQLWUDWHEDVHGH[SORVLYHV 5HYH\0RULQ
DQG+XWW DQGGHVWUXFWLRQRIF\DQLGHXVHGLQJROGH[WUDFWLRQ $NFLO  VHHEHORZ 2WKHU
VRXUFHV LQFOXGH S+UHJXODWLQJ DJHQWV DQG WKH XVH RI DPPRQLD DV OL[LYLDQW LQ FRSSHU DQG QLFNHO
K\GURPHWDOOXUJ\ .RUHQHWDO+l\U\QHQHWDO 0DMRU3VRXUFHVLQFOXGHGLVVROXWLRQ
RIDSDWLWHLQDSDWLWHLURQRUHFKHPLFDOVXVHGLQWKHÀRWDWLRQSURFHVVVHZDJHVOXGJHXVHGIRUPLQH
ZDVWHUHPHGLDWLRQ +DQVVRQ+l\U\QHQHWDO DVZHOODVPLQLQJRISKRVSKDWHURFNIRU
PDQXIDFWXULQJRIPLQHUDOIHUWLOLVHUV 'DV81(3DQG,)$ 
2.5.1

Explosives

,QWKHPLQLQJLQGXVWU\FRPPRQO\XVHGH[SORVLYHVLQFOXGH$1)2 DPPRQLXPQLWUDWHIXHORLO ZDWHU
JHOVVOXUULHV DQG HPXOVLRQV 5HYH\  0RULQ DQG +XWW  7KH\ DOO FRQWDLQ D IXHO DQG DQ
oxidizing agent, often ammonium nitrate salts, with a nitrogen content varying between 20 and 33
 E\ZHLJKW  )RUV\WKHWDO $1)2LVPRUHZDWHUVROXEOHWKDQWKHRWKHUH[SORVLYHVDQGWKXV
WKHOHDFKLQJUDWHIRUWKHDPPRQLXPQLWUDWHVDOWVLVKLJKHU 5HYH\ 7KHTXDQWLW\RIQLWURJHQ
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
HW DO   8QGHWRQDWHG H[SORVLYHV VRUE WR SDUWLFOH VXUIDFHV DQG IROORZ RUH DQG ZDVWH URFN WR
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
UDLQ 0DWWLODHWDO ,QXQGHUJURXQGPLQHVVRPHRIWKHQLWULFJDVHVIRUPHGGXULQJH[SORVLRQV
dissolve in mine waters, which are pumped up from the mines.
*HQHUDOO\XQGHUJURXQGPLQLQJUHTXLUHVDERXWGRXEOHWKHDPRXQWRIH[SORVLYHVSHUWRQRIRUHH[WUDFWHG
FRPSDUHGWRRSHQSLWPLQLQJ 0DWWLODHWDO $VWXG\E\)RUVEHUJDQGcNHUOXQG  VKRZHG
WKDW±RIWKHQLWURJHQFRQWDLQHGLQH[SORVLYHVXVHGLQWKH.LUXQDLURQPLQHZDVUHWXUQHG
ZLWKWKHFUXGHRUHDVXQGHWRQDWHGH[SORVLYHVDQGWKDWDERXWZZRI1LQWKHH[SORVLYHVZDV
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
RIWKHSHUVRQQHOKDQGOLQJWKHH[SORVLYHV %M|UQVWU|PDQG%UlQQVWU|P 7KLVVKRZVWKDWWR
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

&\DQLGH &1  KDV WKH DELOLW\ WR GLVVROYH UHVLVWDQW SUHFLRXV PHWDOV /RJVGRQ HW DO   ,Q WKH
VRFDOOHGcyanidation process, gold is extracted at oxidized and alkaline conditions according to the
following reaction (Lottermoser, 2003):
$X(s) + 8NaCN(aq)22(g)+22(l) Æ1D$X &1

1D2+(aq)

(5)

2(aq)

+RZHYHUWKHIUHHIRUPVRI&1 &1DQG+&1 SUHVHQWLQWKHSURFHVVZDWHUDUHWR[LF FI/RJVGRQHW
DO/RWWHUPRVHU DQGLWLVGHVLUDEOHWRUHGXFHWKH&1OHYHOEHIRUHWKHZDWHULVGLVFKDUJHG
&\DQLGHFDQEHGHVWUR\HGFKHPLFDOO\XVLQJHJ,1&2622/air or hydrogen peroxide, or biologically
R[LGL]HGE\PLFURRUJDQLVPV 'LFWRUHWDO$NFLOHWDO (TVGHVFULEHVRPHJHQHUDO
cyanide oxidation reactions with nitrogenous compounds as end products.
2CN22ĺ&12
&1222ĺ123&22

(6)
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&12+++22ĺ1+4++&23

(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
UHFHLYLQJSURFHVVZDWHU -RKQVRQHWDO/LQGVWU|PHWDO 
2.5.3

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

%RWK QLWURJHQ DQG FDUERQ KDYH WZR VWDEOH LVRWRSHV UHVSHFWLYHO\ ZLWK D PDVV GLIIHUHQFH RI a
between 14N and 151DQGaEHWZHHQ12C and 13&,VRWRSLFFRPSRVLWLRQLVJHQHUDOO\UHSRUWHGLQWKH
standard delta (b) notation:
(bsample) = ((R6$/R67  Å















For nitrogen, R6$ and R67 refer to the ratio 15N/14N in the sample and atmospheric N2 respectively;
for carbon R6$ and R67 refer to the ratio13C/12& LQ WKH VDPSOH DQG 9±3'% 9LHQQD 3HH'HH
%HOHPQLWH  UHVSHFWLYHO\ %LRJHRFKHPLFDO HJ GHQLWUL¿FDWLRQ DQG DVVLPLODWLRQ  UHDFWLRQV XVXDOO\
OHDGWRDQHQULFKPHQWRIWKHOLJKWHULVRWRSHLQWKHUHDFWLRQSURGXFW 21HLO WKHUHE\SURGXFLQJ
GLVWLQFW LVRWRSH VLJQDOV +HQFH VWDEOH LVRWRSH YDOXHV RI RUJDQLF PDWHULDO DUH HIIHFWLYH WUDFHUV RI
ELRJHRFKHPLFDOSURFHVVHVLQDTXDWLFVWXGLHV 0DULRWWLHWDO )RUH[DPSOHWKH13C/12C ratio of
RUJDQLFFDUERQKDVEHHQFRPPRQO\XVHGDVDQLQGLFDWRURIFKDQJHVLQDTXDWLFSURGXFWLYLW\ 6FKHOVNH
DQG+RGHOO.ULVKQDPXUWK\HWDO7HUDQHVDQG%HUQDVFRQL 6HYHUDOVWXGLHVKDYH
shown a strong relationship between nitrate depletion in surface water and an increase in b15N values
LQVXUIDFHVHGLPHQWV FI+ROPHVHWDO6LJPDQHWDO ,QWKH³GXDOLVRWRSHDSSURDFK´
6LOYDHWDO WKHQLWURJHQ b15N) and oxygen isotope (b182 FRPSRVLWLRQRIGLVVROYHGQLWUDWH
LQZDWHUFDQEHXVHGWRLGHQWLI\VRXUFHVRIQLWUDWHDQGWRDVVHVQLWUDWHUHPRYDO GHQLWUL¿FDWLRQ IURP
ZDWHU $UDYHQDDQG5REHUWVRQ.HQGDOO 7KURXJKLVRWRSLFDQDO\VLVRIGLVVROYHGRUJDQLF
FDUERQ ',& LQWDLOLQJVDQGFODUL¿FDWLRQSRQGVLWFDQEHFDOFXODWHGKRZPXFK',&WKDWLVGHULYHG
IURP&1EUHDNGRZQ -RKQVRQHWDO 
/DNH VHGLPHQWV DUH FRQVLGHUHG DV D VHPLSHUPDQHQW VLQN IRU RUJDQLF 1 DQG FDQ UHYHDO PLQLQJ
UHODWHGHFRV\VWHPFKDQJHVLQYROYLQJWKHW\SHVRIRUJDQLFPDWWHU 20 DFFXPXODWLQJ DXWKRFKWRQRXV
YV DOORFWKRQRXV  DQG SDWKZD\V IRU WUDQVSRUW RI PLQLQJUHODWHG 1 WR VHGLPHQWV SK\WRSODQNWRQ
YV PDFURSK\WHV  7KH W\SH RI 20 VHWWOLQJ WR WKH VHGLPHQW PD\ KDYH DQ LPSRUWDQW LPSDFW RQ
remineralisation and permanent burial of N in the sediment, as well as remediation measures based
RQPDFURSK\WHELRPDVVKDUYHVWLQJ $VDHGDHWDO ,Q3DSHU9,IRXU20VRXUFHHQGPHPEHUV
(soil, phytoplankton, terrestrial and littoral vegetation) were chosen. They were analysed with respect
to their isotopic composition (b15N and b13C) and nitrogen and carbon concentrations giving C/N
UDWLRVZKLFKDUHKHOSIXOLQLQWHUSUHWDWLRQRILVRWRSLFGDWD7KHUHODWLYHFRQWULEXWLRQRIWKH20HQG
PHPEHUVWRODNHVHGLPHQW20ZDVFDOFXODWHGXVLQJWKH9LVXDO%DVLFVRIWZDUH,VR6RXUFH YHUVLRQ
  3KLOOLSVDQG*UHJ'DVHWDO ,QDGGLWLRQb15N and b182FRPSRVLWLRQRIGLVVROYHG
QLWUDWHDQGDPPRQLXPZDVDQDO\VHG2QHDVSHFWWRFRQVLGHULQWKHLQWHUSUHWDWLRQLVWKHGHSOHWLRQRI
DWPRVSKHULF&22 in 13&GXHWRIRVVLOIXHOEXUQLQJ 6XHVVHIIHFW  )ULHGOLHWDO ZKLFKZDV
modelled using the polynomial equation
b13& ±W±[± t2[± t3

(10)

ZKHUHWLVWLPH \HDU$'  6FKHOVNHDQG+RGHOO 7KHPRGHOOHGWLPHGHSHQGHQWGHSOHWLRQRI
b13&VLQFHaZDVDGGHGWRb13&PHDVXUHGLQPRGHUQ20VDPSOHVFROOHFWHGLQ±ZKHQ
these were used to model the source contribution to each 2103EGDWHGVHGLPHQWVHFWLRQ 3DSHU9, 
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$OWKRXJK&DQG1LVRWRSHUDWLRVKDYHEHHQZLGHO\XVHGLQELRJHRFKHPLFDOVWXGLHVWKHLULQWHUSUHWDWLRQ
is complicated by the fact that a number of isotope fractionating processes occur simultaneously
/HKPDQQ $OVRWKHSULPDU\LVRWRSHVLJQDOVPD\EHDOWHUHGGXULQJHDUO\GLDJHQHVLVUHVXOWLQJ
LQ GLIIHUHQW LVRWRSH FRPSRVLWLRQ LQ WKH 20 UHDFKLQJ WKH VHGLPHQW FRPSDUHG WR WKH EXON VRXUFH
0H\HUVDQG,VKLZLWDUL/XHWDO 
$QRWKHUDSSURDFKWRLQFUHDVHWKHXQGHUVWDQGLQJRIWKHIDWHRIQLWURJHQLQPLQLQJDIIHFWHGDTXDWLF
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
VHFWLRQDQG3DSHU9 
2.5.4

Environmental effects of N and P in mine waters

%RWK1 1+4+DQG123) 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
GH¿FLHQF\DQGFKDQJHGVSHFLHVFRPSRVLWLRQLQWKHPLQHZDWHUUHFLSLHQWV .RUHQHWDO0DWWLOD
HW DO   0LQH ZDWHU FDQ FRQWDLQ KLJK FRQFHQWUDWLRQV RI 1+4+ DQG WKLRVXOSKDWHV 6223), the
ODWWHU SUHVHQW LQ WKH PLQH HIÀXHQW DV D UHVXOW RI R[LGDWLRQ RI FRPSOH[ VXOSKLGH RUHV 6|GHUOXQG
0LUDQGD7UHYLQRHWDO 7KHVHWZRFRPSRXQGVXQGHUJREDFWHULDOO\PHGLDWHGR[LGDWLRQ
SURFHVVHVWKDWUHTXLUHPROHVRIR[\JHQSHUPROHRI1+4+DQG6223 reactant, potentially resulting in
R[\JHQGH¿FLHQF\LQWKHUHFLSLHQW,QERWKSURFHVVHVK\GURJHQLRQVDUHSURGXFHGWKHUHE\ORZHULQJ
WKHS+RIWKHZDWHU 0LUDQGD7UHYLQRHWDO $QRWKHUDFLGLI\LQJHIIHFWFDQEHFDXVHGE\DFLG
deposition, since the nitric gases formed during detonation of explosives may react with oxygen and
IRUPQLWULFDFLG$WOHDVWGXULQJSDUWRIWKH\HDUGLVFKDUJHG1LVWUDQVIRUPHGWKURXJKWKHQLWUL¿FDWLRQ
DQGGHQLWUL¿FDWLRQSURFHVVHV (TVDQG ZKLFKERWKDUHUHFHLYLQJLQFUHDVLQJDWWHQWLRQDVWKH\
produce N22DVDQLQWHUPHGLDWHSURGXFWZKLFKLVDSRZHUIXOJUHHQKRXVHJDV 0¡UNYHGHWDO
6FKOHVLQJHU  0DOWDLV/DQGU\ HW DO   1LWULWH 122) is another intermediate N species
formed during these processes. This N species may be toxic to aquatic organisms through destroying
WKHIXQFWLRQRIWKHUHGEORRGFHOOV,QDGGLWLRQ1+3SUHVHQWDWKLJKS+ (T LVWR[LFWR¿VKDQG
other aquatic organisms (Randall and Tsui, 2002).
2.5.5

Treatment of mine water

0LQHZDWHUHIÀXHQWVDUHW\SLFDOO\JHQHUDWHGLQODUJHYROXPHVZLWKOLWWOHRUJDQLFPDWHULDODQGORZ±
PRGHUDWHO\KLJKFRQFHQWUDWLRQVRIQLWURJHQRXVFRPSRXQGV(I¿FLHQWWUHDWPHQWRIVXFKZDWHUVUHTXLUHV
WHFKQRORJLHVZLWKQRRUORZWHPSHUDWXUHRUS+GHSHQGHQFHHVSHFLDOO\LQFROGHQYLURQPHQWV
Examples of physical treatment processes include membrane technologies such as reverse
RVPRVLV 52  ZKLFK XVHV DSSOLHG SUHVVXUH WR IRUFH ZDWHU WKURXJK D PHPEUDQH ZLWK SRUH VL]H 
QP6XFKWHFKQRORJLHVRIIHUVXLWDEOHYROXPHUHGXFWLRQVWHSEHIRUHbiological treatments can be
DSSOLHG +l\U\QHQ HW DO   ZLWK PHWKRGV UDQJLQJ IURP SDVVLYH QDWXUDO ZHWODQG V\VWHPV WR
ELRUHDFWRUV ,Q DHUDWHG ZHWODQGV 1+4+ ZLOO HIIHFWLYHO\ EH QLWUL¿HG WR 123 ,Q VDWXUDWHG ZHWODQGV
ZLWKORZR[\JHQFRQGLWLRQV HJ'2PJ/ GHQLWUL¿FDWLRQPD\HIIHFWLYHO\UHGXFH123
FRQFHQWUDWLRQV7KHSHUIRUPDQFHRIWKHZHWODQGVLVWHPSHUDWXUHOLPLWHGLQFROGFOLPDWHV :HUNHUHW
DO EXWWKLVGLVDGYDQWDJHFDQEHRYHUFRPHWKURXJKFRQVWUXFWLRQRIVXEVXUIDFHÀRZZHWODQGV
'HPLQ DQG 'XGHQH\   UHSRUWHG  UHPRYDO RI 1+4+ LQ VXPPHU DQG  LQ ZLQWHU IRU D
VXEVXUIDFHZHWODQGWUHDWLQJPLQHZDWHU5HPRYDOWKURXJKWKHGHQLWUL¿FDWLRQSURFHVVKDVEHHQXVHG
LQDSHUPHDEOHUHDFWLYHEDUULHUV\VWHPLQVWDOOHGDWWKH0DOPEHUJHWLURQPLQHLQQRUWKHUQ6ZHGHQ
+HUEHUW   7KH EDUULHUV\VWHP GHVLJQ ZDV EDVHG RQ FROXPQ H[SHULPHQWV +HUEHUW  
ZKLFKLQYHVWLJDWHGWKHPRVWVXLWDEOHRUJDQLFVXEVWUDWHDQGÀRZUDWHVUHTXLUHGWRDFKLHYHWKHKLJKHVW
GHQLWUL¿FDWLRQUDWHV,QWKHEDUULHUV\VWHP!RILQFRPLQJQLWUDWHZDVUHPRYHGDWVXLWDEOHÀRZ
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UDWHV %LRORJLFDO WUHDWPHQW PHWKRGV DUH UHODWLYHO\ FKHDS EXW UHTXLUH ODUJH XQLWV GXH WR NLQHWLFDOO\
slow processes. Chemical treatment methods on the other hand are kinetically rapid with less strict
S+ DQG WHPSHUDWXUH UHTXLUHPHQWV $GYDQWDJHV ZLWK VRUSWLRQ WHFKQLTXHV LQFOXGH WKHLU UHODWLYH
VLPSOLFLW\ORZFRVWLQDSSOLFDWLRQDQGRSHUDWLRQDQGORZWHPSHUDWXUHGHSHQGHQFH 6FKRHPDQ 
(OHFWURFKHPLFDOO\DVVLVWHG1+4+ removal technology combines air stripping and an electrochemical
FHOODQGKDVWKHSRWHQWLDOWRRYHUFRPHS+DQGWHPSHUDWXUHDOWHUDWLRQVUHTXLUHGIRUFRQYHQWLRQDODLU
stripping (Desloover et al., 2012).
3. Study sites
7KHWZR¿HOGVLWHVWKDWDUHLQIRFXVLQWKLVWKHVLVDUHORFDWHGLQWZRRIWKHPDMRUPLQLQJGLVWULFWV
LQ QRUWKHUQ 6ZHGHQ WKH 1RUWKHUQ 1RUUERWWHQ 2UH 'LVWULFW 5DNNXULMRNL FDWFKPHQW  DQG 6NHOOHIWH
6XOSKLGH2UH'LVWULFW %UXElFNHQFDWFKPHQW  )LJ 
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Figure 3.6WXG\VLWHVDQGSRVLWLRQRIWKHVDPSOLQJSRLQWV .LUXQDOHIWDQG%ROLGHQULJKW 'RWWHGOLQHLQGLFDWHVWKHDUHDO
H[WHQVLRQRIWKHQHZO\FRQVWUXFWHGWDLOLQJVSRQG+|WMlUQVPDJDVLQHW ULJKW 0DUNHGVHFWLRQDW6WDWLRQ.9$LQGL
FDWHVDUHDRIPDFURSK\WHDQGVHGLPHQWVDPSOLQJDWWKH.LUXQDVLWH 3DSHU, 0DUNHGHOOLSVHVRQWKH6ZHGHQPDSVKRZ
DSSUR[LPDWHORFDWLRQRIWKH6NHOOHIWH6XOSKLGH2UH'LVWULFW %ROLGHQ DQG1RUWKHUQ1RUUERWWHQ2UH'LVWULFW .LUXQD 

,Q0D\DQHZO\FRQVWUXFWHGWDLOLQJVSRQG +|WMlUQVPDJDVLQHW  +HOOPDQDQG/LQGVWU|P
)RUVHOO VWDUWHGWRRSHUDWHDWWKH%ROLGHQVLWH )LJ UHSODFLQJWKHIRUPHUFODUL¿FDWLRQSRQG
³1\D6M|Q´ )LJ +RZHYHUPRVWRIWKHVWXGLHVFRQGXFWHGLQWKLVWKHVLVZHUHSHUIRUPHGEHIRUH
this new pond became operational.
Boliden – Brubäcken – Skellefte River system7KHDSSUR[LPDWHO\NPORQJ%UXElFNHQV\VWHP
is dominated by boreal coniferous forest and peatlands, with Quaternary deposits mainly consisting
RIJODFLDOWLOOZLWKZHOOGHYHORSHGSRG]ROSUR¿OHV7KHVWXG\DUHDEHORQJVWRWKHPLGGOHERUHDOVXE
]RQH 6M|UV ZLWKWHPSHUDWXUHVoC from November to May. The system annually receives
±¯ 106 m3RIZDWHUIURPWKH%ROLGHQFRQFHQWUDWLRQSODQWZKHUHVXOSKLGHRUHVIURPWKH6NHOOHIWH
8
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2UH'LVWULFW :HLKHGHWDO KDYHEHHQSURFHVVHGVLQFH8QWLOWDLOLQJVZHUHGHSRVLWHG
LQWKH*LOOHUYDWWQHWLPSRXQGPHQWIURPZKLFKZDWHUZDVGLVFKDUJHGLQWRWKHFODUL¿FDWLRQSRQG³1\D
6M|Q´DQGWKHQWRWKH%UXElFNHQV\VWHP7KLVV\VWHP¿QDOO\GUDLQVLQWRWKH6NHOOHIWH5LYHUDQG
FRQVLVWVRIRQHPDMRUVWUHDP %UXElFNHQDYHUDJHDQQXDOGLVFKDUJHaP3 s± DQG/DNH%UXWUlVNHW
)LJ )URP-XQHWR0DUFKDJROGOHDFKSODQWZDVLQRSHUDWLRQDWWKH%ROLGHQSODQW
6LQFHWKHQWKHJROGOHDFKSODQWKDVEHHQLQRSHUDWLRQWHPSRUDULO\ 6HSWHPEHU'HFHPEHU
±0D\6HSWHPEHUDQGRQZDUGV 7KHH[WUDFWLQJDJHQW1D&1ZDVR[LGLVHGXVLQJWKH
622$LUSURFHVV 5REELQVHWDO UHVXOWLQJLQ1+41FRQFHQWUDWLRQVYDU\LQJEHWZHHQ±
mg L±LQWKH%UXElFNHQV\VWHP,QWKHV\VWHPUHFHLYHGaWRQQHVRI1 5|QQEORP3lUVRQ
 DQGaWRQQHVRI3IURPWKH%ROLGHQSODQWZKLFKLV IRU1WUDQVSRUW WR IRU3WUDQVSRUW 
WLPHVKLJKHUWKDQWKHQDWXUDOWUDQVSRUWHVWLPDWHGXVLQJWKH+<3(PRGHO /LQGVWU|PHWDO
60+, ,QDGGLWLRQWKH%UXElFNHQV\VWHPDOVRUHFHLYHGHOHYDWHGQXWULHQWGLVFKDUJHIURPWKH
ORFDOVHZDJHWUHDWPHQWSODQWFRQWULEXWLQJRIWKHWRWDO1WUDQVSRUWLQ%UXElFNHQ%DVHGRQ
GDWDZLWK71DQG73FRQFHQWUDWLRQVLQWKHUDQJHV±PJ/±DQG±PJ/±, respectively,
WKHV\VWHPFDQEHFODVVL¿HGDVPHVRWURSKLFWRHXWURSKLF .DOII &RPPRQUHHG Phragmites
australis &DY 6WHXG LVWKHGRPLQDWLQJPDFURSK\WHVSHFLHVLQWKHV\VWHPFRYHULQJa±RI
SRQGDQGODNHDUHDV +XVVRQHWDO 
Kiruna – Rakkurijoki – Kalix River system- 7KH.LLUXQDYDDUDLURQPLQHRSHUDWHGE\/RXVVDYDDUD
.LLUXQDYDDUD$NWLHERODJ /.$% LVVLWXDWHGMXVWRXWVLGHWKHWRZQRI.LUXQDZKLFKLVORFDWHGLQ
DVXEDUFWLFUHJLRQGRPLQDWHGE\GHFLGXRXVIRUHVWDQGSHDWODQGV )LJ $SDWLHLURQRUHLVPLQHG
DQGUH¿QHGLQWRLURQSHOOHWV$QQXDOO\DERXW[6 m3RIVOLJKWO\DONDOLQH S+ PLQH
ZDWHULVGLVFKDUJHGIURPDWDLOLQJVDQGFODUL¿FDWLRQSRQGV\VWHP7KHUHFHLYLQJ5DNNXULV\VWHPLV
approximately 10 km long and consists of one major stream (Rakkurijoki, average annual discharge
aP3 s ZHWODQGVDQGWKHWKUHHODNHV0HWWl5DNNXULMlUYL5DNNXULORPSRORDQG5DNNXULMlUYL )LJ
 7KH5DNNXULMRNLVWUHDP¿QDOO\GLVFKDUJHVLQWRWKH.DOL[5LYHU'LVFKDUJHRIPLQHZDWHUHIÀXHQWV
WRWKHV\VWHPEHJDQaDQGWDLOLQJVGDPVZHUHFRQVWUXFWHGLQWKHHDUO\V,QDERXW
23.3 x 106 tonnes of ore was extracted using about 0.4 kg of ammonium nitrate based explosives per
WRQRIH[WUDFWHGRUH %M|UQVWU|PDQG%UlQQVWU|P 7KH1+4+123 ratio in the explosives is
DERXWa /XQGTYLVW +RZHYHUWKHFRQFHQWUDWLRQRI1+4+ is rapidly reduced in the waste
URFN±SURFHVV ZDWHU±FODUL¿FDWLRQ SRQGV\VWHP DQG ZDWHU GLVFKDUJLQJ IURP WKH FODUL¿FDWLRQ SRQG
LVGRPLQDWHGE\123 !RI71  )LJ3DSHU,  ,QDERXWWRQQHVRI1DQGNJ
RI3ZHUHUHOHDVHGLQWRWKHV\VWHP :DDUDQSHUl ZKLFKLV IRU3WUDQVSRUW WRWLPHV IRU
1WUDQVSRUW KLJKHUWKDQWKHQDWXUDOWUDQVSRUWHVWLPDWHGXVLQJWKH+<3(PRGHO /LQGVWU|PHWDO
60+, %DVHGRQ71FRQFHQWUDWLRQVLQWKHUDQJHPJ/, WKHV\VWHPLVFODVVL¿HG
DVHXWURSKLFZKLOHEDVHGRQD73FRQFHQWUDWLRQEHWZHHQPJ/WKHV\VWHPLVFODVVL¿HG
DVROLJRWURSKLFWRPHVRWURSKLF .DOII %RWWOHVHGJH Carex rostrata), Salix sp. and common
sedge (Carex nigra) are three common species of littoral vegetation at the site.
%RWK WKH 6NHOOHIWHDQG .DOL[ 5LYHUV GUDLQ LQWR WKH %RWKQLDQ %D\ ZKLFK UHFHLYHVa  WRQQHV
RI 1 DQQXDOO\ IURP WKH 9lVWHUERWWHQ DQG 1RUUERWWHQ FRXQWLHV 9DWWHQP\QGLJKHWHUQD   7KH
average annual N transport in the two rivers is 1250 tonnes/year and 3500 tonnes/year, respectively
6/8 ZKLOH1WUDQVSRUWHGLQWKHGLVFKDUJHSRLQWGUDLQLQJWRWKHULYHUVLV±WRQQHV
\HDU7KHUHIRUHGLVFKDUJHIURPWKHWZRPLQHVLWHVFRQWULEXWHVDSSUR[LPDWHO\WRWKHWRWDOULYHU1
transport.
4. Materials and methods
To address the formulated research tasks, research in the thesis was based on three, partly integrated
PDLQ PHWKRGV   FROOHFWLRQ RI ¿HOG GDWD   ODERUDWRU\ DQG ¿HOG H[SHULPHQWV DQG   FRPSXWHU
VLPXODWLRQV,Q3DSHUV,,DQG,,,VRPHRIWKHFROOHFWHGGDWDZDVXVHGERWKDVPRGHOLQSXWGDWDDVZHOO
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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.
Water

Biological material

Soil and sediment

Stream water sampling

Phytoplankton

Lake sediment cores

Lake vertical proﬁles

Littoral vegetation
(macrophytes)

Soil (stream, sediment,
peat, humus)

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

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

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

Boliden: Jul 2008; Aug 2011
Kiruna: Aug 2010 and 2011

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

Boliden and Kiruna: Jun and
Aug 2011

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

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.
Table 1. Analysed parameters in the sampling media water, biological material and soils
and sediment.
Parameters analysed
Parameters
Data used in
in laboratory
analysed in field
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)

d18O, d15N in nitrate and
ammonium

Lake water samples
Soil and sediment

TN, TP, NH4+, NO3-,
NO2-, PO4-P (SRP),
Chl-a, phytoplankton,
Fe, Mn, S

I, II, III, IV, VI

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

I, II, III, IV, VI

Lead-210, TN, OC, P, Fe

I, II, III, IV, VI

d13C, d15N

VI

Littoral vegetation

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

Terrestrial
vegetation

TN, OC, d13C, d15N

VI

Biomass, species composition

I, II, III, VI

Phytoplankton

Biomass, species
composition
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Table 1 summarizes the various parameters analysed in water, sediment, soil and vegetation (littoral
DQGWHUUHVWULDO $VXPPDU\RIWKHDQDO\WLFDOPHWKRGVIRUDOOLQFOXGHGSDUDPHWHUVLVJLYHQLQVHFWLRQ
IRUGHWDLOVVHH0DWHULDOVDQG0HWKRGVVHFWLRQRI3DSHUV,9,
4.1.1

Water sampling

The sampling programme in the Brubäcken system included weekly to biweekly sampling at the
VDPSOLQJSRLQWVDEDQG )LJ ,QDGGLWLRQVDPSOHVZHUHFROOHFWHGDW
DUHIHUHQFHVWDWLRQ5ORFDWHGaNPIURPWKH%UXElFNHQV\VWHP
,Q WKH Kiruna–Rakkurijoki system VWDWLRQV .9$ .9$ DQG .9$  DUH VDPSOHG HYHU\ WZR
PRQWKV E\ /.$% 'XULQJ  WKLV VDPSOLQJZDV H[WHQGHGWR LQFOXGHWKH  VWDWLRQV VKRZQ LQ
)LJ7KHPDLQVDPSOLQJZDVSHUIRUPHGE\WHFKQLFDOSHUVRQQHODW/.$%DVSDUWRIWKHUHJXODU
environmental monitoring programme.
,Q3DSHU,VDPSOLQJVWDWLRQVDQGWKHUHIHUHQFHVWDWLRQ5DUHUHIHUUHGWRDV%%DQG%5
ZKLOH.9$.9$DQG99$DUHUHIHUUHGWRDV..DQG.5,Q3DSHUV,,9GDWDREWDLQHG
IURPWKHHQYLURQPHQWDOPRQLWRULQJSURJUDPPHVRI%ROLGHQ0LQHUDO$%DQG/.$%ZDVXVHG
9HUWLFDOSUR¿OHV (Fig. 4) were measured in the deepest part of the lakes and ponds in the two systems.
:DWHU ZDV VDPSOHG HYHU\   P GRZQ WR D GHSWK RI IRXU WR QLQH PHWHUV:DWHU ZDV FROOHFWHG
XVLQJDQDOOSODVWLF5XWWQHUVDPSOHU +HUDFR DQGLPPHGLDWHO\¿OWHUHGWKURXJKP0LOOLSRUH
PHPEUDQH¿OWHUV
Water samples for dissolved organic carbon '2&   P/  ZHUH YDFXXP ¿OWUDWHG WKURXJK D
SUHFRPEXVWHG & *))JODVV¿EUH¿OWHU SRUHVL]HP DQGLPPHGLDWHO\DFLGL¿HGZLWK
ȝ/RI0+&O3DUWLFXODWHRUJDQLFPDWWHU 320 ZDVGH¿QHGDVWKHPDWHULDOFROOHFWHGRQ
WKH¿OWHU)RUSDUWLFXODWHRUJDQLF&GHWHUPLQDWLRQVFDOFLXPFDUERQDWHZDVUHPRYHGWKURXJKLQVLWX
DFLGL¿FDWLRQRI*))¿OWHUVLQDVLOYHUFDSVXOH %URGLHHWDO ZLWK/RIGHLRQLVHGZDWHU
DQG[/RI0+&ODGGHGWRHDFKFDSVXOH
)RU WUDFH PHWDO DQDO\VLV ZDWHU ZDV ¿OWUDWHG WKURXJK D ȝP 0LOOLSRUH PHPEUDQH ¿OWHU XVLQJ
D:KDWPDQPP¿OWHUKROGHUGLUHFWO\FRQQHFWHGWRDV\ULQJH$ERXWPORIWKHDOLTXRWZDV
VTXHH]HGWKURXJKWKH¿OWHUEHIRUHFROOHFWLRQRIWKH¿OWUDWH6\ULQJHVDQG¿OWHUKROGHUVZHUHZDVKHG
LQ+&OIRU¿YHGD\VDQGZHUHWKHQWKRURXJKO\ULQVHGZLWK0LOOL4ZDWHU 0LOOLSRUH0ȍ 
7KH¿OWHUVZHUHZDVKHGLQDFHWLFDFLGZLWKVXEVHTXHQWULQVLQJLQ0LOOL4ZDWHU
$OOVDPSOHVZHUHVWRUHGLQDFLGZDVKHGSRO\HWK\OHQHERWWOHVDWoC until analysis.
The nitrogen isotopic composition of dissolved nitrate (b151±123) and ammonium (b151±1+4) was
GHWHUPLQHGDWWKHGLVFKDUJHSRLQWIURPWKH.LUXQDPLQHDQGLQWKH5DNNXULMRNLODNHV b151±123)
(Fig. 3). The samples were stored frozen until analysis.
4.1.2

,nsitu measurement of water Àow and water Tuality parameters

Boliden – 7KHZDWHUTXDOLW\SDUDPHWHUVGLVVROYHGR[\JHQS+FRQGXFWLYLW\DQGZDWHUWHPSHUDWXUH
were measured in situXVLQJD+\GURODE06ZDWHUTXDOLW\VRQGH +DFK(QYLURQPHQWDO/RYHODQG
&2 86$  )RU %ROLGHQ PRQLWRULQJ GDWD ±  GLVVROYHG R[\JHQ DQG S+ ZHUH PHDVXUHG
XVLQJDQ07:ZKLOHDW6WDWLRQS+LVUHSRUWHGDVWKHDYHUDJHYDOXHIURPWZRRQOLQH
S+PHWHUV$WWKHWLPHRIZDWHUVDPSOLQJZater dischargeZDVPHDVXUHGXVLQJDPHFKDQLFDOÀRZ
PHWHU *HQHUDO2FHDQLFV  6WDWLRQVDDQGE RUZDVSURYLGHGE\%ROLGHQ0LQHUDO
$% 6WDWLRQ 
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Kiruna -'LVVROYHGR[\JHQZDVPHDVXUHGLQVLWXXVLQJD+$&++4'08/7,ZKLOHS+DQG
FRQGXFWLYLW\ ZDV PHDVXUHG DW WKH /.$% ODERUDWRU\ ZLWK D 7LQHW LQVWUXPHQW 0HWURKP  Water
discharge ZDV HVWLPDWHG IURP PHDVXULQJ VWDWLRQV PDQDJHG E\ 6ZHGLVK PHWHRURORJLFDO LQVWLWXWH
60+,  6|GHUVWU|P 
4.1.3

'iffusive gradients in thin ¿lms devices

)HUULK\GULWH GLIIXVLYH JUDGLHQWV LQ WKLQ ¿OPV )+ '*7  GHYLFHV '*7 5HVHDUFK /DQFDVWHU 8. 
ZHUHXVHGWRPHDVXUHWUXO\GLVVROYHGRUWKRSKRVSKDWH KHUHGHVLJQDWHG'*73  3DSHU,9 %HWZHHQ
PLG$SULODQGPLG2FWREHU)+'*7GHYLFHVZHUHGHSOR\HGIRURQHRUWZRZHHNVDWVDPSOLQJ
station 6203b. They were mounted singly or in duplicate together with a temperature logger, enabling
WHPSHUDWXUHFRUUHFWLRQRIWKHGLIIXVLRQFRHI¿FLHQW =KDQJDQG'DYLVRQ 7KHGHYLFHVZHUHDOVR
GHSOR\HGWRREWDLQDYHUWLFDOSUR¿OHRIRUWKRSKRVSKDWHLQ/DNH%UXWUlVNHW 3DSHU,9 
4.1.4

Sediment and soil

6HGLPHQWFRUHVZHUHFROOHFWHGIURPWKHODNHVDQGSRQGVLQWKHWZRV\VWHPVXVLQJD.DMDNJUDYLW\
FRUHU ZLWK D FRUH WXEH GLDPHWHU RI  PP %ORPTYLVW DQG $EUDKDPVVRQ   7KH VHFWLRQHG
sediment samples were dried at 50 oC and ground. For organic C determinations, samples were
DFLGL¿HGDVWKH*))¿OWHUV
6HGLPHQWDWLRQ UDWHV ZHUH FDOFXODWHG EDVHG RQ 210Pb data using a 210Pb constant rate of supply
&56 PRGHO 7XUQHUDQG'HORUPH 2UJDQLFPDWWHUGHFRPSRVLWLRQDQGUHPLQHUDOLVDWLRQRI
VHGLPHQWDU\1ZHUHGHVFULEHGXVLQJDPXOWL*PRGHO :HVWULFKDQG%HUQHU 
6RLO KXPXV SHDW DQG VWUHDP VHGLPHQW  ZDV FROOHFWHG IURP WKH FDWFKPHQW RI WKH WZR V\VWHPV
DQGWUHDWHGDVWKHODNHVHGLPHQWVDPSOHVIRUGHWHUPLQDWLRQRIWRWDO1RUJDQLF&DQG&±1LVRWRSLF
FRPSRVLWLRQ7KLV20VRXUFHHQGPHPEHUGDWDZDVXVHGLQ3DSHU9, VHHDOVRVHFWLRQ 
4.1.5

Biological material

6WHP DQG OHDI VDPSOHV RI WKH PDFURSK\WH Phragmites australis (common reed) were collected
DORQJ D JUDGLHQW LQ WKH %UXElFNHQ V\VWHP LQFOXGLQJ WKH OLPLQJ SRQG FRQQHFWHG ZLWK WKH WDLOLQJV
LPSRXQGPHQW WKH FODUL¿FDWLRQ SRQG DQG /DNH %UXWUlVNHW 6DPSOHV ZHUH DOVR FROOHFWHG IURP WKH
UHIHUHQFH/DNH%UlQQWUlVNHW 1o31`, E 21o25`). Macrophytes were also collected at the two of the
¿YHVDPSOLQJVWDWLRQVLQWKH5DNNXULMRNLVWUHDPPHQWLRQHGDERYHZLWK¿YHUHSOLFDWHV [FP
squares) randomly distributed. Macrophytes found included (TXLVHWXPÀXYLDWLOH(water horsetail),
Potentiella palustris (marsh cinquefoil), Carex nigra sp., Carex rostrata and Salix sp.$WERWKVLWHV
biomass ZDVHVWLPDWHGDVGHVFULEHGLQ3DSHU, VHHDOVR+XVVRQHWDO 7KHGLVWULEXWLRQRI
OLWWRUDOYHJHWDWLRQ ELRPDVVDQGVSHFLHV ZDVLQYHVWLJDWHGXVLQJDQXQPDQQHGDLUFUDIWV\VWHP 8$6 
5DQJRHWDO+XVVRQHWDO 
7HUUHVWULDOYHJHWDWLRQ ¿UDQGSLQHQHHGOHVDQGELUFKOHDYHV ZDVFROOHFWHGIURPWKHFDWFKPHQWRIWKH
%UXElFNHQDQG5DNNXULMRNLV\VWHPVDQGZDVXVHGWRUHSUHVHQWRQHRIWKH20VRXUFHHQGPHPEHUV
LQWKHLVRWRSHVRXUFHPL[LQJPRGHO VHHVHFWLRQDQG3DSHU9, 
6DPSOHVRIYHJHWDWLRQZHUHGULHGDWoC, milled and put in tin capsules for determination of C and
1FRQFHQWUDWLRQVDQGLVRWRSLFFRPSRVLWLRQ VHHHJ3DSHU9 
Lake water samples were collected to obtain biovolume and species composition of phytoplankton
6(3$   /DNH gJHUWUlVNHW 9lVWHUERWWHQ FRXQW\ 1 o8`, E 20o5`) and Lake Jutsajaure
1RUUERWWHQFRXQW\1oC(oC ZHUHFKRVHQDVUHIHUHQFHODNHVIRUWKH%ROLGHQDQG.LUXQD
VLWHUHVSHFWLYHO\6HH3DSHU,IRUIXUWKHUGHWDLOV
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4.2 Analytical methods
4.2.1

Water parameters

$OOVDPSOHVFROOHFWHGLQWKHBoliden – Brubäcken system were sent to accredited laboratories for
DQDO\VLV,QDQG71DQG73ZHUHGHWHUPLQHGXVLQJ)ORZ,QMHFWLRQ$QDO\VLV ),$ DQG
VSHFWURSKRWRPHWULF GHWHFWLRQ UHVSHFWLYHO\ 653 DQG 1+41 ZHUH DQDO\VHG RQ DQ $XWRDQDO\VHU
)LQDOO\1231DQG1221ZHUHGHWHUPLQHGVSHFWURSKRWRPHWULFDOO\RQD75$$&6LQVWUXPHQW,Q
 3DSHU, 7173DQG653ZHUHGHWHUPLQHGXVLQJ),$&KORURSK\OOD &KOD ZDVGHWHUPLQHG
VSHFWURSKRWRPHWULFDOO\RQ D 6KLPDG]XLQVWUXPHQW 095  DIWHU¿OWUDWLRQXVLQJ:KDWPDQ*)&
¿OWHUVDQGH[WUDFWLRQZLWKPHWKDQRO
,QWKHKiruna – Rakkurijoki system, water samples were analysed for their N and P species at the
DQDO\WLFDO ODERUDWRU\ RI /.$% .LUXQD 7RWDO 1 DQG 1221 ZHUH PHDVXUHG XVLQJ ),$ 7RWDO 3
1+41 DQG 653 ZHUH GHWHUPLQHG VSHFWURSKRWRPHWULFDOO\ DQG 1231 ZDV GHWHUPLQHG XVLQJ LRQ
FKURPDWRJUDSK\&KODZDVGHWHUPLQHGVSHFWURSKRWPHWULFDOO\RQD+DFKLQVWUXPHQW '5 DIWHU
¿OWUDWLRQXVLQJ:KDWPDQ*)&¿OWHUVDQGH[WUDFWLRQZLWKPHWKDQRO
'*73DQG¿OWHUHGWUDFHPHWDOV P ZHUHDQDO\VHGXVLQJLQGXFWLYHO\FRXSOHGSODVPDVHFWRU
¿HOGPDVVVSHFWURPHWU\ ,&36)06 
Nitrogen isotopic composition of dissolved nitrate and ammonium was analysed at the University of
:DWHUORR±(QYLURQPHQWDO,VRWRSH/DERUDWRU\0RGL¿HGYHUVLRQVRIWKHPHWKRGVGHVFULEHGE\6LOYD
et al. (2000) (b151±123 DQG%URRNVHWDO   b151±1+4) were used, with analytical precisions
RIÅDQGÅIRUb151±123 and b151±1+4, respectively.
4.2.2

Sediment and soil

Boliden (Paper I) - Total N in sediment was determined using D3'=(XURSD$1&$*6/HOHPHQWDO
DQDO\VHU 6HUFRQ/WG&KHVKLUH8. while sedimentary TP was determined by inductively coupled
SODVPDDWRPLFHPLVVLRQVSHFWURVFRS\ ,&3$(6 
Kiruna (Paper I) ±6HGLPHQWDU\73ZDVGHWHUPLQHGXVLQJ,&3$(66HGLPHQWDU\71LQVHGLPHQW
ZDVGHWHUPLQHGDFFRUGLQJWRDPRGL¿HG.MHOGDKOPHWKRG %UHPQHU 
Papers II, III, IV, VI - /HDGLQVHGLPHQWZDVGHWHUPLQHGE\LWVJUDQGGDXJKWHU2103R )O\QQ 
PHDVXUHGE\DOSKDVSHFWURPHWU\DW5LV¡1DWLRQDO/DERUDWRU\IRU6XVWDLQDEOH(QHUJ\'HQPDUN,Q
3DSHU,9)HDQG3FRQFHQWUDWLRQVLQWKHFPGHHSVHGLPHQWFRUHZHUHDQDO\VHGXVLQJ,&3$(6
ZKLOHVHGLPHQWDU\3DQG)HIURPWKHLQFXEDWLRQH[SHULPHQWZHUHGHWHUPLQHGXVLQJ,&36)06
7RWDO1 71 RUJDQLF& 2& DQG&±1LVRWRSLFFRPSRVLWLRQZHUHGHWHUPLQHGDW8&'DYLV 8QLYHUVLW\
RI&DOLIRUQLD XVLQJD3'=(XURSD$1&$±*6/HOHPHQWDODQDO\VHUFRXSOHGWRD3'=(XURSD±
LVRWRSHUDWLRPDVVVSHFWURPHWHU)RUODERUDWRU\VWDQGDUGVWKHORQJWHUPVWDQGDUGGHYLDWLRQZDV
ÅIRUb13&DQGÅIRUb15N.
4.2.3

Biological material

Boliden (Papers I-III) –7RWDO 1 LQ PDFURSK\WHV ZDV GHWHUPLQHG XVLQJ D /HFR7UX 6SHF /(&2
0LFKLJDQ86$ DQG73ZDVDQDO\VHGXVLQJ,&36)06
Kiruna (Paper I)- 7RWDO3LQPDFURSK\WHVZDVDQDO\VHGXVLQJ,&36)06ZKLOH71ZDVGHWHUPLQHG
DFFRUGLQJWRDPRGL¿HG.MHOGDKOPHWKRG %UHPQHU 
Papers V and VI ±7RWDO12&DQGLVRWRSLFFRPSRVLWLRQLQPDFURSK\WHVZHUHGHWHUPLQHGDVIRUWKH
sediment samples.
Quantitative determination of biomass and species composition of algae was performed at the
%LRGLYHUVLW\/DERUDWRU\RI6ZHGLVK8QLYHUVLW\RI$JULFXOWXUDO6FLHQFHV 2OULNHWDO 
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4.3 Statistical analysis

6WDWLVWLFDOSURFHVVLQJRIWKHGDWDZDVSHUIRUPHGZLWKWKHVRIWZDUHMinitab 16. ,Q3DSHUV,DQG9
sedimentary TN and TP concentrations and 15N data from sediment and plant analysis did not meet
DVVXPSWLRQVRIKRPRFHGDVWLFLW\DQGQRUPDOLW\+HQFHQRQSDUDPHWULFSURFHGXUHV 0DQQ:KLWQH\
WHVW IRU WZRVDPSOH FRPSDULVRQV DQG .UXVNDO:DOOLV IRU PXOWLSOH FRPSDULVRQV  ZHUH XVHG IRU
VWDWLVWLFDODQDO\VLV,Q3DSHU9ZDWHUFROXPQGDWDZDVIRXQGWREHQRUPDOO\GLVWULEXWHG+HQFHVLQJOH
IDFWRU$129$WHVWZDVHPSOR\HGWRWHVWIRUVLJQL¿FDQWGLIIHUHQFHV 3 3RVWKRF7XNH\V+6'
WHVWZDVXVHGWRLGHQWLI\VLPLODULWLHVDQGGLIIHUHQFHVDPRQJVDPSOHPHDQV7KHVLJQL¿FDQFHOLPLWZDV
VHWDW3
4.4 Laboratory experiments
4.4.1

Investigation of phosphorus speciation (Paper I)

$¿OWUDWLRQH[SHULPHQWZDVFRQGXFWHGWRLQYHVWLJDWHWKHVL]HGLVWULEXWLRQRI3LQWKHZDWHUFROXPQ,W
ZDVSHUIRUPHGDW6WDWLRQVDQGELQHDUO\-XQH %UXElFNHQV\VWHP DQGDW6WDWLRQV.9$
DQG.9$LQODWH$XJXVW 5DNNXULMRNLV\VWHP 7KHLQLWLDOZDWHUYROXPHZDV¿OWUDWHGLQVHULHV
WKURXJK¿OWHUVRIGHFUHDVLQJSRUHVL]HZLWKSDUWRIWKH¿OWUDWHFROOHFWHGLQDQDFLGZDVKHGRU
POSRO\HWK\OHQHERWWOHIRUDQDO\VLVRI73DQGRU3243 653 $IWHUWKH¿QDO¿OWUDWLRQVWDJHDERXW
POZDVNHSWIRUXOWUD¿OWUDWLRQLQDQ(SSHQGRUIFHQWULIXJH5
4.4.2

Investigating SRP release (Paper IV)

%RWWRPZDWHUDQGVHGLPHQWFRUHVZHUHFROOHFWHGIURP/DNH%UXWUlVNHW7KHVHZHUHXVHGWRVHWXS
DQ H[SHULPHQW ZLWK WKH DLP RI TXDQWLI\LQJ VHGLPHQWDU\ 653 UHOHDVH ,Q VKRUW WKLV ZDV GRQH E\
VKLIWLQJEHWZHHQR[LFDQGORZR[\JHQFRQGLWLRQVLQWKHRYHUO\LQJZDWHUDQGDQDO\VLQJWKHZDWHU
IRUFRQFHQWUDWLRQVRI653DQG¿OWHUHG P )H0QDQG6RYHUDWLPHSHULRGRIGD\V
)ROORZLQJWKHSURFHGXUHLQ+DJJDUGHWDO  WKH653ÀX[IURPWKHVHGLPHQWZDVFDOFXODWHG
DVWKHOLQHDUWHPSRUDOFKDQJHLQ653PDVVLQWKHRYHUO\LQJZDWHUDIWHUFRUUHFWLRQVIRUWKHZDWHU
UHPRYHGIRU¿OWUDWLRQDQGUHSODFHPHQWZLWKUHIHUHQFH EODQN ZDWHU:DWHUFROXPQH[SHULPHQWVZHUH
SHUIRUPHGWRVWXG\KRZWKH653FRQFHQWUDWLRQYDULHGDVDUHVXOWRIFKDQJHVLQS+ WULDO 624
concentration (trial 2), and dissolved oxygen concentration (trial 3). Furthermore, an experiment was
SHUIRUPHGWRLQYHVWLJDWHLI123ZRUNHGDVDQR[LGDQWRI)H ,, 
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
DGGUHVVHG E\ UXQQLQJ DQ RXWGRRU IHUWLOLVDWLRQ H[SHULPHQW DW WKH VKRUH RI /DNH %UXWUlVNHW )LJ
 0HVRFRVPVZHUH¿OOHGZLWK/RIODNHZDWHUVHGLPHQWDQGPDFURSK\WHV ERWWOHVHGJHCarex
rostrata or Canadian pondweed, Elodea canadensis). The plants were subjected to different levels
RI 3 DQGRU 1 HQULFKPHQW WR VHH LI WKLV DIIHFWHG ELRPDVV JURZWK 3RWDVVLXPSKRVSKDWH .+2324)
DQGDPPRQLXPQLWUDWH 1+4123) 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
UXQLQWULSOLFDWH7HPSHUDWXUHS+'2FRQGXFWLYLW\DQGQXWULHQWFRQFHQWUDWLRQVZHUHPHDVXUHGDW
LQWHUYDOVRIGD\V)LQDOO\WKHZDWHUOHYHOZDVUDLVHGEDFNWRLWVLQLWLDOSRVLWLRQWRFRPSHQVDWHIRU
HYDSRUDWLRQDQGQXWULHQWVWRFNVROXWLRQVZHUHDGGHG$WWKHEHJLQQLQJDQGHQGRIWKHH[SHULPHQW
PDFURSK\WHELRPDVVZDVZHLJKHGXVLQJD¿HOGVFDOH
During the course of the fertilisation experiment, some plants of Elodea Canadensis did not manage to
VXUYLYH$OOWKHSODQWVRICarex rostrata survived and increased their biomass during the experiment.
The largest increase in biomass was observed for the treatment with increased concentration of both
14

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

3 DQG 1 +RZHYHU WKH LQFUHDVH ZDV QRW VLJQL¿FDQWO\ GLIIHUHQW 3!   FRPSDUHG WR WKH RWKHU
treatments (blank and high N/low P concentration).
4.5.2

Stable isotope tracer study (Paper V)

)LYH39&F\OLQGHUV PHVRFVRVPV  P2, 0.4 m inner diameter) were inserted into the sediment
DWWKHHDVWHUQVKRUHRI/DNH%UXWUlVNHW )LJ 7KHLQWHQWLRQRIWKHVWXG\ZDVWRPLPLFFRQGLWLRQV
IRUPDFURSK\WHJURZWKDWWKH%ROLGHQ 1+4+GRPLQDWHG DQG.LUXQD 123GRPLQDWHG VLWHV6WDEOH
isotope tracer solutions of 151DV1+4+ 1$0PHVRFRVP RU123 12;PHVRFRVP ZHUHDGGHGWR
WKHPHVRFRVPVHDFKHQFORVLQJSODQWVRIFRPPRQUHHG Phragmites australis  )LJ3DSHU9 
,QRQHFRQWUROPHVRVFRVPQRWUDFHUVROXWLRQZDVDGGHG,QDGGLWLRQWRWHVWIRUPHVRFRVPFKDPEHU
HIIHFWV 6FKLQGOHU*U\HWDO:R]QLDNHWDO DQXQHQFORVHGUHIHUHQFHVLWH 5() 
was chosen within a few metres of the mesocosms. The total duration of the experiment was 22
GD\V6DPSOLQJLQFOXGHGPDFURSK\WHSRUHZDWHUDQGZDWHUFROXPQVDPSOHVDQGPHDVXUHPHQWRI
ZDWHUTXDOLW\SDUDPHWHUV S+FRQGXFWLYLW\DQG'2 0DFURSK\WHVDPSOHVZHUHDQDO\VHGIRUWKHLU
1FRQFHQWUDWLRQDQGLVRWRSLFFRPSRVLWLRQ Åb151DQGDWRP151 %DVHGRQLQLWLDODQGHQULFKHG
15
1 DWRP YDOXHVLQWKHYDULRXVSODQWSDUWVVSHFL¿FXSWDNHUDWHV 9fPLQ RI123 DQG1+4+ by
P. australis were calculated based on the equations originally proposed by Dugdale and Wilkerson
 8VLQJWKHVDPHLQIRUPDWLRQWKHIDWHRIDGGHGWUDFHU 1GIW ZDVHVWLPDWHGXVLQJDQHTXDWLRQ
DGDSWHGIURP%DUUDFORXJK  )LQDOO\WKHDPRXQWRIWUDFHU1UHFRYHUHG WUDFHU1UHFRY LQHDFK
SODQWIUDFWLRQZDVHVWLPDWHGXVLQJDQHTXDWLRQDGDSWHGIURP(KDOLRWLVHWDO  
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
UHFHLYLQJ PLQH HIÀXHQWV 5RXWLQH PRQLWRULQJ GDWD SURYLGH LQIRUPDWLRQ RQ SDVW DQG SUHVHQW 1
concentrations in the receiving waters, and give some general insight into the behaviour of N in
DV\VWHP+RZHYHULWGRHVQRWFDSWXUHFRPSOH[HFRORJLFDOSURFHVVHVRFFXUULQJLQWKHV\VWHPDQG
ZLOOQRWUHYHDOWKHLPSRUWDQFHRIGLIIHUHQW1WUDQVIRUPDWLRQSDWKZD\V &KDSHOOHHWDO%XUJHU
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
ELRJHRFKHPLFDO SURFHVVHV &R\OH  -¡UJHQVHQ DQG %HQGRULFFKLR  %XUJHU HW DO  
$QXPEHURIELRJHRFKHPLFDOPRGHOVKDYHEHHQGHYHORSHGIRUVLPXODWLRQRI1WUDQVIRUPDWLRQVLQ
HJ ZDVWHZDWHU VWDELOLVDWLRQ SRQGV FI )ULW] HW DO  3HQJ HW DO D  7KH ,1&$ PRGHO
RULJLQDOO\GHYHORSHGWRDVVHVYDULRXVVRXUFHVRI1LQFDWFKPHQWV :KLWHKHDGHWDO:DGHHW
al., 2002), has been further developed to simulate processes and impacts related to mine drainage
LQFOXGLQJVLPXODWLRQRIPHWDOVDVZHOODVF\DQLGHDQGDPPRQLXP :KLWHKHDGHWDO +RZHYHU
few biogeochemical models have been developed that focus primarily on simulation of processes
UHJXODWLQJ1WUDQVSRUWDQG1UHPRYDOLQZDWHUVUHFHLYLQJPLQHHIÀXHQWV
4.6.1

Conceptual model

7KH G\QDPLF ELRJHRFKHPLFDO PRGHO SUHVHQWHG LQ 3DSHUV ,, DQG ,,, LV EDVHG RQ WKH FRQFHSWXDO
PRGHORI1F\FOLQJLQDTXDWLFV\VWHPVSUHVHQWHGLQ)LJ VHHDOVR)LJ3DSHU,, DQGLQFOXGHV
transformation processes of six N forms (state variables): ammonium nitrogen (Nam, 1+41 QLWUDWH
nitrogen (Nox1231 RUJDQLFQLWURJHQLQZDWHU 1org), in phytoplankton (Npp), in macrophytes (Nmp)
and in sediment (Nsed 6HGLPHQWDU\1ZDVGLYLGHGLQWRWKUHHIUDFWLRQVRIUHDFWLYHRUJDQLFPDWWHUDQG
RQHUHIUDFWLYHSHUPDQHQWO\EXULHGRUJDQLFIUDFWLRQ FI:HVWULFKDQG%HUQHU 
9DULRXVIRUFLQJIXQFWLRQV HJS+'2WHPSHUDWXUHDQGGLVFKDUJH WKDWLQÀXHQFHWKH1WUDQVIRUPDWLRQ
processes were also included in the model. Three transformation processes are considered to lead to
SHUPDQHQWUHGXFWLRQRI1YRODWLOLVDWLRQRIDPPRQLXPGHQLWUL¿FDWLRQRIQLWUDWHDQGEXULDORI1LQ
VHGLPHQW 3DQRDQG0LGGOHEURRNV6HLW]LQJHU 7KHRWKHUSURFHVVHVUHSUHVHQWLQWHUQDO
ÀRZVDQGWUDQVIRUPDWLRQVRI1
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4.6.2

Quantitative and dynamic models

'\QDPLFPRGHOVDUHEDVHGRQWKHSULQFLSOHRIPDVVFRQVHUYDWLRQ -¡UJHQVHQ LPSO\LQJWKDW
the change of mass of a certain compound in a water body over time is the sum of all compound
ÀX[HVWRDQGIURPWKHZDWHUERG\ %U\KQ %\NQRZLQJWKHYROXPHRIWKHZDWHUERG\WHPSRUDO
variations of the six state variables are described by a set of coupled differential equations (see Eqs.
3DSHU,, $OOWUDQVIRUPDWLRQSURFHVVHV H[SUHVVHGDVr) that LQÀXHQFHWKHFRQFHQWUDWLRQVRIHDFK
VWDWHYDULDEOHDUHGHVFULEHGLQ(TVWKURXJKLQVHFWLRQLQ3DSHU,, PDWKHPDWLFDOPRGHO 7KH
rate of these processes is given in mg L d.
4.6.3

Model boundaries and input data

7KHPRGHOZDV¿UVWGHYHORSHGIRUWKHFODUL¿FDWLRQSRQG1\D6M|QLQWKH%UXElFNHQV\VWHP 3DSHU
,,  )LJ DQGZDVWKHQDSSOLHGWRWKHGRZQVWUHDP/DNH%UXWUlVNHW 3DSHU,,, 7KHSRQGKDVDQDUHD
of 135 000 m2DYROXPHRIaP3, while the lake has an area of 360 000 m2 and a volume of
P3)RUWKHSRQGLQSXWGDWDZDVWDNHQIURPVWDWLRQ )LJ  RXWOHWIURP*LOOHUYDWWQHW
WDLOLQJVSRQG )RUWKH%UXWUlVNHWPRGHOLQSXWGDWDZDVWDNHQIURPWKHODNHLQOHWVDPSOLQJVWDWLRQ
6203a (Fig. 3) as well as groundwater data. Each input variable consisted of 53 data points, i.e. one
SHUZHHNGXULQJDVLPXODWLRQSHULRGRIRQH\HDU7KHPDWKHPDWLFDOPRGHOZDV¿UVWSURJUDPPHGLQ
WKHVRIWZDUH3RZHUVLP 3URIHVVLRQDO6WXGLR$FDGHPLF  3DSHU,, DQGWKHQLQ67(//$VRIWZDUH
67(//$   3DSHU ,,,  'DWD ZHUH SURFHVVHG XVLQJ IRXUWK RUGHU 5XQJH.XWWD DSSUR[LPDWLRQ
6HQ]LDHWDO 6LPXODWLRQVZHUHQRUPDOO\UXQIRURQH\HDUSHULRGVZLWKDWLPHVWHSRIGD\
4.6.4

Model evaluation and calibration

,QWKHYHUL¿FDWLRQVWHSWKHLQWHUQDOORJLFRIWKHPRGHOZDVWHVWHG -¡UJHQVHQDQG%HQGRULFFKLR 
by changing values of various variables and observing the model outputs.
$sensitivity analysisZDVSHUIRUPHGWRHVWLPDWHZKLFKSDUDPHWHUVWKDWKDYHWKHJUHDWHVWLQÀXHQFH
RQWKH1WUDQVIRUPDWLRQVDQGÀX[HVLQWKHV\VWHP7KHUHVXOWVRIHDFKUXQZHUHDQDO\VHGXVLQJD
VHQVLWLYLW\ LQGH[ 6,  WKDW FDOFXODWHV WKH YDULDWLRQ RI HDFK VWDWH YDULDEOH IRU   YDULDWLRQ RI WKH
SDUDPHWHU &KDSHOOHHWDO 7KHVHQVLWLYLW\LQGH[LVGH¿QHGDV

⎛ 100 ⎞ 1 n X i − X it
⎟⎟ * * ∑
SI = ⎜⎜
X it
⎝ p ⎠ n i =1

(11)

where pLVWKHRIWKHSDUDPHWHUYDULDWLRQ RU n is the number of days simulated, Xi
is the new variable value and Xit the variable value for a certain year.
$V SDUW RI WKH calibration process, model parameters were stepwise and manually adjusted using
intervals reported in the literature (Trolle et al., 2008). The precision of the calibration process
was evaluated by plotting simulated model results versus measured values, obtaining values of the
FRHI¿FLHQWRIGHWHUPLQDWLRQ 52).
,QWKHvalidation step the model was tested against an independent data set in order to see how well
WKH PRGHO VLPXODWLRQV ¿W WKHVH GDWD -DQVVHQ DQG +HXEHUJHU  -¡UJHQVHQ DQG %HQGRULFFKLR
 :KLOHWKHPRGHOZDVGHYHORSHGDQGFDOLEUDWHGXVLQJGDWDIURPGDWDIURP
SS,, DQG 3DSHU,,, ZDVXVHGIRUYDOLGDWLRQ,QRUGHUWRTXDQWLWDWLYHO\H[SUHVVWKHGHYLDWLRQ
EHWZHHQVLPXODWHGGDWDDQGPHDVXUHGGDWDWKHSHUIRUPDQFHPHDVXUHVPHDQDEVROXWHHUURU 0$( 
QRUPDOL]HG PHDQ DEVROXWH HUURU 10$(  DQG URRW PHDQ VTXDUH HUURU 506(  ZHUH FDOFXODWHG
-DQVVHQDQG+HXEHUJHU 
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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
DenitriVolatiliSediment
fication
sation
N Burial

Biological N uptake
PPuptake
MPuptakeb

Phosphorus
SedimenExternal
tary SRP
SRP flux
flux

Lake Bruträsket
Modela
simulations

0 – 0.028
(0.0080)

0 – 0.0037
(0.00030)

Estimated from
experiments/
measurements
Nya sjönc
Modela
simulations

0.0037
– 0.0082
(0.0054)

0 – 0.0052
(0.00053)

0.0032
-0.018

0.0026

0 – 0.13
(0.022)

0.0003
– 0.018
(0.0061)

0.010
– 0.022
(0.015)

0 – 0.014
(0.0020)

0 – 0.00094
(0.00015)

0.00041

5.2*10^-6

0 – 0.073
(0.011)

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

b

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

,QJHQHUDODWERWKVLWVWKHUHZDVDGRZQVWUHDPGHFUHDVHLQ71DQG73FRQFHQWUDWLRQVZKLFKZHUH
DQGWLPHVKLJKHUUHVSHFWLYHO\FRPSDUHGWRWKHUHIHUHQFHVLWHV$WWKHVDPHWLPHWKH
ÀRZ LQFUHDVHG  ±  WLPHV LQ WKH GRZQVWUHDP SRLQWV  DQG .9$  KHQFH FRQWULEXWLRQ RI
GLVFKDUJHGPLQHZDWHUGHFUHDVHGZKLFKLQGLFDWHVDGLOXWLRQHIIHFW$OVRFRQFHQWUDWLRQVZHUHORZHU
IURP0D\WR$XJXVWFRPSDUHGWRWKHUHVWRIWKH\HDU7KH71FRQFHQWUDWLRQDWWKH.LUXQDGLVFKDUJH
SRLQW ..9$ ZDVRQDYHUDJHDERXWWLPHVKLJKHUWKDQDWWKH%ROLGHQGLVFKDUJHSRLQW %
 7KH3FRQFHQWUDWLRQRQWKHRWKHUKDQGZDVWLPHVKLJKHUDW6WDWLRQ%WKDQDW6WDWLRQ.
+HQFHWKH7173UDWLRVDWWKH.LUXQDVLWHZHUHDERXWWLPHVKLJKHU GDWD 
&RPSDUHGWRUHIHUHQFHODNHVSK\WRSODQNWRQELRPDVVZDVaWLPHVKLJKHULQWKHVWXGLHGODNHVEXW
at the same time it displayed lower species variability. Depending on the ammonium concentration
RU71FRQFHQWUDWLRQ LQWKHHIÀXHQWDWWKH%ROLGHQVLWHZDWHUFROXPQ7173PDVVUDWLRVVKLIWHG
IURPEHLQJ!LQGLFDWLQJ3GH¿FLHQF\  WREHWZHHQLQGLFDWLQJDWUDQVLWLRQIURP1WR
3GH¿FLHQF\ FROLPLWDWLRQ IRUSK\WRSODQNWRQJURZWK   *XLOGIRUGDQG+HFN\VHHDOVR
VHFWLRQ +RZHYHUSK\WRSODQNWRQSURGXFWLRQDWVWDWLRQV.9$DQG.9$ .DQG. LQWKH
5DNNXULMRNLV\VWHPZDVFOHDUO\GH¿QHGDV3OLPLWHG )LJ 
2008

a

3.5

log TN:TP ratio

3.0

P-limited

2.5
2.0

TN:TP=22

1.5
1.0
0.5
0.0

TN:TP= 9

N-limited
0.0

0.5

1.0

1.5

2.0

2.5

3.0

log TP (μg L-1)
B1

3.5

B2

K1

K2

BR

b

KR

2005
P-limited

log TN:TP ratio

3.0
2.5
2.0

TN:TP=22

1.5
1.0

0.0

TN:TP= 9

N-limited

0.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

log TP (μg L-1)

Figure 5. Logtransformed TN:TP mass ratios plotted versus logtransformed TP concentrations (μg/L) for all the
VDPSOLQJSRLQWVDWWKH.LUXQDDQG%ROLGHQVLWHVIRUWKH\HDUV D DQG E 7KHOLPLWLQJ7173PDVVUDWLRV
DUHSURSRVHGE\*XLOGIRUGDQG+HFN\  DQGUHIHUWR1RU3OLPLWDWLRQIRUSK\WRSODQNWRQJURZWK)LJXUHPRGL¿HG
IURP'RZQLQJDQG0F&DXOH\  % % E%5 5. .9$. .9$DQG.5 99$

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
IRUWKH3FRQFHQWUDWLRQ FI+R6DUYDODHWDO.RHUVHOPDQDQG0HXOHPDQ 7KH
7173UDWLRVLQWKHPDFURSK\WHVFROOHFWHGDW.LUXQDDQG%ROLGHQYDULHGEHWZHHQ7KXVWKH
VLWHVYDULHGEHWZHHQ1DQG3OLPLWDWLRQ .RHUVHOPDQDQG0HXOHPDQVHFWLRQ ZKLFKIRU
WKH.LUXQDFDVHZDVLQFRQWUDVWWRZKDWZDVSUHGLFWHGE\WKHZDWHU7173UDWLRVWKDWFOHDUO\LQGLFDWHG
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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 nitrogenrich 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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Figure 6. 6LPXODWLRQUHVXOWVIRUDPPRQLXP 1am LQ/DNH%UXWUlVNHW

,QWKHSRQGaWLPHVPRUH1ZDVDVVLPLODWHGLQPDFURSK\WHVWKDQLQSK\WRSODQNWRQ 3DSHU,, ,QWKH
lake, the relative difference between N assimilation in phytoplankton and macrophytes was smaller
FRPSDUHGWRWKHXSVWUHDPFODUL¿FDWLRQSRQGSUREDEO\DVDUHVXOWRIUHODWLYHO\GHQVHUPDFURSK\WH
vegetation and larger area covered by macrophytes in the pond. Mass balance calculations indicated
WKDW /DNH %UXWUlVNHW PD\ EH D VRXUFH RI 1231 HVSHFLDOO\ DW HOHYDWHG 1231 FRQFHQWUDWLRQV
+RZHYHUIRUERWKPDVVEDODQFHDQGVLPXODWLRQUHVXOWVLQGLFDWHGWKDWWKHODNHZDVDVLQNIRU
1+41DQG12310RUHRUJDQLFQLWURJHQ 1org) 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).
$FFRUGLQJWRPRGHOVLPXODWLRQVDSSUR[LPDWHO\RIWKHSHUPDQHQW1UHPRYDORFFXUUHGWKURXJK
GHQLWUL¿FDWLRQERWKLQWKHSRQGDQGLQWKHODNH+RZHYHULQWKHODNH1+3 volatilisation was relatively
LQVLJQL¿FDQW DQG LQVWHDG VHGLPHQW EXULDO ZDV PRUH LPSRUWDQW7KH RYHUDOO UHODWLYH LPSRUWDQFH RI
WKHVHSURFHVVHVLVLQDJUHHPHQWZLWKPRGHOVLPXODWLRQVRIZDVWHZDWHUVWDELOL]DWLRQSRQGV 6HQ]LDHW
DO0D\RDQG%LJDPER 
5.3 Paper IV
5.3.1

Objectives of the paper

,Q WKLV SDSHU D ODERUDWRU\ VHGLPHQW LQFXEDWLRQ H[SHULPHQW ZDV SHUIRUPHG VHH VHFWLRQ  
([SHULPHQWDOGDWDDQGGDWDIURPYHUWLFDOODNHSUR¿OHVZHUHXVHGWRFRPSDUHWKHLQWHUQDODQGH[WHUQDO
ORDGRI3WRWKHZDWHUFROXPQRI/DNH%UXWUlVNHW %ROLGHQ 7KHPDLQREMHFWLYHVRIWKHVWXG\ZHUHWR
D VWXG\WKHLQWHUDFWLRQEHWZHHQ1DQG3F\FOHVLQPLQLQJDIIHFWHGDTXDWLFV\VWHPVDQGE WRTXDQWLI\
UHOHDVHUDWHVRIVHGLPHQWDU\653 REWDLQHGIURPWKHLQFXEDWLRQH[SHULPHQW WKDWPD\EHUHODWHGWR
this interaction.
5.3.2

Results

:KHQ /DNH %UXWUlVNHW ZDV LFH FRYHUHG GHSWK YHUWLFDO SUR¿OHV VKRZHG D SDWWHUQ ZLWK GHFUHDVLQJ
S+DQG'2ZLWKGHSWK7KLVPLJKWEHUHODWHGWRVXEVWDQWLDOR[LGDWLRQRIRUJDQLFPDWWHUDQGPLQLQJ
UHODWHG1+4+DQGWKLRVXOSKDWHV 6223 $WWKHVDPHWLPH6530QDQG)HLQFUHDVHGZLWKGHSWK
which might be caused by reduction of Fe and Mn oxides found in the normally oxidised surface
VHGLPHQW 0RUWLPHU*XQQDUVDQG%ORPTYLVW 'XULQJODNHVSULQJWXUQRYHU3WKDWKDV
DFFXPXODWHGGXULQJSHULRGVRILFHFRYHUDJHZLOOUHDFKWKHHSLOLPQLRQRI/DNH%UXWUlVNHWUHVXOWLQJ
LQDSXOVHRI3DIIHFWLQJERWKWKHODNHDQGGRZQVWUHDPSDUWVRIWKH%UXElFNHQV\VWHP7KLVFRXOG
FKDQJHSUHYDLOLQJ7173UDWLRVKHQFHVKLIWLQJWKHV\VWHPIURPEHLQJ3OLPLWHGWREHFROLPLWHGE\
N and P.
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,QWKHVHGLPHQWLQFXEDWLRQH[SHULPHQW VHFWLRQ DWKLQOD\HURISUHFLSLWDWHG)H ,,, K\GUR[LGHV
IRUPHGLQVLGHWKH3OH[LJODVFRULQJWXEHGXULQJORZR[\JHQFRQGLWLRQV6LPLODUWRREVHUYDWLRQVLQ
RWKHUVWXGLHV $QGHUVHQ'XUDVDQG+HM]ODU.RVNL9lKlOlDQG+DUWLNDLQHQ ORZ
R[\JHQFRQGLWLRQVUHVXOWHGLQLQFUHDVHGS+DQG653FRQFHQWUDWLRQLQWKHRYHUO\LQJ VXSHUQDWDQW 
ZDWHU )LJ 7KLVPD\EHDUHVXOWRIGHVRUSWLRQRIK\GUR[\OLRQVFRPSHWLQJZLWK653LRQVIRU
DGVRUSWLRQRQWRHJLURQK\GUR[LGHV /LMNOHPD6WXPPDQG0RUJDQ 1RVLPXOWDQHRXV
increase in supernatant Mn and Fe concentrations could be observed, which is interpreted as a result
RI)H ,, R[LGDWLRQSURPRWHGE\WUDFHVRIR[\JHQ PJ/ DQGQLWUDWH aPJ/) present in
WKHVXSHUQDWDQWZDWHU$WWKHHQGRIWKHORZR[\JHQLQFXEDWLRQDQ653FRQFHQWUDWLRQRIJ/
UHVXOWHGLQDVHGLPHQWDU\ÀX[RIPJ653P d (or 0.00041 mg L± d±, Table 2). This was within
WKHORZHUUDQJHRUORZHUWKDQÀX[HVUHSRUWHGLQRWKHUVLPLODUVWXGLHV -DPHVHWDO DQGLVPRVW
FRPSDUDEOHZLWKÀX[HVWLPDWHVLQPHVRWURSKLFODNHV HJ+ROGUHQDQG$UPVWURQJ 
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Figure 7. Temporal variation of a)S+DQG'2b)RIGLVVROYHG P LURQ RSHQWULDQJOHV PDQJDQHVH ¿OOHG
GLDPRQGV VXOSKXU RSHQVTXDUHV DQG653 ¿OHGFLUFOHV DQGc) particulate Fe and P and their ratios for samples
UHWULHYHGIURPWKHLQFXEDWLRQH[SHULPHQW7KHOHJHQGVEHORZWKH¿JXUHVVKRZZKHQWKHRYHUO\LQJZDWHUZDVEXEEOHG
with N2RUDLU 22). 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. australisDVDQ1UHPRYDOPHFKDQLVPLQDFROGFOLPDWHDTXDWLFV\VWHP
UHFHLYLQJ1ULFKPLQHHIÀXHQWV,QDGGLWLRQLWZDVLQYHVWLJDWHGZKHWKHUDPPRQLXP 1+4+) or nitrate
123) is the preferred N species for P. australisJURZLQJDWWKLVVSHFL¿FVLWH7KLVLVLPSRUWDQWWR
FRQVLGHUVLQFH1HIÀXHQWVIURPPLQHVLWHVPD\EHGRPLQDWHGE\1+4+RU123±.
5.4.2

Results

&RPSDUHG WR WKH 5() VLWH VLJQL¿FDQWO\ KLJKHU FRQGXFWLYLW\ DQG ORZHU '2 FRQFHQWUDWLRQV ZHUH
REVHUYHGLQWKH1$0 1+4+ DQG12; 123) mesocosms. This probably indicated chamber effects
caused by the relatively small size of the cylinders enclosing macrophytes and lake water. Especially
15
1LQMHFWHGDV1+4+ was rapidly retained in the different plant parts, and at the end of the experiment
15
1 YDOXHV LQ DWRP  RI WKH URRWV IURP WKH 1$0 PHVRFRVPV ZHUH  WLPHV JUHDWHU WKDQ EHIRUH
injection. 15N enrichment occurred earlier in roots than in stem and leaf, and 15N enrichment was
VLJQL¿FDQWO\KLJKHULQURRWVFRPSDUHGWRVWHPDQGOHDYHV
0D[LPXP XSWDNH YHORFLWLHV 8  )LJ   ZHUH KLJKHU IRU WKH 1$0 PHVRFRVPV  J J min
or 0.018 mg L d  FRPSDUHG WR WKH 12; PHVRFRVPV  J J min or 0.0032 mg L d).
7KHVHUDWHVDUHVLPLODUWRWKHUDQJHRIUDWHVREWDLQHGIURPPRGHOVLPXODWLRQVRIPDFURSK\WH1+4+
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XSWDNHLQWKHODNH 7DEOH3DSHU,,, &DOFXODWLRQVRIWUDFHU1UHFRY (KDOLRWLVHWDO LQGLFDWHG
WKDWRIWKLV1ZDVUHFRYHUHGLQP. australis LQWKH1$0PHVRFRVPVDQGWKXVFRQWULEXWHG
VLJQL¿FDQWO\WRWKH1EXGJHWRIPDFURSK\WH1XSWDNHDQGF\FOLQJ FI'DKOLQHWDO 7DNHQ
together the results verify the assumption that emergent macrophytes mainly assimilate nutrients
WKURXJKWKHLUURRWV\VWHP %DUNRHWDO/LHWDO7DQHWDO DQGWKDW1+4+ appears
to be the preferred N form for N uptake by P. australis.
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Figure 8. Time series of 151WUDFHUXSWDNHYHORFLW\ 8 RI1+4+DQG123 assimilated by common reed from
PHVRFRVPVGXULQJWKHGD\ODEHOOLQJH[SHULPHQW

5.5 Paper VI
5.5.1

Objectives of the paper

The main objective of this paper was to use sediment proxy data (b13C, b15N, C/N ratios) to reconstruct
KLVWRULFDOFKDQJHVLQRUJDQLFPDWWHU 20 DFFXPXODWLRQLQODNHVUHFHLYLQJQXWULHQWULFKPLQHZDWHUV
LQWKH%ROLGHQDQG.LUXQDPLQHVLWHV VHHVHFWLRQ $VHFRQGREMHFWLYHZDVWRGHWHUPLQHWKH
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

,Q WKH WZR 5DNNXULMRNL ODNHV WKH &1 UDWLR VKRZHG D SURQRXQFHG GHFUHDVH WR SUHVHQWGD\ YDOXHV
RI ± LQ /DNH 0HWWl5DNNXULMlUYL DQG a LQ /DNH 5DNNXULMlUYL FRQVLVWHQW ZLWK DQ LQFUHDVLQJ
GHSRVLWLRQRISK\WRSODQNWRQLQWKHVHGLPHQWV6LPLODUb151YDOXHVLQGLVVROYHGLQRUJDQLF1 ',1 
DQGVXUIDFHVHGLPHQWVPRVWOLNHO\UHÀHFWELRORJLFDODVVLPLODWLRQRI',1DQGVXEVHTXHQWVHWWOLQJRI
authochtonous organic detritus.
The sedimentary record of C/N, b15N, and b13&ZDVPRUHFRPSOLFDWHGLQ/DNH%UXWUlVNHW7KH&1
UDWLRJUDGXDOO\LQFUHDVHGIURP±LQWKHGHHSHVWFRUHVHFWLRQVWRSHDNVXSWRGXULQJWKHSHULRG
±7KLVVXJJHVWVDUHODWLYHGHFUHDVHRIDXWKRFKWRQRXV SK\WRSODQNWRQ 20LQWKHVHGLPHQW
DQGDUHODWLYHLQFUHDVHRIDOORFWKRQRXV VSUXFHDQGSLQH 207KHSUHVHQWGD\FRQGLWLRQVLQWKHODNH
appear to be favourable for phytoplankton growth, with the phytoplankton biomass concentration
H[FHHGLQJWKDWLQDUHIHUHQFHODNHE\DIDFWRURIa7KHb15N shift towards higher values in the top
RIWKHVHGLPHQWSUREDEO\LQGLFDWHVELRORJLFDODVVLPLODWLRQRI1+4+ enriched in 151GXHWRLQWHQVL¿HG
QLWUL¿FDWLRQLQWKHODNH
&DOFXODWLRQV ZLWK WKH ,VR6RXUFH VRIWZDUH VKRZHG WKDW WKH  FRQWULEXWLRQ RI DXWKRFKWRQRXV 20
OLWWRUDOYHJHWDWLRQDQGSK\WRSODQNWRQ LQFUHDVHGZKHQ1DQG3ULFKPLQHHIÀXHQWVEHJDQWRUHDFK
WKH 5DNNXULMRNL ODNHV ,Q /DNH %UXWUlVNHW PRGHOOLQJ WKH UHODWLYH VHGLPHQWDU\ FRQWULEXWLRQ RI WKH
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IRXUW\SHVRI20ZDVQRWSRVVLEOHZKLFKLQGLFDWHVWKHSUHVHQFHRIDWOHDVWRQHXQNQRZQ20VRXUFH
component.
,QERWKV\VWHPVb15N values of littoral vegetation and sediment were shifted towards higher values
compared to that of the NaCN and the explosives.
6. 2YHUDOOFRQFOXVLRQVDQGVLJQL¿FDQFHRIWKHVWXG\
The work performed in this thesis has improved the knowledge regarding N and P dynamics in
ZDWHUVUHFHLYLQJQXWULHQWULFKPLQHHIÀXHQWV7KHREWDLQHGNQRZOHGJHFDQEHXVHGLQSODQQLQJDQG
GHVLJQRIUHPHGLDWLRQPHDVXUHVDLPHGDWUHGXFLQJ1DQG3FRQFHQWUDWLRQVLQPLQHZDWHUUHFLSLHQWV
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
QXWULHQWULFKPLQHHIÀXHQWVFDQYDU\EHWZHHQ1DQG3OLPLWDWLRQGHSHQGLQJRQWKHFRQFHQWUDWLRQV
RIWKHVHHOHPHQWVLQWKHGLVFKDUJH7KHGDWDDOVRLQGLFDWHWKDWWKHGH¿QLWLRQRIOLPLWLQJQXWULHQWLQ
aquatic systems depends on whether TN:TP ratios of water or macrophytes are considered. These
DVSHFWVKDYHLPSOLFDWLRQVIRUDVVHVVLQJWKHHQYLURQPHQWDOLQÀXHQFHRIQXWULHQWULFKPLQHHIÀXHQWV
The observed decrease of downstream N and P concentrations is a combined result of removal processes
HJ ELRORJLFDO XSWDNH DQG GHQLWUL¿FDWLRQ  DQG GLOXWLRQ GXH WR LQFUHDVHG ÀRZ ,Q WKH GRZQVWUHDP
%ROLGHQ VDPSOLQJ VWDWLRQ E PLQH ZDWHU FRQWULEXWLRQ ZDV RQDYHUDJH   RI WKH WRWDO ÀRZ
6LPXODWLRQUHVXOWVIRU/DNH%UXWUlVNHWLQGLFDWHGWKDWUHPRYDOSURFHVVHVFRQWULEXWHGZLWKWRWKH
GHFUHDVHG1+4+FRQFHQWUDWLRQDWWKHODNHRXWOHW 6WDWLRQE FRPSDUHGWRWKHFODUL¿FDWLRQSRQG
RXWOHW 6DPSOLQJVWDWLRQ WKHUHPDLQGHURIWKHGHFUHDVHLVH[SODLQHGE\GLOXWLRQ
The developed biogeochemical model appeared to be a reasonably robust simulation tool producing
UHDOLVWLFVLPXODWLRQUHVXOWV,WLVWKXVMXGJHGWREHXVHIXODVDGHFLVLRQPDNLQJWRROWRHYDOXDWHWKH
PRVWVXLWDEOHPHDVXUHVWRLQFUHDVHQDWXUDODWWHQXDWLRQRI1LQSRQGVDQGODNHVUHFHLYLQJQXWULHQWULFK
PLQHZDWHUHIÀXHQWV,WFDQDOVREHXVHGWRSUHGLFWIXWXUHFKDQJHVLQWKHUHFLSLHQWVRFFXUULQJDVD
UHVXOWRIIRUH[DPSOHLQFUHDVHGQLWURJHQGLVFKDUJHRUFKDQJHGOLPLQJVWUDWHJ\+RZHYHURQHKDVWR
EHDZDUHRIWKDWWKHPRGHOLQLWVSUHVHQWIRUPLVVLWHVSHFL¿F7KHUHIRUHVRPHPRGHOSDUDPHWHUVPD\
KDYHWREHPRGL¿HGIRUHDFKVLWHDQGVLWHVSHFL¿FLQSXWGDWDLVUHTXLUHG
0DFURSK\WH 1+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.
6WXGLHV LQ ERWK FROG DQG ZDUP FOLPDWH KDYH VKRZQ 1 UHPRYDO WKURXJK PDFURSK\WH XSWDNH WR EH
RIPLQRULPSRUWDQFHFRPSDUHGWRUHPRYDOWKURXJKVHGLPHQWDWLRQQLWUL¿FDWLRQDQGGHQLWUL¿FDWLRQ
6LPLODUREVHUYDWLRQVZHUHGRQHIURPPRGHOVLPXODWLRQRIWKHFODUL¿FDWLRQSRQG1\D6M|QDQG/DNH
%UXWUlVNHW7KHUHIRUHGLUHFWUHPRYDORIPLQLQJUHODWHG1WKURXJKPDFURSK\WHXSWDNHPD\EHGLI¿FXOW
WR DFKLHYH LQ FROGFOLPDWH DTXDWLF V\VWHPV ,Q DGGLWLRQ LVRWRSH HQULFKPHQW GDWD LQGLFDWHG WKDW P.
australisZDVPRUHHIIHFWLYHLQDVVLPLODWLQJ1+4+WKDQ123, and N was preferentially accumulated
LQWKHURRWV7KHUHIRUH1UHPRYDOWKURXJKPDFURSK\WHXSWDNHDSSHDUVWREHPRUHHI¿FLHQWLQPLQH
ZDWHULPSDFWHGODNHVGRPLQDWHGE\1+4+ and when the mine water is in contact with the root zone
RIWKHPDFURSK\WHV,GHDOO\LQRUGHUWRDFKLHYHSHUPDQHQW1UHPRYDOWKURXJKPDFURSK\WHXSWDNH
WKH ZKROH SODQW LQFOXGLQJ URRWV  VKRXOG EH KDUYHVWHG DW WKH HQG RI WKH JURZWK VHDVRQ +RZHYHU
this would be a technically complicated remediation measure. The relative importance between
PLFURELRORJLFDODQGPDFURSK\WH1UHPRYDOZDVVPDOOHULQWKHFODUL¿FDWLRQSRQG7KLVFRXOGEHD
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
FRQWUROOHGE\UHJXODWLQJWKHÀRZRILQFRPLQJZDWHURUWKHVL]HRIFODUL¿FDWLRQSRQGV6LPXODWLRQV
DOVRVXJJHVWWKDWQLWUL¿FDWLRQFRQWUROOHGWKHUHDFWLRQUDWHRIWKHFRXSOHGQLWUL¿FDWLRQGHQLWUL¿FDWLRQ
process. Nitrogen removal through this coupled microbiological process could be enhanced if the
QLWUL¿FDWLRQSURFHVVLVRSWLPL]HGE\NHHSLQJS+EHWZHHQ+HQFHS+ZDVDQRWKHUIDFWRULGHQWL¿HG
WRLQÀXHQFHWKHWUDQVIRUPDWLRQUDWHVDQGLVDIDFWRUWKDWSDUWO\FDQEHUHJXODWHG)LQDOO\DVVKRZQ
from hypothetical modelling, increasing temperature of the water leads to increased transformation
UDWHVDQGWUDQVIRUPDWLRQSURFHVVHV HJQLWUL¿FDWLRQDQGGHQLWUL¿FDWLRQ RFFXUULQJGXULQJDORQJHU
period of the year.
'DWDIURPWKHVHGLPHQWLQFXEDWLRQH[SHULPHQWDQGIURP/DNH%UXWUlVNHWVXJJHVWHGWKDWR[LGDWLRQ
RIRUJDQLFPDWWHUDQGLQRUJDQLFPLQLQJUHODWHGFKHPLFDOVVXFKDV1+4+ and thiosalts may result in
LQFUHDVHGLQWHUQDO653ÀX[7KHVH¿QGLQJVSRLQWWRDSRVVLEOHLQWHUDFWLRQEHWZHHQWKHF\FOHVRI1
R[\JHQFRQVXPSWLRQ DQG3 ÀX[IURPVHGLPHQW WKDWPD\EHLPSRUWDQWIRUQXWULHQWUHJXODWLRQLQ
mine water recipients.
Provided that b13C, b15N, and C/N ratios are known for all sediment end member components, this
LQIRUPDWLRQWRJHWKHUZLWKFDOFXODWLRQVLQHJWKHVRIWZDUH,VR6RXUFHFDQEHXVHGWRVKRZFKDQJHV
LQVHGLPHQW20FRPSRVLWLRQLQODNHVUHFHLYLQJPLQLQJHIÀXHQWV7KLVFRXOGEHXVHIXOLQWKHGHVLJQ
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.
6WXGLHV RI ODNH VHGLPHQWV VKRZHG WKDW 1 IURP PLQH HIÀXHQWV LV WUDQVIHUUHG WR VHGLPHQWV WKURXJK
DVVLPLODWLRQLQWRSK\WRSODQNWRQDQGOLWWRUDOYHJHWDWLRQ+RZHYHUGHFRPSRVLWLRQRIRUJDQLFGHWULWXV
LQVXUIDFHVHGLPHQWVZLOOUHVXOWLQDUHÀX[RIGLVVROYHG1EDFNLQWRWKHZDWHUFROXPQWKLVUHÀX[
FDQEHH[SHFWHGWREHVLJQL¿FDQWLQODNHVZKHUHSK\WRSODQNWRQGHWULWXVIRUPDPDMRUIUDFWLRQRIWKH
sediments.
7. Future work
7RLPSURYHWKHNQRZOHGJHUHJDUGLQJRQJRLQJPLFURELRORJLFDODFWLYLW\LQPLQLQJDIIHFWHGDTXDWLF
V\VWHPVVWXGLHVVKRXOGEHSHUIRUPHGRQWKHVHGLPHQWRIWKHUHFHLYLQJVWUHDPVSRQGVDQGODNHV,Q
SUHOLPLQDU\VWXGLHVZHUHFRQGXFWHGRQVHGLPHQWVIURPWKH.LUXQDWDLOLQJVDQGFODUL¿FDWLRQ
ponds using the acetylene (C2+2  EORFNDJH PHWKRG 7LHGMH HW DO   5HVXOWV IURP WKLV VWXG\
LQGLFDWHG RQJRLQJ GHQLWUL¿FDWLRQ$QRWKHU DSSURDFK WR HVWLPDWH GHQLWUL¿FDWLRQ DFWLYLW\ LV WR XVH
microelectrodes/sensors, which give a high spatial resolution (μm to mm) of various N species (e.g.
N22DQG1+4+ DORQJYHUWLFDOVHGLPHQWSUR¿OHV 5HYVEHFKHWDO 7KHUHDUHDOVRPLFURVHQVRUV
WKDWZLWKVLPLODUUHVROXWLRQPHDVXUHWKHGHSWKGLVWULEXWLRQRIS+DQGGLVVROYHG22 in pore waters.
7KHVH UHVXOWV FDQ EH XVHG WR LGHQWLI\ ]RQHV RI GHQLWUL¿FDWLRQ DQG QLWUL¿FDWLRQ DFWLYLW\ +RZHYHU
VRPHGLVDGYDQWDJHVZLWKWKHVHHOHFWURGHVVHQVRUVDUHWKHLUVKRUWOLIHVSDQDQGLQÀXHQFHIURPRWKHU
LRQV GH%HHU $QDOWHUQDWLYHDSSURDFKWRDFKLHYHKLJKUHVROXWLRQSUR¿OHVRIHJ123 and
1+4+LVWRLQVHUW'LIIXVLYH(TXLOLEULXPLQ7KLQ)LOPV '(7 SUREHV)URPWKHVHSUR¿OHVKRWVSRWV
RIELRJHRFKHPLFDODFWLYLW\FDQEHLGHQWL¿HG 'DYLVRQHWDO8OODKHWDO ,WLVDOVRRI
interest to investigate the potential production of N22JDVIURPWKHVHSURFHVVHV7KLVFDQHJEHGRQH
by measuring degassing of N22IURPGHQLWULI\LQJFXOWXUHVWKURXJKRXWWKHLUGHSOHWLRQRI22DQG12x
0ROVWDGHWDO RUWKURXJKDQDO\VLQJb182RIIRUPHG122 6QLGHUHWDO $OVRWKHPDLQ
IDFWRUVUHJXODWLQJWKHGHQLWUL¿FDWLRQSURFHVVVKRXOGEHLQYHVWLJDWHGLQGHWDLOLQRUGHUWRHYDOXDWHWKH
possibility to increase the process rate, and simultaneously evaluate if this will lead to an increased
N22SURGXFWLRQ
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,Q3OLPLWHGPLQHZDWHUUHFLSLHQWVLWLVLPSRUWDQWWROLPLW3UHÀX[IURPWKHVHGLPHQW7KHUHIRUH
LQ WKH SUHVHQW VWXG\ DQ DWWHPSW ZDV PDGH WR VWXG\ QLWUDWHGHSHQGHQW )H ,,  R[LGDWLRQ VLQFH WKLV
PD\SURPRWHLPPRELOLVDWLRQRI3WRQHZO\SUHFLSLWDWHG)H ,,, FRPSRXQGV %RVWU|PHWDO
6¡QGHUJDDUG HW DO   7KH H[SHULPHQW ZDV XQVXFFHVVIXO LQ LWV SUHVHQW IRUP +RZHYHU VLQFH
QLWUDWHFRQFHQWUDWLRQVPD\EHHOHYDWHGLQPLQLQJDIIHFWHGDTXDWLFV\VWHPVWKLVSURFHVVVKRXOGEH
further investigated.
7KHXVHRI8$6 VHFWLRQ LVDUHFRPPHQGHGPHWKRGLQIXWXUHVWXGLHVRIPDFURSK\WHFRYHUDJH
DQG 1 DVVLPLODWLRQ 7KLV PHWKRG \LHOGV UHPRWH VHQVLQJ GDWD ZLWK VXEGHFLPHWUH UHVROXWLRQ IRU
LGHQWL¿FDWLRQDQGPDSSLQJRIYHJHWDWLRQDWWKHVSHFLHVOHYHO +XVVRQHWDO 
7KHQXWULHQWOLPLWDWLRQH[SHULPHQW VHFWLRQ GLGQRWVKRZDVLJQL¿FDQWLQFUHDVHLQPDFURSK\WH
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
RI QXWULHQW VROXWLRQV RI KLJKHU FRQFHQWUDWLRQV ,Q D IXWXUH VHWXS RI WKLV H[SHULPHQW VXEPHUJHG
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
IXUWKHU VWXG\7KLV FRXOG EH LQYHVWLJDWHG XVLQJ QXWULHQW HQULFKPHQW PHVRFRVP H[SHULPHQWV 6XFK
H[SHULPHQWVVKRXOGEHGHVLJQHGVRWKDWWKHLQFUHDVHLQ&KODFRQFHQWUDWLRQFDQEHFRPSDUHGEHWZHHQ
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 Kiruna 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) differences 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 concentration was 10 times lower than in the discharge point at the Boliden site. The majority of the studied
lakes showed elevated biomass of phytoplankton, with maximum values found in Lake Bruträsket (Boliden). Mining activities have affected the nutrient regime of the two recipients by contributing to elevated 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). However, 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.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Efﬂuents from the mining industry contain, among many components, high concentrations of nitrogenous compounds (e.g. NHþ
4,

NO
3 and NO2 ) and P. The NH4–NO3-based explosives used in ore

mining are a main source of NHþ
4 and NO3 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 dithiophosphate 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⇑ Corresponding author. Tel.: +46 (0)920 492115; fax: +46 (0)920 491199.
E-mail address: sara.chlot@ltu.se (S. Chlot).
0883-2927/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.apgeochem.2012.11.016

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 variations 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 freshwater 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 increased 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 column (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 phytoplankton and macrophytes.
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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 discharge 1.5 m3 s1), wetlands and the three lakes Mettä Rakkurijärvi, 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

þ
an NHþ
4 :NO3 -ratio of 1:1. However, the concentration of NH4 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 L1, the system is classiﬁed as eutrophic, while
based on TP concentrations varying from 0.01 to 0.03 mg L1 the
system is classiﬁed as oligotrophic to mesotrophic (Kalff, 2002).
2.2. Sampling and sample preparation

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 Brubäcken system, consisting of one major stream (Brubäcken, average
annual discharge 1 m3 s1), 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 L1 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 L1 and
TP concentrations varying from 0.1 to 0.3 mg L1, the system can
be classiﬁed as eutrophic (Kalff, 2002).

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 reference station BR (N 64°420 , E 20°260 ) (2008 data only). Station B1
represents the outlet from the clariﬁcation pond Nya Sjön, and Station 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. Samples were taken at sampling stations K1, K2 and the reference station 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 related 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 precleaned 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 biomass (lg L1) 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 August 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 Jutsajaure (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.

2.1.2. 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

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 Rakkurijärvi (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

2. Materials and methods
2.1. Study sites
Sampling was performed in two natural water systems receiving mine efﬂuents from the Boliden and Kiruna mine sites located
in northern Sweden (Fig. 1).
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Fig. 1. Study sites and position of the sampling points. Marked section indicates area of the sampling station 01–05 for sampling of macrophytes and sediment at the Kiruna
site.

5 cm and 1 cm for the rest of the core), which were dried to a constant 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 Gillervattnet 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 randomly distributed. Based on the number of shoots within the
square, dry weight biomass was calculated according to the following equation:

Biomass ¼ 19:296 þ 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 sampling stations 01–05 (Fig. 1) for chemical analysis. Macrophytes
found included Equisetum ﬂuviatile (water horsetail), Comarumpalustre (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 m2) 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 membrane ﬁlters (47 mm diameter, pore sizes 5, 2, 0.4 and 0.1 lm). Filters 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 collected 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 centrifuge 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 system were sent
to accredited laboratories for analysis. For 2008 water chemistry
data, TN and TP were determined using Flow Injection Analysis
(FIA) and spectrophotometric detection, respectively. Phophate-P
and NH4-N were determinsed on an AutoAnalyser. Finally, NO3-N
and NO2-N were determined spectrophotometrically on a TRAACS-instrument. For 2005 water chemistry data, TN, TP and PO4P were determined using FIA. Phophate-P is considered to represent 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 inductively 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; Koerselman and Meuleman, 1996). Ratios were calculated by dividing concentrations in mg L1 (water samples) or mg kg1 (sediment and
macrophytes). For determination of Chlorophyll-a (Chl-a), a water
sample was ﬁltered using Whatman GF/C ﬁlters and spectrophotometrically determined on a Shimadzu instrument (MVR14). Dissolved O2 (DO), pH and conductivity were measured in situ using
a Hydrolab MS5 water quality sonde (Hach Environmental, Loveland, CO, USA). For Bolidenmonitoring data (2005), DO and pH
were measured using an MTW 340, while at station B1, pH is reported 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, Kiruna. Total N and NO2-N were measured using FIA. TP, NH4-N and
PO4-P were determined spectrophotometrically, and NO3-N was
determined using ion chromatography. Total N in sediment and
macrophytes were determined according to a 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 instrument (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 ICPSFMS.
Quantitative determination of phytoplankton species composition and bio mass (Olrik et al., 1998) was performed at the accredited Biodiversity Laboratory at the Swedish University of
Agricultural Sciences (SLU). Ecological status of the lakes based
on total biomass of phytoplankton was determined using environmental quality criteria established by the Swedish Environmental
Protection Agency (SEPA, 2007).
2.5. Statistical analyses
Statistical processing of the data was performed with the software Minitab 16. Since data did not meet assumptions of homoscedasticity and normality, non-parametric Mann–Whitney tests
were performed to test for signiﬁcant differences in sedimentary
TN and TP concentrations and ratios.
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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 during 2005 and 2008 (Figs. 2 and 3). In general, there was a downstream 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 higher 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 increase in dissolved NO3-N relative to NH4-N (Fig. 4b). Due to liming of the water discharging from the Gillervattnet tailings
impoundment, pH varied between 10 and 12 at the Boliden discharge 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 L1 for the two sites are classiﬁed as low – moderately 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 dominance 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 pattern at station B2, with lower P concentrations in fractions >2 lm,
appears unrealistic and is probably a ﬁltration artefact. The Boliden 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 characterisation of the water and is also related to macrophyte uptake. However, Dodds et al. (1997) found that TN and TP related more
strongly to algal biomass than did dissolved inorganic N or P.
Moreover, limnological models of the 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 speciation 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 limitation. 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 throughout this paper.
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Fig. 2. Seasonal variations of pH, conductivity, dissolved O2, and ﬁltered (<0.45 lm) Cu for 2008/2009 (a–d) and 2005 (e–h) for sampling stations B1, B2 and BR (2008 data) at
the Boliden site.

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 L1 during summer and increased slightly
towards the end of the year. The TN concentration was on average four times lower than in 2005 (Fig. 6d), when the gold leach
plant was in operation. Also in 2005 the concentration was lowest during summer. In both years the TN concentration was
lower in the downstream station B2, indicating dilution and/
or N loss from the system. However, the downstream decrease
of TN was larger in 2005.
TP – In 2008, TP concentrations dropped during the spring ﬂood
(0.2 mg L1) and between August and mid-October
(0.3 mg L1) (Fig. 6b). Since the ratio of P/Chl-a in phytoplankton is 5 by weight (Jørgensen et al., 1979) and the summer
maximum in Chl-a was 4.8 lg L1 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 supported by a decrease in suspended material during the same
period (data not shown). During 2005, the TP concentration
peaked in early April and then decreased during the rest of
the year (Fig. 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 variation in the former. During 2005 the ratios were about 10 times
higher and showed an opposite pattern, with minimum values
in July to August (Fig. 6f). In 2005 the TN:TP ratios were inﬂuenced 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 L1 during summer (June–August) (Fig. 7b and e). This
is a possible indication of biological uptake of P in the clariﬁcation pond system, where Chl-a concentrations in the range 18–
40 lg L1 were measured in 2008 and plankton blooms have
been reported (LKAB, pers. comm.). In 2008 the TP concentration decreased markedly over the year, from 0.050 to
0.020 mg L1 (Fig. 7b).

TN:TP mass ratios – Since the annual variations in the TN concentrations 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 maximum 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 L1) was about 130 times lower than at Station K1
and about nine times lower than at K2, and showed little variation over the year (Fig. 7a). The TP concentration (0.005–
0.007 mg L1) 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 Rakkurijoki stream (>200) (Fig. 7c).
3.4. Phytoplankton biomass and species composition
According to the Swedish environmental quality criteria for total 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 elevated biomasses compared with their reference lakes (Fig. 8a–d).
Total biomass in Lake Bruträsket (5064 lg L1) was almost ﬁve
times higher than for the clariﬁcation pond Nya Sjön
(1000 lg L1), and about twice as high as the biomass in the Kiruna tailings pond (2200 lg L1) (Table 1). The production of phytoplankton 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 dominated 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, Chlorophycea constituted only 4% of total biomass, which was
20 lg L1, i.e. 250 times, lower than in 2008 (Lundkvist, 2001).
The low species diversity indicates that these lakes are affected
by the mine water discharge (Lundkvist, 2001). In Lake Mettä Rakkurijärvi other phytoplankton groups were present, with Bacillariophyceae, (major species Cyclotella spp.) constituting 20% or,
Cryptophyceae and Cyanophycaeae, (with Rhodomonas lacustris
and Woronichinia compacta as respective major species) constituting 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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Fig. 6. TN, TP and TN:TP mass ratios for 2008 (a–c) and 2005 (d–f) for sampling stations B1, B2 and BR (2008 data) at the Boliden site.

N-ﬁxing phytoplankton group (Kalff, 2002). However, due to the
high TN:TP ratios (2100–3400) observed for this lake, this is probably not the explanation for their presence. The dominant phytoplankton group, in Lake Rakkurijärvi as well as in the reference
lakes, was Chrysophyceae (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 sediment 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 porewaters as a nutrient source for macrophytes. In general, at the Boliden and Kiruna sites, the TN:TP ratios of both sediments and macrophytes 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 reported in literature (Table 2). The dry weight concentration of TN
was signiﬁcantly higher (P < 0.05) in the sediments from the Kiruna sampling stations (01–05) and Lake Mettä Rakkurijärvi than
the TN concentration in Lake Bruträsket sediment (Table 2). Average 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 relationship for these species in the water column; i.e. the TN concentration is higher at the Kiruna site, while the TP concentration is
higher at the Boliden site. Several studies have shown that the concentrations 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 oligotrophic, 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 mesotrophic 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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Table 1
Measured phytoplankton biomass (BM) (lg L1) in the study and reference lakes and classiﬁcation of ecological status according to SEPA (2007).
Lake

Type of lake

Measured BM (lg L1)

Ecological status

Clariﬁcation pond (B)
Bruträsket (B)
Tailings pond (K)
Mettä Rakkurijärvi (K)
Rakkuirjärvi (K)
Ögerträsketa
Jutsajaureb

Clear
Humic
Clear
Clear
Humic
Humic
Humic

1009
5064
2200
1457
273
500
360

Moderate-poore
Badg
Badf
Badf
Highc
Goodd
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.

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 m2) contained in the Boliden macro-
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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 reported in literature for these species (Table 2 and references therein). 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; Table 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 Boliden and Kiruna were within the same range of minimum to maximum 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 withinsampling 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 organism is determined by the abundance of the nutrient that, in relation to the needs of the organism, is least abundant in the
system (Wetzel, 2001). Due to the importance of N and P for both
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 predict 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 Redﬁeld (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 literature). 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 concentration 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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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

Sediment
Boliden

Kiruna

References

2.89 ± 0.89

Average, 0–26 cm sediment depth

7

8891 ± 3002

2492 ± 585

4.0 ± 2.4

0–0.5 cm Sediment depth

01–05
Lake Mettä Rakkurijärvi
sediment core

5
30

13,900 ± 1681
12,423 ± 1360

1506 ± 424
2727 ± 1166

9.91 ± 3.32
5.35 ± 2.1

0–10 cm Sediment depth
Average, 0–30 cm sediment depth

American lakes

40

300–24,100
(7800)
3000–4400
(3733)
3500–8600
(7100)
1000–12,800
(4820)

200–4900
(1800)
1090–1150
(1120)
510–1850
(1130)
260–13,300
(1920)

1.5–3.1 (4.3)

Barko and Smart (1986) (mean in parenthesis)

16b

21,370 ± 17307

1239 ± 880

15.5 ± 4.6

4

17,154 ± 16085

1527 ± 1048

11.5 ± 7.3

Equisetum ﬂuviatile
Comarumpalustre
Carex nigra sp.
Carex rostrata
Salix sp.

4
3
3
4
3

18,450 ± 2645
19,767 ± 961
22,067 ± 2714
13,775 ± 1996
10,000 ± 1054

1853 ± 447
1260 ± 414
1333 ± 383
1116 ± 178
690 ± 141

10.30 ± 2.5
13.5 ± 2.6
17.5 ± 5.0
12.4 ± 1.8
14.7 ± 1.9

Sampled at
Sampled at
Sampled at
Sampled at
Sampled at
50  50 cm
01–05

Phragmites australis
Equisetum ﬂuviatile
Potentiella Palustris
Carex nigra sp.
Carex rostrata

11

13,000–31,000
15,600

1000–3100
1900; 2400

5–29.1
6.5

Koerselman and Meuleman (1996)
Caines (1965) and Sarvala et al. (1982)

5000–18,000
15,950–19,560

700–2800
780; 1380–
2920
900

1.8–7.5
6.7–11.6

Pegtel et al. (1996) and Hoosbeek et al. (2002)
Ho (1979) and Caines (1965)

10–20

Weih and Nord (2002) and Hodkinson (1975)

Salix sp.
a

c

Remark/reference

2580 ± 889

Macrophytes
Boliden
Boliden gradient (Phragmites
australis)
Lake Brännträsket
(Phragmites australis)

b

TN:TP mass
ratio

6557 ± 1681

Mesotrophic lakes

References

TP (mg/kg
dw)

26

Eutrophic lakes

Kiruna

TN (mg/kg dw)

Lake Bruträsket sediment
core
Lake Bruträsket littoral zone

Oligotrophic lakes

c

na

3
3
28

10,000–27,500

2.8–3.8 (3.3)
4.6–6.9 (6.3)

Fukushima et al. (1991) (mean in parenthesis)

0.96–3.8
(2.5)

Stem and leaf samples collected at liming pond, clariﬁcation
pond and Lake Bruträsket
Reference lake (Norrbotten county)
sampling points 01, 02, 03, 05
sampling points 02, 03, 04
sampling points 02, 03, 04
sampling points 01, 02, 03, 04
sampling points 02, 03, 04
squares randomly distributed at sampling points

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

Table 3
Dry weight (DW) biomass (g m2) for Boliden and Kiruna sampling stations and reference Lake Brännsträsket.

Boliden gradient
Lake Brännträsket
Kiruna sampling station 01–02
a

na

DW Biomass (g m2)

g TN m2

g TP m2

8
2
14

137 ± 44
38 ± 9
571 ± 492

3.9 ± 0.69
0.61 ± 0.14
8.6 ± 6.7

0.27 ± 0.04
0.03 ± 0.008
0.89 ± 0.78

Number of samples.

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 Rakkurijoki system are clearly deﬁned as P-limited. During 2005 all sampling points at the two sites could be deﬁned as P-limited
(Fig. 9b). However, the TN:TP-ratios at station B2 and to some extent 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). Intermediate 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 suggests 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 discrepancy 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 Boliden, 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 comparison, the ratio was 19 for the Boliden sediments. This suggests
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log TN:TP ratio

a

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.0

2008
P-limited

TN:TP=22

TN:TP= 9

N-limited

0.5

1.0

1.5

2.0

2.5

3.0

log TP (µg L-1)

log TN:TP ratio

B1

K1

K2

BR

KR

2005

b

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.0

B2

P-limited

TN:TP=22
TN:TP= 9

N-limited

0.5

1.0

1.5

2.0

2.5
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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 phytoplankton or macrophytes are considered. Furthermore, it is important 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 environmental inﬂuence of nutrient-rich mine efﬂuents. This is important 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, sediment and macrophytes, all of which should be analysed for the major N and P species.

3.0

log TP (µg L-1)
Fig. 9. Log transformed TN:TP mass ratios plotted versus log transformed TPconcentrations (lg L1) for all sampling stations at the Kiruna and the Boliden sites
for the years 2008 (a) and 2005 (b). For the Kiruna reference station KR, data is only
shown for 2008. The limiting TN:TP mass ratios are proposed by Guildford and
Hecky (2000) and refer to N- or P-limitation for phytoplankton growth. Figure modiﬁed from Downing and McCauley (1992).

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 cultures and pure cultures of denitriﬁers. In a study by Nielsen and

Nielsen (1998) it was found that NO
3 and NO2 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 elevated TN and TP concentrations compared to nearby reference stations, leading to higher TN:TP ratios and increased production of
phytoplankton and macrophytes. Based on water column TN:TPratios, it is evident that phytoplankton growth in recipients of Nand 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-deﬁciency. 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-
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a b s t r a c t
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 concentrations of nitrogen (N), mainly in the form of ammonium (NH4–N)
and nitrate (NO3–N). The main sources of NH4–N and NO3–N are
ammonium-nitrate-based explosives used in mining (Mattila et al.,
2007) and cyanide used in gold extraction (Logsdon 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

⁎ Corresponding author. Tel.: + 46 920 492115; fax: + 46 920 491199.
E-mail address: sara.chlot@ltu.se (S. Chlot).
0048-9697/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2011.07.024

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 production in aquatic ecosystems (Esteves et al., 2001; Galloway et al., 2008;
Schlesinger, 2009). The dynamics and transformations of N in aquatic
ecosystems can be described using biogeochemical modelling
(Jørgensen and Bendoricchio, 2001). A dynamic model, which is
formulated as a system of differential equations that require the
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 affecting N 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 area was the Brubäcken system, receiving mine 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 × 10 6 m 3 of process water is discharged
annually into the approximately 10 km long Brubäcken system
consisting of one stream (Brubäcken, average annual discharge
~ 1 m 3 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 CN was destroyed using the
Inco SO2/Air process (Robbins et al., 2001) with NH4–N as one of the
decomposition products and, thus, one of the major sources of the
annual total-N discharge of ~ 100 tonnes (Rönnblom Pärson, 2007).
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 m 2, a volume of ~ 86,400 m 3, 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 include monitoring data
collected regularly by Boliden Mineral AB (2001–2008), as well as
data collected by the authors (April to October 2008).
At the time of water sampling, water discharge was measured
using a mechanical 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
210
Pb and N determination.

Fig. 1. Study area and position of the sampling points and clariﬁcation pond Nya Sjön.

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 m 2 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 temperature, conductivity, dissolved oxygen (DO), and pH were measured in
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Table 1
Physical and chemical parameters for clariﬁcation pond Nya Sjön (2008 data).

Q (m3 s− 1)
pH
Water temperature (°C)
DO (mg l− 1)
NH4–N (mg l− 1)
NO3–N (mg l− 1)
Chl-a (μg l− 1)
DOC (mg l− 1)
Norg (mg l− 1)
PO4–P (μg l− 1)

0.36 (0.15–0.67)
9.74 (7.86–11.7)
6.3 (0–20)
6.54 (2.1–10.2)
1.7 (0.1–5.5)
0.8 (0.4–1.3)
0. 11 (0.00–0.50)
3.5 (1.6–8.4)
0.2 (0.1–0.4)
2 (0. 5–6)

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 class was multiplied 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: volatilisation 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-

Volatilisation

Nam
Ammonification

Annual mean (range)

Remineralisation 1,2,3

Parameter
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Denitrification
Outflow Nitrification
Inflow

Uptake

Outflow
Inflow

PP mortality

Norg

Inflow

Uptake

Npp

Outflow

Outflow

Nox

Uptake

Uptake
Settling

Nmp

Inflow
Precipitation /
Adsorption

MP mortality

Nsed1
Burial 1

Nsed2
Burial 2

Nsed3
Burial 3
Fig. 2. Conceptual model of nitrogen input, transformation and removal in lakes receiving
mine efﬂuents. Arrows represent transformation pathways and boxes indicate the
nitrogen species which are represented as state variables in the model: Nam = ammonium
nitrogen; Nox = nitrate nitrogen; Nmp = nitrogen in macrophytes (Phragmites australis);
Npp = nitrogen in phytoplankton; Norg = dissolved organic nitrogen and Nsed= nitrogen in
sediment. The concentration of nitrogen species is calculated as mg N l−1 lake water.

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 timestep 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
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Nam, Nox, Norg, Npp, Nmp, Nsed1, Nsed2, and Nsed3 are given by the
following coupled differential Eqs. (1–8)

pH (Downing and Knowles, 1966; Painter and Loveless, 1983). The
pH-dependence is described by the equation

dðNam Þ
Q
Q
= i Nami − e Nam −rn −rv −ruptakeAM −ruptakeAP + rammoniNorg
V
V
dt

CpH 4 = 

+ rre min 1 + rre min 2 + rre min 3
dðNox Þ
Q
Q
= i Noxi − e Nox + rn −rd −ruptakeOM −ruptakeOP
V
V
dt


d Norg
dt


d Npp
dt


d Nmp
dt

=

=

Qi
Q
N − e N + rmortaliNpp −rammoniNorg
V orgi V org

ð1Þ
ð2Þ

ð3Þ

Qi
Q
N − e N + ruptakeOP + ruptakeAP −rsetNpp + rmortNpp
V ppi V pp
ð4Þ

NH

1

1 + 1006:6−pH

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 =

K v Nam


h 1 + 10ð10:5−0:03T−pHÞ

ð5Þ

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  expð0:13ðT−20ÞÞ

= ruptakeOM + ruptakeAM −rmortNmp

ð12Þ

ð14Þ

dðNsed1 Þ
= rset + rprecipNorg + rmortNmp −rre min 1−rbur1
dt

ð6Þ

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

dðNsed2 Þ
= rbur1 −rbur2 −rre min 2
dt

ð7Þ

rd = Dp fN CO2ox CpHox CT

dðNsed 3Þ
= rbur2 −rbur3 −rre min 3
dt

ð8Þ

N

where Q i and Q e represent the water inﬂow and outﬂow rates in m 3
per day (m 3 d −1), respectively; V = lake volume (m 3); 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
Nam
Yn K 1 + Nam




DO
NH NH
C 4C 4
K 2 + DO pH 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
0:051ðT−1:58Þ

K1 = e

ð10Þ

NH4

CT

= 

0:098ðT−15Þ

e

1 + 10ð5−T Þ

fN =

The growth of nitrifying bacteria is considered to stop at pH b 6.0
(Colomer and Rico, 1993), whilst in the pH range 6.0–7.2 it varies with

ð15Þ

Nox
K d + Nox

ð16Þ

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



1 + aeð−3DOsedÞ

CO2ox =

ð1 + aÞ



1
DOsed = DO
1 + 10ð5−DOÞ

ð17Þ

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 denitriﬁcation (Knowles, 1982; Peterjohn, 1991). Studies by Šimek and
Hopkinson (1999) and Peterjohn (1991) showed that denitriﬁcation
Nox
almost ceases for pH b 4 or pH N 10, which is reﬂected in the term CpH
expressed as
Nox

1
1


1 + 100ð5:5−pHÞ
1 + 100ðpH−8:5Þ

ð19Þ

Finally, the temperature dependence of the denitriﬁcation process
is described according to Eq. (20)
NO3

ð11Þ

NO3

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

CpH = 
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)

N

CT

T−20

= 

θden

1 + 10ð5−T 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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Table 2
Values of the model parameters.
Parameter
Water column inorganic N
Maximum growth rate of Nitrosomonas
Yield coefﬁcient for Nitrosomonas
Oxygen half-saturation constant for nitrosomonas
Potential denitriﬁcation
Nitrate half-saturation constant for denitriﬁcaion
Arrhenius constant for denitriﬁcation
Water column organic N
Rate coefﬁcient for precipitation of Norg
Rate coefﬁcient for ammoniﬁcation of Norg
Arrhenius constant for ammoniﬁcation of Norg
Phytoplankton
Maximum growth rate of phytoplankton
PAR half-saturation constant
Light extinction coefﬁcient
Ammonium half-saturation constant
Nitrate half-saturation constant
Phosphorus half-saturation constant
Arrhenius constant for phytoplankton growth
Fraction of settling phytoplankton
Rate constant for settling of phytoplankton
Zooplankton grazing rate
Phytoplankton respiration and excretion rate
N:Chl-a ratio
Arrhenius constant for phytoplankton respiration
Macrophytes
Maximum growth rate of macrophytes
PAR half-saturation constant
Mortality rate coefﬁcient for macrophytes
Arrhenius constant for macrophyte mortality
Arrhenius constant for macrophyte growth
Sediment
Lake depth
Fraction of remineralized Nsed1
Fraction of remineralized Nsed2
Fraction of remineralized Nsed3
Remineralisation rate coefﬁcient for Nsed1
Remineralisation rate coefﬁcient for Nsed2
Remineralisation rate coefﬁcient for Nsed3
Burial rate for Nsed1
Burial rate for Nsed2
Burial rate for Nsed3
Arrhenius constant for remineralisation of Nsed1, Nsed2, Nsed3
a
b

Symbol

Unit

Model valuea

Literature valueb Reference/remark

μn
Yn
K2
Dp
Kd
θden

d− 1
No units
mg l− 1
mg l− 1 d− 1
d− 1
No units

0.1(C)
0.25 (C)
1.3
0.95
0.15 (F)
1.08 (F)

0.1–0.47
0.1–0.3
1–1.3
0.1–0.2
1.072–1.083

Fritz et al., 1979; Senzia et al., 2002
Fritz et al., 1979; Peng et al., 2007a
Peng et al., 2007a
Calibrated
Kadlec and Knight, 1996
Heinen, 2006

K5
Kao
θam

d− 1
d− 1
No units

0.035
0.1 (C)
1.02 (F)

0.035
0.001–0.1
1.02–1.08

Peng et al., 2007a
Insel et al., 2006; Jørgensen and Bendoricchio, 2001
Jørgensen and Bendoricchio, 2001

μmax
KPAR_pp
γ
K3
K4
Kpo4

d− 1
μmol m− 2 s− 1
m− 1
mg l− 1
mg l− 1
mg l− 1

0.6 (C)
100 (F)
0.5 (F)
0.01 (F)
0.01
0.005 (F)

0.06–3
78–115 46–460
0.25–0.65
0.005–0.25
0.025–0.045
0.001–0.01

θpp_gr
f
S
μgr
μre

No units
No units
d− 1
d− 1
d− 1
By weight

1.066 (C)
0.4
0.1
0.1 (C)
0.05 (C)
10 (F)

1.02–1.08
0.34–0.40

θpp

No units

1.05 (C)

1.05–1.09

Burger et al., 2008; Jørgensen et al., 1979
Jørgensen et al., 1979; Sagehashi et al., 2000
Fragoso et al., 2008
Beran and Kargi, 2005; Fragoso et al., 2008
Beran and Kargi, 2005; Burger et al., 2008
Beran and Kargi, 2005; Burger et al., 2008;
Fragoso et al., 2008
Jørgensen and Bendoricchio, 2001
Burger et al., 2008
Calibrated
Fragoso et al., 2008
Burger et al., 2008; Fragoso et al., 2008
Jørgensen et al., 1979; Insel et al., 2006;
Peng et al., 2007a; Fragoso et al., 2008
Robson and Hamilton, 2004

μmp
KPAR_mp
μmmp
θmp
θmp_gr

d− 1
μmol m− 2 s− 1
d− 1
No units
No units

0.35 (C)
145 (F)
0.01–0.2
1.05 (C)
1.02 (C)

0.47
145
0.009–0.05
1.05–1.12
1.09

Peng et al., 2007a
Asaeda et al., 2000
Peng et al., 2007a
Asaeda et al., 2000
Asaeda et al., 2000

h
fd1
fd2
fd3
Kamsed1
Kamsed2
Kamsed3
Kburial1
Kburial2
Kburial3
θrem1,2,3

m
No units
No units
No units
d− 1
d− 1
d− 1
d− 1
d− 1
d− 1
No units

1
0.27
0.37
0.25
0.0094 (M)
0.005–0.2
0.00034 (M)
0.0005–0.008
0.000028 (M)
0.0044 (M)
0.00015 (M)
0.000013 (M)
1.02 (C)
1.02–1.08

0.1–0.2
0.001–0.25
7–13

Calculated
Based on sediment N proﬁles
Lehmann et al., 2002; Gälman et al., 2008
Lehmann et al., 2002; Gälman et al., 2008
Sed rate 1.6 cm yr− 1, sed thickness 1 cm
Sed rate 0.28 cm yr−1, sed thickness 5 cm
Sed rate 0.067 cm yr−1, sed thickness 14 cm
Jørgensen and Bendoricchio, 2001

(C) = calibrated value; (F) = ﬁxed value; (M) = measured value.
Represent literature value mentioned in reference/remark.

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)

where

mp

rutptakeAM = μ mp

PAR0
K PARm p + PAR0

!

N am
K 3 + Nam



PPO4
K PO4 + PPO4


mp
N mp P1 CT

ð21Þ
ruptakeOM = μ mp

PAR0
K PARm p + PAR0

!

Nox
K 4 + Nox




PPO4
mp
Nmp P2 CT
KPO4 + PPO4

= 

θT−20
mpgr



ð25Þ

θT−20
ppgr
pp
:
CT = 
1 + 10ð5−T Þ

ð26Þ

CT

1 + 10ð5−T Þ

and

ð22Þ

ruptakeAP = μ

max

PARh
KPARp p + PARh

!

Nam
K3 + Nam



PPO4
KPO4 + PPO4


pp
Npp P1 CT

ð23Þ
rutptakeOP = μ

max

PARh
KPARp p + PARh

!

Nox
K4 + Nox




PPO4
pp
Npp P2 CT
KPO4 + PPO4

ð24Þ

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
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whilst PARh is PAR0 corrected for light adsorption down to water
depth h using Lambert–Beer's Law:
γh

ð27Þ

PARðhÞ = PAR0 e

where γ is the light extinction coefﬁcient (m −1) deﬁned according to
Fragoso et al. (2008):
2

γ = γ0 + 0; 008a + 0; 054a3

ð28Þ

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

PARh = PAR0 ∫ e
0

γh


1 γh
= PAR0 − e
γ


h

= PAR0
0

1
1 γh
γ−γe

h

ð29Þ

0:78N am 0:23N ox
0:78N am K 3
+
ðK3 + 0:78Nam ÞðK 3 + 0:23N ox Þ
ð0:78N am + 0:23N ox ÞðK 3 + 0:23N ox Þ

rmortality

mp

=

ð36Þ

= K 5 N org

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
−β1Z

GT = G01 exp

−β2Z

+ G02 exp

−β3Z

+ G03 exp

+ 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
= fdi Kamsedi θre

T−20
Nsedi
min i

ð38Þ

rre

ð31Þ

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

After the growing season, the mortality rate of macrophytes
increases, which can be described by using ﬁrst-order Arrhenius
kinetics according to the equation
m T−20
μ mp θmp Nmp

Norg

ð30Þ
and
P2 = 1−P1

rprecip



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 =

lake. Some of the organic N will precipitate to the lake sediment
according to

min i

rburi = ð1−f di ÞK Buriali Nsedi

ð39Þ

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

ð32Þ
4. Results and discussion

where μ m
mp is the mortality rate coefﬁcient for macrophytes (Peng et
al., 2007a). The mortality of phytoplankton is calculated as
rmortaliN

pp



T−20
= ð1−f Þ μ gr + μ re θpp
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, respectively (Sagehashi et al., 2000; Fragoso et al., 2008). The remaining
settling phytoplankton fraction settles to the lake bottom according to
rsetN

pp

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):

ð34Þ

= f SN pp


SI =

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

T−20

Norg

= K ao θam N org

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


100
1 n Xi −Xit
 ∑
p
n i=1
Xit

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 Xit 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.

S. Chlot et al. / Science of the Total Environment 409 (2011) 4585–4595

34

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

32
30

Sensitivity index, Sl (%)

4591

28
26
14
12
10
8
6
4
2
0

μ mp

θam

μ re

θden

θmp

θmp gr

θpp

θpp gr

θrem1

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

The state variables were most sensitive to changes in the
coefﬁcients (Arrhenius constants) related to the temperature dependence of the transformation processes (Fig. 3). Apart from the other
parameters, the Arrhenius constants were only changed by ±1%. A 1%
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Fig. 4. Calibration results for the model for the simulation period January (J) to
December (D) 2008. Correlation is expressed as the coefﬁcient of determination (R2)
between predicted values from simulations (solid line) and measured values
(triangles) for Nam, Nox and Norg.

change in the Arrhenius constant for macrophyte mortality (θmp)
modiﬁed Nam and Nmp by 3.7 and 11.9%, respectively. A corresponding
gr
change in the Arrhenius constants for macrophyte growth (θmp
)
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.
A measure of correlation between measured and predicted values was
obtained from the coefﬁcient of determination (R 2). 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 R 2 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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Table 3
Results of quantitative performance measures for the state variables Nam, Nox and Norg.

a

1.2

Index

Nam

Nox

Norg

Mean absolute error
Normalised mean absolute error
Root mean square error

MAE
NMAE
RMSE
RMSE-MAE

0.54
0.29
0.65
0.11

0.29
0.33
0.34
0.05

0.04
0.24
0.05
0.01

Nmp (mg l-1)

1.0
Name

0.8
0.6
0.4
0.2
0

former two (MAE and NMAE) measure the absolute deviation and are
less sensitive to outliers. These performance measures are described
by Eq. 41–43 (Janssen and Heuberger, 1995)

N

MAE
NMAE = 
O
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
∑N
i = 1 ðPi −Oi Þ
RMSE =
N

1

2

3

4

5

6

4

5

6

Years

b

6
5

ð41Þ
ð42Þ

Nam(mg l-1)

MAE =

N
2
∑i = 1 ðPi −Oi Þ

0

4
3
2
1

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 how well the model 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 concentrations were lower in 2008 than in 2006 and 2007. The validation step
rendered R 2-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

0

0

1

2

3

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

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
from May to September (Fig. 4) owing to nitriﬁcation and macrophyte
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 and macrophyte N (Nmp)
content were calculated to 0,51; 4,57 and 1,99 mg l −1 lake water,
respectively. The simulated value of Nmp was within this range
(Fig. 6a). The uptake of Nam was the most important process affecting
concentration of Nmp (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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Fig. 6. Simulated seasonal dynamics of a) N in macrophytes (Nmp) shown as dashed line and b) uptake rates (mg l−1 d−1) of Nam and Nox by macrophytes and phytoplankton. Time
period ranges from January (J) to December (D) 2008. Measured Nmp based on biomass calculation and macrophytes sampling, where vertical line in a) indicates min and max range
for measured Nmp, whilst average Nmp is indicated by the dot.

(3–4 mg l −1) that were still present in the system. In addition,
ammonia volatilisation is also affected by pH (Pano and Middlebrooks,
1982), which is higher in the pond during winter and spring than
during summer.
According to Figs. 7 and 8b, 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

Rates (mgl-1 d-1)

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
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Fig. 7. Simulated seasonal dynamics for the N-transformation processes denitriﬁcation,
nitriﬁcation, volatilisation and ammoniﬁcation (mg l−1 d−1), from January (J) to
December (D) 2008.
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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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Fig. 8. Simulated seasonal dynamics for a) concentration of sedimentary N (mg l−1) in
surface sediment (0–0.5 cm), Nsed1 and b) processes (mg l−1 d−1) leading to an
increase or decrease in sedimentary N1. Simulation period ranges from January (J) to
December (D) 2008.

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 the model was developed has well
deﬁned, single in- and outlets, with the discharge being almost equal
at these two points. However, when applying the model to other mine
sites with multiple in-and outlets and possible diffuse discharge
points, a complete water balance should be used that includes
precipitation, evoptranspiration and groundwater 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 recommended to analyse water samples for all N as well as P species. In
addition, sampling and analysis of sediment is useful for calculation of
remineralisation- and burial rates, whilst analysis of N in macrophytes
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 (R 2) N
0.7 for the state variables Norg, Nam, and Nox in the calibrated model
and the results from the performance measures together imply a fairly
good agreement between measured and predicted values. It also
suggests that the model structure chosen can be used to simulate the
behaviour of 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
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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
IRU WKH FODUL¿FDWLRQ SRQG 1\D VM|Q ORFDWHG XSVWUHDP  SURJUDPPHG LQ WKH VRIWZDUH 67(//$ ZDV
XVHG$SSO\LQJ WKH PRGHO LQ /DNH %UXWUlVNHW PDGH LW SRVVLEOH WR FRPSDUH WKH FODUL¿FDWLRQ SRQG
and the downstream lake with respect to the magnitude of the various transformation processes
DV ZHOO DV QLWURJHQ UHPRYDO FDSDFLW\ ,Q RUGHU WR LGHQWLI\ NH\ IDFWRUV LQÀXHQFLQJ WKH UDWHV RI WKH
1 WUDQVIRUPDWLRQV LQ WKH ODNH D K\SRWKHWLFDO VHW RI LQSXW SDUDPHWHUV WHPSHUDWXUH ÀRZ QXWULHQW
concentration) was applied in the model.
,QJHQHUDOWKHUDWHVRIWKHQLWURJHQWUDQVIRUPDWLRQSURFHVVHV HJQLWUL¿FDWLRQDQGDPPRQLDYRODWLOLVDWLRQ ZHUHWRWLPHVORZHULQWKHODNHFRPSDUHGWRWKHFODUL¿FDWLRQSRQGSDUWO\DWWULEXWed 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
PDFURSK\WHVDQGSK\WRSODQNWRQWKDQWKURXJKWKHFRXSOHGPLFURELRORJLFDOQLWUL¿FDWLRQGHQLWUL¿FDtion 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

and nitrate (NO2-/NO3-  YLD QLWUL¿FDWLRQ RU
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
LQ WKH FODUL¿FDWLRQ SRQG 1\D 6M|Q UHFHLYLQJ
nitrogen-rich mine water from the Boliden
concentration plant (Chlot et al., 2011).
$FFRUGLQJ WR VLPXODWLRQV GHQLWUL¿FDWLRQ ZDV
more important for permanent N removal than
ammonia volatilisation and burial of sedimentary
organic N.

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
EH HOHYDWHG LQ WKH PLQH ZDWHU ZLWK ÀRWDWLRQ
chemicals as one important source (Hansson,
2006; Häyrynen et al., 2008). Excess mine
ZDWHUSUHVHQWLQWDLOLQJVDQGFODUL¿FDWLRQSRQG
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
GH¿FLHQF\ LQ PLQH ZDWHU UHFLSLHQWV .RUHQ HW
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.

Lake Bruträsket, is located downstream of this
FODUL¿FDWLRQ SRQG :DWHU VDPSOLQJ LQ WKH ODNH
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
SURFHVVHV ZKLFK DOVR FRXOG LQÀXHQFH WKHLU 1
removal capacity.

Lakes are important within watersheds as
WKH\ LQÀXHQFH WKH WUDQVSRUW RI QXWULHQWV DQG
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

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
2

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

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

Brubäcken system
Lake Bruträsket
Lat. / Long.
Altitude (m asl)
Ice covered period
Lake area (km2)
Average depth (m)a
Residence time (d)b
Cond. ( S cm–1)c
pHc
DO (mg L–1)d
NO3-N (mg L–1)c
NH4-N (mg L–1)c
PO4-P ( g L–1)c
DOC (mg L-1)c
Chl-a ( g L–1)c
Catchment data
Catchment area (km2)
Coniferous forest (%)e
Deciduous forest (%)e
Peatland (%)f
Lakes (%)e

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).

N64°49.08’/E20°20.34’
191
Late October–mid-May
0.360
2.7
5–70
174–1140
5.8–9.7
0.18 – 10.72
0.22-3.3
0.01-4.7
1.5 – 60
3.4 – 10.8
<0.1–19
41.1
76
0.73
15 %
7.7

Obtained through measurements using echo sounder and
GPS
Minimum and maximum water residence time during spring
ÀRRGDQGZLQWHUEDVHÀRZUHVSHFWLYHO\
c
Reported as the range of values measured at lake outlet
(6203b) during 2008–2009.
d
Reported as the range of values obtained from lake vertical
SUR¿OHV
e
% of catchment area. Data from Corine Land Cover database
(Nunes de Lima, 2005)
f
Vestermark and Persson, 2007
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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.
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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).

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
IRUDVSHFL¿FGDWH,QRUGHUWRJHWDGDWDVHWRI
data-points, each representing the value for one
week, existing input-data was interpolated using
D IXQFWLRQ LQ 67(//$ /22.83;<   'DWD
ZDV SURFHVVHG XVLQJ IRXUWK RUGHU 5XQJH.XWWD
approximation (Senzia et al., 2002).

2.2 Model description
The biogeochemical dynamic model, previously
GHYHORSHGIRUWKHFODUL¿FDWLRQSRQGDQGLQWKLV
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
EXULHG RUJDQLF IUDFWLRQ %DVHG RQ LQÀRZ ZDWHU
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 watersediment and water-atmosphere interactions (see
Supplementary Material, Fig. S1). The model
also takes into account forcing factors (e.g. pH,
'2 WHPSHUDWXUH DQG GLVFKDUJH  WKDW LQÀXHQFH
WKH 1 WUDQVIRUPDWLRQ SURFHVVHV 7KH GH¿QHG
processes were elaborated in a mathematical
PRGHO $VVXPLQJ D FRPSOHWHO\ PL[HG ÀRZ
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
SURFHVVHV H[SUHVVHG DV U  WKDW LQÀXHQFH
the concentrations of each state variable are
described in Table S1 (Supplementary Material).
See also Chlot et al. (2011) for further details.

2.3 Input and output data
2.3.1 Hydrological data

At the time of water sampling, water discharge
ZDV PHDVXUHG XVLQJ D PHFKDQLFDO ÀRZ PHWHU
*HQHUDO 2FHDQLFV  7R YDOLGDWH ¿HOG ÀRZ
PHDVXUHPHQWVÀRZLQWKHODNHLQDQGRXWOHWZDV
DOVR HVWLPDWHG XVLQJ WKH +<3( +\GURORJLFDO
Predictions for the Environment) model
(Lindström et al., 2010). This hydrological
PRGHO VLPXODWHV ZDWHU ÀRZ DQG WUDQVSRUW DQG
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
DQG+<3(PRGHOOHGÀRZGDWD )LJ 6WUHDP
ZDWHUZLQWHUEDVHÀRZZDVP3 s-1 and there
ZDVDSURQRXQFHGÀRZSHDNGXULQJVSULQJÀRRG
occurring from late April to mid-May (Fig. 2).
HYPE modelled flow
Measured flow
Base flow
Temperature (°C)

4.0

Flow (m3 s-1)

3.5

The presented model was simulated in STELLA
software (STELLA 9.1.4), while the previously
PRGHOGHYHORSHGIRUWKHFODUL¿FDWLRQSRQGZDV
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
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Fig. 26HDVRQDOYDULDWLRQRIWHPSHUDWXUHDQGÀRZLQWKH
ODNHLQOHW D DQGÀRZGDWDREWDLQHGIURPWKH+<3(
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
%UXElFNHQ  DQG JURXQGZDWHU LQÀRZ ZHUH
considered, with the former contributing 93 %
WR WKH WRWDO ÀRZ &KORW HW DO D  $ ÀRZ
balance was established in STELLA where
conductivity was used as input parameter. The
VLPXODWHGFRQGXFWLYLW\LQWKHRXWÀRZZDVWKHQ
compared with measured conductivity, thereby
FRQ¿UPLQJ WKH UHODWLYH FRQWULEXWLRQ RI WKH WZR
ÀRZV

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).

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 = Y Ti*di.).
/DNHYROXPHZDV¿QDOO\REWDLQHGE\VXEWUDFWLQJ
h from average depth (Table 1) and multiplying
it by the lake area.
2.3.2 Sampling and analytical methods

,Q DQG RXWÀRZ ZDWHU TXDOLW\ Water sampling
was initiated in mid-April 2008 with sampling
DQG ¿HOG PHDVXUHPHQWV RQFH D ZHHN XQWLO
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,
VLPXODWHGRXWÀRZGDWDIRUWKHVHVWDWHYDULDEOHV
ZDV FRPSDUHG ZLWK PHDVXUHG RXWÀRZ GDWD
obtained from the lake outlet sampling station
6203b.

*URXQGZDWHU FKHPLVWU\ data together with
JURXQGZDWHU ÀRZ ZDV XVHG WR FDOFXODWH WKH
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).
3RUHZDWHU 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
5

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).

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
¿YH UDQGRPO\ VHOHFWHG VLWHV DQG SRROHG LQWR
one sample from which a subsample of 200
mL was retrieved and conserved using Lugol’s
potassium iodide solution (5% I2., 7KH
sample was stored for quantitative determination
of phytoplankton biomass (μg L-1) according to
Olrik et al. (1998).

Sediment - Two 18-26 cm deep sediment cores
were collected from Lake Bruträsket (June
 DQG $SULO   XVLQJ D PRGL¿HG .DMDN
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
ZKLFK .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)
ZDVDOVRHVWLPDWHGIURPVHGLPHQW1SUR¿OHV

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 lowaltitude (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
WKHVSHFL¿FELRPDVVRIWKHUHVSHFWLYHFRYHUFODVV
REWDLQHGIURP¿HOGVDPSOLQJ
Table 2. Values of the model parameters.
Parameter
Water column inorganic N
Maximum growth rate of
nitrosomonas
Yield coefficient for
nitrosomonas
Oxygen half-saturation
constant for nitrosomonas
Potential denitrification
Nitrate half-saturation
constant for denitrificaion
Arrhenius constant for
denitrification
Water column organic N
Rate coefficient for
precipitation of Norg
Rate coefficient for
ammonification of Norg
Arrhenius constant for
ammonification of Norg
Phytoplankton
Maximum growth rate of
phytoplankton
PAR half-saturation
constant
Light extinction coefficient

Symbol Unit
μn

d-1

Yn

No units
-1

Model valuea Literature valueb

Reference/remark

0.1(C)

0.1-0.47

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

0.25 (C)

0.1-0.3

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

1.3

1-1.3

K2

mg L

Dp

mg L d

Kd

d

0.15 (F)

0.1-0.2

Kadlec and Knight,1996

No units

1.08 (F)

1.072-1.083

Heinen, 2006

d-1

0.0035c

den

K5
Kao
am

-1

-1

-1

d

-1

-1

d

KPAR_pp

μmol m s

-2 -1

Peng et al., 2007a
Calibrated

Calibrated
Insel et al.,2006; Jørgensen and
Bendoricchio, 2001

0.01 (C)

μmax

-1

c

c

No units

m

0.1

1.05 (F)c

1.02-1.08

0.6 (C)

0.06-3
78-115
46-460
0.25-0.65

100 (F)
0.5 (F)
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Jørgensen and Bendoricchio, 2001
Burger et al. 2008; Jørgensen et
al.,1979
Jørgensen et al., 1979
Sagehashi et al., 2000
Fragoso Jr et al., 2008

Table 2. cont.
Parameter
Ammonium half-saturation
constant
Nitrate half-saturation
constant
Phosphorus half-saturation
constant
Arrhenius constant for
phytoplankton growth
Fraction of settling
phytoplankton
Rate constant for settling of
phytoplankton
Rate constant for settling of
phytoplankton
Zooplankton grazing rate
Phytoplankton respiration
and excretion rate

Nitrate half-saturation
constant
Maximum growth rate of
macrophytes
PAR half-saturation
constant
Mortality rate coefficient for
macrophytes
Arrhenius constant for
macrophyte mortality
Arrhenius constant for
macrophyte growth
Sediment
Lake depth
Fraction of
remineralized Nsed1
Fraction of
remineralized Nsed2
Fraction of
remineralized Nsed3
Remineralization rate
coefficient for Nsed1
Remineralization rate
coefficient for Nsed2
Remineralization rate
Remineralization rate
coefficient for Nsed3

0.045c

mg L -1

K4

mg L

0.045

Kpo4

mg L-1

0.005 (F)

0.001-0.01

No units

1.066 (C)

1.02-1.08

Jørgensen and Bendoricchi, 2001

No units

0.4

0.34-0.40

Burger et al., 2008

-1

pp_gr

f

0.005-0.5

c

0.025-0.045

S

d

-1

0.1

Calibrated

S

d-1

0.1

Calibrated

μgr

d

μre

pp

-1

0.1 (C)

0.1-0.2

d

-1

0.05 (C)

0.001-0.25

By weight

10 (F)

7-13

No units

1.05 (C)

1.05-1.09

-1

K3

mg L

K4

mg L-1

μmp
KPAR_mp
m

d

-2 -1

μmol m s
-1

mp

mp

mp_gr

d

No units
No units

0.025-0.045
0.47

Peng et al., 2007a

145 (F)

145

Asaeda et al., 2000

0.01-0.2

0.009-0.05

Peng et al., 2007a

c

1.05-1.12

Asaeda et al., 2001

c

1.09

Asaeda and Karunaratne, 2000

1.05
1.02
c

h

m

2.7

fd1

No units

0.27

fd2

No units

0.37

fd3

No units

0.25

Measured

Based on sediment N profiles

d

0.0094 (M)

0.005-0.2

Kamsed2

d

-1

0.00034 (M)

0.0005-0.008

Kamsed3

d

-1

0.000028 (M)

Kamsed3

d-1

0.000028 (M)

Burial rate for Nsed1

Kburial1

d

Burial rate for Nsed2

Kburial2

d

Burial rate for Nsed3

Kburial3

Kamsed1

rem1,2,3

Robson and Hamilton, 2004

0.35 (C)

0.005-0.5

0.045c

-1

Fragoso Jr et al., 2008
Burger et al., 2008; Fragsoso Jr
et al., 2008
Jørgensen et al.,1979; Insel et al.
2006; Peng et al., 2007a; Fragoso
Jr et al. 2008

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

c

0.2

-1

Arrhenius constant for
remineralisation of Nsed1,
Nsed2, Nsed3

Reference/remark
Hamilton and Schladow,1997;
Beran and Kargi, 2005; Fragoso Jr
et al., 2008
Beran and Kargi, 2005; Burger et
al., 2008
Beran and Kargi, 2005; Burger et
al., 2008; Fragoso Jr et al., 2008

K3

N:Chl-a ratio
Arrhenius constant for
phytoplankton respiration
Macrophytes
Ammonium half-saturation
constant

Model valuea Literature valueb

Symbol Unit

-1

0.0044 (M)

-1

0.00015 (M)

d

-1

0.000013 (M)

No units

1.02 (C)

Sed rate 1.6 cm yr-1, sed thickness
1 cm
Sed rate 0.28 cm yr-1, sed
thickness 5 cm
-1
Sed rate 0.067cm yr , sed
thickness 14 cm
1.02-1.08

&  FDOLEUDWHGYDOXH )  ¿[HGYDOXH 0  PHDVXUHGYDOXH
Represents literature value mentioned in reference/remark
c
Values of model parameters changed compared to the model for Nya Sjön (Chlot et al., 2011)
a

b
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Lehmann et al., 2002; Gälman
et al., 2008
Lehmann et al., 2002; Gälman
et al., 2008

Jørgensen and Bendoricchio, 2001

2.4 Evaluation of the model

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

Model parameters that were determined when
PRGHOOLQJWKHFODUL¿FDWLRQSRQG1\D6M|Q &KORW
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 IXUWKHU LPSURYH WKH FRUUHODWLRQ FRHI¿FLHQW
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
YDOXHV LQ WKH FODUL¿FDWLRQ SRQG PRGHO 7DEOH
2; Chlot et al., 2011). In the calibration step,
a measure of correlation between measured
and predicted values was obtained from the
FRHI¿FLHQWRIGHWHUPLQDWLRQ 52). Analogously
WRWKHFRHI¿FLHQWRIGHWHUPLQDWLRQWKHHI¿FLHQF\
of the model (expressed as effR2, Nash and
Sutcliffe, 1970) was calculated.

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 [ÀRZYROXPH P-3 d-1) x number
of representative days x 10-6 = kg/d
(2)
 NJG   NJ IRU WKH SHULRG PLG$SULO WR PLG
October 2008 and 2009.
The budget for these three N species was then
calculated as:

The model was validated against an independent
data set from 2009 in order to see how well the
PRGHO VLPXODWLRQV ¿W WKHVH GDWD -DQVVHQ DQG
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.

masslake inlet(kg) – masslake outlet (kg)
Accumulation in the lake was assumed to occur
if massinlet > massoutlet.

3. Results and Discussion

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.

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
VLPXODWLRQ RI WKH FRQFHQWUDWLRQ ÀXFWXDWLRQV RI
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.

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
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Nam (mg L-1)

proceed (Colomer and Rico, 1993). Hence the
QLWUL¿FDWLRQ UDWH GHFUHDVHG VOLJKWO\ GXULQJ WKLV
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
WKHORZHUUDWHRIEDFWHULDOO\PHGLDWHGQLWUL¿FDtion, higher pH and NH4-N concentration during
this period (Pano and Middlebrooks, 1982). AmPRQL¿FDWLRQDQGUHPLQHUDOLVDWLRQFRQWULEXWHGLQ
equal relative amounts to an increase in NH4-N
concentration (Fig. 4a).

R2 = 0.89

5
4

Measured
Predicted

3
2
1
0
Jan

Mar

NOX (mg L-1)

Jul

Sep

Nov

Sep

Nov

Sep

Nov

2

R = 0.79

3
2
1
0
Jan

Mar

May

Jul

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
DQG GHFUHDVHG VWUHDP ÀRZ 7KLV SKHQRPHQRQ
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-1ZHUHVLJQL¿FDQWO\ORZHUWKDQ
WKHDYHUDJHGHQLWUL¿FDWLRQUDWHRIPJ/-1
d-1 (Fig. 4b), which contributed with ~20% of the
NO3-UHPRYDO7KHVLPXODWHGGHQLWUL¿FDWLRQUDWH
is similar to rates obtained from measurements
performed on lake sediment (Seitzinger, 1988;
van Luijn et al., 1996), but four times lower than
LQ WKH FODUL¿FDWLRQ SRQG 7KH UDWH GLIIHUHQFH
EHWZHHQQLWUL¿FDWLRQDQGGHQLWUL¿FDWLRQZDVPRVW
of the time lower than 0.004 mg L-1 d-1, implying
WKDW QLWUL¿FDWLRQ FRQWUROOHG WKH UHDFWLRQ UDWH RI
WKH FRXSOHG QLWUL¿FDWLRQGHQWUL¿FDWLRQ SURFHVV
(Seitzinger, 1988; Peng et al., 2007b). Hence the
two processes showed similar seasonal variation.

R2 = 0.54

0.6

Norg (mg L-1)

May

0.5
0.4
0.3
0.2
Jan

Mar

May

Jul

Fig. 3 Calibration results for the model for the simulation
period January to December 2008. Correlation is exSUHVVHGDVWKHFRHI¿FLHQWRIGHWHUPLQDWLRQ 52) between
predicted values from simulations (solid line) and measured values (triangles) for ammonium (Nam), nitrate (Nox),
and dissolved organic N (Norg).

Nam - The gold leach plant was temporarily closed
in March 2008, resulting in decreasing NH4-N
concentrations during 2008 (Fig. 3). According
WRPRGHOVLPXODWLRQVQLWUL¿FDWLRQZDVWKHPRVW
important transformation process of Nam (Fig.
4a) and contributed with 23 % of NH4+ removal,
while about 10 % was removed through phytoplankton 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 wetland treating NH4-N rich mine water (Demin
and Dudeney, 2003). The annual average nitri¿FDWLRQUDWHRIPJ/-1d-1 is approximately three times higher than estimates from a mesotrophic 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
LVWRZDUGVWKHORZHUOLPLWIRUWKHQLWUL¿FDWLRQWR

Norg – The seasonal variation of dissolved Norg,
with the highest concentrations observed during
ZLQWHU EDVH ÀRZ DQG LQ ODWH $XJXVW )LJ  
is similar to variations observed for wetlandLQÀXHQFHG VWUHDPV GHVFULEHG LQ %M|UNYDOG
et al. (2008). With the highest removal rate
occurring late in April to Mid-September, model
simulations showed that the annual average
FRQWULEXWLRQRIDPPRQL¿FDWLRQDQGSUHFLSLWDWLRQ
to removal of dissolved Norg was 14% and
10% respectively (Fig. 4c). The remaining
dissolved Norg was discharged through the lake
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b
0.06

Transformation rates of NOX
(mg L-1 d-1)

Transformation rates of Nam
(mg L-1 d-1)

a
0.015
0
-0.015
-0.03
Volatilisation
Nitrification
PP uptake
Ammonification
MP uptake

-0.045
-0.06

Denitrification
Nitrification
PP uptake
MP uptake

0.04
0.02
0
-0.02
-0.04

Jan

May

Jul

Sep

Nov

Jan

d

Ammonification

Transformation rates of Nsed
(mg L-1 d-1)

Transformation rates of Norg
(mg L-1 d-1)

c

Mar

PP mortality

0.006

Precipitation

0.004
0.002
0
-0.002
-0.004

Mar

May

Jul

Sep

Nov

Jul

Sep

Nov

Burial
PP settling
Remineralization
MP mortality

0.01

Precipitation

0.005

0

-0.005
-0.01

Jan

Mar

May

Jul

Sep

Nov

Jan

Mar

May

Fig. 4 Transformation rates (mg L-1 d-1) and permanent removal processes in Lake Bruträsket from January to December 2008. a) Ammonium (Nam), b) nitrate (Nox), c) dissolved organic nitrogen (Norg) and d) sedimentary organic nitrogen
(Nsed).

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
NorgFRQFHQWUDWLRQ,QWKHFODUL¿FDWLRQSRQGWKH
FRUUHVSRQGLQJ¿JXUHZDV

3.1.1 Future improvements of the simulation model

Some of the simulated rates, e.g. burial and
PDFURSK\WHXSWDNHUDWHVZHUHFRQ¿UPHGE\¿HOG
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
¿HOG RU ODERUDWRU\ H[SHULPHQWV 'HQLWUL¿FDWLRQ
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
GHQLWUL¿FDWLRQ 'p) can be estimated (Hénault
and Germon, 2000), which is a parameter in the
GHQLWUL¿FDWLRQHTXDWLRQ 7DEOH+HLQHQ 
Ammonia volatilisation rates can be estimated
LQWKH¿HOGXVLQJYRODWLOLVDWLRQFKDPEHUV .LVVHO
et al., 1977). The presence of nitrifying and
denitrifying bacteria in the water column could
EHYHUL¿HGWKURXJKWKHPHWKRGRIPRVWSUREDEOH
number (MPN) technique (Christensen, 1985).

Nsed – In the lake, dissolved Norg precipitation
from the water column contributed on average
 WR WKH DQQXDO LQÀX[ RI 1 WR WKH WRS 
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
WKH FODUL¿FDWLRQ SRQG DQG LV FRPSDUDEOH ZLWK
burial rates calculated following the procedure
in Rydin et al. (2011) (Chlot et al., 2013a).
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3.2 Lake Bruträsket – a nitrogen source or
sink?

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

3.2.1 Nitrogen mass balance for Lake Bruträsket

A mass balance from Mid-April to MidOctober 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.

Nmp 166

ΔN (kg)
2008 2009
Tot-N
NH4-N
NO3-N
NO2 -N
Npp

794
1034 526
271
150
49

−ΔN (kg)
2008 2009
Nsed 822

-108
Tot-N
NO3-N
-15
NO2-N
Org-N -1012
-240
Npp

-539
-1342

Fig. 5 Nitrogen mass balance for Lake Bruträsket shown for two years (2008 and 2009). Positive
YDOXHVRQǻ1 NJ VLJQLI\DQHWDFFXPXODWLRQRIWKH1VSHFLHVLQWKHODNH1HJDWLYHYDOXHVRQǻ1
(kg) signify a net export of the N species from the lake.

macrophytes and phytoplankton was on average
ORZHUWKDQIRUWKHFODUL¿FDWLRQSRQG &KORW
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),
WKH FRUUHVSRQGLQJ VHWWOLQJ ÀX[ RI SODQNWRQ
bound N was 6.3 mg m–2 d–1 (0.0023 mg L–1
d–1), which is similar to the maximum settling
ÀX[HVWLPDWHGLQWKHPRGHO PJ/–1 d–1,
Fig. 4d). Based on mass balance calculations for
the period April-October 2008, N contained in

Similar observations were reported by Epstein
et al. (2013). Mass balance results are in line
with model simulations for 2008, that for
H[DPSOH VKRZHG LQFUHDVHG QLWUL¿FDWLRQ DQG
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.
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UHPLQHUDOL]DWLRQ ,Q WKH FODUL¿FDWLRQ SRQG
GHQLWUL¿FDWLRQ UHPRYHG a RI LQÀRZLQJ 1
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
HQWHULQJWKHODNHUHPDLQHGLQWKHODNHHIÀXHQW
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
WHPSHUDWXUHV .DUNPDQHWDO 

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,
FRPSDUHG WR WKH XSVWUHDP FODUL¿FDWLRQ SRQG
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
ELR¿OPVWKDWVWLPXODWHJURZWKRIQLWULI\LQJDQG
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).

3.3 Hypothetical modelling- simulating
scenarios of changed conditions
7R KHOS LGHQWLI\ NH\ IDFWRUV WKDW LQÀXHQFH
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).

3.2.3 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
FRPSDUHG WR UDWHV LQ WKH FODUL¿FDWLRQ SRQG
According to model simulations, a relatively
lower percentage of especially NH4+ was
discharged through the lake outlet compared
WR WKH FODUL¿FDWLRQ SRQG 2QH H[SODQDWLRQ WR
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
GHQLWUL¿FDWLRQ ZKLOH YRODWLOLVDWLRQ DQG EXULDO
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

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,
FRQVHTXHQWO\ WKH ÀRZ UHJLPH LQ VWUHDPV DQG
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
WHPSHUDWXUH ZDWHU ÀRZ DQG ODNH YROXPH ZHUH
run (Eq. 1).
Temperature – Simulations of temperature
changes within a 2 oC range (0.5 oC incremental)
had pronounced effects on burial and
UHPLQHUDOL]DWLRQUDWHVZKLFKPD\LQÀXHQFHWKH
internal loading of lake nutrients (James et al.,
2000; Burger et al., 2008). Higher temperature
resulted in removal and transformation
SURFHVVHV HJ QLWUL¿FDWLRQ DQG GHQLWUL¿FDWLRQ 
occurring during a longer period of the year and
in increased biological uptake. Consequently,
~10 % less NH41OHIWWKHODNHLQWKHHIÀXHQW
12

)ORZ ± A reduction of residence time with 5
GD\VDVDUHVXOWRILQFUHDVHGZDWHUÀRZUHVXOWHG
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
WKH ODNH LQ WKH HIÀXHQW LQGLFDWLQJ D IDVWHU
wash out of the nutrients (Jørgensen, 2003). A
ORZHU ÀRZ UHVXOWHG LQ FRPSDUDWLYHO\ UHGXFHG
transformation rates.

3.3.2 pH

Simulations where pH was increased with
one unit resulted in increased rates of NH3
YRODWLOLVDWLRQ QLWUL¿FDWLRQ DQG WR VRPH H[WHQW
GHQLWUL¿FDWLRQ )LJ E  $ VLPXOWDQHRXV
increase of the last two transformation processes
IXUWKHU GHPRQVWUDWHV WKDW QLWUL¿FDWLRQ DSSHDUV
to be the rate-determining step in the coupled
QLWUL¿FDWLRQ±GHQLWUL¿FDWLRQ SURFHVV ,QFUHDVLQJ
pH more than one unit had an opposite effect on
WKH GHQLWUL¿FDWLRQ UDWH D SRVVLEOH UHVXOW RI S+
approaching the upper limit for the process to
proceed (Peterjohn, 1991; Šimek and Hopkinson,
1999).

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.
a
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Ret time 5 days
pH +1 unit
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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
ZLWKLQÀXHQW1+4-N and NO3-N concentrations
of 10 and 8 mg L-1, UHVSHFWLYHO\WKHQLWUL¿FDWLRQ
UDWHLQFUHDVHG¿YHWLPHVFRPSDUHGWRDVFHQDULR
with present-day, measured concentrations. The
YRODWLOLVDWLRQDQGGHQLWUL¿FDWLRQUDWHVLQFUHDVHG
¿YHDQGWZRWLPHVUHVSHFWLYHO\ )LJF $OVR
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
WKHODNHLQWKHHIÀXHQW7KLVFRXOGEHDUHVXOWRI
preferential NH4+ assimilation into biota. Hence,
NO3- entering the lake would not be assimilated

0
Jan

Denitrification rate (mg L-1 d-1)

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.
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3.3.3 Nutrient concentrations
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Fig. 6 Results from hypothetical modeling. a) Increased
ZDWHUÀRZ GHFUHDVHGUHVLGHQFHWLPH E +LJKHUS+ RQH
unit), and c) Higher concentrations of NH4-N and NO3-N.
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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  QLWUL¿FDWLRQ DQG
GHQWUL¿FDWLRQ UDWHV GHFUHDVHG  DSSUR[LPDWHO\
three times, while the volatilisation rate
decreased nine times.

The simulations suggest that N transformation
and removal in this mine water recipient to a
larger extent occurred through microbiological
SURFHVVHV QLWUL¿FDWLRQDQGGHQLWUL¿FDWLRQ WKDQ
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 retention time of the pond, providing shorter time for
transformation processes to occur. Simulations
DOVRVXJJHVWWKDWQLWUL¿FDWLRQFRQWUROOHGWKHUHDFWLRQUDWHRIWKHFRXSOHGQLWUL¿FDWLRQGHQLWUL¿FDtion process. Nitrogen removal through this coupled microbiological process could be enhanced
LIWKHQLWUL¿FDWLRQSURFHVVLVRSWLPL]HGE\NHHSing pH between 7-8.

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
WR 0D\ 1LWUL¿FDWLRQ ZDV WKH PRVW LPSRUWDQW
transformation process for ammonium, followed
by uptake in phytoplankton and macrophytes
)LJD 'HQWUL¿FDWLRQZDVWKHPRVWLPSRUWDQW
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.

The combined modelling and mass balance
approach provided new insights regarding N
EHKDYLRXU LQ ODNHV UHFHLYLQJ PLQH HIÀXHQWV
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
HIÀXHQWV
Acknowledgements
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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
LQWKHODNHFRPSDUHGWRWKHXSVWUHDPFODUL¿FDWLRQ
pond. A large amount of phytoplankton-bound
N may contribute to long-term internal nutrient
loading in the lake.
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Supplementary Material
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
EXULHG RUJDQLF IUDFWLRQ 7KHVH VWDWH YDULDEOHV WKHLU 1 WUDQVIRUPDWLRQ SDWKZD\V DQG 1 ÀX[HV DUH
conceptualised in Fig. S1.

Volatilization

Remineralization 1,2,3

Ammonification

Nam

Denitrification
Outflow Nitrification
Inflow
Grw Inflow

Uptake

Uptake
Outflow
Inflow

Npp
PP mortality

Norg

Outflow
Inflow
Grw
Inflow

Nox

Outflow

Uptake

Uptake
Settling

Inflow
Grw Inflow
Precipitation /
Adsorbtion

Nmp
MP mortality

Nsed1
Burial 1

Nsed2
Burial 2

Nsed3
Burial 3
Fig. S1. Conceptual model of nitrogen input, transformation and removal in lakes receiving
PLQHHIÀXHQWV*UZLQÀRZ JURXQGZDWHULQÀRZ$UURZVUHSUHVHQWWUDQVIRUPDWLRQSDWKZD\V
and boxes indicate the nitrogen species which are represented as state variables in the model:
Nam = ammonium nitrogen; Nox = nitrate nitrogen; Nmp = nitrogen in macrophytes (Phragmites
australis); Npp = nitrogen in phytoplankton; Norg = dissolved organic nitrogen and Nsed= nitrogen in sediment. The concentration of nitrogen species is calculated as mg N L-1 lake water
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$VVXPLQJDFRPSOHWHO\PL[HGÀRZUHJLPHWKHPDVVEDODQFHHTXDWLRQVIRUWKHVL[VWDWHYDULDEOHVDUH
given by the following set of coupled differential equations (Eqs. 1-8).

d ( N am ) Qi
Q
=
N ami − e N am − rn − rv − ruptakeAM − ruptakeAP + rammoniNorg + rre min 1 + rre min 2 + rre min 3 (1)
dt
V
V

d ( N ox ) Qi
Q

N oxi < e Nox rn < rd < ruptakeOM < ruptakeOP
dt
V
V

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

(2)

=

Qi
Q
N orgi − e Norg + rmortaliNpp − rammoniNorg
V
V

(3)



Qi
Q
N ppi < e N pp
V
V

(4)

ruptakeOP

ruptakeAP < rsetNpp < rmortaliNpp

= ruptakeOM + ruptakeAM − rmortaliNmp

(5)

d ( N sed 1 )
= rset Npp + rprecipNorg + rmortNmp − rre min 1 − rbur1
dt

(6)

d ( N sed 2 )
= rbur1 − rbur 2 − rre min 2
dt

(7)

d ( N sed 3 )
= rbur 2 − rbur 3 − rre min 3
dt

(8)

ZKHUH4LDQG4HUHSUHVHQWWKHZDWHULQÀRZDQGRXWÀRZ VXUIDFHZDWHUDQGJURXQGZDWHU UDWHVLQP3
per day (m3 d-1), respectively; V = lake volume (m3); Nam, Nox, Npp and Norg is the concentration of these
species within the lake, Nami, Noxi, Nppi and NorgiLVWKHFRQFHQWUDWLRQLQWKHLQÀXHQWDOOFRQFHQWUDWLRQV
are expressed as mg L-1 lake water. The change in concentration of the state variables Nmp and Nsed
was assumed to only be a result of transformation processes occurring within the lake. r (expressed
as mg L-1 d-1) is the reaction rate of the various N transformation processes (see Table S1).
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Table S1. Reaction rates (r) and the model equations of N transformation process.
Process description
Nitrification rate of Nam

Model equation

rn =

μn
N am
Yn K1 + N am

DO
NH 4
C pH
CTNH4
K 2 + DO

Volatilisation rate of Nam

rv =

K v N am
h(1 + 10 (10.05 0.03T

pH )

Uptake of Nam by
macrophytes

rutptakeAM = μ mp

PAR0
K PAR _ mp + PAR0

N am
K 3 + N am

PPO 4
N mp P1CTmp
K PO 4 + PPO 4

Uptake of Nam by
phytoplankton

ruptakeAP = μ max

PARh
K PAR _ pp + PARh

N am
K 3 + N am

PPO 4
N pp P1CTpp
K PO 4 + PPO 4

Ammonification rate of
organic nitrogen

rammoni Norg = K ao

Remineralisation rate of
sedimentary Ni

rre min i = f di K amsedi

Denitrification rate of
Nox

N ox
rd = D p f N CON2ox C pH
CTNO3

Uptake of Nox by
macrophytes

ruptakeOM = μ mp

PAR0
K PAR _ mp + PAR0

N ox
K 4 + N ox

PPO 4
N mp P2 CTmp
K PO 4 + PPO 4

Uptake of Nox by
phytoplankton

rutptakeOP = μ max

PARh
K PAR _ pp + PARh

N ox
K 4 + N ox

PPO 4
N pp P2 CTpp
K PO 4 + PPO 4

rmortaliN pp = (1

f )(μ gr + μ re

Mortality rate of
phytoplankton

T 20
am

)

N org
T 20

re min i

Settling rate of
phytoplankton

rsetN pp = fSN pp

Mortality rate of
macrophytes

m
rmortaliN mp = μ mp

Precipitation/adsorption
rate of organic nitrogen

rprecip Norg = K5Norg

Burial rate of Nsedi

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

T 20
mp

N sedi

T 20
pp

) N pp

N mp

i = 1,2,3
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 miningaffected 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 sediment 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 concentration of 56 μgL−1 resulted in a sedimentary flux of 1.1 mg
SRPm−2 day−1. This is ∼10 times higher than the flux of
0.12 mg SRPm−2 day−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−2 d−1 into
the lake (based on catchment area). Field measurements
indicated that oxidation of organic matter and miningrelated 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)
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S. Chlot (*) : A. Widerlund : B. Öhlander
Division of Geosciences and Environmental Engineering,
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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 remediation 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 explosives 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 redoxpotential and increased microbial activity can result in release 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), eutrophication 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-rich mine 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 enhance 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 Plimited 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 sedimentary 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 clarification pond Nya Sjön discharged into the approximately 10km-long Brubäcken system, consisting of one major stream
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(Brubäcken), wetlands and Lake Bruträsket. Further downstream, 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 mg L−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 concentrations 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 collected 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 dissolved 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 conductivity) 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 μm Millipore 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) devices (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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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

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
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at the top and bottom with polyvinyl chloride (PVC) stoppers. 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 reference 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.
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O2/N2-gas
bubbling
and water
sampling

Magnetic stirrer

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 concentration varied as a result of changes in pH (trial 1), SO42−
concentration (trial 2), and DO concentration (trial 3)
(“Effects of pH, SO42− 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 experiments (“Experimental design of sediment incubation
experiment”, “Effects of pH, SO42− 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

Supernatant
water
Fe (III)
hydroxide layer
Sediment

Fig. 2 Schematic presentation of the low-oxygen incubation experiment. A magnetic stirring bar propelled by an externally placed magnetic stirrer was mounted 10 cm above the sediment surface. The
upward-bent pipe was used for retrieval and replacement of supernatant water and for supply of N2–gas or air

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 continuous gentle stirring of the water (Fig. 2) Low-oxygen conditions (DO<0.4 mgL−1) were generated by constant bubbling
of N2–gas through the overlying water. The low-oxygen incubation was interrupted by bubbling with air.
On eight occasions, ∼130 ml of supernatant water was collectedfromthe incubated coreusing a peristaltic pump. On these
occasions, reference water (blank water) with similar oxygen
concentration was sampled, and ∼130 ml pumped back into the
core tube to keep the water constant. In addition, supernatant
water was collected from the reference core on three occasions.
At the end of the experiment, about 300 ml of supernatant
water was transferred to a 1-L plastic bottle to which Fe(III)
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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 porewater 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 subsamples and stored for later analysis.
Effects of pH, SO42− 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 continuously increased in order to simulate oxidation
of thiosulphate and tetrathionate to SO42− as well
as the SO42− competition with adsorbed SRP on
particle surfaces. The SO42− concentration (measured 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 thoroughly 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 mg L −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
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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, conductivity, DO and pH were measured in situ using a Hydrolab MS5
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 measured 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 analysis. TN and TP were determined using Flow Injection Analysis
and spectrophotometric detection, respectively, (standard deviation (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 analytical reproducibility, ±41 μgL−1). Concentrations of filtered
Fe and S were analysed using inductively coupled plasmaatomic emission spectroscopy (ICP-AES), while P and Mn
were analysed using inductively coupled plasma sector field
mass spectrometry (ICP-SFMS; SD of analytical reproducibility—Fe=±1 μgL−1; S=±15 mgL−1; P=±18 μgL−1 and Mn=
±6 μgL−1). SO42− was determined using liquid chromatography (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 ICPSFMS. 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 granddaughter 210Po (Flynn 1968), measured by alpha spectrometry at
Risø National Laboratory for Sustainable Energy, Denmark.
210
Pb 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 SRP were
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 sedimentary 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 discharge was measured in the
Brubäcken stream (minimum to maximum discharge,
2.16*104–2.37*105 m−3 day−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; station 117, 64°50′ N, 21°56′ E; and station 118, 64°25′ N,
21°58′ E). Flowmeasurements and SRP concentration data were
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
SRP can be expressed as milligrammes per square metre per day.
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 concentration 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
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per day) and the lake area to obtain present-day gross deposition.
Permanent burial was calculated as 210Pb sediment accumulation 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 concentrations 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 maximum. Based on the sediment incubation experiment, we suggest that this DGT-P maximum indicates a flux of SRP from
the sediment that is related to the DO minimum. Since phytoplankton 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 occurring 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 hypolimnion and organic matter degradation under hypoxic–suboxic
conditions (Murray et al. 1989; Stevenson and Bruce 2007)
at the sediment–water interface. This summer phytoplankton 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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Depth (cm)

26 cm deep sediment
core

Incubated core

a
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Fe/P ratio

0.75
1.25
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2,420
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42,500
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2.25

4,230

60,200
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3.25
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79,600
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41,600
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2,560

55,100
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9.5
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75,500
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10.5
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48,200
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11.5
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1,270a
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37,000
33,800
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30,000
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29,800
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Fe–OH layer
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51,000
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27,400
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Pore-water
TP (mgL−1)

Pore-water
SRP (mgL−1)

0.71
0.46

3

25
DO (mg L-1), Temperature (°C)

Fig. 3 Top, concentrations of
dissolved oxygen (DO),
ammonium (NH4-N) and
temperature (T) at the
clarification pond outlet (station
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Table 1 Dry weight concentrations of P and Fe and their ratio
and pore-water TP and SRP
concentrations for the deep sediment core and the cores from
the incubation experiment
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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 concentration was on average 20 times lower, which is attributed 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 porewater SRP concentrations reported by Urban et al. (1997)
for a eutrophic lake. For the incubated core, the concentration of Fe was higher in the uppermost sediment layer rich in
newly precipitated Fe(III) hydroxides compared with the
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Fig. 4 Water column profiles
of a temperature, b dissolved
oxygen concentration, c pH and
d conductivity for Lake
Bruträsket on 22 May, 8 July
and 7 October 2008 and 16
April and 2 June 2009
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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 lowoxygen conditions; supported by DO measurement using the
Winkler method). During the low-oxygen incubation, an approximately 1-mm-thick layer of precipitated Fe(III) hydroxides 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 concentrations, 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

5730

a
4

8

12

16

0

1

1

Depth (m)

0

2
3

5

5

400

600

800

0

1000
0

1

1

Depth (m)

0

2
3
4

1200

TN (μg L-1)

d

NO3-N (μg L-1)

800

3
4

200

400

2

4

0

500

1000 1500 2000 2500

2
3
4

5

5

e

f

TP (μg L-1)
0

100

200

SRP (μg L-1)
0

300

0

0

1

1

Depth (m)

Depth (m)

NH4-N (μg L-1)

20

0

c

Depth (m)

b

Chl-a (μg L-1)
0

Depth (m)

Fig. 5 Water column profiles of
a Chl-a, b ammonium (NH4–N),
c nitrate (NO3–N), d total
nitrogen (TN), e total phosphorus
(TP), f soluble reactive
phosphorus (SRP), g Fe and h
Mn for Lake Bruträsket on
8 July and 7 October 2008
and 16 April and 2 June
2009. Additionally, water
column concentration of
orthophosphate (open circles)
obtained from FH DGT is
shown in (f)

Environ Sci Pollut Res (2013) 20:5722–5736

2
3

10

20

30

2
3

4

4

5

5
0.1

0.2

0.3

0.4

0.5

DGT-P (μg L-1)
Fe (μg L-1)

g
100

200

300

Mn (μg L-1)

h
400

0

500

0

0

1

1

2
3

Depth (m)

Depth (m)

0

200

300

400

2
3

4

4

5

5

concurrent rise in pH inducing release of SRP has been observed in several studies (cf. Andersen 1975; Duras and
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Hejzlar 2001; Koski-Vähälä and Hartikainen 2001) and has
been attributed to liberation of SRP adsorbed to clays and

Environ Sci Pollut Res (2013) 20:5722–5736

b

Incubation experiment
10

pH

8

pH, DO (mg L-1)

6
4
2

Blank water
10
8

pH

6
4
2

DO

DO
0

0
0

400

600

0

400
300
200

20

Fe (μgL-1)

40

100

Fe(III)
0

0
0

200

400

400

600

500

200

400

160

300

120

200

80

100

40
0

0

600

0

200

400

600

Time (hours)

e
160

N2

6000

120
4000
80
2000
40
0

0
0

200

400

600

Fe part (μgL-1)

P part (μgL-1), Fe:P (ratio)

200

d
60

500

SRP (μgL-1)

c

200

Mn (μgL-1), SRP (μg L-1), S (mg L-1)

pH, DO (mg L-1)

a

Fe, Mn (μgL-1), S (mg L-1)

Fig. 6 Time course of pH and
DO and of filtered (<0.45 μm)
SRP, Fe, Mn and S for samples
retrieved from a, b the
incubation experiment and c, d
from the blank water. In (e),
concentrations of particulate Fe
and P and their ratios obtained
in the incubation experiment are
shown. The legends below (d)
and (e) show when the
overlying water was bubbled
with N2 or air (O2). The arrow
in (c) shows the addition of
ferric iron to the retrieved
supernatant water

5731

O2

SRP
Fe
Mn
S
Fe part
P part
Fe:P ratio

Time (hours)
N2

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 incubation 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

O2

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 supernatant water.

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−2 day−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).

Flux and transport of SRP

Water column experiments

The increase in SRP under low-oxygen conditions in the
incubation experiment resulted in a sedimentary flux of
1.1 mg SRPm−2 day−1, which on an aerial basis was higher
than the external P flux to the lake (0.004–0.047 mgm−2 day−1)
(Table 2). The experimentally determined SRP flux was 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 diffusing 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*10−5 mg SRPL−1 day−1, corresponding
to a flux of 0.12 mgm−2 day−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).

Trials 1–3

Deposition, burial and release rates for sedimentary P
The present-day, annual P deposition in the lake was calculated 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

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 concentration increased only marginally.
Increasing the SO42− concentration did not significantly
affect the SRP concentration (Fig. 7b), which indicates that
there does not seem to be competition between SRP and
SO42− 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 membrane 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−2 day−1)a

External SRP flux
(mgm−2 day−1)b

Whole-lake loading
(kg SRPyear−1)

SRP transport
(kgyr−1)

Reference

0.014 (0.004–0.047)

194 (61–656)

This study

0.014 (0.0038–0.037)

183 (53–517)

This study

Inflow to Lake
Bruträsket 2008
Inflow to Lake
Bruträsket 2009
Incubation
experiment
Reference
Reference
Reference

1.1

70

This study

4.4c
2.8c
0.03–3.1d

12*103
124*103

Haggard et al. (2005)
Moore et al. (1998)
Holdren and Armstrong (1980)

Reference

0.95–65c

a

Based on the area of the Plexiglas coring tube, 0.0032 m

b

Based on the lake catchment area, 38*106 m2

c

Anoxic flux, eutrophic lake

d

Anoxic flux, mesotrophic lake

Holdren and Armstrong. (1980)
2
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Table 3 Present-day

210

Sedimentation rate
(mgm−2 day−1)

P deposition
(mgm−2 day−1)

P deposition
(kgyear−1)

P release (mgm−2 day−1)

P burial (mgm−2 day−1; %)a

Potentially mobile Pb (mgm−2)

1.31*103

3.23

424

0.64

2.59

910

Pb sediment accumulation rate and calculated deposition release and burial rates for phosphorus in Lake

80

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

studies (Nielsen and Nielsen 1998; Kampschreur et al. 2011).
However, the NO3–N concentration did not decrease (Fig. 8a),
Trial 1

pH, SRP (μg L-1)

10
8
6
4

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

2

The Brubäcken system is characterised by elevated concentrations of NH4+ (1–14 mgL−1) and thiosulphates (S2O32−,
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Fig. 7 Water column laboratory experiments. a Trial 1 change in pH and
soluble reactive phosphorus (SRP) concentration during titration with
HCl/NaOH, b trial 2 change in SO42− and SRP concentration as SO42−
concentration was altered and c trial 3 change in pH and SRP concentration during deoxygenation with N2 gas

Fig. 8 Laboratory nitrate oxidation experiment. a Filtered (<0.45 μm)
Fe and NO3–N concentrations and b pH and DO. Fe(II)SO4 salt was
added at t=20 min and KNO3 salt was added at t=40 min. pH was
maintained around 6.6 by titration with 0.1 M HCl
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3–97 mgL−1). These compounds undergo bacterially mediated oxidation according to reactions 1 and 2:
NH4 þ þ 2O2 ! NO3  þ 2Hþ þ H2 O

ð1Þ

S2 O3 2 þ H2 O þ 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 compounds can result in oxygen deficiency in the recipient. These
reactions might explain the trend observed in Fig. 3 with
simultaneously decreasing pH, NH4–N and DO concentrations.
When the lake was ice covered (April 2009) pH and
DO decreased with depth, probably as a result of substantial oxidation of organic matter and mining-related
NH4+ and S2O32− (reactions 1 and 2). In the sediment
incubation experiment, pH instead increased during lowoxygen 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 concentrations 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 illustrated 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 phytoplankton 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 phytoplankton 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 concentrations 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 increased internal SRP flux (Fig. 3). The higher SRP concentrations and lower DO concentrations in the water column
during summer (June and July) compared with autumn further
demonstrate that internal loading of SRP may occur as a result
of on-going oxygen-consuming processes. These findings
point to a possible interaction between the cycles of N (oxygen 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 elevated 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 151DEXQGDQFHLQYDULRXVSODQWSDUWVZDVPHDVXUHGDWSUHGH¿QHG
time intervals over an experimental period of 22 days. During the course of the experiment, plant
SDUWVIURPWKH1$0PHVRFRVPVZHUHVLJQL¿FDQWO\PRUHHQULFKHGLQ 15N than plant parts from the
NOX mesocosms. On day 13, ǻb15NYDOXHVRIWKH¿QHURRWVIURPWKH1$0PHVRFRVPVKDGUHDFKHG
+8220‰, while the maximum ǻb15N value in NOX roots was considerably lower at +4430 ‰. Using
15
N 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

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).

Over the last decades studies of mine water
HIÀXHQWV KDYH PDLQO\ IRFXVHG RQ DFLG PLQH
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
SKRVSKRUXV 3 LQWKHPLQHHIÀXHQWDUHPDLQO\
due to dissolution of apatite in apatite iron ore,
FKHPLFDOV XVHG LQ WKH ÀRWDWLRQ SURFHVV DQG
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
DQGPDFURSK\WHVDQGR[\JHQGH¿FLHQF\LQPLQH
water recipients (Koren et al., 2000; Mattila et
al., 2007; Galloway et al., 2008).

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
DQG DUWL¿FLDO FRQGLWLRQV VR FDOOHG ³FKDPEHU´
RU ³ZDOO HIIHFWV´ &DUSHQWHU  *U\ HW DO
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).
7KHVH HIIHFWV FDQ EH TXDQWL¿HG E\ PRQLWRULQJ
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.

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
SURFHVVHVVXFKDVGHQLWUL¿FDWLRQLQWKHVH]RQHV
are elevated, as a result of a combined N uptake

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
2

UHFHLYLQJ 1ULFK PLQH HIÀXHQWV ,Q DGGLWLRQ
we investigated whether ammonium (NH4+) or
nitrate (NO3-) is the preferred N species for P.
australis JURZLQJ DW WKLV VSHFL¿F VLWH 7KLV LV
LPSRUWDQW WR FRQVLGHU VLQFH 1 HIÀXHQWV IURP
mine sites may be dominated by NH4+ or NO3–.

The catchment is dominated by coniferous forest
and peatland with Quaternary deposits mainly
consisting of glacial till with well-developed
SRG]RO SUR¿OHV 7KH VWXG\ DUHD EHORQJV WR WKH
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
DQG FODUL¿FDWLRQ SRQG V\VWHP ,Q DGGLWLRQ WKH
Brubäcken system also received elevated nutrient
discharge from the local sewage treatment plant.

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).
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2.2 Experimental design of labelling
experiment

E 20°20’

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

Fig. 1 Map of the study area. The inset shows bathymetric map of the lake. The mesocosm study (X) was located
at the eastern shore of the lake (N 64°49`5, E 20°20`26).

3

NOX.1

NOX.2

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

NAM.1

NAM.2

CONTR.

UNENCLOSED SITE
(REF)

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

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.

NH4+ 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 %
15
N) 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.

abundance levels of 15N. Also, samples of
P.australis were collected from the reference
lake Bergtjärnen (N 64o49`, E 20o22`) not
LPSDFWHG E\ PLQH ZDWHU HIÀXHQWV 2Q HDFK
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

15

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
4

2.4 Calculations

deionized water and separated into stem, leaf,
WKLFN URRWV DQG ¿QH URRWV ZKLFK ZHUH SXW LQ
separate plastic zip bags. All samples (water and
macrophytes) were placed on ice for transport to
the laboratory.

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
15
N values of macrophyte tissues present at the
end of the incubation gives an estimate of uptake
according to the following equations:

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
¿OWUDWLRQXVLQJ:KDWPDQ*)&¿OWHUVDQG&KOD
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 TRAACSinstrument (SD of analytical reproducibility:
±2 μg L-1).
In the laboratory, macrophyte samples
were weighed, dried to a constant weight (50
o
C) 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 (b15N)
are reported in the standard delta notation:
(b15N) = ((b15N sample/b15N standard)-1)*1000 [‰]

Nxs = 15Ns – 15Ni

15

(2)

where 15Nxs is the excess of 15N of macrophyte
tissues after the incubation, in atom%, 15Ns is
15
N 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 LV WKH VSHFL¿F XSWDNH UDWH PLQ-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):

(1)

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

,VRWRSLF HQULFKPHQW ǻb N) was obtained by
subtracting initial b15N values from the b15N
value obtained on day 6, 13,16 and 22 (Gribsholt
et al., 2007). N isotope b values are expressed
relative to the international standard atmospheric
N (AIR, N2). For laboratory standards, the longterm standard deviation was ±0.3 ‰ for b15N.
15

(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 –
Ni)/((Nweightlabel)*( 15Nenr – 15Ni))
(6)

15
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)LQDOO\ QLWURJHQ XVH HI¿FLHQF\ 18(  ZDV
calculated by dividing total DW biomass with
total N content. Leaf NUE was calculated by
dividing leaf biomass by leaf N mass (TylováMunzarova et al., 2005).

Dissolved oxygen concentrations, on the other
KDQGZHUHVLJQL¿FDQWO\KLJKHUDWWKH5() VLWH
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).

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
WHVW IRU VLJQL¿FDQW GLIIHUHQFHV 3   3RVW
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, nonparametric procedures (Mann-Whitney test for
two-sample comparisons and Kruskal-Wallis for
multiple comparisons) were used for statistical
DQDO\VLVZLWKVLJQL¿FDQFHOLPLWVHWDW3
Statistical analyses were performed using the
software Minitab (version 16).

As a result of low-oxygen conditions and
GHQLWUL¿FDWLRQ LQ WKH VHGLPHQW *ROWHUPDQ
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

3. Results

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:DOOLV 3    EXW ZDV VLJQL¿FDQWO\ KLJKHU
in leaves compared to roots and stems (Fig. 4a).
NUE obtained from N content and total biomass

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
VLJQL¿FDQWGLIIHUHQFHEHWZHHQWKHP&RQGXFWLYLW\
ZDVVLJQL¿FDQWO\ORZHUDWWKH5()VLWHFRPSDUHG
to the mesocosms (one way ANOVA, P < 0.05).

Table 1. Water quality parameters in mesocosms during the labelling experiment.
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
13
22

5.8
6.3
6.5

9.4
8.3
8.6

485
473
467

0.44
0.3
0.34

0.089
0.041
0.05

0.021
0.015
0.006

0.003
0.002
0.01

0.002
0.001
0.003

CONTR

0
13

5.5
5.9

7.2
3.7

510
530

0.51
0.43

0.087
0.052

0.019
0.01

0.004
0.031

0.003
0.003

Treatment

NOX

22

6.2

3.4

524

0.85

0.077

0.014

0.23

0.005

a

0
13
22

5.4
6.0
6.4

3.7
6.0
3.7

502
525
516

0.49
0.51
0.71

0.088
0.056
0.049

0.022
0.002
0.009

0.004
0.007
0.17

0.003
0.001
0.082

a

0
13
22

5.6
5.9
6.3

6.5
4.7
5.4

501
518
505

0.44
0.38
0.44

0.084
0.04
0.062

0.018
0.002
0.003

0.004
0.003
0.015

0.002
0.001
0.004

NAM

NOX and NAM are average values for NOX.1 and NOX.2; NAM.1 and NAM.2, respectively.
5HSUHVHQWVWKHVDPSOLQJWLPHIRUSUHDGGLWLRQ W  LQWHUPHGLDWH W GD\ DQG¿QDOVDPSOH W GD\ 
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3.0

N content (%dry wt)

NH4-N (mg L-1)

1.6

1.2

0.8

2.5
2.0
1.5
1.0
0.5

0.4
0.0

NUE (g dry weight g-1 N)

0.16

0.12

SRP (mg L-1)

Root

Stem

B 120

0

0.08

0.04

Leaf

Tot value
Whole plant NUE
Leaf NUE

100
80
60
40
20
0

NOX.1

NOX.2

NAM.1

NAM.2 CONTR

REF

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
XVHHI¿FLHQF\ 18( LVFDOFXODWHGRQZKROHSODQWEDVLV
and leaf basis.

0
0.01

0.008

NO3-N (mg L-1)

REF
CONTR
NOX
NAM
Bergtjärnen

0.006

,VRWRSLFHQULFKPHQW ǻb15N) of the various plant
parts
Before tracer solutions were added to the
mesocosms, b15N 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 b15N value (+3.3
‰) for P. australis collected from the reference
Lake Bergtjärnen was ~1/3 of the average b15N
(+10.9 ‰) of P. australis collected from Lake
Bruträsket (data not shown). This difference is
probably caused by the discharge of miningrelated N to the Brubäcken system. During the
course of the experiment, b15N 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 b15N
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.

0.004

0.002

0
0

5

10

15

20

Time after addition (days)

Fig. 3 Pore water concentrations in the various mesocosm treatments. Dashed line indicates average concentration of the respective species in the overlying water
column.

was higher compared to NUE based on leaf
ELRPDVV )LJE ZLWKQRVLJQL¿FDQWGLIIHUHQFH
among treatments (P > 0.05). Similar results on
N distribution and NUE for P. australis were
found by Tylova-Munzarova et al. (2005).
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10000

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 ǻb15N values of +4900 ‰ and
+3500 ‰ respectively (NAM mesocosm, Fig.
5). During the course of the labelling experiment
¿QH URRWV ZHUH VLJQL¿FDQWO\ PRUH HQULFKHG LQ
15
N than stems and leaves (Mann-Whitney test,
P < 0.05).
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3.1.3 Tracer uptake rates

7KH DYHUDJH VSHFL¿F XSWDNH UDWH 9IPLQ  RI
WUDFHUZDVVLJQL¿FDQWO\KLJKHU 3 LQWKH
NAM-treatment compared to the NOX-treatment
)LJ 9IPLQZDVVLJQL¿FDQWO\KLJKHULQURRWV
WKDQLQOHDYHVEXWQRWVLJQL¿FDQWO\KLJKHUWKDQ
uptake in the stem. Similar trends were observed
for tracer uptake rates or velocities (U) (Fig.7).
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Fig. 5 Time series of isotopic composition in
aboveground and belowground parts of common reed
during the 22-day labelling experiment. Values on the
OHIWKDQG\D[LVDUHVKRZQDVLVRWRSLFHQULFKPHQW ǻį
15N), while values on the right-hand y-axis show the
į1YDOXHRIWKHSODQWSDUWVIRUFRPPRQUHHGFROOHFWHG
from CONTR and REF sites. For the NAM and NOX
mesocosms, average values are shown.

4.0
3.5

Leaf
Stem
Root

3.0
2.5
2.0
1.5
1.0
0.5
0.0

NOX.1

NOX.2

NAM.1

NAM.2

Fig. 6 Fraction of NO3– and NH4+ taken up by the macrophytes from mesocosms per unit time (min-1) expressed
DVVSHFL¿FXSWDNHUDWH9I$YHUDJHXSWDNHUDWHVIRU
leaves, stem and roots are shown for each treatment
(NOX or NAM).

During the course of the experiment plant parts
IURP WKH 1$0 PHVRFRVPV ZHUH VLJQL¿FDQWO\
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, ǻb15NYDOXHVRIWKH¿QHURRWVIURPWKH
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

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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4. Discussion

1.6
NOX.1
NOX.2
NAM.1
NAM.2

U (μg g-1 min-1)

1.4
1.5

4.1 Chamber effects and tracer addition

1.0

Regarding pH, there was no inhibitory effect
during the experimental period, with no
VLJQL¿FDQWS+GLIIHUHQFHEHWZHHQWKHWUHDWPHQWV
7DEOH   +RZHYHU D VLJQL¿FDQWO\ KLJKHU
conductivity in the mesocosms (NAM, NOX and
CONTR) compared to the unenclosed site (REF)
FRQ¿UPHG E\ SRVW KRF 7XNH\V WHVW  VXJJHVWV
diffusion of nutrients and other ions from the
sediment that are trapped in the above water
FROXPQODFNLQJK\GURORJLFWKURXJKÀRZ/RZHU
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).

0.8
0.6
0.4
0.2
0.0

Day 6

Day 13

Day 16

Day 22

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
UHSUHVHQWWKH¿UVWVDPSOLQJDIWHUWUDFHUDGGLWLRQ8 J
g-1 min-1) for each treatment is the summarized value of
root, stem and leaf.

Trends were similar for tracer N recovered
(%tracerNrecov, Eq. 6) and the fate of added
tracer (%Ndft (T   ZLWK VLJQL¿FDQWO\ KLJKHU
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).
Table 2. Calculations of tracer N recovered in the plant
(%tracerNrecova) and nitrogen derived from tracer
(%Ndftb).
Treatment
NOX.1

Time (day)

%tracerNrecov

%Ndft

6
13
16
22

16
7
11
0.14
8
0.21
0.62
2.1
1.7
1.2
48
65
11
53
44
27
18
45
8.9
25

3
5
31
0.30
10
0.81
2.7
8.2
4.2
4
56
56
20
41
44
16
37
73
12
35

NOX.2

6
13
16
22

NAM.1

6
13
16
22

NAM.2

6
13
16
22

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 b15N analysis
was unsuccessful. Such data would have given
information on transfer of 15N from the dissolved

Calculated using equation adapted from Ehaliotis et al. (1998)
Calculated using equation adapted from Barraclough (1995)
Bold values are the average values for each treatment.
a

b
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root system (Barko et al., 1991; Li et al., 2010;
Tan et al., 2013). At the end of the experiment,
b15N 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).

pool to the sediment (Wozniak et al., 2008;
Gribsholt et al., 2009; Li et al., 2010). In addition,
sediment b15N 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 b15N. Such data would have
given information on b15N 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.

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  )LJ $SSUR[LPDWHO\¿YHWLPHVKLJKHU
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
WKLVDVVLPLODWLRQVKRXOGSUHIHUDEO\EHTXDQWL¿HG
in future studies. Also 15N losses caused by
N2 gas emissions and other transformation
SURFHVVHV VKRXOG EH TXDQWL¿HG 7KH UHDVRQ LV
that added NH4+ and NO3- may undergo various
transformation processes and ultimately be lost
to the atmosphere through processes resulting in
15
N 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- QLWUL¿FDWLRQ DVDUHVXOWRIR[\JHQUHOHDVH
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
GHQLWUL¿FDWLRQ SURFHVV (ULNVVRQ DQG :HLVQHU
1999; Gribsholt and Kristensen, 2002), which

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
ZDV VLJQL¿FDQWO\ KLJKHU LQ URRWV FRPSDUHG WR
VWHPDQGOHDYHV )LJ 6LPLODU¿QGLQJVZHUH
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
10

may have been stimulated through presence of
macrophytes. Some of the nitrate added to the
NOX mesocosms might have diffused into the
VHGLPHQWZKHUHLWVXEVHTXHQWO\ZDVGHQLWUL¿HG

useful approach for investigating this cycling.
Plant parts from the NAM mesocosm were
VLJQL¿FDQWO\PRUHHQULFKHGLQWUDFHU15N than plant
parts from the NOX mesocosm, with a maximum
ǻb15N value of ÅLQ¿QHURRWVFRPSDUHG
WRÅLQ12;¿QHURRWV0D[LPXPWUDFHU
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
UHPRYDOWKURXJKQLWUL¿FDWLRQDQGGHQLWUL¿FDWLRQ
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
XSWDNH DSSHDUV WR EH PRUH HI¿FLHQW LQ PLQH
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.

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
FRQWULEXWHG VLJQL¿FDQWO\ WR WKH 1 EXGJHW RI
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,
 -LQJ DQG /LQ  7XQVऊLSHU  
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
UHPRYDO WKURXJK VHGLPHQWDWLRQ QLWUL¿FDWLRQ
DQG GHQLWUL¿FDWLRQ .RVNLDKR HW DO 
0DOWDLV/DQGU\ HW DO  7XQVऊLSHU  
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).
+HQFHHI¿FLHQWGLUHFWUHPRYDORIPLQLQJUHODWHG
1 WKURXJK PDFURSK\WH XSWDNH PD\ EH GLI¿FXOW
to achieve in cold-climate aquatic systems.
However, macrophytes are important through
organic matter accumulation and provision of
ELR¿OP VXUIDFHV IRU PLFURELRORJLFDO DFWLYLW\
(Jing and Lin, 2004; Gonzáles-Sagrario et al.,
2005; Forshay and Dodson, 2011).

3HULSK\WRQ1XSWDNHZDVQRWTXDQWL¿HGLQWKLV
study. Such information would elucidate the
relative importance of macrophyte uptake. Also,
in future studies other transformation processes
HJ QLWUL¿FDWLRQ DQG GHQLWUL¿FDWLRQ  VKRXOG
SUHIHUDEO\ EH TXDQWL¿HG 7KHVH TXDQWL¿FDWLRQV
would together with 15N analysis of sediment
increase the understanding of nutrient retention
mechanisms.
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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
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Abstract
Organic C and total N concentrations, C/N ratios, b15N, and b13C 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
DQGÀRWDWLRQFKHPLFDOV7KHVRIWZDUH,VR6RXUFHZDVXVHGWRPRGHOWKHUHODWLYHFRQWULEXWLRQRIVRLO
WHUUHVWULDODQGOLWWRUDOYHJHWDWLRQDQGSK\WRSODQNWRQGHWULWXVLQWKHODNHVHGLPHQWV,QRQHODNHWKH
,VR6RXUFHPRGHOOLQJIDLOHGVXJJHVWLQJWKHSUHVHQFHRIDGGLWLRQDOXQNQRZQ20VRXUFHV,QWZRRI
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.
7RGD\ SK\WRSODQNWRQ LV WKH GRPLQDWLQJ 20 FRPSRQHQW LQ WKHVH ODNH VHGLPHQWV ZKLFK DSSHDUV
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 (b15N ~
+9‰ to +19‰) were clearly shifted from the primary signal in explosives (b15N–NO3 = +3.4±0.3‰;
b15N–NH4 = –8.0±0.3‰) and NaCN (b15N = +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
ZHOONQRZQGLVFKDUJHKLVWRU\DUHDPDMRUSRLQWVRXUFHRI1ZLWKZHOOGH¿QHGLVRWRSLFFRPSRVLWLRQ
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

ODERUDWRU\ DQG ¿HOG GDWD DUH LQ JHQHUDO RYHUDOO
agreement (e.g. Kendall, 1998), several studies
have demonstrated the complexities involved in
understanding sedimentary N isotope data (e.g.
/XHWDO ,QDGGLWLRQWRQLWUL¿FDWLRQDQG
GHQLWUL¿FDWLRQ DQR[LF DPPRQLXP R[LGDWLRQ
(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
7KDPGUXS 

Over the last decades studies of mine water
HIÀXHQWV KDYH PDLQO\ IRFXVHG RQ DFLG PLQH
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
RI PLQH HIÀXHQW $PPRQLXP QLWUDWH EDVHG
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
ÀRWDWLRQFKHPLFDOVVXFKDVGLWKLRSKRVSKDWH

7KH XVH RI VHGLPHQWDU\ &1 UDWLRV b15N, and
b13C 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, b15N, and b13C
values are small, and that palaeoenvironmental
information is retained in sediments (Meyers
DQG ,VKLZDWDUL  0H\HUV  0H\HUV
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
0H\HUV DQG ,VKLZDWDUL   ,Q D 6ZHGLVK
lake, early diagenetic effects on b15N and b13C
were found to be relatively small, with b15N
increasing by 0.3–0.7‰ and b13C by 0.4–1.5‰
over a 27-year period (Gälman et al. (2009).
Lehmann et al. (2002) found changes of similar
magnitude.

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
YV PDFURSK\WHV  7KH W\SH RI 20 VHWWOLQJ WR
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 (b13C, b15N) 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 b13C and b15N 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
LVRWRSHIUDFWLRQDWLRQHIIHFWVRIQLWUL¿FDWLRQDQG
GHQLWUL¿FDWLRQ LQFOXGLQJ 5D\OHLJK GLVWLOODWLRQ
effects, are fairly well known under laboratory
conditions (Mariotti et al., 1981). Although

7KH PDLQ REMHFWLYH RI WKH SUHVHQW VWXG\ ZDV
to use sediment proxy data (C/N ratios, b15N,
and b13C) to reconstruct historical changes in
OM accumulation in lakes receiving nutrientrich 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
UHDFWLRQV LQ WKH UHFLSLHQW ,Q DTXDWLF V\VWHPV
ZKHUHPLQHHIÀXHQWVDUHDPDMRUSRLQWVRXUFH
RI1ZLWKDZHOOGH¿QHGLVRWRSHVLJQDWXUHWKH
second objective has an important bearing on
the possibilities to use N isotope data to trace
2

catchment) and Northern Norrbotten Ore District
(Rakkurijoki catchment) (Fig. 1). Basic physical
and chemical lake characteristics are shown in
7DEOH

the distribution of mining-related N in the
receiving waters.
7KHDFFXPXODWLRQRI20LQWKUHHODNHVUHFHLYLQJ
1 DQG 3ULFK PLQH HIÀXHQWV ZDV VWXGLHG E\
measuring organic C and total N concentrations,
C/N ratios, b15N, and b13C values in lake
sediments and four OM end member components
LQWKHODNHFDWFKPHQWV7KHVRIWZDUH,VR6RXUFH
(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.

7KH DSSUR[LPDWHO\ NPORQJ %UXE¦FNHQ
system is dominated by boreal coniferous
IRUHVWDQGSHDWODQGV 7DEOH ZLWK4XDWHUQDU\
deposits mainly consisting of glacial till with
ZHOOGHYHORSHG SRG]RO SUR¿OHV 7KH V\VWHP
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
FRPPHQFHGUDLVLQJS+LQWKHHIÀXHQWZDWHUWR
±7KH%UXElFNHQV\VWHPGLVFKDUJHVLQWR
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

2. Study area
7KH VWXGLHG ODNHV DUH ORFDWHG LQ WZR RI WKH
major mining districts in northern Sweden, the
Skellefte Sulphide Ore District (Brubäcken

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

Rakkurijoki system
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

,FHFRYHUHGSHULRG

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

'2&RU72& PJ/–1)b

5.8–10.8 (DOC)

± 72&

± 72&

7RWDO1 PJ/–1)b

0.70–3.5

4.6–13

2.2–6.4

7RWDO3 J/–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
0LQLPXPDQGPD[LPXPZDWHUUHVLGHQFHWLPHGXULQJVSULQJÀRRGDQGZLQWHUEDVHÀRZUHVSHFWLYHO\
b
Reported as the range of values measured at lake outlets during 2008–2009.
c
pH affected by present-day AMD liming upstream of Lake Bruträsket.
d
0D[LPXPFRQFHQWUDWLRQFRUUHVSRQGVWRODNHVFODVVL¿HGDVHXWURSKLF :HW]HO 
e
% of catchment area. Data from Corine Land Cover database (Nunes de Lima, 2005).
f
Vestermark and Persson (2007).
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Figure 1.0DSVRIWKHD 5DNNXULMRNLDQGE %UXElFNHQFDWFKPHQWVUHFHLYLQJPLQLQJLQÀXHQFHGZDWHUVIURPWKH
Kiruna and Boliden mine sites, located in Northern Norrbotten Ore District and the Skellefte Sulphide Ore District,
respectively.,QVHWVVKRZEDWK\PHWULFPDSVRIWKHVWXGLHGODNHV 5DNNXULMRNLFDWFKPHQW/DNH0HWWl5DNNXULMlUYL
DQG/DNH5DNNXULMlUYL%UXElFNHQFDWFKPHQW/DNH%UXWUlVNHW 7ZRVHGLPHQWFRUHVZHUHFROOHFWHGLQHDFKODNH
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3. Methods

DWWKH%ROLGHQSODQW7KHF\DQLGHZDVR[LGLVHG
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.
,Q  WKH V\VWHP UHFHLYHG a WRQQHV RI 1
(Rönnblom–Pärson, 2009) and ~2 tonnes of P
IURP WKH %ROLGHQ SODQW ,Q DGGLWLRQ WR PLQLQJ
HIÀXHQWV WKH %UXElFNHQ V\VWHP DOVR UHFHLYHV
nutrient discharge from a local sewage treatment
SODQW %DVHG RQ  GDWD ZLWK 71 DQG 73
concentrations in the ranges 1.5–2.8 mg L–1 and
0.1–0.3 mg L–1, respectively, the system can be
FODVVL¿HG DV PHVRWURSKLF WR HXWURSKLF .DOII
2002).

3.1. Water parameters
7KHQLWURJHQLVRWRSLFFRPSRVLWLRQRIGLVVROYHG
nitrate (b15N–NO3) and ammonium (b15N–NH4)
was determined at the discharge point from the
Kiruna mine and in the Rakkurijoki lakes (b15N–
NO3  )LJ 6DPSOHVZHUH¿OWHUHG P 
and stored frozen until analysis at the University
RI:DWHUORR±(QYLURQPHQWDO,VRWRSH/DERUDWRU\
0RGL¿HGYHUVLRQVRIWKHPHWKRGVGHVFULEHGE\
Silva et al. (2000) (b15N–NO3) and Brooks et al.
(1989) (b15N–NH4) were used, with analytical
precisions of ±0.2‰ and ±0.5‰ for b15N–NO3
and b15N–NH4, respectively.

7KH 5DNNXULMRNL V\VWHP LV ORFDWHG LQ D VXE
arctic region dominated by deciduous forest and
SHDWODQGV 7DEOH 4XDWHUQDU\GHSRVLWVPDLQO\
FRQVLVW RI JODFLDO WLOO ZLWK SRG]RO SUR¿OHV 7KH
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
)LJ   7KH V\VWHP DQQXDOO\ UHFHLYHV ± ¯
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
UH¿QHGLQWRLURQSHOOHWVOpen pit mining started
in the 1890s and continued until the early 1960s,
when all mining operations moved underground.
'LVFKDUJH RI PLQH ZDWHU HIÀXHQWV LQWR WKH
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
ZDVWH URFN±SURFHVV ZDWHU±FODUL¿FDWLRQ SRQG
system, and water discharging to the Rakkurijoki
system is dominated by NO3– (>90% of total N).
,QaWRQQHVRI1DQGaNJRI3ZHUH
released into the system (Waaranperä, 2009).
%DVHGRQGDWDZLWK71FRQFHQWUDWLRQVLQ
the range 3.1–19 mg L–1 WKHV\VWHPLVFODVVL¿HG
DVPHVRWURSKLFWRHXWURSKLFZKLOHEDVHGRQ73
concentrations of 0.01–0.03 mg L–1, the system is
FODVVL¿HGDVROLJRWURSKLFWRPHVRWURSKLF .DOII
2002). Due to excessive growth, macrophytes
are harvested annually along approximately 2.5
km of the Rakkurijoki system.

Water for phytoplankton samples (250 mL)
ZDV FROOHFWHG IURP GHSWKV RI ± P DW ¿YH
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  .,  4XDQWLWDWLYH GHWHUPLQDWLRQ
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)
ZHUH FROOHFWHG LQ YHUWLFDO SUR¿OHV LQ ODNHV
and at lake outlets. Chl–a was determined
spectrophotometrically using a Hach DR
2010 or a Shimadzu MVR14 instrument after
¿OWUDWLRQ WKURXJK :KDWPDQ *)& ¿OWHUV DQG
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).
7KH FRUHV ZHUH VHFWLRQHG LQ WKH ¿HOG LQWR 
cm (0–5 cm) and 1-cm subsamples (5–34 cm).
Sampling was performed in 2009–2010 using
DPRGL¿HG.DMDNJUDYLW\FRUHU %ORPTYLVWDQG
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
5

alpha spectrometry at Risø National Laboratory
for Sustainable Energy, Denmark. Sediment
deposition rates were calculated using a 210Pb
FRQVWDQWUDWHRIVXSSO\ &56 PRGHO 7XUQHUDQG
Delorme, 1996).

where t is time (year AD) (Schelske and Hodell,
 7KHPRGHOOHGWLPHGHSHQGHQWGHSOHWLRQ
of b13C since ~1840 was added to b13C 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).

For organic C determinations, calcium carbonate
ZDV UHPRYHG WKURXJK LQVLWX DFLGL¿FDWLRQ RI
~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.
$IWHU DFLGL¿FDWLRQ FDSVXOHV ZHUH GULHG DW 
& 7RWDO 1 71  RUJDQLF & 2&  DQG &±1
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 b
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 b13C and ±0.3‰ for
b15N.

3.4. Isotope mixing model
7KH UHODWLYH FRQWULEXWLRQ RI WKH 20 HQG
members to lake sediment OM was calculated
XVLQJ WKH 9LVXDO %DVLF VRIWZDUH ,VR6RXUFH
YHUVLRQ   3KLOOLSV DQG *UHJ   7KH
software calculates the range of feasible source
contributions in an underdetermined system
with no unique solution (n isotope signatures
DQG !Q VRXUFHV  ,Q D VHGLPHQW ZKHUH IRXU
sources (a, b, c, d) with two isotopic signatures
(b13C and b15N) each contribute a fraction f, the
isotopic composition of the sediment mixture
(M) is described by the equations
b13CM = fab13Ca + fbb13Cb + fcb13Cc + fdb13Cd (1)
b15NM = fab15Na + fbb15Nb + fcb15Nc + fdb15Nd (2)

3.3. Organic matter source end members
Organic matter source end members in the
FDWFKPHQWVRIWKHVWXGLHGODNHVZHUHFODVVL¿HG
into four groups: 1) soil (humus, peat, stream
VHGLPHQW    WHUUHVWULDO YHJHWDWLRQ ¿U DQG
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
P FROOHFWHG RQ  PPGLDPHWHU JODVV ¿EUH
¿OWHUVSUHFRPEXVWHGDW& ZHUHDFLGL¿HG
in silver capsules as the sediment samples.
Samples of soil, terrestrial and littoral vegetation
were dried at 60 °C, ground and homogenized
EHIRUH DQDO\VLV 7RWDO 1 RUJDQLF & DQG &±1
isotopic compositions were determined as for
the sediment samples.

1 = fa + fb + fc + fd

(3)

7KH UHODWLYH FRQWULEXWLRQ RI WKH VRXUFHV
was calculated for source increments of 1%
and tolerances generally <0.6‰, the latter
corresponding to ±2 stdev for the b15N variability.
7KH ,VR6RXUFH GLVWULEXWLRQ RI IHDVLEOH VRXUFH
contributions based on isotopic data was further
constrained by C/N ratios calculated from endPHPEHU & DQG 1 FRQFHQWUDWLRQV ,Q WKLV ZD\
solutions were obtained for each sediment
VHFWLRQ WKDW VDWLV¿HG LVRWRSLF DV ZHOO DV &1
constraints (Phillips and Gregg, 2003).

4. Results and discussion
4.1. Organic matter source end members

7KH GHSOHWLRQ RI DWPRVSKHULF &22 in b13C due
to fossil fuel burning (Suess effect) (Friedli et
al., 1986) was modelled using the polynomial
equation

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 b15N vs. b13C or C/N vs.
b13C (Fig. 2). Considerable spread (~4–5‰) is
evident in both the b13C and b15N values. Since

b13C = –4577.8 + 7.3430 t – 3.9213 x 10–3 t2 +
6.9812 x 10–7 t3
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Figure 2. b15N vs. b13C and molar C/N ratios vs. b13C for source end member materials and sediments from the Rakkurijoki and Brubäcken catchments. b13C values are not corrected for the Suess effect. Lake sediments are separated
LQWRSUHDQGSRVWVDPSOHV7KHODWWHUJURXSLVDIIHFWHGE\FLUFXPQHXWUDOQXWULHQWULFKPLQHHIÀXHQWV /DNHV
Mettä-Rakkurijärvi (MR) and Rakkurijärvi (R) in the Rakkurijoki catchment), and AMD (Lake Bruträsket in the
Brubäcken catchment).

a component in present-day sediments of the
mining-affected lakes. According to their Chl–a
OHYHOVWKHWZRODNHVFDQEHFODVVL¿HGDVHXWURSKLF
7DEOH   7KH FRQVLGHUDEOH VSUHDG LQ WKH &1
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
SK\WRSODQNWRQ HQG PHPEHU ,Q WKH ,VR6RXUFH
mixing model (Section 3.4), this end member
is instead represented by phytoplankton of
5HG¿HOGFRPSRVLWLRQ &106H263O110N1637HXEQHU

the Rakkurijoki and Brubäcken catchments are
dominated by deciduous and coniferous forest,
UHVSHFWLYHO\ 7DEOH   WHUUHVWULDO YHJHWDWLRQ LQ
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
DQG/DNH%UXWUlVNHWUHVSHFWLYHO\ )LJ 7KLV
exceeded the normal biomass concentration in
the reference lakes by factors of ~20–25, and
indicates the importance of phytoplankton as
7

and Dokulil, 2002), with a C/N mole ratio of
 ,Q WKH 5DNNXUL ODNHV SK\WRSODQNWRQ b13C
and b15N values were chosen to obtain a good
¿WEHWZHHQPRGHOOHGDQGPHDVXUHG&1UDWLRV
For the pre-1950 period (i.e. before discharge
RI 1ULFK PLQH HIÀXHQWV WR WKH 5DNNXULMRNL
system began), a b15N 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, b15N values
close to those for NH4+ LQ PLQH ZDWHU HIÀXHQW
were chosen for mining-affected phytoplankton
in the Rakkurijoki lakes (Fig. 2).
Kiruna 2009-2010
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7KHGLVWULEXWLRQRIOLWWRUDOYHJHWDWLRQZDVVWXGLHG
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
DO   ,Q /DNH %UXWUlVNHW VLQJOHVSHFLHV
stands of Phragmites australis covered ~20%
of the lake area. Plants from nearby reference
ODNHV XQDIIHFWHG E\ PLQH HIÀXHQWV ZHUH XVHG
to represent pre-1950 littoral vegetation that
assimilated N with a natural isotopic composition
(Fig. 2).
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Figure 3. Biomass of major classes of phytoplankton in a) Kiruna tailings pond, Lake Mettä-Rakkurijärvi, and Lake
Rakkurijärvi, b) Lake Bruträsket, c) Lake Jutsajaure, the reference lake for Mettä-Rakkurijärvi and Rakkurijärvi, and
G /DNHgJHUWUlVNHWWKHUHIHUHQFHODNHIRU%UXWUlVNHW,QWKHUHIHUHQFHODNHVSK\WRSODQNWRQELRPDVVLVUHSUHVHQWHGE\
values measured in August 2004–2009 (reference lake data from SLU, 2013).
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4.2. Nitrogen isotope composition of
dissolved inorganic nitrogen (DIN)

When the gold leach plant had closed in 2008,
WKH ',1 FRQFHQWUDWLRQV LQ /DNH %UXWUlVNHW
were too low to permit determination of b15N–
NH4 and b15N–NO3. However, b15N 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 (b15NNaCN = +1.1±0.5‰
(average±stdev; n = 5)).

7KH DPPRQLXP QLWUDWH EDVHG H[SORVLYHV XVHG
in the Kiruna mine are the major N source in
the Rakkurijoki system, and the N isotope
composition of the explosives (b15N–NH4expl
= –8.0±0.3‰; b15N–NO3expl = +3.4±0.3‰,
average±stdev; n = 3) can be used as a reference
IRU WKH ',1 LVRWRSLF FRPSRVLWLRQ IXUWKHU
GRZQVWUHDPLQWKHV\VWHP,WLVHYLGHQWWKDWWKH
b15N values of dissolved NO3– measured in the
Kiruna pond and lakes were shifted towards
higher values, with b15N–NO3 reaching +8.3‰
to +11.6‰ at Station KVA36 at the outlet of
/DNH0HWWl5DNNXULMlUYL )LJ ,QWKH.LUXQD
pond system (Station KVA88 to KVA01), b15N–
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
DQGRU GHQLWUL¿FDWLRQ LQ SRQG VHGLPHQWV )RU
dissolved NH4+, b15N–NH4 increased markedly
from –8.0±0.3‰ in the explosives to +12.7‰
WR Å LQ WKH .LUXQD SRQG ,Q WKH ODNHV
dissolved NH4+ concentrations <0.6 mg L–1 did
not permit determination of b15N–NH4.

4.3. Sediment data
4.3.1 Sediment accumulation rates and mining
activities

7KH DYHUDJH VHGLPHQW DFFXPXODWLRQ UDWH
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
WRSRJUDSK\ DQG VWUHDPÀRZ ZLWKLQ GLVWDQFHV
RI PHWUHV 7XUQHU DQG 'HORUPH   7KH
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
LQWKHPLQLQJHIÀXHQWVGLVFKDUJLQJWRWKHV\VWHP
(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)).
7KH LQFUHDVLQJ DFFXPXODWLRQ UDWH DW WKH WRS RI
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).
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Figure 4. Nitrogen isotope composition of dissolved
NO3– and NH4+ in mine explosives and the Rakkurijoki
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Figure 5.6HGLPHQWDFFXPXODWLRQUDWHVFDOFXODWHGXVLQJWKHFRQVWDQWUDWHRIVXSSO\ &56 PRGHO 7XUQHUDQG'HORUPH
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7KH b15N 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 b15N in dissolved
NO3– in the lakes (Lake Mettä-Rakkurijärvi:
b15N–NO3 = 9.4–11.6‰; Lake Rakkurijärvi:
b15N–NO3 = 9.0–11.6‰, Fig. 4). Macrophytes
growing in the lakes showed similar b15N values
(+10.5±2.5‰, average±stdev; n = 8, Fig. 2).
,Q WKH .LUXQD WDLOLQJV SRQG )LJ   WKH b15N
value in surface sediment (0–1 cm) was +10.6‰
to +12.7‰ (n = 2), i.e. ~2‰ lower than pond
water b15N–NH4 (+12.7‰ to +14.5‰, n = 2),
and similar to b15N–NO3 in the pond (+7.7‰
WR Å Q    7KH YLUWXDOO\ VLPLODU b15N
YDOXHVLQGLVVROYHGLQRUJDQLF1 ',1 DQGSRQG
DQG ODNH VXUIDFH VHGLPHQWV PRVW OLNHO\ UHÀHFW
ELRORJLFDO DVVLPLODWLRQ RI ',1 DQG VXEVHTXHQW
settling of phytoplankton and macrophyte
GHWULWXV7KHKLJKSK\WRSODQNWRQELRPDVVLQWKH
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
Å 7KLVDJUHHVZLWKWKHDYHUDJH1LVRWRSH
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 b15N–NH4+ values in the Kiruna pond.

4.3.2 Carbon and nitrogen accumulation

7KH GLVWULEXWLRQ RI VHGLPHQWDU\ 2& DQG71 LV
presented as mass accumulation rates in Fig. 6,
since this compensates for changes in OC and
71 FRQFHQWUDWLRQV WKDW DUH PHUHO\ HIIHFWV RI
YDU\LQJEXONVHGLPHQWDFFXPXODWLRQUDWHV7KH
2& DQG 71 DFFXPXODWLRQ UDWHV IROORZHG WKH
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 /DNH5DNNXULMlUYL 7KHFRUUHVSRQGLQJ
SUHVHQWGD\71DFFXPXODWLRQUDWHVZHUH±
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, b15N, and b13C in the Rakkurijoki
lakes

,Q WKH WZR 5DNNXUL ODNHV  FRQ¿GHQFH
intervals for the C/N ratio before ~1950
were 11.6±0.3 and 13.9±0.2 in Lake MettäRakkurijärvi 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 b13C and b15N values from ~1950,
although b13C in Lake Rakkurijärvi decreased
towards the sediment surface (Fig. 6).
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Figure 6.6HGLPHQWSUR¿OHVRID RUJDQLF&DQGWRWDO1GHSRVLWLRQE PRODU&1UDWLRF b13C (no Suess effect correction), and d) b15N from two cores in each of the three studied lakes (Lake Mettä-Rakkurijärvi, Lake Rakkurijärvi, and
/DNH%UXWUlVNHW 7KH\HDUVDQGDUHLQGLFDWHGLQHDFKFRUHV = Core 1. U = Core 2.

a likely process in the Rakkurijoki lakes where
dissolved CO2 would be low (~15 μM at pH 8
DQG DONDOLQLW\ a P0 7DEOH   7DLOLQJV LQ
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 HCO3–7KLV VFHQDULR LV
supported by the presence of isotopically heavier

,QFUHDVLQJ b13C 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
11

sedimentary organic C in the Kiruna tailings
pond (b13C = –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).

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
b15N was related to the cyanide gold leaching
that commenced in 2001. However, b15N values
measured in the sediment were higher than
that of the NaCN used at the gold leach plant
(b15NNaCN = +1.1±0.5‰, Section 4.2).

4.3.4 C/N, b15N, and b13C in Lake Bruträsket

7KHVHGLPHQWDU\UHFRUGRI&1b15N, and b13C
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.
7KXV PXOWLSOH FDXVHV UHODWHG WR RSHUDWLRQ RI
the Boliden ore concentrator are likely to be
responsible for variations in C/N, b15N, and b13C.
Other anthropogenic effects are considered to
EHLQVLJQL¿FDQWVLQFHQRPDMRUFKDQJHVLQODQG
use (forestry) are known, and N from the local
sewage treatment plant forms <8% of the total N
transport in Brubäcken.

0RGHOOLQJ VKRZHG WKDW QLWUL¿FDWLRQ DQG
GHQLWUL¿FDWLRQ ZHUH WKH WZR PRVW LPSRUWDQW
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.
$W VXFK KLJK FRQFHQWUDWLRQV QLWUL¿FDWLRQ LV
stimulated, and a large N isotope fractionation
(–12‰ to –29‰ in soils, Kendall, 1998) can
EH H[SHFWHG GXULQJ WKH QLWUL¿FDWLRQ SURFHVV
with b15N 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
HWDOE ,WLVDOVRJHQHUDOO\FRQVLGHUHGWKDW
phytoplankton preferentially assimilate NH4+
GXULQJSKRWRV\QWKHVLV 0RUULV 7KXVZH
suggest that the shift towards higher b15N values
in the top 2–3 cm of the sediment (Fig. 6) was
mainly caused by biological assimilation of NH4+
enriched in 151 GXH WR LQWHQVL¿HG QLWUL¿FDWLRQ
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
KDYHLQFUHDVHGGHQLWUL¿FDWLRQLQWKHVHGLPHQWV
7KLV SURFHVV FRXOG DOVR KDYH FRQWULEXWHG WR
increased b15N values in the top 2–3 cm of the
sediment (Fig. 6), as was suggested by Lu et al.
(2010) in Lake Erie.

7KH &1 UDWLR JUDGXDOO\ LQFUHDVHG IURP ±
15 in the deepest, pre-1950 core sections, to
ratios of 15–16 (with peaks up to 22) during
WKH SHULRG ±7KLV VXJJHVWV D UHODWLYH
decrease of autochthonous OM in the sediment
SK\WRSODQNWRQZLWKDSSUR[LPDWH5HG¿HOG&1
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 b15N
minima in the range –0.9‰ to –2.5‰ during
WKH SHULRG ± )LJ  DQG   7KH
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, b15N
increased in both cores and reached values
of +3.3‰ to +5.2‰ at the surface (0–0.5 cm,
)LJ   7KH b15N values (+8‰ to +19‰) in
12

4.4. Sedimentary organic matter sources

4.4.2 Lake Bruträsket

,Q /DNH %UXWUlVNHW ZH ZHUH XQDEOH WR PRGHO
the relative sedimentary contribution of the
four types of OM used in the Rakkurijoki lakes.
,VRWRSHPL[WXUHVFDOFXODWHGZLWK,VR6RXUFHZHUH
inconsistent with the corresponding sedimentary
C/N ratios, and sedimentary b13C 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
HIIHFW  )LJ   7KLV LQGLFDWHV WKH SUHVHQFH RI
at least one unknown OM source component,
with b13C below approximately –32‰ (Fig.
 7ZRSRVVLEOHRULJLQVIRUWKLVXQNQRZQ20
FRPSRQHQWDUHVXJJHVWHG ,QDODNHLQQRUWKHUQ
Sweden, Hammarlund et al. (1997) measured
sedimentary organic b13C values between
±ÅDQG±Å7KHVHORZb13C values were

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
,VR6RXUFH 6HFWLRQ   7KH  FRQWULEXWLRQ
of autochthonous OM (littoral vegetation and
phytoplankton) showed a clear increase ~1950,
ZKHQ1DQG3ULFKPLQHHIÀXHQWVEHJDQWRUHDFK
WKHODNHV )LJ ,QERWKODNHVSK\WRSODQNWRQ
detritus appears to have been the dominating type
of OM since ~1950, particularly in Lake MettäRakkurijärvi located closer to the Kiruna mine
)LJDQG 7KHODUJHSURSRUWLRQRIVRLO20
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Figure 7. Calculated relative contributions of the four organic matter source end-members soil, terrestrial vegetation,
OLWWRUDOYHJHWDWLRQDQGSK\WRSODQNWRQLQVHGLPHQWVRID /DNH0HWWl5DNNXULMlUYLDQGE /DNH5DNNXULMlUYL7KHUHODWLYHFRQWULEXWLRQRIHDFKFRPSRQHQWLVH[SUHVVHGDVZWRIWKHWRWDO20FRQWHQWLQWKHVHGLPHQW7KHKDWFKHG¿HOGV
for each end-member are delineated by % contributions obtained for the two cores collected in each lake. End-member
contributions were calculated from b13C and b151GDWDXVLQJWKHVRIWZDUH,VR6RXUFHDQGIXUWKHUFRQVWUDLQHGE\&1
ratios calculated from end-member C and N concentrations.

(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
13

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), b15N in
dissolved NH4+ and NO3– was shifted towards
higher values already in the ore and mineral
SURFHVVLQJ VWDJHV 6HFWLRQ  )LJ   7KXV
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 wellGH¿QHGLVRWRSLFFRPSRVLWLRQVKRXOGEHVXLWDEOH
for further studies of processes controlling N
isotope signatures and their transformation in
mine water recipients.

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 efÀuents
Provided that C/N ratios, b15N, and b13C values
are known for all major sedimentary OM
FRPSRQHQWV WKH VRIWZDUH ,VR6RXUFH FDQ EH
used to reconstruct historical changes in OM
accumulation in lakes receiving nutrient-rich
PLQH ZDWHUV 7KH UHODWLYH FRQWULEXWLRQ RI HDFK
OM source in lake sediments (Fig. 7) depends on
a complex interplay between natural catchment
characteristics, e.g. soil and vegetation types,
DQG QXWULHQW LQSXW IURP PLQH HIÀXHQWV
$OWKRXJK 1 IURP PLQH HIÀXHQWV LV WUDQVIHUUHG
to lake sediments through assimilation
into phytoplankton and littoral vegetation,
decomposition of organic detritus in surface
VHGLPHQWVZLOOUHVXOWLQDUHÀX[RIGLVVROYHG1
back into the water column. Since phytoplankton
detritus decomposes fairly rapidly, with a halflife of ~15 days under oxic conditions (Westrich
DQG %HUQHU   WKLV UHÀX[ FDQ EH H[SHFWHG
WR EH VLJQL¿FDQW LQ ODNHV ZKHUH SK\WRSODQNWRQ
detritus forms a major fraction of sediments
)LJ   7KH IDFW WKDW PDFURSK\WH JURZWK
appears to be related to the discharge of nutrientULFK PLQH HIÀXHQWV VXJJHVWV WKDW PDFURSK\WH
harvesting will remove mining-related N from
the system (Fig. 7), although the effectiveness of
this measure cannot be judged from the present
study.
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5.2. Nitrogen isotope signatures in minewater 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
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