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Khan, Uzair Akbar, Challenges in using natural peatlands for treatment of mining-
influenced water in a cold climate. Considerations for arsenic, antimony, nickel,
nitrogen, and sulfate removal
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 772, 2020
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Natural peatlands are commonly used in Finland as treatment wetlands to provide final treatment
to mining-influenced water. Their use is convenient as they are cost-effective, abundant in
Finland, and often located close to mining sites. This thesis explored contaminant removal
processes in treatment peatlands, and factors that affect these processes, through laboratory
experiments, analysis of monitoring data, pilot wetlands, and reactive transport modeling. The
results showed that, under the right conditions, treatment peatlands can provide efficient year-
round removal of arsenic (As), antimony (Sb), nickel (Ni), and nitrogen (N), even in a cold
climate. Sulfate (SO4

2-) removal in the studied peatlands was negligible, due to high SO4
2-

concentrations in inflow mining-influenced water and unfavorable conditions for SO4
2- removal.

Low hydraulic loading was found to be the most important parameter for efficient contaminant
removal. Inflow water composition affected removal efficiency and mobilization of contaminants.
Temperature had no major systematic effect in batch experiments, but studies on full-scale
peatlands indicated slightly better removal of Sb in summer than in winter. Removal of As and Sb
was higher at pH 6, while leaching was higher at pH 9. The opposite was true for Ni. Mean
residence times were shorter in frozen conditions, indicating loss of available peatland volume
during winter. The freezing-thawing pilot wetlands also provided evidence of presence of
preferential flow paths. Long-term use of treatment peatlands led to contaminant accumulation,
confirming high removal efficiency. However, the accumulated contaminants were mobilized
when inflow water concentrations decreased drastically. Pilot wetlands and reactive transport
modeling proved useful in understanding treatment peatland processes. Pilot wetlands adequately
replicated various peatland processes during the simulated freeze-thaw cycles. Unfrozen
conditions were better simulated than frozen conditions by the HYDRUS wetland module,
indicating a need for more accurate model parameters. Therefore, use of treatment peatlands is
challenged by varying environmental conditions and mine water composition, making it difficult
to control removal/retention processes. To address these challenges, there is a need for innovative
approaches of peatland use where the benefits to receiving water bodies exceed the risks
associated with their long-term use.

Keywords: cold climate, metal, metalloid, mining-influenced water, nitrogen, sulfate,
treatment peatland





Khan, Uzair Akbar, Kaivosvesiä käsittelevien turvepohjaisten kosteikkopuhdis-
tamojen haasteet pohjoisissa olosuhteissa. Erityistarkastelussa arseenin,
antimonin, nikkelin, typen ja sulfaatin puhdistusprosessit
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 772, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Kosteikkoja on käytetty Suomessa puhdistamaan kaivosvesiä, sillä suoluontoa on ollut tarjolla
kaivosten lähettyvillä. Tämä väitöskirja käsittelee haitta-aineiden puhdistusprosesseja turvepoh-
jaisilla kosteikkopuhdistamoilla perustuen laboratoriossa toteutettuihin kokeisiin, vesi- ja turve-
näytteistä kerättyyn aineistoon ja testikosteikon vedenvirtauksen ja puhdistusprosessien mallin-
tamiseen. Tulokset osoittivat, että oikeanlaisissa olosuhteissa kosteikot puhdistavat arseenia,
antimonia, nikkeliä ja typpeä ympärivuoden, mutta sulfaatin puhdistuminen oli olematonta.
Tähän pääsyynä oli suuri sulfaattikuorma, mutta myös epäsuotuisat olosuhteet pidättymiselle.
Riittävän matala hydraulinen kuormitus oli tärkein mitoitusparametri tehokkaaseen haitta-ainei-
den puhdistumiseen. Myös tulovedessä olevat aineet ja niiden pitoisuudet vaikuttivat poistumi-
seen kuten myös uudelleen liikkeelle lähtemiseen. Lämpötila vaikutti haitta-aineiden pidättymi-
seen laboratoriossa toteutetussa ravistelukokeessa, mutta kosteikkojen aineiston perusteella aino-
astaan antimonin puhdistumisprosessit olivat tehokkaampia kesällä kuin talvella. Arseenin ja
antimonin pidättyminen oli parasta veden pH:n olleessa noin 6, kun taas selkeätä huuhtoutumista
havaittiin pH:ssa 9. Nikkelille tilanne oli päinvastainen. Veden viipymä oli talven roudan vuoksi
lyhyempi viitaten pienempään saatavilla olevaan turvetilavuuteen. Pilot-kosteikoilla toteutetut
jäätymissulamiskokeet tukivat tätä ja osoittivat, että roudan aikana on selkeitä nopeita virtaus-
reittejä. Kosteikkopuhdistamojen pitkäaikainen käyttö näkyi haitta-aineiden kerääntymisessä
turpeeseen, joka tuki vedenlaatuaineiston perusteella laskettua tehokasta ainepoistumaa kohteil-
la. Tulokset osoittivat, että aineet huuhtoutuvat, kun niiden pitoisuus tulovedessä laskee. Testi-
kosteikot ja mallintaminen todettiin hyödylliseksi menetelmäksi lisätä ymmärrystä puhdistuspro-
sesseista. Ne toistivat turvemaiden sulamisjäätymisprosesseja, mutta puhdistusprosessien HYD-
RUS-mallinnus oli tarkempaa roudattomalle kaudelle. Lisää tutkimusta tarvitaan mallin para-
metrisoimiseksi routakaudelle. Tulosten perusteella puhdistusprosessien hallinta kaivosvesien
yhteydessä, kun olosuhteet sekä tuloveden laatu vaihtelevat, on haasteellista. Tulisi löytää ratkai-
suja vastaanottavan vesistön pilaantumisriskin huomioimiselle tilanteissa, joissa kosteikoille on
pitkään johdettu kaivosvesiä.

Asiasanat: kaivosvedet, kosteikkopuhdistamo, kylmäilmasto, metalli, metalloidi,
sulfaatti, typpi
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DL detection limit 
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Cinlet concentration in inlet 

Coutlet concentration in outlet 

Cremoved amount of contaminant removed 

Ca calcium 

Cd cadmium 

Cl⁻ chloride ion 

Cu copper 
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Fe iron 

H2S hydrogen sulfide 

HCl hydrochloric acid 

HNO3 nitric acid 

k rate constant 

Mn manganese 

N nitrogen 

Na⁺ sodium ion 

NH3 unionized ammonia 

NH4⁺ ammonium ion 

Ni nickel 

NO2⁻ nitrite ion 

NO3⁻ nitrate ion 

P phosphorus 

S sulfur 

SO4
2⁻ sulfate ion 

S2O3
2⁻ thiosulfate ion 

Sb antimony 
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1 Introduction 

The motivation for the research work behind this thesis comes from the widespread 

use of peat-based natural wetlands, also called treatment peatlands, for treating 

mining-influenced water in Finland. Mining industry has expanded over the years 

(Tuusjärvi et al., 2014; Vasara, 2018; Verbrugge & Geenen, 2019: Neukirchen & 

Ries, 2020), due to the increased demand for raw materials, e.g., for economic 

development (Muradian, Walter, & Martinez-Alier, 2012; Zheng, Wang, Wood, 

Wang, & Hertwich, 2018; Sun, Song, Zhu, & Wu, 2019) and renewable energy 

technologies (Vidal, Goffé, & Arndt, 2013; Dutta et al., 2016). Many of these mines 

are located in the Arctic, which is home to some of the largest explored and 

extracted metal mineral reserves in the world (Farré et al., 2014; Boyd, Bjerkgård, 

Nordahl, & Schiellerup, 2016; Haddaway et al., 2019). However, potential impacts 

of mining activities on surrounding water bodies and ecosystems have led to 

increasingly stringent environmental regulations for mining companies (Söderholm 

et al., 2015; Chu & Muradian, 2016; Wang, Ge, Li & Han, 2017). Mines are usually 

situated in remote locations, surrounded by pristine peatlands and forests, and there 

is an understandable tendency to use the natural peatland resource for providing a 

final polishing treatment to the pre-treated mine water, before discharging it into 

the environment (Räisänen, Lestinen, & Kuivasaari, 2001; Sjöblom, 2003). Use of 

treatment peatlands as a buffer between mine and receiving water bodies is often a 

requirement under the environmental permit issued to the mining companies in 

Finland.  

There is a history of use of peatlands for pollution control and water 

purification for different types of waters (Heikkinen, Savolainen, Ihme, & Lakso, 

2002; Koskiaho & Puustinen, 2005; Nieminen, Ahti, Nousiainen, Joensuu, & 

Vuollekoski, 2005; Postila, Ronkanen, Marttila, & Kløve, 2015). In addition to this 

water purification aspect, drained peatlands have been widely used to extract peat 

as a fuel for power generation (Tuohy, Brazilian, Doherty, Gallachóir, & O'Malley, 

2009; Clarke & Rieley, 2019), and as a plant growth medium (Kern et al., 2017). 

Although peatlands have been extensively studied (e.g., Yu, 2012; Waddington et 

al., 2015; Abdalla et al., 2016; Heikkinen et al., 2018), the functioning of these 

systems in treatment of mining-influenced water is nevertheless not well 

understood (Palmer, Ronkanen, & Kløve, 2015). 

Peatlands are complex ecosystems of partially decomposed organic matter 

accumulated over thousands of years. They accumulate in areas where 

decomposition of peat is slowed down due to saturated conditions and resistance 
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of the litter from peatland plants to decomposition, resulting in net primary 

production exceeding the rate of decay (Holden, 2005). The environment thus 

created can support many wastewater treatment processes, in part due to the ability 

of peat to remove and retain contaminants from water (Liu et al., 2008; 

Chwastowski, Staroń, Kołoczek, & Banach, 2017). However, the fate of removed 

contaminants accumulated in treatment peatlands, especially over longer periods, 

is not well understood, and treatment peatlands have been essentially treated as so-

called black boxes until now. Understanding contaminant retention processes in 

treatment peatlands is an essential prerequisite for predicting their performance 

under varying conditions, and thus for improving the sustainability of the mining 

and extraction industry in general.  

A good understanding of retention processes is also necessary when assessing 

the effects and risks associated with long-term use of peatlands for purifying waters 

contaminated with metals, metalloids, salts, organic matter, and nitrogen. 

Wastewater or runoff water from many sources, including mines, industries, 

municipalities, and agricultural areas, can contain one or more of these 

contaminants. The focus in this thesis was on treatment of mining-influenced water, 

but contaminants discussed in a mining context can also be present in wastewater 

from several other pollution sources. Therefore, the findings in this thesis can be 

considered generally applicable to the fate of the selected contaminants in peatlands, 

irrespective of their source.           

1.1 Mining-influenced water  

Mining-influenced water is the term used to identify any water affected by mining 

and metallurgical processing (McLemore, 2009). It includes acid or alkaline mine 

drainage from waste rock piles, dewatering water from underground and open pit 

mines, and wastewater produced during processing of mineral ore. Mining 

represents one of the largest waste streams in Europe (Hámor, 2004), and adverse 

impacts of mining-influenced water on the environment have been clearly 

demonstrated (Nordstrom & Alpers, 1999; Johnson & Hallberg, 2005; Kaupilla, 

Räisänen, & Myllyoja, 2011). One of the prime reasons for concern is that pollution 

by mining-influenced water continues for decades after mine closure. Management 

of long-term pollution from mines will therefore be a major challenge to achieving 

chemical quality targets set within the European “Water Framework Directive 

(WFD)” (European Commission, 2000; Wolkersdorfer, 2005). 
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The composition of mining-influenced water can vary depending on the source 

of the water (e.g., dewatering water, process water, or drainage water), the type of 

mine (e.g., coal or metal mine), the mining and processing method applied, the 

geology of extracted and processed mineral deposits, and the local climate (Plumlee, 

Smith, Montour, Ficklin, & Mosier, 1999; McLemore, 2009). Many metal mines 

extract metal sulfide mineral ores (Dudka & Adriano, 1997). These minerals are 

chemically stable under natural conditions, but become unstable when exposed to 

water and atmospheric oxygen. Sulfide minerals readily dissolve in water, releasing 

sulfur and metal ions. Consequently, depending on the mined ore, mining-

influenced water from metal mines generally contains elevated concentrations of 

trace metals, metalloids, nutrients, and salts, among other contaminants (Nordstrom 

& Alpers, 1999; Johnson & Hallberg, 2005; Kaupilla et al., 2011). Arsenic (As), 

antimony (Sb), nickel (Ni), and sulfates (SO4
2–) are some of the most common and 

most important environmental contaminants in water influenced by metal mining. 

Their fate in treatment peatlands handling mining-influenced water is explored in 

this thesis. In addition, processes for removal of nitrogen (N), which ends up in 

mining-influenced water as a result of the use of N-based explosives in rock 

blasting, are explored. These contaminants were selected because they are 

mentioned in recent Environmental Impact Assessments (Pöyry, 2016) and in 

concerns raised by the environmental authorities in Finland (AVI, 2013). 

Mining-influenced water, like many other industrial wastewaters, is commonly 

treated using energy- and resource-intensive active treatment methods. These 

generally include oxidation, dosing with alkali, accelerated sedimentation (ODAS), 

sulfate reduction, bio-desalination, and ion exchange and sorption (Younger, 

Banwart, & Hedin, 2002; Stuhlberger, Peck, Tremblay, & Dave, 2007; Hengen, 

Squillace, O'Sullivan, & Stone, 2014). Use of other active methods, e.g., 

coagulation-flocculation-sedimentation/filtration, electrochemical methods, 

membrane filtration, and co-precipitation, has been reported, particularly for 

removal of metals and metalloids, including Sb, As, and Ni from runoff and 

wastewaters (Kartinen & Martin, 1995; Zouboulis & Katsoyiannis, 2002; Kang, 

Kawasaki, Tamada, Kamei & Magara, 2000; Kang, Kamei & Magara,2003; Guo et 

al., 2009; Dermentzis, Christoforidis, & Valsamidou, 2011; Qin et al., 2012; Wang 

et al., 2013; Du et al., 2014). Biological treatment methods, e.g., the conventional 

nitrification-denitrification process and anaerobic ammonium oxidation, are most 

commonly employed to remove N from wastewaters, including mining-influenced 

waters (Holakoo, Nakhla, Bassi, & Yanful, 2007; Jermakka et al., 2015; Scaglione 

et al., 2013). 
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1.2 Passive treatment of mining-influenced water   

Passive treatment methods, which work with naturally available energy sources, 

are low-maintenance, and require minimum operational oversight, are an attractive 

alternative to active treatment methods for wastewater (Gazea, Adam, & 

Kontopoulos; Ziemkiewicz, Skousen, & Simmons, 2003; Crites, Middlebrooks, 

Bastian, & Reed, 2014). Passive methods are especially attractive for the mining 

industry, because they continue to provide treatment in the aftermath of mine 

closure, when it becomes difficult for mining companies to financially justify the 

ongoing cost of active treatment. A number of passive treatment systems have been 

developed specifically for the mining industry (Younger et al., 2002; Neculita, 

Zagury, & Bussière, 2007; Skousen et al., 2017). Depending on the criteria selected, 

these can be broadly and roughly divided into the following overlapping categories 

(Younger et al., 2002):  

i. Inorganic media passive systems (IMPs), based on 

dissolution/precipitation of inorganic/mineral substances, e.g., anoxic 

limestone drains (ALD) (Turner & McCoy, 1990; Watzlaf, Schroeder, 

& Kairies, 2000a), oxic limestone drains (OLD), also called open 

limestone channels (OLC) (Ziemkiewicz, Skousen, Brant, Sterner, & 

Lovett, 1997; Santofimia & López-Pamo, 2016), and limestone or 

steel slag leach beds (LLB and SLB) (Ziemkiewicz, 1998; Goetz & 

Riefler, 2014). 

ii. Subsurface flow bacterial sulfate reduction systems (SFBs), e.g., 

permeable reactive barriers (PRBs) (Benner, Blowes, Gould, Herbert, 

& Ptacek, 1999; von Gunten et al., 2019).  

iii. Wetland type systems, including e.g., compost wetlands (Gandy et al., 

2016), aerobic wetlands (Johnson & Younger, 2006; Pat-Espades, 

Portales, Amabilis-Sosa, Gomez, Vidal, 2018), and reducing 

alkalinity-producing systems (RAPS) or successive alkalinity-

producing systems (SAPS) (Kepler & McCleary, 1994; Watzlaf, 

Schroeder, & Kairies, 2000b).   

Anoxic and oxic limestone drains consist of limestone beds which dissolve upon 

contact with mining-influenced water, providing bicarbonate to neutralize mine 

water acidity (e.g., Hedin, Watzlaf, & Nairn, 1994; Watzlaf et al., 2000a). 

Limestone and steel slag leach beds consist of a pond filled with alkalinity-

producing material. Water with low metal concentrations is introduced to the beds 
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and the effluent with high alkalinity is used to treat mine water (Ziemkiewicz & 

Skousen, 1998; Black, Ziemkiewicz, & Skousen, 1999; Goetz & Riefler, 2014). 

Permeable reactive barriers comprise a medium, most commonly selected to 

promote bacterial sulfate reduction, installed in situ in the path of subsurface flows 

of mining-influenced water (e.g., Benner et al., 1999). Permeable reactive barriers 

for As removal, based on As reduction and precipitation with zero-valent iron, have 

been investigated, with promising results (Gibert, de Pablo, Cortina, & Ayora, 

2010). Similarly, Ni has been shown to be efficiently removed by a PRB made from 

compost, woodchip, gravel, and limestone (Benner et al., 1999). Reducing 

alkalinity-producing systems are based on a layer of limestone, similar to ALDs, 

along with another layer of organic material to promote growth of sulfate-reducing 

bacteria (SRB). Alkalinity is produced in these systems by both limestone 

dissolution and sulfate reduction, while some metal removal through metal sulfide 

precipitation also takes place (e.g., Watzlaf et al., 2000b). Wetland systems have 

been effectively used to remove metals, metalloids, nitrogen, and sulfur from 

mining-influenced water (Sheoran & Sheoran, 2006; Lee, Fletcher, & Sun, 2009; 

Wu et al., 2013).   

Constructed wetlands are amongst the most popular passive treatment 

methods for mine water treatment (Moshiri, 1993; PIRAMID Consortium, 2003; 

Skousen et al., 2017; Pat-Espadas et al., 2018). Treatment peatlands, a type of 

wetland, are considered a natural analogue to constructed wetlands for their ability 

to treat contaminated water, including acid mine drainage water (Ronkanen & 

Kløve, 2009; Parviainen, Mäkilä, & Loukola-Ruskeeniemi, 2014; Palmer et al., 

2015). Peatlands are natural wetlands more abundant in the boreal region (Immirzi, 

Maltby, & Clymo, 1992), but also widely present in tropical environments (Page, 

Rieley, & Banks, 2011; Leng, Ahmed, & Jalloh, 2019). Peatlands account for about 

3% of the total land area in the world (Yu, 2012; Turetsky et al., 2014) and about 

one-third of the land area in Finland (Tomppo & Henttonen, 1996).  

Water treatment in wetlands takes place through removal of suspended solids, 

as they retard and filter flow, through removal of metals, metalloids, and nutrients 

by adsorption on plant roots, organic material, and mineral soil, and through 

biological degradation (Huttunen, Heikkinen, & Ihme, 1996; Kadlec & Wallace, 

2009; Meng, Pei, Hu, Shao, & Li, 2014; Ronkanen, Marttila, Celebi, & Kløve, 

2016). An important distinction between constructed wetlands and natural 

peatlands is that biogeochemical and hydraulic processes taking place in natural 

peatlands are more diverse and difficult to control, due to the inherent spatial 

heterogeneity of soil and the flow properties of natural peatlands.  
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1.3 Peatlands 

Wetlands are areas characterized by saturated soil conditions, where the watertable 

remains near the surface for such long and frequent periods that vegetation adapted 

to saturated conditions can prevail (Reddy & DeLaune, 2008). Peatlands are a type 

of wetland dominated by peat, which is a predominantly organic material 

characterized by high water content and low density, and composed of partially 

decomposed plant material (Boelter, 1968; Davies, Phillips, & Warburton, 2013). 

Peat depth and characteristics in different peatlands vary due to topography, 

hydrology, morphological stage, and surface vegetation (Hammond, 1981; Hobbs, 

1986). In general, the minimum peat depth required to characterize a site as 

peatland is 30 cm (Joosten & Clarke, 2002). Peatlands are broadly classified into 

two types based on pH, cation concentrations, and the main source of water feeding 

the peatland. These are: i) rainwater-fed ombrotrophic bogs with lower pH and 

cation concentrations (pH < 4, Ca < 1 mg L⁻1) and ii) groundwater-fed 

minerotrophic fens (pH > 4, Ca > 2 mg L⁻1) (Glaser, Wheeler, & Groham, 1981; 

Glaser, Janssens, & Siegel, 1990; Griffiths & Sebestyen, 2016). Characteristic plant 

species of boreal peatlands, the focus of this thesis, include sedges, cotton grasses, 

sphagnum mosses, common bog arrow-grass, and ericaceous shrubs (Pakarinen & 

Ruuhijärvi, 1978; Glaser et al., 1981; Glaser, 1987; Rydin, Jeglum, and Bennett, 

2013).      

1.4 Contaminant removal processes in peatlands 

Peat can remove metals and metalloids from contaminated water through a number 

of processes, including surface adsorption, complexation, chemisorption, ion 

exchange, and adsorption-complexation (Bunzl, Schmidt, & Sansoni, 1976; Gosset, 

Trancart, & Thevenot, 1986; Allen, Murray, Brown, & Flynn, 1994; Brown, Gill, 

& Allen, 2000). Environmental factors such as temperature, pH, availability of 

oxygen, composition of the inflowing water, among other factors, play a critical 

role in controlling these processes. Environmental factors typically important in 

cold climate treatment peatlands, and their general effects on peatland processes 

and conditions, are summarized in Figure 1. The most efficient metal removal by 

peat generally takes place when the pH is between 3.5 and 6.5, while metals tend 

to leach at more acidic pH values (Randall, Garrett, Bermann, & Waiss, 1974; 

Coupal & Lalancette, 1976; Brown et al., 2000; Tipping, Smith, Lawlor, Hughes, 

& Stevens, 2003; Sen Gupta, Curan, Hasan, & Ghosh, 2009).  Composition of the 
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inflow water, which determines its pH, is also important, because competition with 

other cations and anions has been shown to suppress the removal of certain metals 

(Brown et al., 2000; Wilson, Lockwood, Ashley, & Tighe, 2010; Palmer et al., 

2015). Dissolved oxygen concentration, which decreases with depth in peatlands 

(Megonigal, Patrick, & Faulkner, 1993; Heikkinen et al., 2018), directly affects the 

redox conditions which control speciation. Better removal has been reported for 

many metals such as iron (Fe), aluminum (Al), copper (Cu), and cadmium (Cd) at 

low dissolved oxygen concentrations, an effect attributed to development of 

sulfate-reducing conditions and subsequent metal removal by sulfide precipitation 

(Champagne, Van Geel, & Parker, 2008).   

Fig. 1. Conceptual diagram representing a typical peatland in a cold climate, and 

environmental factors that can affect peatland conditions and processes.  
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1.4.1 Arsenic and antimony 

Pollution with As and Sb usually co-occur (Wu et al., 2011), from mines extracting 

sulfide ores (e.g., arsenopyrite, arsenic-rich pyrite, and galena) and both are linked 

to severe effects on human health (Abernathy et al., 1999; Cooper & Harrison, 2009) 

and ecosystems (Borgmann, Couillard, Doyle, & Dixon, 2005; Dovick, Kulp, Arkle, 

& Pilliod, 2016). Smelting plants, abrasion of brake linings in vehicles, incineration 

of municipal waste, and thermal power plants are other anthropogenic sources of 

Sb in the environment (Ainsworth, Cooke, & Johnson, 1990; Watanabe, Inoue, & 

Ito, 1999; Bosco, Varrica, & Dongarrà, 2005; Iijima et al., 2009). In contrast, As is 

released to the environment mainly from natural sources, although human activities 

such as fossil fuel combustion, use of arsenic-containing pesticides and herbicides, 

and As addition to livestock feed are important sources of As pollution (Smedley 

& Kinniburgh, 2002). Arsenic and Sb are both group 15 elements, with analogous 

chemical and toxicity properties (Lehr, Kashyap, & McDermott, 2007; Ungureanu, 

Santos, Boaventura, & Botelho, 2015; Herath, Vithanage, & Bundschuh, 2017; Guo 

et al., 2018). However, there are differences in their geochemical behavior in terms 

of mobility, bioavailability, and reaction rates (Leuz, Hug, Wehrli, & Johnson, 2006; 

Tschan, Robinson, & Schulin, 2009; Fu et al., 2016). Antimony and As exist in both 

organic forms (such as methylated compounds) and inorganic forms (such as 

Sb(OH)3, Sb(OH)6⁻, As(OH)3, H2AsO4⁻, HAsO4
2⁻, and H3AsO3) in the environment 

(Cullen & Reimer, 1989; Koch et al., 2000; Filella, Belzile, & Chen, 2002; 

Ungureanu, Santos, Boaventura, & Botelho, 2015; Herath et al., 2017; Guo et al., 

2018). Inorganic forms are considered more toxic, and toxicity also depends on the 

oxidation state (-III, 0, III, V), with Sb (III) and As (III) compounds considered 

more harmful and mobile than Sb (V) and As (V) compounds (Yamauchi & Fowler, 

1994; Gebel, 1997; He & Yang, 1999; Wilson et al., 2010). Arsenic has been studied 

in relatively more detail to date, due to its common occurrence in groundwater 

(Bhattacharya et al., 2007), while knowledge about the mobilization and 

transformation of Sb is fairly limited (Herath et al., 2017). 

Arsenic and Sb can be removed from water by binding to natural organic matter 

in peatlands via a number of different mechanisms (e.g., complexation, direct 

coordination, etc.) (Buschmann & Sigg, 2004; Buschmann et al., 2006; Hoffmann, 

Mikutta, & Kretzschmar, 2013; Besold et al., 2018; Besold, Eberle et al., 2019). 

Binding of arsenate to amino and phenolic groups and binding of arsenite to 

phenolic, carboxylic, and sulfhydryl groups are possible mechanisms for As 

sequestration in peatlands (Thanabalasingam & Pickering, 1986; Buschmann et al., 
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2006; Besold et al., 2018). Reduced sulfur species also contribute to Sb retention 

in wetlands (e.g., in the form of Sb sulfide or sequestration through 

carboxyl/phenol/thiol groups of natural organic matter (NOM)) (Bennett, 

Hockmann, Johnston, & Burton, 2017; Besold, Kumar et al., 2019).  

Speciation of different metals and metalloids controls how efficiently they are 

removed in peatlands, e.g., in the case of Sb, antimonite is more efficiently removed 

than antimonate (Besold, Eberle et al., 2019). Similarly, arsenate has been shown 

to be more effectively removed than arsenite by iron-enriched peat and humic acids 

(Buschmann et al., 2006; de Oliveira et al., 2015). Since arsenate and arsenite bind 

to peat by different mechanisms, optimum removal of each species takes place 

under different conditions.  

1.4.2 Nickel 

Nickel is a transition metal of group 10 which is extensively used in many industrial 

processes (Küpper & Kroneck, 2007). Major sources of Ni, apart from mining, 

include domestic wastewater and smelters (Nriagu & Pacyna, 1988; Cempel & 

Nikel, 2006). The toxicity and carcinogenicity of Ni are well known (Denkhaus & 

Salnikow, 2002). The most common oxidation state is Ni (II) and other oxidation 

states (−I, 0, +I, +III, +V) are comparatively rare (Küpper & Kroneck, 2007). 

Nickel is considered relatively less mobile at neutral to high pH, but can pose a risk 

through mobilization from organic-rich acidic soils, such as those found in certain 

peatlands (Nieminen, Ukonmaanaho, Rausch, & Shotyk, 2007).  

Nickel is effectively removed in treatment peatlands because of adsorption on 

peat rather than plant uptake (Eger & Lapakko, 1988). Sorption on peat happens 

both by complexation and ion exchange (Ho, John Wase, & Forster, 1995) and Ni 

is more strongly bound by peat than a number of other metals, e.g., Cu, Cd, and Zn 

(Gosset et al., 1986).    

1.4.3 Nitrogen and sulfate 

Nitrogen is a critical pollutant, not only because of its potential for causing 

eutrophication in coastal and fresh waters (Howarth & Marino, 2006; Levine & 

Whalen, 2001), but also for its direct toxicity in organisms (Forsyth, Cameron, & 

Miller, 1995). It is also one of the major contaminants in wastewater from 

municipalities and agricultural areas. Nitrogen in the aquatic environment is 

commonly present as ammonium (NH4⁺), unionized ammonia (NH3), nitrite (NO2⁻), 
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and nitrate (NO3⁻).  Unionized ammonia is the most toxic to aquatic animals, 

whereas NH4⁺ and NO3⁻ are the least toxic (Camargo & Alonso, 2006). There is an 

equilibrium between NH4⁺ and NH3, and the relative abundance is determined by 

the pH and temperature of water (Emerson, Russo, Lund, & Thurston, 1975). In the 

conditions relevant for treatment wetlands, NH4⁺ is vastly dominant (Kadlec & 

Knight, 1996).  

Nitrogen removal in wetlands takes place mainly by nitrification-

denitrification (Kadlec & Knight, 1996). Ammonium, the dominant form of 

nitrogen in wastewater (Tanner, Kadlec, Gibbs, Sukias, & Nguyen, 2002), is first 

converted to nitrate and nitrite by the action of bacteria under aerobic conditions 

(nitrification) and then to nitrogen gas under anoxic conditions (denitrification). 

Denitrification rates in wetlands are influenced by pH and redox potential, among 

other environmental factors (Vymazal, 2007). Plant uptake is considered the other 

major nitrogen removal process in tropical peatlands (Koottatep & Polprasert, 

1997), and removal of NH4⁺, in particular, can be significant through this 

mechanism (Gottschall, Boutin, Crolla, Kinsley, & Champagne, 2007). However, 

denitrification, rather than plant uptake, has been shown to be the main nitrogen 

removal process in cold climate wetlands (Hallin, Hellman, Choudhury, & Ecke, 

2015). 

Sulfur (S) is present in wetlands in the form of SO4
2⁻ and hydrogen sulfide 

(H2S), thiosulfate (S2O3
2⁻), and elemental sulfur, due to the range of oxidizing and 

reducing conditions found in wetlands (Kadlec & Knight, 1996; Wu et al., 2013). 

Sulfate is the dominant form in water under oxidizing conditions, while sulfide is 

present under reducing conditions. Sulfur removal in wetlands takes place by 

conversion of SO4
2⁻ to sulfide by the action of sulfate-reducing bacteria (SRB) 

under strongly reducing conditions, and subsequent release of sulfur in gaseous 

forms (H2S, S, methyl sulfide (C2H6S)) and precipitation of S and metallic sulfides 

(Kadlec & Knight, 1996). For treatment of wastewater with a high sulfate load, 

such as mining-influenced water, sulfate reduction is mainly limited by the 

availability of carbon to the SRB (Eger & Wagner, 2003). Therefore, a 

supplemental carbon source can be added to increase sulfate reduction rates.  

Both nitrate and sulfate reduction take place in wetlands, but nitrate reduction 

is considered more thermodynamically favorable, and takes precedence over 

sulfate reduction (Correll & Weller, 1989; Whitmire & Hamilton, 2005). The 

sequence of preferred terminal electron acceptors under standard conditions is: 

NO3⁻, Fe (III), Mn (III, IV), and SO4
2⁻ (Thauer, Jungermann, & Decker, 1977; 

Keller, Weisenhorn, & Megonigal, 2009). High sulfide concentrations, on the other 
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hand, have been shown to suppress nitrification (Joye & Hollibaugh, 1995; 

Wiessner, Kuschk, Jechorek, Seidel, & Kästner, 2008) and denitrification (Myers, 

1972). 

1.4.4 Role of iron, manganese and sulfur 

Iron is predominantly retained by peat through Fe oxidation and binding on peat 

organics, while manganese (Mn) is almost exclusively retained by cation exchange, 

especially in the presence of Fe (Henrot & Wieder, 1990). Arsenic and Sb can be 

immobilized by binding/co-precipitation by (oxyhydr)oxides of metals such as Fe, 

Al, and Mn (Manning, Fendorf, & Goldberg, 1998; Lizama, Fletcher, & Sun, 2011; 

Nakamaru & Altansuvd, 2014). Antimony can also be immobilized by microbial 

Fe (III) reduction and subsequent formation of secondary Fe (III) oxide (Burton et 

al., 2019). Similarly to As and Sb, Fe and Mn (oxyhydr)oxides have also been 

reported to be important sinks of Ni (Green-Pedersen, Jensen, & Pind, 1997). 

Iron (Fe) and manganese (Mn) (oxyhydr)oxide reduction and dissolution 

under reducing conditions can lead to mobilization of Sb and As adsorbed and co-

precipitated with Fe and Mn oxides (Gambrell, 1994; Hockmann et al., 2014).  

However, it has also been demonstrated that Sb mobilization from wetland soils is 

decoupled from the Fe cycle, and possibly linked to oxidative dissolution of 

antimony sulfide or microbial breakdown of Sb-containing organic matter (Arsic 

et al., 2018). Mobilization of As has been shown to be linked to Fe mobilization in 

peatlands subjected to drying and rewetting cycles (Blodau, Fulda, Bauer, & Knorr, 

2008; Rothwell et al., 2009). Arsenic is reported to remain immobile under 

permanently water-logged conditions and its retention is decoupled from Fe oxides 

(Rothwell et al., 2009).  

Sulfates can be reduced to sulfides in anoxic environments, leading to metal 

removal from water by metal sulfide precipitation or sorption by reduced sulfur 

species (Sposito, 1989; Bennett et al., 2017). This is a particularly important metal 

removal mechanism in treatment wetlands handling mining-influenced water 

(Reddy & DeLaune, 2008). Antimony and As can be immobilized by sulfide 

precipitation in peatlands with constant sulfate (SO4
2⁻) input (Gadd & White, 1993; 

White & Gadd, 1996; Gammons & Frandsen, 2001; Du Laing et al., 2009;; Palmer 

et al., 2015). Nickel removal also takes place by sulfide precipitation (Ettner, 1999). 
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1.5 Considerations for peatlands in a cold climate 

Winters in the sub-Arctic climate region are long (usually lasting from October to 

April) and extremely cold (the coldest temperature recorded in Finnish Lapland is 

around −50 °C) (Finnish Meteorological Institute, 2020). This extreme cold, 

particularly sub-zero temperatures, can result in a decline in reaction rate for many 

biotic and abiotic reactions taking place in treatment wetlands (Kadlec & Knight, 

1996). Temperature also affects the diversity and population of various microbial 

communities (Edwards, Gihring, & Banfield, 1999; Volant et al., 2014). These 

communities are directly responsible for many microbial processes, including 

oxidation, reduction, methylation, and demethylation reactions, which are 

important for retention and mobility of metals and metalloids (Oremland & Stolz, 

2003; Li et al., 2016). Although the role of temperature is critical for metal removal 

in peatlands, increases in temperature have been shown both to increase and 

decrease the metal adsorption capacity of peat (Viraraghavan & Dronamraju, 1993; 

Lalvani, Wiltowski, Murphy, & Lalvani, 1997; Champagne et al., 2008; Ansone, 

Eglite, & Klavins, 2012). Nitrogen removal in peat-based constructed wetlands has 

also been shown to be temperature-dependent (Postila, Ronkanen, & Kløve, 2015), 

with denitrification rates in particular being lower at low temperatures (Kujala, 

Karlsson, Nieminen, & Ronkanen, 2019). Sulfate removal in wetlands declines in 

winter, not only due to the cold temperatures but also to plant-mediated oxygen 

transfer inhibiting SRB activity (Stein, Borden-Stewart, Hook, & Jones, 2007). The 

overall effect of plant-mediated oxygen transfer in winter depends on the presence 

of plants capable of oxygen transfer during the dormant season, and it exacerbates 

the already low SRB activity due to low temperature.   

In addition to changes in temperature, cold winters also bring long periods of 

snow and ice cover over peatlands, which can restrict diffusion of oxygen from the 

atmosphere into the pore water and the peat (Kadlec & Reddy, 2001). At the same 

time, snow cover acts as an insulating material, protecting the ground underneath 

from freezing (Kadlec & Knight, 1996). The barrier to oxygen transfer posed by 

snow and ice cover changes the pH and redox conditions in the peat surface layer, 

which is usually oxic under non-frozen conditions. If the watertable drops below 

the ice and snow layer, an air gap is formed below the ice, which contributes further 

to the thermal insulation (Wallace, Parkin, & Cross, 2001). When the watertable 

rises again, water can flow through cracks in the ice sheet and flow over the surface, 

effectively bypassing the peat underneath (Kadlec, 1987). Freezing of the surface 

layer causes expulsion of dissolved contaminants from the ice matrix to adjacent 
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waters (Li, 1985), which can lead to increased concentrations of contaminants in 

water underneath the ice and in liquid pockets in the ice matrix. Melting of the 

accumulated snow results in flooding of peatlands, which can lead to contaminants 

washing out from the peatlands. The risk of contaminants leaching out and being 

transported to surrounding surface and groundwater bodies, endangering their users 

and ecosystems, can increase if contaminants have accumulated to high 

concentrations in the peat after many years of operation of treatment peatlands 

(Ronkanen & Kløve, 2009; Palmer et al., 2015). Changes in pH and redox 

conditions inside peatlands can trigger bound contaminants to detach from the peat 

and become mobile (Coupal & Lalancette, 1976; Gambrell, 1994). When the 

concentration of anions such as sulfates and phosphates is particularly high, these 

anions can affect retention of metals, due to anion exchange with absorbed metals 

(Stuckman, Lenhart, & Walker, 2011). If conditions in the wetlands change from 

anoxic to oxic due to water level fluctuations, snow cover, or other reasons, sulfides 

can oxidize to sulfate, releasing the metals and metalloids removed from water by 

metal sulfide precipitation (Reddy & DeLaune, 2008). Knowledge of contaminant 

mobilization is important when seeking to identify pollution sources at catchment 

scale in compliance with the European Union WFD (Chon, Ohandja, & Voulvoulis, 

2010).  

1.6 Modeling the performance of treatment peatlands 

The design of constructed treatment wetlands is generally based on empirically 

determined guidelines or first order-decay models (more commonly referred to as 

k-C* models) (Kadlec & Knight, 1996). These models can reasonably predict the 

performance of wetlands operating under similar climate, loading rates, wastewater 

composition, etc. as the source wetlands (Rousseau, Vanrolleghem, & De Pauw, 

2004: Langergraber, 2011). For the lack of any better alternative, these empirically 

determined guidelines and k-C* models are commonly used. More recently, 

attention has been given to understanding the complex processes taking place 

inside wetlands (Rousseau, 2005; Faulwetter et al., 2009). Adding to the 

complexity of processes, the inherent heterogeneity of natural peatlands makes it 

nearly impossible to develop universally applicable empirical models by linking 

peat properties to flow and transport properties. Peat properties also change over 

time, as porewater composition changes and contaminants accumulate in treatment 

peatlands (Ours, Siegel, & Glaser, 1997).  



30 

Mechanistic models mathematically representing peatland processes can be 

used to predict peatland performance and suggest design guidelines applicable 

under a broad range of conditions. A number of mechanistic models are available 

for horizontal and vertical flow constructed wetlands. These include e.g., the Wynn-

Liehr model (Wynn & Liehr, 2001); the Constructed Wetland 2-Dimensional 

(CW2D) model (Langergraber, 2001, 2003) implemented in the wetland module in 

HYDRUS) (Langergraber & Šimůnek, 2005, 2012); the Constructed Wetland 

Model number 1 (CWM1) model in HYDRUS (Langergraber, Rousseau, García, 

& Mena, 2009); and the BIO_PORE Model (Samsó & García, 2013). Process-

based models such as these are composed of a number of sub-models to simulate 

various wetland processes, e.g., water flow, solute transport, transformation and 

degradation of contaminants, plant-related processes, clogging due to suspended 

particles, etc. (Langergraber, 2017). However, the applicability and validity of these 

models for natural peatlands in cold climate regions needs to be ascertained if the 

models are to be further modified or used for treatment peatlands. In addition, these 

models currently only cover a limited number of biogeochemical processes, e.g., 

nitrogen, phosphorus (P), and organic matter transformation.   

1.7 Objectives of the study and thesis structure 

The overall aim of this thesis was to improve understanding of the effects of 

environmental conditions on contaminant retention in treatment peatlands used for 

wastewater purification in cold climate areas, in order to move design, operation, 

and performance prediction of treatment peatlands from empirical methods towards 

more process-centric approaches. The main hypothesis tested in the work was that 

contaminant removal and contaminant retention capacity in treatment peatlands 

decline over time due to contaminant accumulation, which leads to limited removal 

and leaching. Based on this hypothesis, specific objectives of the work were: 

i. To identify major processes responsible for contaminant removal in 

treatment peatlands through laboratory experiments, analysis of long-

term field data, pilot wetlands, and models (Papers I, II, III, IV). 

ii. To assess the effect of environmental parameters on these processes 

(Papers I, II, III, IV). 

iii. To identify changes in conditions taking place in treatment peatlands 

seasonally (short-term) and over their service lifetime (long-term), and 

determine how they affect contaminant retention (Papers II and III). 
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iv. To develop pilot wetlands for simulation of freeze-thaw cycles in cold 

climate treatment peatlands and evaluate their suitability for 

representing processes in full-scale treatment peatlands (Paper III).   

v. To determine the applicability of the commercially available wetland 

flow and contaminant transport simulation tool HYDRUS and the 

biokinetic model CWM1 for modeling flow and reactive transport of 

contaminants in treatment peatlands (Paper IV).  

This doctoral thesis is based on three peer-reviewed original scientific publications 

(Papers I, II, and III) and one unpublished manuscript (Paper IV). The focus of the 

studies described in these papers, their scope, and their contribution to the thesis 

are summarized in Figure 2. 

 

Fig. 2.  Schematic diagram summarizing scope and structure of the work for the articles 

included in this thesis. 

Paper I describes batch sorption/desorption experiments with peat soil and mining-

influenced water conducted on two full-scale treatment peatlands inside the Arctic 

Circle. The experiments were conducted under both oxic and anoxic conditions, 

representing conditions in the surface peat layer and in deeper layers of the 
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peatlands. The effects of pH, temperature, and mine water dilution on adsorption 

and desorption were examined in detail. 

In Paper II, long-term influent and effluent composition data from the same 

full-scale treatment peatlands were augmented with meteorological data for the 

same period, in order to study changes in contaminant retention in the peatlands 

over the years, particularly in the context of changing conditions. 

In order to study the effect of environmental parameters on contaminant 

retention under controlled conditions, two pilot wetlands were constructed at the 

laboratory and subjected to controlled freezing-thawing cycles. Paper III 

documents the construction, operation, and monitoring of these pilot wetlands. 

Contaminant removal efficiency of the pilot wetlands was monitored and compared 

with that of the full-scale treatment peatlands.  

Paper IV investigated the applicability of the HYDRUS wetland module and 

biokinetic module CWM1 to simulate flow and transport of contaminants in cold 

climate treatment peatlands. Flow, transport, and reaction parameters that best 

represented these processes in cold climate treatment peatlands were also 

determined.  

Overall, this thesis and the results presented in Papers I–IV help to fill the 

current gaps in knowledge about the functioning of treatment peatlands handling 

mining-influenced water in extremely cold climate conditions. The work adds to 

the existing wealth of knowledge about peat as a sorbent material, peatlands as 

sinks of contaminants, and the debate around conservation of peatlands and 

sustainable mining. Gaps in knowledge also exist in the current understanding of 

peatland processes and how the extreme environmental conditions of the Arctic 

could affect these processes. It is also not clear at present what implications long-

term use of peatlands for mine water treatment may have for the peatlands 

themselves and the surrounding nature. This thesis builds upon many studies 

carried out on peat, synthetic water, natural metal and metalloid deposition in 

peatlands, and the behavior of mine water in passive mine water treatment systems. 

It presents an additional perspective on the use of peatlands under the extreme 

weather conditions of the Arctic region and explores how well existing tools can be 

tailored to study these very unique conditions.   
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2 Study site 

The study site was situated in the region of Lapland in Northern Finland (67°54′N; 

25°22′E). Kittilä mine, located 150 km inside the Arctic Circle near the town of 

Kittilä and the popular ski resort of Levi, is the largest gold mine in Europe (Wyche 

et al., 2015). It uses two peatlands for polishing pre-treated mining-influenced 

water, which provided a unique opportunity to study processes taking place in cold 

climate treatment peatlands. The two peatlands, identified as treatment peatland A 

(TP-A, area = 44 ha) and treatment peatland B (TP-B, area = 17 ha) in this thesis, 

are used for purification of pre-treated excess process water and mine dewatering, 

respectively. TP-A has been in operation since 2010 and TP-B has been used since 

2006, although the mine did not start regular operation until 2008. Each peatland 

receives influent through an unlined inlet channel and discharges effluent to a 

nearby river (Seurujoki) through outlet ditches. The purpose of the treatment 

peatlands is to provide a buffer zone between the mine and the recipient river, which 

means that water quality requirements for mine effluent waters must be met already 

before discharge into the peatlands. The location and layout of the study site are 

shown in Figure 3. 

2.1 Climate and physical characteristics of the study site 

The region where the study site is located is generally characterized by relatively 

flat topography. It typically experiences permanent snow cover from October to 

May. Precipitation during this period is accumulated as snow over the peatlands 

and most of the melting, termed spring snowmelt, takes place during a short period 

of one month, around April–May. According to data for the period 2008–2018 

obtained from the Finnish Meteorological Institute, about 197 mm precipitation in 

the form of snow falls on average during the snow accumulation season every year. 

Prior to their use for treatment of mining-influenced water, the treatment peatlands 

were fen-type peatlands fed by local groundwater. As part of the mining activity, 

intensive dewatering of the mining area has led to lowering of the watertable in the 

area and the mining-influenced water discharged into the peatlands is the major 

component keeping the mean watertable within ±20 cm of the surface and 

maintaining water-saturated conditions in the treatment peatlands. Wetlands around 

the mine are characterized by a 1–2 m layer of peat underlain by 3–6 m of moraine 

deposits (Larkins et al., 2018). The surface vegetation cover of the treatment 

peatlands mainly includes Eriophorum angustifolium, Carex spp., and Menyanthes 
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trifoliata (Maljanen, Kujala, Reinikainen, Tuittila, & Ronkanen, 2018). A 

conceptual cross-section of peatlands at the study site is provided in Figure 3c. 

 

Fig. 3. a) Location of the study site in northern Finland, b) layout of the site and position 

of treatment peatlands A and B (TP-A and TP-B), and c) conceptual cross-section of 

peatland at the study site (reprinted with permission from Paper II © 2020 Elsevier B.V.).  

2.2 Quantity and composition of influent 

The current environmental permit for Kittilä mine limits the concentration of Sb, 

As, and Ni in mine effluent waters to 0.3 mg L⁻1 for each, calculated as monthly 

flow-weighted average, or to 0.8 mg L⁻1 for Ni or Sb and 1 mg L⁻1 for As in 
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individual water samples (Court order 2201/2016, 2016). The concentration of 

SO4
2⁻ is limited to 2000 mg L⁻1 in the valid environmental permit. These effluent 

quality requirements must be met already before the water is released into the 

treatment peatlands. 

Mining-influenced water makes up the major share of total inflow to the 

treatment peatlands, because the peatlands have been designed and located in such 

a way that minimum flow of natural runoff waters from around the treatment areas 

takes place towards the peatlands (Palmer et al., 2015). Average volume of inflow 

to TP-A and TP-B is 3100 m3 day⁻1 and 7000 m3 day⁻1, respectively. There are also 

other differences in the inflows, e.g., in inflow temperature and pH, but the most 

distinguishing feature is how the hydraulic load to the two peatlands has changed 

over the years. It has remained comparatively stable for TP-A, but has gradually 

increased for TP-B in recent years. Characteristics of inflow water to the two 

peatlands are summarized in Table 1. Inflow to the peatlands contains high loads 

of SO4
2⁻, nitrogen (N), and various metals and metalloids, including As, Sb, and Ni. 

To meet the requirements concerning SO4
2- for a new environmental permit for 

Kittilä mine, a new mine process water treatment unit based on gypsum 

precipitation was introduced in the beginning of 2017. This considerably reduced 

the SO4
2⁻ concentrations in the influent to TP-A. The chemical composition of 

inflow to the two peatlands is presented in Table 2. 

Table 1. Year-wise conditions in treatment peatland A (TP-A) and treatment peatland B 

(TP-B) in the period 2008–2017. The values represent annual mean ± standard deviation 

(Paper II). 

Year TP-A  TP-B 
 

Inflow  

(m3 d⁻1) 

Hydraulic 

load  

(mm d⁻1) 

 Inlet 

water 

temp.  

(°C) 

Inlet 

water 

pH* 

 Inflow  

(m3 d⁻1) 

Hydraulic 

load  

(mm d⁻1) 

Inlet 

water 

temp. 

 (°C) 

Inlet water 

pH* 

2008 - - - -   - -  4.1±4.1 7.4±0.2 

2009 - - - -   -  - 4.8±5.4 7.6±0.1 

2010 4500±3192 10.2±7.2 7.3±5.4 7.8±0.4  6597±3474 38.8±20.4 4.9±4.1 7.7±0.1 

2011 2543±1734 5.8±3.9 5.4±4.0 8.4±0.3  5428±3469 31.9±20.4 5.1±5.2 7.5±0.1 

2012 3071±2121 7.0±4.8 6.4±5.0 7.8±0.5  4540±1560 26.7±9.2 3.4±3.4 7.4±0.1 

2013 2845±1693 6.5±3.8 8.2±6.3 8.1±0.2  3482±1802 20.5±10.6 5.2±6.0 7.5±0.2 

2014 2063±1311 4.7±2.9 7.1±6.1 8.3±0.2  5868±937 34.5±5.5 6.5±6.5 7.5±0.1 
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Year TP-A  TP-B 
 

Inflow  

(m3 d⁻1) 

Hydraulic 

load  

(mm d⁻1) 

 Inlet 

water 

temp.  

(°C) 

Inlet 

water 

pH* 

 Inflow  

(m3 d⁻1) 

Hydraulic 

load  

(mm d⁻1) 

Inlet 

water 

temp. 

 (°C) 

Inlet water 

pH* 

2015 3438±3309 7.8±7.5 6.9±4.7 7.9±0.4  8792±1628 51.7±9.6 4.7±4.4 7.4±0.1 

2016 3140±2179 7.1±4.9 7.1±5.4 7.8±0.4  10480±2366 61.6±13.9 4.7±4.7 7.5±0.1 

2017 3081±2383 7.0±5.4 6.0±5.4 7.9±0.2  9835±3107 57.9±18.3 5.1±5.4 7.6±0.1 

*Median ± standard deviation  

Table 2. Summary of inlet and outlet water quality for treatment peatland A (TP-A) and 

treatment peatland B (TP-B).  The data for TP-A are split into two periods, 2010–2016 

and 2017, to highlight changes in water quality due to the new mine process water 

treatment plant in 2017. The values represent mean ± standard deviation (reprinted 

[adapted] with permission from Paper II © 2020 Elsevier B.V.). 

Parameter TP-A     TP-B 
 

 Inlet  Outlet   Inlet Outlet 

 2010–2016 2017 2010–2016 2017  2008–2018 2007–2017 

pH* 8.0±0.4 7.9±0.2 6.8±0.3 7.3±0.4  7.5±0.2 7.4±0.3 

EC (mS m⁻1) 820±142.5 342±17.7 755±237.1 416±227.8  162±59.7 164±78.6 

Alkalinity  

(mmol L⁻1) 
- 2.93† - 0.82† 

 
2.73† 1.84 † 

O2  (mg L⁻1) 7.5±2.1 9.8±1.2 8.3±2.7 8.5±2.9††  9.5±6.1 7.0±2.8 

Cl⁻ (mg L⁻1) 27±5.9 29±4.2 24±11.2 26±7.7††  52±41.1 51±41.7 

SO4
2⁻ (mg L⁻1) 8110±1735.8 2060±144.9 6613±2629.2 2862±2362.4  754±343.5 764±453.8 

Total N (mg L⁻1) 31±7.7 31±4.4 15±8.1 21±8.8  13±3.8 11±3.9 

Sb (µg L⁻1) 57±33.7 32±23.8 13±9.2 20±6.6  228±106.14 180±96.8 

As (µg L⁻1) 100±62.9 24±13.2 5±9.7 2±2.8  32±21.6 12±11.7 

Ni (µg L⁻1) 39±37.1 21±8.3 9±6.1 7±7.6  64±41.7 36±58.8 

*Median ± standard deviation. 
†One measurement. 
††Calculated from less than 20 measurements. 
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3 Materials and methods 

3.1 Batch sorption/desorption experiments 

3.1.1 Experimental set-up 

The first component of the work described in this thesis comprised laboratory batch 

experiments using peat and mining-influenced water, to determine sorption and 

leaching of As, Sb, Ni, and SO4
2⁻ (Paper I). Peat soil for the experiments was 

extracted from TP-A and TP-B, and diluted and undiluted mine process or drainage 

water was used as the liquid phase. Dilutions were carried out with MilliQ water at 

1:10, 1:100, 1:500, and 1:1000. The dilution ratios were selected to represent the 

range of concentrations expected in the treatment peatlands. The experiments were 

conducted under oxic and anoxic conditions, using peat samples from different 

locations and depths (10 cm and 70 cm) at different temperatures (1 °C, 10 °C, and 

25 °C) and pH values (pH 6 and pH 9). A more detailed overview of the study set-

up and of the methods used for peat and mining-influenced water sampling and 

storage are provided in Paper I. Peat samples extracted at two different times (2–3 

years apart) from both peatlands were used for the experiments, to account for 

changes within the peatlands. Incubations were carried out following the procedure 

described by Roy, Krapac, Chou, and Griffin (1992). A soil-solution ratio of 1:60 

was used, in line with previous studies (Koivula, Kujala, Rönkkömäki, & Mäkelä, 

2009; Palmer et al., 2015). The incubation period was 24 h, on a rotary overhead 

shaker at 30 rpm. For equilibrium concentrations, post-incubation water samples 

were taken from the supernatant and filtered using a 0.45 μm polyethersulfone 

membrane syringe filter, after allowing the peat to settle. For the anoxic incubations, 

dinitrogen gas was used for about 20 minutes to purge oxygen from crimp-sealed 

glass bottles until the remaining dissolved O2 concentration was < 0.1 mg L⁻1.  

3.1.2 Analytical methods and calculations 

Peat and pore water were analyzed separately for their chemical characteristics. For 

concentrations in peat, analyte extracted from peat through HNO3/HCl extraction 

(EPA3051A) was analyzed. Chemical analyses were carried out at an accredited 

laboratory (AHMA ympäristö Oy), using ICP-MS (for As, Sb, and Ni; method SFS-
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EN ISO 17294-2:2005) and ion exchange chromatography (for SO4
2⁻; SFS-EN ISO 

10304-1:2009). 

The amount of contaminant removed from, or leached to, the liquid phase was 

calculated by equation  

 𝐶 𝐶 𝐶 , (1) 

where Cremoved is amount of contaminant removed from the solution (mg L⁻1), Ci is 

initial concentration of contaminant in the solution (mg L⁻1), and Ceq is equilibrium 

concentration of contaminant in the solution (mg L⁻1). 

3.2 Analysis of field data 

3.2.1 Data on water and peat characteristics 

Inflow and outflow water quality data for Paper II were obtained from the mining 

company, which collects such data as part of its monitoring program. Additional 

data were obtained from the Geological Survey of Finland (GTK) and through 

sampling campaigns performed specifically for this thesis. Water samples were 

collected at different frequencies over the study period, and generally accurately 

represented the seasonal variability in a year. Details of number of samples from 

each location are provided in Paper II.  All water samples were analyzed in 

accredited laboratories using methods specified by the Finnish Standards 

Association (SFS) and certified by the Finnish Accreditation Service (FINAS). 

Data for the period March 2010–December 2017 were compiled and analyzed for 

TP-A, and data for the period July 2008–January 2018 were compiled and analyzed 

for TP-B. Detection limits (DL) were used in place of measurements below DL, 

causing underestimation of removal efficiency in some cases. 

Peat samples were collected in the period 2011–2018 to assess changes in 

concentrations of elements retained in the peat. Peat samples from all sources were 

analyzed by HNO3/HCl extraction (EPA 3051) at accredited laboratories, following 

analysis methods in line with standards as described for the water samples. 

3.2.2 Meteorological data 

Seasonality in wetland purification performance was examined by using the 

available meteorological data. Daily temperature and precipitation data from three 
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meteorological observation stations (Kittilä kirkonkylä, Kittilä Pokka, and Kittilä 

airport), located around 30–35 km from the site, were obtained from the Finnish 

Meteorological Institute. Mean of the values obtained from the three sites was 

calculated using data for the period 2008–2018. Air temperature was used as an 

indicator to separate precipitation data between phases (snow/rain), with 1.0 °C set 

as the differentiating temperature (Feiccabrino & Lundberg, 2009). Duration of the 

four seasons was as described by the Finnish Meteorological Institute (2019) for 

Northern Finland. However, some modifications were made based on the 

meteorological data and to fit calendar months into seasons. The seasons were 

defined as: spring (April and May); summer (June, July, and August); autumn 

(September and October); and winter (November, December, January, February, 

and March). 

Snow was assumed to accumulate during the entire winter and the contaminant 

concentration in precipitation was assumed to be 0 μg L⁻1 (Tripathi & Patel, 1998). 

However, it should be noted that concentration of airborne metals in the vicinity of 

mine may be higher than the assumed zero concentration. The accumulated snow 

was assumed to melt and cause dilution in one month, as this is the typical water 

residence time estimated for TP-A. Three frost pipes were installed in TP-A and 

TP-B in autumn 2015, to study ground frost depth. The pipes consisted of 

transparent plastic tubes filled with methylene blue solution that changes color 

when frozen (Postila, Ronkanen, & Kløve, 2015). Frost depth was determined three 

to eight times per winter. 

3.2.3 Calculations and statistical analysis 

Removal efficiency of the peatlands was determined, in line with many previous 

studies (e.g., Goulet, Pick, & Droste, 2001; Kujala et al., 2019), by equation 

 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % 100, (2) 

where Cinlet and Coutlet is the concentration (μg L⁻1) in inlet water and outlet water 

of the peatlands, respectively. Mean of measurements in a calendar month was used 

for both Cinlet and Coutlet.  

Mass loading rate L (in units of g m⁻2 d⁻1) was calculated by equation (Kadlec & 

Knight, 1996) 

 𝐿  , (3) 
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where Q is the flow rate (L d⁻1), C is the concentration (μg L⁻1), and A is the area 

of the peatland (m2).  

Flow rate measurements at the outlet of either peatland were not available, and 

therefore outflow rate was assumed to be equal to the measured inflow rate. 

Because of this assumption, load removal efficiency (LRE) was essentially equal 

to concentration removal efficiency. However, it must be acknowledged that 

outflow rates can differ significantly from inflow rates due to e.g., precipitation, 

evapotranspiration, and snowmelt. Specific mass removal rate J (in units of g m⁻2 

d⁻1) was calculated by equation (Kadlec & Knight, 1996) 

 𝐽 𝐿 𝐿 , (4) 

where Linlet and Loutlet are mass loading rates at inlet and outlet, respectively. 

The non-parametric Mann-Kendall test was used to detect significant trends in 

the time-series data (Mann, 1945; Kendall, 1975) and magnitude of trends was 

quantified using Sen’s slope estimator (Sen, 1968). Trend analysis was carried out 

with the “trend” package in R (Pohlert, 2018) and Microsoft Excel. The large 

multivariate water composition dataset was explored through ordination by 

principal component analysis (PCA) using the “vegan” package in R (Oksanen et 

al., 2017).  

3.3  Pilot wetland experiments 

In the pilot-scale wetland systems constructed and tested for purification of mining-

influenced water in Paper III, the top layer of the peatland was selected as the 

medium. Mining-influenced water from the peatland inlet and undisturbed peatland 

soil samples (top layer) from TP-A were extracted and two replicate pilot peatlands 

were constructed in the laboratory at the University of Oulu. 

3.3.1 Construction 

Readily available plastic moving boxes (volume = 0.057 m3, dimensions = 50 cm 

× 38 cm × 30 cm) were selected as peat sample containers. The samples were 

collected from the edge of TP-A and areas of potential high contaminant 

accumulation in the middle of flow path were deliberately avoided during peat 

sample extraction. Two layers of quartz sand (width = 32 cm, length = 4 cm, height 

= 30 cm, particle size 2–3 mm) were added between the peat and the inflow and 

outflow pipes, to act as mixing zones. Schematic details of the pilot wetlands and 
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their various components are provided in Figure 4. Mining-influenced water was 

introduced to each pilot wetland at a flow rate of 2 L d⁻1 and the water level was 

maintained near the surface. However, due to design of pilot wetlands and the focus 

on subsurface processes, overland flow was not intended. Vegetation was trimmed 

from the top during pilot construction, but the remaining vegetation did not 

survive/grow during the experiment, due to the unfavorable conditions inside the 

pilot wetlands (freezing temperature, no light). Continuous monitoring of outflow 

water quality was carried out with electrical conductivity (EC) sensors (HOBO®-

logger). Before the actual freezing-thawing cycles, continuous inflow to the pilot 

peatlands was maintained for six months, to achieve stabilization. The pilots were 

then run for two controlled freezing-thawing cycles. Freezing was applied from the 

top down, using refrigerant tubes connected to a refrigeration unit, which were 

placed about 2 cm above the soil surface, and the sides of the pilot wetlands were 

insulated with mineral wool. The settings of the refrigeration unit were adjusted to 

keep the frost depth at around 13 cm from the surface. Temperature sensors were 

installed at the soil surface and seven depths (2, 5, 10, 13, 15, 17, and 25 cm), at 10 

cm distance from the inlet and outlet. Redox potential and pH sensors were installed 

at 10 and 20 cm depth in the center of the pilot wetlands. Rhizon samplers 

comprising thin tubes made of a hydrophilic porous polymer that acts as a 

microfiltration membrane were installed at three depths (5, 15, and 25 cm), for 

porewater sampling. More details of pilot wetland construction and sensor 

installation are provided in Paper III. 

Fig. 4. Schematic diagram of the pilot wetlands, including placement of different 

sensors (reprinted with permission from Paper III © 2019 Elsevier B.V.). 
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3.3.2 Freezing-thawing cycles and sampling  

Two freeze-thaw cycles, lasting five weeks (December 2017–January 2018) and 

seven weeks (February 2018–March 2018), respectively, were applied to both pilot 

wetlands. The frozen period was considered to begin when temperature in the 10–

13 cm soil layer dropped below zero degrees. The duration of the freezing and 

thawing phases for each pilot is shown in Table 3. 

In addition to the two freezing-thawing cycles described above, a third 

freezing-thawing cycle was applied in order to determine the hydraulic conditions 

during pilot experiments. During this cycle, water residence time, for both frost-

free and frozen conditions, was determined using the conservative tracer method 

with sodium chloride (NaCl) (see section 2.2.7 in Paper III for details). 

Inflow and outflow water samples were collected twice per week (once in 

holiday periods) and separated into two sets, one of which was filtered for 

determination of dissolved concentrations and the other left unfiltered for 

determination of total concentrations. The samples were analyzed at accredited 

laboratories, following methods specified in sections 3.1.2 and 3.2.1.  

  



43 

Table 3. Duration of freezing and thawing phases in each cycle for the two pilot 

wetlands (Paper III). 

Cycle Pilot Freezing 

(Weeks) 

Frozen  

(Weeks) 

Thawing 

(Weeks) 

Frost-free 

(Weeks) 

1 1 1 2 1 1 

 2 1.5 1.5 1 1 

2 1 1 4 1 1 

 2 1.5 4.5 1 1 

3.4 Modeling contaminant removal in pilot wetlands 

Water movement and contaminant transport through the pilot wetlands were 

modeled using HYDUS. The HYDRUS (2D/3D) and its add-on HYDRUS wetland 

module were used for this purpose (Paper IV). The biokinetic model CWM1, 

available in the HYDRUS wetland module, was used to simulate reaction and 

degradation of nitrogen in the pilot wetlands. Only reactive transport of nitrogen 

species (NH4⁺, NO2⁻, and NO3⁻) was explored, for simplicity. Flow and reactive 

transport processes were simulated in both pilot wetlands under non-frozen 

conditions, while one pilot was simulated under frozen conditions.   

3.4.1 Model domain and boundary conditions 

Peatlands are generally defined by layers comprising peat with different soil 

physical properties. Therefore, the two-dimensional (2D) model domain was 

represented by three layers of 10 cm each. Peat hydraulic conductivity was assumed 

to be highest in the surface layer and lowest in the bottom layer.  Mixing zones 

provided on both sides of the longitudinal profile of the pilot wetlands were also 

included in the model domain (Figure 1 in Paper IV) and simulated by the soil 

hydraulic parameters of quartz sand (2–3 mm particle size). The profile was 

considered saturated except for a 0.1 cm layer at the surface. Initial conditions in 

the domain were defined as pressure head at equilibrium at the bottom of the 

domain, i.e., 29.9 cm of water. A constant flux boundary of 1 cm thickness at one 

side of the mixing zone represented the inlet to the pilot. Outlet was provided as a 

single node with constant head boundary (17 cm from the bottom, constant head = 

12.9 cm) on the other end of the domain. An atmospheric boundary with no 

evapotranspiration losses and no precipitation was provided at the top. All other 

sides of the domain represented no-flux boundary conditions.  
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3.4.2 Model calibration 

Data from salt tracer tests on the pilot wetlands (described in detail in section 2.2.7 

in Paper III) were used for calibration of the water flow and non-reactive transport 

parameters of the model. Since electrical conductivity was used as a proxy 

measurement for the salt tracer concentration, the concentration of all other 

electrolytes was considered stable and it was assumed that a change in electrical 

conductivity measurements only represented a change in the concentration of the 

tracer. This may be an unrealistic assumption, due to the reactivity of electrolytes 

already present in mine water and porewater, and the reactivity of Na⁺ and Cl⁻ ions 

in the salt tracer. For this reason, the concentration of Na⁺ and Cl⁻ was calculated 

separately from the electrical conductivity measurements. Only transport of Cl⁻ 

was simulated, because Na⁺ can show high sorption on peat and retardation, while 

Cl⁻ behaves more conservatively (Rezanezhad, Price, & Craig, 2012). The model 

was first calibrated manually with the most commonly used and 

measured/determined parameters. In the next step, the inverse solution option 

available in HYDRUS was used to determine optimized parameters that provided 

the best fit to the observed data. 

3.4.3 Modeling reactive transport of nitrogen 

The biokinetic model CWM1 available in HYDRUS was used to simulate transport 

of nitrogen. Concentrations in the mining-influenced water (influent to the pilot 

wetlands) were used to define concentrations in various components of the 

biokinetic model. Population sizes of functional groups of microorganisms were 

estimated based on available literature (Williams & Crawford, 1983; Reiche, 

Gleixner, & Küsel, 2010; Bader, Müller, Schulin, & Leifeld, 2018; Girkin et al., 

2019; Khachikyan et al., 2019) and on measurements made in the full-scale 

peatlands TP-A and TP-B (Kujala et al., 2020). Initial concentrations in porewater 

were assumed to be equal to the concentrations in effluent at the beginning of the 

model simulation, except for some parameters for which concentrations measured 

in the porewater of the full-scale treatment peatlands were used. Initial temperature 

in the model domain was defined as a gradient, increasing from top to bottom. Two 

sets of parameters are used to simulate various reaction and degradation processes 

in the HYDRUS wetland module, as described in detail in the available literature 

(Langergraber & Šimůnek, 2012; Pálfy & Langergraber, 2014; Rizzo et al., 2014).  
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4 Results and discussion 

4.1 Contaminant removal efficiency of treatment peatlands 

Treatment peatlands can efficiently remove metals and metalloids from mining-

influenced water under the right set of conditions, as discussed in the following 

sections. The two full-scale treatment peatlands studied in this thesis differed in 

terms of size, amount and composition of inflow, vegetation, and saturation. 

Removal of all studied contaminants was higher in TP-A than in TP-B (Figure 5). 

On average, removal efficiency for Sb, As, and Ni was 68%, 85%, and 73%, 

respectively, in TP-A. Removal of total N (Ntot) in TP-A was comparatively lower 

(48%), while SO4
2⁻ removal was very low (4%). In comparison, average removal 

efficiency for Sb, As, and Ni in TP-B was 14%, 58%, and 44%, respectively. 

Removal of Ntot was very low (12%) in TP-B and leaching was usually observed 

for SO4
2⁻ (−7%). TP-B is significantly smaller in size and receives a much higher 

quantity of inflow on average compared with TP-A. Therefore, it was expected that 

contaminant removal efficiency would be higher in TP-A. When the treatment 

peatland is large and inflow is sufficiently low, low stable outlet concentrations and 

high removal efficiencies can be expected (see e.g., Figure 2 in Paper II for Sb), 

even in the cold climate of Arctic regions, as observed in TP-A. Average removal 

of As, Sb, Ni, SO4
2⁻, and Ntot per unit area in TP-A was 0.15, 0.06, 0.05, 1500, and 

21 g m⁻2 year⁻1, respectively . Similarly, for TP-B, the average removal of As, Sb, 

Ni, SO4
2⁻ and Ntot per unit area was 0.24, 0.26, 0.34, 0.13, and 19 g m⁻2 year⁻1, 

respectively.   

The entire dataset of inflow and outflow water composition (see Figure 5 in 

Paper II for a brief overview of water composition) was explored to assess the 

changes in overall composition brought about by the full-scale peatlands. The score 

plots of water samples obtained by PCA showed clear differences between overall 

composition of inlet and outlet water samples for TP-A (Figure 6a), reflecting the 

effect of the treatment peatland on water quality (in this case by lowering the outlet 

concentrations). On the other hand, the two-dimensional score plots of water 

samples for TP-B showed that the inflow and outflow water samples largely 

overlapped, indicating low overall removal performance in TP-B (Figure 6c).    
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Fig. 5. Removal efficiency and mass loading rates of treatment peatland TP-A (a, c, e, g, 

i) and treatment peatland TP-B (b, d, f, h, j) for antimony Sb (a, b), arsenic As (c, d),  

nickel Ni (e, f), total nitrogen Ntot (g, h), and sulfate (i, j). Removal was calculated from 

mean inlet and outlet concentrations during a calendar month (average n = 20 samples 

per year). Negative values indicate leaching/mobilization. Mass loading rates are 

presented as mean for the period. (Figures (a, b) reprinted [adapted] with permission 

from Paper II © 2020 Elsevier B.V.). 
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Fig. 6. Ordination plots of multivariate data for composition of water in treatment 

peatland A (TP-A) and treatment peatland B (TP-B) in principal component analysis. 

Percentages on the axes indicate the proportion of total variance explained by the 

respective principal component (PC) (reprinted with permission from Paper II © 2020 

Elsevier B.V.).  

4.2 Parameters affecting peatland performance 

4.2.1 Hydraulic loading rate and inflow concentration 

Mean monthly hydraulic load ranged between 1.5 and 16 mm d⁻1 for TP-A and 11–

89 mm d⁻1 for TP-B, assuming that the entire area, between inlet and outlet, of the 

peatlands was effective in treatment under all conditions. High hydraulic load 

results in submerged peatlands and a completely saturated acrotelm (top layer of 

peat), which was evident as free surface water on TP-B. During the various field 

campaigns, it was observed that the situation in TP-A varied from time to time; 

sometimes there was much free flow over a large part of the peatland, while at other 

times it was visibly drier. Hydraulic load affects peatland hydrology, which in turn 

controls peatland biogeochemistry. Higher hydraulic loading results in shorter 
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residence times, and consequently there is less contact between peat and 

contaminants in water, and less time for various removal processes to take place 

(Kadlec & Knight, 1996; Weerakoon et al., 2013).  

The correlation between contaminant removal and hydraulic loading rate was 

investigated in detail, with the focus on Sb due to the fact that it has not received 

as much attention as many other contaminants, e.g., As, which co-exists with Sb in 

nature. There was a negative linear correlation between Sb removal and hydraulic 

load for TP-A, where the hydraulic load was sufficiently low (rs = −0.34, p < 0.05) 

(see Figure 8c in Paper II). On the other hand, no correlation between the two (rs = 

−0.16, p > 0.05) was observed for TP-B, where hydraulic load was clearly higher 

(see Figure 8d in Paper II), indicating overloading conditions. Arsenic load to TP-

B (0.5 g m-2 year⁻1) was substantially lower than Sb load (3.4 g m-2 year⁻1), and a 

negative linear correlation was observed between As removal and hydraulic loading 

rate (rs = −0.62, p < 0.05). The importance of hydraulic loading has been observed 

previously for removal of nitrogen and phosphorus by treatment peatlands 

(Heikkinen et al., 2018). No such significant correlation was observed for Ni and 

Ntot removal in either peatland TP-A or TP-B.  

4.2.2 Inflow water composition 

The composition of inflow water can change due to changes in mine processes, ore 

geology, and dilution caused by snowmelt and rainfall, etc. Mine process water and 

dewatering and drainage water also differ in composition, because of their different 

sources. In addition, the composition can change following an increase in mining 

activity or improved pre-treatment. Inflow water composition can affect the 

removal of contaminants by changing the contaminant load to the peatlands and by 

changing the equilibrium between porewater and peat, among other factors. In this 

thesis, the effect of inflow composition on contaminant removal was first observed 

on laboratory scale through batch sorption experiments carried out by diluting mine 

water to various levels. As the dilution level increased, and consequently the 

concentration of contaminants decreased, a shift was observed from removal of 

contaminants from mining-influenced water towards leaching of contaminants 

from the peat. This shift was observed for As (see Figure 2 in Paper I), Sb, and Ni 

(Figure 7). Nickel was found to be most strongly bound, while Sb was most prone 

to leaching. Nickel is known for its strong binding to peat (Gosset et al., 1986). It 

has been demonstrated that a slight increase in Sb concentration (at low 

concentrations) can lead to a substantial increase in its adsorption to peat, which is 
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not the case for As (Palmer et al., 2015). This can explain the differences between 

As and Sb in their leaching behavior, despite having many similar properties.  

Enhanced pre-treatment of inflow to TP-A, starting in the beginning of 2017, 

provided a welcome opportunity to observe the effect of changes in inflow 

composition on contaminant retention in the full-scale treatment peatlands. 

Samples from 2017 formed a distinct cluster in the overall water composition data 

from TP-A (see Figure 6b), providing evidence of the change and its effect on 

contaminant removal in the peatland (Figures 6a and 6b). As expected, a decline in 

removal efficiency of TP-A and increased leaching was observed in 2017 (Figure 

5), which validated the results of the batch experiments. Interestingly, a sudden 

decline in Ni removal was first observed in 2016 and continued into 2017. However, 

inlet Ni concentration (Niin) only declined in 2017 (mean Niin = 22 μg L⁻1 and 58 

μg L⁻1 in 2017 and 2016, respectively). Thus the drop in removal efficiency in 2016 

may have been due to saturation of Ni removal sites in TP-A, instead of a drop in 

the inlet concentration of Ni. A similar sudden decline in relative removal of Ni 

was also observed for TP-B in 2013 and 2014 (Figure 5f), which corresponded to 

the sudden decline in inflow Ni concentrations during those years. For treatment 

wetlands, dilution with water, e.g., snowmelt, has been suggested to improve 

contaminant attenuation (Höglund et al., 2004) and has not previously been 

discussed as a trigger of contaminant mobilization. Data from the full-scale 

peatlands indicated that concentrations of Sb in inlet and outlet were lowest for TP-

B in April (Sbin = 180 μg L⁻1 and Sbout = 130 μg L⁻1), the month when snowmelt 

usually starts (Figure 8). Since the wastewater TP-B received was generated by 

dewatering of the mine, it is expected that snowmelt in the entire mine area can 

lead to lower inlet concentrations. Assuming that it takes two weeks for the snow 

accumulated over the entire winter to melt, an inflow of 8642 m3 day⁻1 will be 

generated to TP-B, which is 36% more than the typical inflow during April (6450 

m3 day⁻1). The effect of dilution from this alone can be used to explain the observed 

low median outlet concentration (130 μg L⁻1), because the outlet Sb concentration 

estimated after dilution from the snowmelt water would be 132 μg L⁻1. Therefore, 

it can be concluded that both the effect of leaching and the decline in concentration 

through dilution should be considered simultaneously when estimating the 

downstream concentrations of contaminants.  

Mining-influenced water, especially process water, can contain very high 

quantities of SO4
2⁻, even after pre-treatment. Peatlands TP-A and TP-B received on 

average around 8000 mg L⁻1 and 800 mg L⁻1 SO4
2⁻, respectively, before the new 

sulfate removal plant started operation in 2017. The new plant lowered mean SO4
2⁻ 
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influent concentration to TP-A to around 2000 mg L⁻1 (see Figure 5 in Paper II). 

Removal of SO4
2⁻ in both peatlands was very low because of high SO4

2⁻ inflows 

(Figure 5i and 5j). 

Total nitrogen (Ntot) inflow to TP-A and TP-B was around 31 mg L⁻1 and 13 

mg L⁻1 on average before 2017 (see Figure 5 in Paper II). Similarly, to other 

contaminants, very low removal was observed in TP-B compared with TP-A 

(Figures 5g and 5h), most likely due to the smaller size and high inflows. In addition, 

inflow to the two peatlands was different in terms of nitrogen species, as inflow N 

to TP-A consisted mainly of NH4⁺-N, while inflow to TP-B consisted mainly of 

NO3⁻-N (see Figure 6 in Paper IV). It is well established that nitrification and plant 

uptake are the principal pathways for NH4⁺ removal in wetlands (Sikora, Tong, 

Behrends, Steinberg, & Coonrod, 1995; Drizo, Frost, Grace, & Smith, 2000; 

Gottschall et al., 2007). Removal of NH4⁺ was observed in both peatlands, 

depending on the season. Net NO3⁻ removal, which takes place by denitrification 

(Bartlett, Brown, Hanes, & Nickerson, 1979; Jansson, Andersson, Berggren, &  

Leonardson, 1994;  Lin, Jing, Lee, Chang, & Shih, 2007), was low in both peatlands, 

but it should be borne in mind that the NO3⁻ produced by nitrification contributed 

to the net NO3⁻ pool.   

 

Fig. 7. Removal and leaching of nickel (Ni) from undiluted and diluted mine process 

water. Incubation carried out at 10 °C under anoxic conditions (<0.1 mg L-1 dissolved O2) 

(reprinted with permission from Paper I © 2018 Elsevier B.V.).   
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4.2.3 Temperature and seasons 

At high latitudes, wetlands are exposed to extremely cold temperatures and are 

affected by long periods of snow and ice cover in the winter. The effects of 

temperature and season on contaminant removal were studied in this thesis for two 

situations: i) temperature variations above the freezing point, reflecting only the 

effect of temperature; and ii) changes between unfrozen (summer) and frozen 

(winter) conditions, which include the effects due to both temperature and snow 

and ice cover. The former was studied through batch experiments and by looking 

at full-scale peatland data from spring to autumn. The latter was studied through 

pilot wetlands and full-scale peatlands data for the entire year. The results of the 

batch experiments indicated that temperature was not the major factor controlling 

contaminant removal through peat, as the most effective removal did not 

consistently occur at one specific temperature. Arsenic removal was high at both 

high and low temperatures, possibly because of stronger sorptive forces at colder 

temperatures (Viraraghavan & Dronamraju, 1993) and increased affinity of metal 

ions for peat at warmer temperatures (Ansone et al., 2012). Nickel removal by peat 

is reported to increase with temperature (Bulgariu, Bulgariu, & Macoveanu, 2010), 

but such effect was not observed in the batch experiments. The effect of 

temperature on contaminant removal was also dependent on the composition of the 

water, e.g., Sb removal was higher at 10 °C for process water and higher at 25 °C 

for drainage water, again highlighting the important role of water composition. In 

comparison, data collected from the full-scale peatlands showed that, when the 

hydraulic loading was high (TP-B), temperature and season had no effect on Sb 

removal (Figure 8b). However, a minor but significant difference in outlet Sb 

concentrations was seen between summer (11 ± 5.6 μg L⁻1) and winter (13 ± 4.7 μg 

L⁻1) (p < 0.05) when the hydraulic load was low (Figure 8a). Surface peat 

temperature in both TPs was highest in summer months (more than 15 °C in July–

August) (see Figure 6 in Paper IV). In the winter months, surface peat temperature 

was close to 0 °C, but never lower than −1 °C. More than 20 cm frost depth was 

observed in TP-A in late winter (measurements in winter 2015–2016 and 2016–

2017), while frost depth was less than 15 cm in TP-B in all years.  

In the pilot wetlands, As removal declined when the freezing period started 

(Figures 9a and 9d) and then gradually recovered to previous levels. In comparison, 

removal of Sb increased when the freezing period started and then declined 

gradually (Figures 9b and 9e). This was slightly different than the results of the 

field data (see Figure 7 in Paper III). However, it should be noted that effects of 
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precipitation, snowmelt, and other environmental elements present in the full-scale 

peatlands were absent in the pilot wetland experiment. Therefore, it can be 

concluded that, although pilot wetlands successfully simulated the diverse 

biogeochemical processes and pollutant competition/interactions of the full-scale 

treatment peatland handling mining-influenced water, a complete picture can be 

drawn only after including the hydrology of the entire system. 

Formation of soil frost and other winter conditions lowered the biological 

process-based removal of some contaminants, such as SO4
2⁻, in the pilot wetlands 

(Figures 9c and 9f). Carbon dioxide emissions also decreased with decreasing 

temperature in the pilot wetlands, indicating reduced overall biological activity (see 

Figure 8 in Paper III). In TP-A, removal efficiency of Ntot and NH4⁺-N was 

positively correlated with the peat temperature at 10 cm depth (Pearson correlation 

coefficient r = 0.93, p < 0.01 for both). In TP-B, only NH4⁺-N removal was 

positively correlated with peat temperature (Pearson r = 0.87; p < 0.01). This 

highlights the importance of temperature for efficient N removal in TPs, since N, 

like SO4
2⁻, is removed by biological processes. 



53 

Fig. 8. Antimony (Sb) concentrations, grouped by calendar month, in inlet and outlet 

water of a) treatment peatland A (TP-A) and b) TP-B. Climate data for the study site are 

also presented, in terms of c) mean daily precipitation and daily hydraulic load to the 

peatlands, and d) mean monthly air temperature (reprinted with permission from Paper 

II © 2020 Elsevier B.V.). 
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Fig. 9.  Concentrations of arsenic (As), antimony (Sb), and sulfate (SO4
2⁻) in inflow and 

outflow from pilot wetland 2 during freezing-thawing cycles 1 and 2. The shaded area 

indicates the frost periods (reprinted with permission from Paper III © 2019 Elsevier 

B.V.). 

4.2.4 pH and redox conditions 

Redox conditions and pH can change temporally and spatially in peatlands, 

depending on the type of peatland, depth, composition of inflow, and season. In 

peatlands treating mining-influenced water, pH affects characteristics of the peat as 

acidic species are present in peat organic matter, as well as the behavior and 

speciation of contaminants (Xue, Jansen, Prasch, & Sigg, 2001; de Oliveira et al., 

2015; Herath et al., 2017). Concentration of dissolved oxygen also affects redox 

conditions, which influences the removal of metals and metalloids by controlling 

their speciation. Redox potential and pH were monitored at two depths (10 cm and 

20 cm) in the pilot wetlands. In the top layer, pH was always higher than in the 

bottom layer, but the pH measurements remained stable during the frozen and 

unfrozen periods. Redox potential, on the other hand, saw a spike in the frozen 

layer (see Figure 4 in Paper III). Due to the fact that peat can contain liquid water 

at temperatures as low as −5 °C (Mustamo, Ronkanen, Berglund, Berglund, & 
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Kløve, 2019), the spike in redox potential can be attributed to increased 

concentration of contaminants leached from the ice matrix to liquid pockets in the 

ice matrix (Li, 1985). 

As expected, a substantial effect of pH was observed on the removal/leaching 

of As, Sb, and Ni during the batch experiments (see e.g., Figure 10 for As). 

Leaching of Sb and As increased and their removal declined in the alkaline range 

of pH, which is in agreement with findings in other studies (Thanabalasingam & 

Pickering, 1986; Buschmann & Sigg, 2004; de Oliveira et al., 2015; Ansone-

Bertina & Klavins, 2016). Enhanced deprotonation and loss of binding sites upon 

dissolution of humic acid at high pH can explain this effect. Arsenic species found 

in aqueous solution at pH 6 (H2AsO4⁻, H3AsO3) are different than those found at 

pH 9 (HAsO4
2⁻, H2AsO3⁻) (Kang et al., 2000; Smedley & Kinniburgh, 2002; 

Ungureanu et al., 2015). This most likely contributed to the observed differences 

in removal/leaching of As between the two pH levels tested. Greater repulsion 

between more negatively charged As species and deprotonated peat organic 

functional groups (Besold et al., 2018) can also explain the decline in removal at 

pH 9. In comparison, the difference in removal and leaching of Sb at different pH 

may not be explained as fully by differences in speciation of Sb due to only pH. 

Both Sb (III) and Sb (V), commonly present as H3SbO3 and Sb(OH)6⁻, respectively, 

can be found across the pH range tested under both oxic and anoxic conditions 

(Filella et al., 2002; Kang et al., 2000; Ungureanu et al., 2015). Unlike As and Sb 

removal, removal of Ni increased with increasing pH, as also observed by Ho et al. 

(1995) (see Table S1 in Paper I). Enhanced mobility of Ni at pH 6 can be seen from 

Ni speciation in natural waters, since it is commonly present as Ni2⁺ free ions below 

pH 8 when conditions are oxidizing (Brookins, 1988). The amounts of Ni leached 

were negligible compared with those of As and Sb. 

Under reducing conditions, speciation of metals and metalloids changes and 

SO4
2⁻ is reduced to sulfide by the action of sulfate-reducing bacteria. This leads to 

removal of metals and metalloids by metal sulfide precipitation and adsorption of 

metals on FeS and FeS2 (Huerta-Diaz, Tessier, & Carignan, 1998). However, in the 

batch experiments in Paper I, there was no clear difference in removal and leaching 

of Sb, As, and Ni between oxic and anoxic conditions (see Figure 5 in Paper I), 

while SO4
2⁻ leaching was lower under anoxic conditions. Anoxic conditions affect 

As leaching by reduction of As sorbed iron hydroxides, stabilization of As through 

co-precipitation with Fe sulfides, and direct binding of As on organic sulfur species 

(O’Day, Vlassopoulos, Root, & Rivera, 2004; Kocar, Borch, & Fendorf, 2010; 

Hoffman, Mikutta, & Kretzschmar, 2012). Different combinations of these 
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mechanisms—under different situations as peatlands are inherently 

heterogenous—may be the reason for the lack of clear effect of oxic and anoxic 

conditions on As removal/leaching in the experiments with 24-h retention time. 

Experiments with a longer incubation time may be required to clarify this. 

 

Fig. 10. Effect of pH on a) arsenic (As) removal (+) and leaching (-) from diluted (1:10) 

mine process water in peat incubations under oxic conditions (>9 mg L-1 dissolved O2), 

and b) antimony (Sb) removal (+) and leaching (-) from undiluted (1:1) process water to 

peat under anoxic conditions (<0.1 mg L-1 dissolved O2). Samples 1, 2, and 3 are 

replicates of peat collected from the same point in the peatland. Experiments on peat 

samples collected in 2014 were conducted with only two replicates (a)  (reprinted 

[adapted] with permission from Paper I © 2018 Elsevier B.V.). 

An interesting observation was the effect of oxic/anoxic conditions on Sb 

removal/leaching at different pH settings. Removal of Sb was better at pH 6 than 

at pH 9 under oxic conditions, while the opposite was true under anoxic conditions 

(Figure 10b). Reducing conditions and high pH cause a drop in redox potential 

(Calmano, Hong, & Förstner, 1993), and are associated with an increase in high 

proton affinity binding sites in peat humic acids (Maurer, Christl, & Kretzschmar, 

2010). Consequently, species which are removed by formation of H-bridges or 

proton exchange, e.g., Sb (III) (Buschmann & Sigg, 2004) can be favorably 

removed under these conditions. It should be noted, however, that this reasoning 

may not be completely applicable to treatment peatlands, where aqueous speciation 

of Sb was dominated by Sb(V) (Besold, Eberle et al., 2019). Speciation of Ni is 
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less sensitive to changes in redox conditions in the range usually found in nature 

(Weiner, 2008), and therefore no effect of the oxic/anoxic conditions observed in 

the experiments was expected.  

4.3 Seasonal variations and peatland flow processes 

Freezing of the top layer of the peat matrix can substantially reduce the volume 

available for treatment, and hence reduce the nominal retention times during winter. 

Surface peat usually has the highest hydraulic conductivity, so the loss of this layer 

to freezing can significantly impact peatland hydraulics. Pilot wetlands were 

employed in this thesis to study possible effects of freezing and thawing in full-

scale treatment peatlands. Progression of frost depth in the pilot wetlands was 

monitored and maintained between 10 cm and 13 cm (see Figure 4 in Paper III), in 

line with the frost depths observed in the full-scale peatlands. A comparison of the 

tracer test data between the frozen and frost-free conditions (see Figure 5 in Paper 

III) showed that mean residence time was shorter during the frozen period, 

indicating that a larger volume of the peatland (more peat surface area for reaction 

and adsorption) is available during frost-free period, but becomes partly 

unavailable during frozen conditions. Even in the frost-free period, multiple tracer 

peaks were observed in the outflow, suggesting preferential flow paths and peat 

layers with different hydraulic conductivities. The last peak occurred 193 days after 

tracer addition (compared with a mean residence time of 84 days), which can be 

attributed to the presence of dead zones or low hydraulic conductivity regions in 

the peatlands. The flow area in treatment peatlands is commonly considered to be 

divided into preferential flow paths and stagnant zones (Ronkanen & Kløve, 2007, 

2008).  

Due to the heterogeneity of peat and resulting difficulties in representing the 

peatland domain as a homogenous medium, these late peaks were also difficult to 

simulate with HYDRUS. A combination of parameters determined in the field, 

found in the literature, and inversely calculated to provide results matching the 

observed data were used in the HYDRUS model. Peat hydraulic parameters 

determined by this approach (see Table 3 and Figure 3 in Paper IV) were fairly 

similar for the frozen and unfrozen conditions, except in the top layer. This 

indicates that peat properties in deeper layers remain relatively unchanged in winter, 

at least as far as flow processes are concerned. The top layer was initially 

considered frozen (zero hydraulic conductivity and no flow) but, during the 

calibration process, some quantity of flow was assumed to give the best fit to 
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observed data. This is in line with Mustamo et al. (2019), who reported that the peat 

matrix does not completely freeze even at −5 °C. 

Data on hydraulic properties required to model flow and contaminant 

transport in conditions where the near-surface soil layer is partially or completely 

frozen are available in the literature for many mineral soil types, but not for peat. 

The way in which hydraulic conductivity changes with freezing and degree of ice 

saturation has been described for mineral soil (e.g., McCauley, White, Lilly, & 

Nyman, 2002). However, peat is different from organic soil, as ice saturation for 

peat soil can be much lower at similar temperatures (Mustamo et al., 2019). Further 

research should be directed at determination of peat hydraulic parameters at 

different temperatures below freezing point and various degrees of saturation, in 

order to allow realistic assumptions to be made about flow and transport in peat 

under frozen conditions.    

4.4 Contaminant accumulation and long-term effects    

Peatlands used for treating mining-influenced water are exposed to high 

concentrations of inflow contaminants, which can accumulate in the peatlands 

during long-term use. Similarly, to changes in inflow composition, changes in the 

concentrations of accumulated contaminants in peat can alter the equilibrium 

between peat and water. This can reverse the direction of reactions, which could 

mean a decline in treatment efficiency and an increased risk of leaching. Therefore, 

batch experiments were carried out with peat samples collected in 2013/2014, and 

later in 2016, in order to examine potential effects of contaminant accumulation. In 

general, lower removal and higher leaching of As was observed with water and peat 

samples taken in 2016 compared with samples collected in 2013/2014 (see Figure 

4a in Paper I). This effect was also apparent in As removal data from the full-scale 

peatlands (Figures 5c and 5d). In comparison, no significant difference (p > 0.05) 

in removal and leaching of Sb was seen between the sampling years for TP-A, while 

even more removal and lesser leaching were observed in TP-B for samples 

collected in 2016 (p < 0.05) (see Figures 4b and 4c in Paper I). Nickel 

removal/leaching difference between the two sampling years was significant for 

peat samples taken from TP-A (p < 0.05), as also seen in removal efficiency data 

for TP-A (Figure 5e), but not for TP-B (p > 0.05) (see Figure 4c in Paper I). Analysis 

of peat samples from 2008 to 2018 revealed that accumulation of Sb stabilized quite 

early on in TP-B (Figure 11b), which can be interpreted as the peatland reaching 

saturation (in 2013) after five years of use, due to high loading. In TP-A, 
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contaminant concentrations in peat, measured near the inlet, still increased 

gradually until 2017, when a sudden drop was observed (Figure 11a), due to 

leaching caused by improved inlet water quality (new sulfate removal plant). 

However, it is unclear whether the leached contaminants were flushed out from the 

entire peatland, or were only moved further downstream and deeper from the 

sampling point, while still remaining in the peatland. Further studies are required 

to map contaminant accumulation in the entire peatlands over time.   

Accumulation of contaminants in the treatment peatlands was found to be 

dependent on their duration of use and loading rate. A comparison of peat samples 

from TP-A and TP-B taken in 2013/2014 and 2016 (peat used for batch experiments) 

(for composition, see Appendix A) showed that TP-B had much higher 

accumulation of contaminants, other than SO4
2⁻, due to its longer period in service 

(in use since 2006, while TP-A has been in use since 2010). Furthermore, TP-B, on 

average, received significantly higher inflows, which resulted in higher Sb and Ni 

loads (Figures 5b and 5f), compared with TP-A. On the other hand, SO4
2⁻ and As 

loads were much higher to TP-A (between 2013/2014 and 2016) because of their 

higher concentrations in the pre-treated process water, although flows were lower. 

Additionally, in terms of total area, TP-A is much larger (44 ha) than TP-B (17 ha), 

although the proportion of total area in the peatlands that is active for treatment at 

a certain time is debatable, and changes from one season to the next (Palmer et al., 

2015). 

 

Fig. 11. Accumulation of antimony (Sb) in (a) treatment peatland A (TP-A) and (b) 

treatment peatland B (TP-B) over the years since the start of their use for mine water 

treatment. Peat samples taken from surface layer (0–10 cm) at the same points near the 

inlet of each peatland (reprinted with permission from Paper II © 2020 Elsevier B.V.). 
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Closed mine sites use wetland treatment to decrease the environmental impacts of 

their waters, even a long time after mining operations have ceased. However, 

mining companies may discontinue use of their treatment wetlands, e.g., after 

building additional active treatment units, by discharging the water directly into the 

receiving water body or after mine closure. As the results in this thesis show, 

increased dilution of mining-influenced water is accompanied by an increased risk 

of leaching (Papers I and II). In addition, since use of peatlands for wastewater 

treatment leads to contaminant accumulation and build-up over time, the service 

life of peatlands may not be indefinite, and higher contaminant build-up may pose 

a higher risk of contaminant leaching at any particular point in their service life or 

afterwards.   

4.5 Applicability of pilot wetlands to simulate full-scale peatlands  

Pilot wetlands can be a useful tool to study various peatland processes and their 

sensitivity to different parameters, as the conditions are more controlled than in 

full-scale peatlands and sampling can be carried out more frequently due to better 

accessibility. The dimensions of the two pilot wetlands constructed in Paper III 

were kept comparatively small due to practical considerations. Undisturbed peat 

samples had to be brought manually from the full-scale treatment peatland because, 

due to the location of the sampling site and conditions in the peatland, motorized 

machinery could not be used for sampling. The two pilot wetlands proved to be 

good replicates, because variations in pollutant concentrations in outflow samples 

collected from both pilot wetlands displayed similar patterns and were comparable. 

The wetlands were subjected to two freezing-thawing cycles, which resulted in 

changes in purification efficiency, with higher/lower removal observed under 

different conditions for different contaminants (Figure 10). Monitoring data from 

the full-scale treatment wetlands were used to assess the scalability of results 

obtained from pilot wetlands to full-scale wetlands (Figure 6). However, since 

sampling intervals and length of freeze/thaw cycles were much greater in the full-

scale system (entire seasons compared with a few weeks in pilot wetlands), one-to-

one comparison of contaminant concentrations was not possible. Generally similar 

patterns of removal efficiency fluctuations during frost and frost-free periods were 

observed in the pilot wetlands (especially for the second freeze-thaw cycle for pilot 

wetlands and comparing mean monthly concentrations in full-scale peatlands) and 

in the full-scale wetland purifying the same type of water (Figure 6), with the 
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exception of a few specific compounds. Therefore, it can be said that the pilot 

wetlands, by and large, simulated the conditions in real peatlands rather well.    

4.6 Modeling as a tool to study treatment wetlands 

In determining the adequacy of HYDRUS+CWM1 to model reactive transport 

processes in mine water treatment peatlands, modeling in this study was limited to 

reactive transport of nitrogen species (NH4⁺, NO3⁻, and NO2⁻) for simplicity. 

Observed NH4⁺ concentrations in outflow from the pilot wetlands in all three cases 

(frost-free for pilot 1 and pilot 2, and frozen for pilot 1) were lower than the 

modeled concentrations. Adequacy of the model to simulate NH4⁺ concentrations 

was also sub-optimal, as indicated by linear regression (R2 = 0.25 for unfrozen 

conditions) (Figure 12a). This could be because the rate of nitrification used in the 

model was lower than the actual rate and/or because NH4⁺ adsorption on peat had 

taken place, as seen in previous studies (Yu et al., 2011; McCarter, Weber, & Price., 

2018). The concentration of NO3⁻ plus NO2⁻ was simulated adequately to some 

extent for unfrozen conditions, but not for frozen conditions (R2 = 0.43 for unfrozen 

conditions) (Figure 12b). Under frozen conditions, the NO3⁻ plus NO2⁻ 

concentration started to increase immediately after the start of simulation, 

indicating a slowdown in denitrification and/or higher nitrification. In general, 

lower temperature and oxygen levels do not lead to increased nitrification. Recently, 

CWM1 was extended with a formula for kinetic adsorption and desorption of NH4⁺, 

in order to obtain satisfactory results for NH4⁺ concentration after interruption of 

oxygen supply (Boog, Kalbacher, Nivala, Van Afferden, & Müller, 2019). 

HYDRUS+ CWM1 has been used to model NH4⁺ in constructed wetlands with 

satisfactory results, by using default values of kinetic parameters with slight 

changes (Rizzo et al., 2014). On the other hand, higher than observed simulated 

concentrations of NH4⁺ have also been reported, attributed to lower adsorption (You 

et al., 2014). It can be concluded, based on the results, that more accurate estimation 

of kinetic parameters in CWM1 is required to improve the simulation results before 

the HYDRUS wetland module can be used to make reliable predictions about the 

fate of contaminants in cold climate peatlands. Alternatively, HYDRUS can be used 

with PHREEQC (Parkhurst & Appelo, 1999) (HP1 module in Hydrus), a 

geochemical modeling tool, to simulate a wide range of geochemical reactions and 

transport of contaminants in treatment peatlands, including other metals and 

metalloids studied in this thesis. PHREEQC has been used for aqueous speciation 

calculations and modeling of reactions in mine water treatment wetlands (e.g., Fitch, 
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Burken, & Ye, 2008; Carling, Fernandez, Rudd, Pazmino, & Johnson, 2011; Gandy, 

Davis, Orme, Potter, & Jarvis, 2016). With the current state of knowledge, 

modeling can be an important tool in furthering understanding of peatland 

processes and reactions.   

 

Fig. 12. Observed vs modeled outflow concentration of a) NH4⁺, and b) NO3⁻ + NO2⁻ in 

pilot wetland 1 during frozen and frost-free conditions and in pilot wetland 2 during 

frost-free conditions (reprinted with permission from Paper IV © 2020 Authors).    
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5 Conclusions and directions for future 
studies 

5.1 Conclusions 

Based on the work in this thesis, it can be concluded that use of treatment peatlands, 

although important to reduce contaminant loads to water bodies receiving mining-

influenced water, is challenging. The challenges mainly arise because the 

composition of mining-influenced water and environmental conditions can vary 

considerably during the service life of a mine and after mine closure, which makes 

it difficult to set controls on treatment processes. These controls are required for 

stable and reliable performance of treatment peatlands and to minimize 

contaminant mobilization. Moving forward from the current practice, constructed 

wetlands and other passive treatment systems based on more innovative use of 

peatlands can provide a solution to these challenges. The specific conclusions that 

can be drawn from this thesis work are as follows: 

– Natural peatlands can effectively remove contaminants from mining-

influenced water and provide year-round treatment, even in a cold climate.   

– Hydraulic loading rate was found to be the most important parameter for 

efficient removal of contaminants. Mean removal efficiency for As, Sb, and Ni 

was high, and mean removal efficiency for Ntot was moderate, when the 

hydraulic loading rate was low (1.5–16 mm d⁻1). Removal of SO4
2⁻ was 

negligible even at low hydraulic loading, due to very high SO4
2⁻ mass loading. 

– As the dilution level increased, and the concentration of contaminants in inflow 

water decreased, a shift was observed from removal of contaminants from 

mining-influenced water towards leaching of contaminants from the peat. This 

shift was most pronounced for Sb, while Ni was found to be most strongly 

bound to peat. 

– A substantial effect of pH on removal/leaching of As, Sb, and Ni was observed 

in batch experiments. Higher removal and lower leaching of As and Sb were 

observed at pH 6 compared with pH 9. The effect of pH was the opposite for 

Ni. 

– Temperature was not found to have a major systematic effect on removal of As, 

Sb, and Ni by peat. Furthermore, water composition influenced how 

temperature affected removal. In full-scale peatlands, temperature had no 

effect on contaminant removal at high hydraulic loading, and a minor and 
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significant impact at low hydraulic loading. Winter conditions lowered the rate 

of removal of contaminants that are removed predominantly by biological 

processes (SO4
2⁻ and N). 

– No clear effect of oxic/anoxic conditions was observed for As, Sb, and Ni. 

However, experiments with incubation times longer than the 24 hours tested in 

this thesis may be needed to clarify the reason for the lack of clear outcome of 

oxic and anoxic conditions. 

– Contaminants accumulated in the peatlands during long-term use for treating 

mining-influenced water and degree of accumulation were dependent on the 

contaminant loading rate. Consequently, removal efficiency of different 

contaminants was lower in later years. This difference was clearer in a more 

heavily loaded peatland. 

– More peatland volume was available to provide treatment in summer, as mean 

residence time was shorter during frozen conditions. In addition, heterogeneity 

of peat and presence of preferential flow paths were evident from tracer tests. 

– In deeper layers of peatland, peat flow properties were relatively unaffected by 

winter according to flow and transport modeling. The top layer did not appear 

to become completely unavailable for flow during winter. 

– Pilot wetlands and reactive transport modeling both proved to be useful 

methods for understanding treatment processes. Transformation of NO3⁻ and 

NO2⁻ were more adequately simulated with HYDRUS+CWM1 than 

transformation of NH4⁺, and unfrozen conditions were better modeled than 

frozen conditions. 

5.2 Recommendations and directions for future studies 

Future studies should include other treatment peatlands treating mining-influenced 

water in cold climate regions, to obtain more precise and scalable guidelines on 

hydraulic loading rates for efficient removal of different contaminants. The 

correlation between hydraulic loading rate and removal efficiency diminishes at 

very high loading. Therefore, the area of natural peatlands earmarked for use as 

treatment wetlands should be selected so that the hydraulic and mass loading rates 

remain below the specified range.  

As bogs and fens have markedly different pH conditions, the risk of leaching 

of different contaminants may also depend on the type of peatland. The pH range 

selected in this thesis was based on the two peatlands studied, but the pH levels 

tested should be expanded in future work to make the results generalizable over a 
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broad range of cold climate treatment peatlands, including both minerotrophic fens 

and ombrotrophic bogs. In minerotrophic fens similar to those studied here, influent 

pH below or near neutral could be targeted during pre-treatment, in order to avoid 

excessive leaching of Sb and As from the near-surface layers of peat, where 

concentrations of accumulated contaminants are usually highest. 

 Pilot wetlands satisfactorily replicated various peatland processes, but the 

effects due to precipitation, snow cover, and snowmelt could not be studied using 

the pilot units constructed for this thesis. More detailed pilot wetlands which 

include these effects, through e.g., use of sprinklers, can help overcome these 

shortcomings. After inflow water quality improvement, a sharp decline in the 

concentration of Sb accumulated in peat was observed. This effect may be 

generalizable to other contaminants. However, a grid-based sampling approach at 

multiple depths is required to determine whether contaminants are washed out of 

the peatland or merely moved downstream and deeper in the peat. 

Future research should also focus on determination of peat hydraulic 

parameters at different temperatures below freezing point and various degrees of 

saturation, in order to allow realistic assumptions to be made about flow and 

transport under frozen conditions. Similarly to flow parameters, more accurate 

estimation of kinetic parameters for CWM1 is required, particularly for cold 

climate peatlands, in order to obtain better simulation results. 

This thesis revealed the importance of planning for management of treatment 

peatlands after mine closure already at the initial planning stage. Essentially, the 

aspects to be taken into account are: 

i. What strategies can be used to deal with long-term contaminant 

accumulation in treatment peatlands?  

ii. Is it reasonable to use treatment peatlands for treating mining-

influenced water while the mine is still operational, or should they be 

used only after mine closure? Alternatively, is it more appropriate to 

use separate treatment peatlands for the active mine and after mine 

closure? 

iii. Should there be a cut-off value for accumulation of contaminants in 

treatment peatlands, and should their use be discontinued after 

reaching that cut-off value?  

Overall, the work presented in this thesis shows that treatment peatlands cannot be 

used indefinitely. Contaminant accumulation poses a serious risk which needs to 

be addressed well in advance, by finding a balance between the benefits of this final 
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treatment step to receiving water bodies and the risks associated with its long-term 

use. 
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Appendices 

Appendix 1. Table A1. Chemical characteristics of peat soil in treatment peatlands 

TP-A and TP-B. 
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