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INTRODUCTION 

The Min-North (Development, Evaluation and Optimization of Measures to Reduce the Environment 
Impact of Mining Activities in Northern Regions) project was a trans-national cooperative project, 
with participants from the Geological Survey of Finland (GTK), University of Oulu (UO), UiT 
The Arctic University of Norway (UiT), Luleå University of Technology (LTU) and SMEs 
from Sweden, Finland and Norway. The project was funded by Interreg Nord and Norrbottens 
länsstyrelse. The participants have expertise in mine waste management, mine water treatment 
and geophysics. The overall aim of the project was to enhance the development of 
environmental protection technologies. An associated goal was to deepen cross-border 
cooperation by creating a larger critical mass of researchers in mine waste management and local 
SMEs in the Northern regions with greater capacities to disseminate and implement new 
methods, products and services. The project ran for 36 months from the 1st of January 2016 to 
the end of December 2018.  
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ABSTRACT 

The Min-North (Development, Evaluation and Optimization of Measures to Reduce the Environment 
Impact of Mining Activities in Northern Regions) project was a trans-national cooperative project, 
with participants from the Geological Survey of Finland (GTK), University of Oulu (UO), UiT 
The Arctic University of Norway (UiT), Luleå University of Technology (LTU) and SMEs 
from Sweden, Finland and Norway. The project included four work packages  

I) Long-term behaviour of waste rock piles and performance of cover structures II) Development 
of methodology for tracing pollution transport by integrating geophysical and geochemical 
methods, III) Removal of metals and nitrogen from mining wastewater in treatment wetlands 
and utilization of locally available biomass as sorbent materials, IV) Anticipated effects of climate 
change on contaminant transport. The projects are briefly summarised in the following 
paragraphs.  

Long-term behaviour of waste rock piles and performance of cover structures 

The main objective of this task was the evaluation of suitable geophysical methods to determine 
the water flow and the pathways of effluent waters from the waste rock piles. GEM-2 surveys 
proved to be an efficient tool for that. The geochemical and mineralogical methods and data was 
used to support GEM-2 method and the combination of the results was examined. The drone 
(unmanned aerial vehicle, UAV) based surveys were tested first at the Rautuvaara tailings area. 
Use of drone was not possible at the topografically different Saattopora area as the results were 
not yet enough accurate, but in the future the measurement techniques and quality are going to 
improve. The gas and infrared measurements was carried out to complete the method selection. 
They were used with the geochemistry to determine the thermal flux in the waste rock piles to 
get some estimation of the state of weathering. Based on longer term lysimeter studies at the 
Kevitsa mine site, some secondary materials could be used in the cover structures of extractive 
wastes. Promising materials, for example, include high-NP calcite tailings. The results also 
indicate that use of biochar can increase the water retention capacity of tailings material.  

Development of methodology for tracing pollution transport by integrating geophysical and geochemical 
methods 

The Swedish group at LTU has studied the utility of combined use of chemical and isotopic data 
to trace geochemical processes in mining environments. The group also applied and evaluated 
various geophysical methods to trace effluent pathways in Yxsjöberg Smaltjärnen. The work was 
done in collaboration with participants from MRM (Nils Sundström), Geoscanners, Stockholm 
University (Magnus Mörth), MJ Resources AB (Magnus Leijd and Johan Berg) and Gruva 
Yxsjöberg (Niklas Strandberg). Coupling chemical data with isotopic data provided further, 
detailed insights enabling discrimination between different geochemical processes and solute 
sources in mineralogically-complex mining environments.  The results also highlight the 
importance of using several isotopic systems in analyses of mineralogically complex wastes such 
as tailings because no single isotopic system can provide indications of all the geochemical 
processes involved. Thus, multiple and appropriate isotopes should be used to trace key 
geochemical processes in mine waste environments. The geophysical methods also showed 
tremendous potential for tracing effluent pathways, especially in the subsurface and could be 



 
 

important for identifying effective measure to curb contaminant transport. Furthermore, the 
outcomes have been presented in an article published in the journal of Applied Geochemistry, 
another in conference proceedings and a third has been submitted to the journal of Applied 
Geochemistry for peer review. Beneficiaries of the project include the broader scientific 
community who can access the results, the community of Yxsjöberg and the owners of the 
tailings, who have become aware of the tailings conditions and likely consequences for their 
environment and health. The results will also be beneficial for mining companies, since similar 
geochemical processes to those examined in this study occur in many tailings, so the findings 
could have broad applicability to tailings worldwide. 

Wetlands construction for reducing nitrogen and metal levels, and bio-sorbent material for retention of metals 
and nitrate  

The main objective of this project task was to contribute to the development and 
implementation of cost-effective, innovative and sustainable solutions for purifying mining 
wastewaters in Nordic regions. specific goals were to evaluate effects of cold climatic conditions 
on metal and nitrogen retention processes in peatland-based wetlands designed to purify mining 
wastewaters, investigate the suitability of locally available low-cost biosorbents, and test possible 
methods for applying such materials. The efforts involved field, pilot and laboratory studies, with 
use of innovative methodology.  A general conclusion from the wetland studies is that peatland-
based wetlands can be used for year-round mining water purification. Ground frost and other 
winter-related conditions can weaken some biological processes and change hydraulic conditions 
within wetlands, which can affect purification results. However, pollutants can still be retained 
during winter periods. Design and hydraulic management of wetland systems should take into 
consideration winter conditions (average frost depth etc.). By allowing suitable water residence 
times during ground-frost periods, satisfactory purification efficiencies may also be obtained in 
winter conditions. Regarding use of biosorbents, peat is an inexpensive, biodegradable and 
widely available sorbent material, which has good metal sorption capacity. However, other 
properties of peat, such as its physical structure, hydrophobicity and low density can restrict its 
use in wastewater treatment systems. The pilot tests (with mix-and-settling and filter systems) 
indicate that peat can be a suitable sorbent for use in a mix-and-settling system for mining water 
purification, but it has limited utility as a filter medium due to its low hydraulic conductivity.  

Effect of climate-change on contaminant transport 

Drastic climate changes are expected in northern regions in the coming years. The main 
objective of this WP was to investigate likely effects of changes in temperature and precipitation, 
the two most important parameters linked to climate change, on the leaching of contaminants 
from tailings deposits. The efficiency of a cover with digested sewage sludge from a local 
wastewater treatment plant in reducing the leaching of contaminants from tailings deposit was 
also tested. The study showed that a combination of high temperature and high precipitation 
will significantly increase the leaching of contaminants from tailings deposits. Generally, the pH 
of the leachate was highest at the lowest test temperature (5°C) and lowest at the highest test 
temperature (18°C), indicating that increases in leaching temperature will increase the oxidation 
of tailings. Concentrations of SO4

2-, Fe, Mn and Ni in the leachate were generally highest at a 
leaching temperature of 18°C and lowest at a leaching temperature of 5°C. Addition of the 



 
 

sludge cover may have slowed weathering of the underlying tailings and reduced leaching of 
SO4

2-, Co, Fe, Ni, Mn and Zn to the surrounding environment. Results of this WP have been 
published, to date, four articles in international conference proceedings, and one article in a peer-
reviewed journal.  

    

 
  



 
 

FINNISH ABSTRACT  

Min-North - " Development, Evaluation and Optimization of Measures to Reduce the Impact 
on the Environment from Mining Activities in Northern Regions " oli valtioiden rajat ylittävä 
yhteistyöprojekti Geologian tutkimuskeskuksen (GTK), Oulun yliopiston (UO), Norjan arktisen 
yliopiston (UiT) ja Luulajan teknillisen yliopiston (LTU) välillä sekä yhteistyössä Ruotsin, 
Suomen ja Norjan pk-yritysten kanssa. Yleisenä tavoitteena oli edistää kaivostoiminnan 
vaikutuksiin liittyvien ympäristönsuojeluteknologioiden ja tietämyksen kehittämistä. 
Tavoitteena oli myös syventää rajat ylittävää yhteistyötä ja tarjota alusta tutkijoille ja pk-yrityksille 
kaivosjätteiden käsittelyn ja ympäristöteknologian alalla menetelmien, tuotteiden ja palveluiden 
kehittämiseen. Hanke kesti 36 kuukautta ja alkaen 1. tammikuuta 2016. Raportti on lyhyt 
yhteenveto työpaketeista kuvattuna neljässä luvussa: 1) Long-term behaviour of waste rock piles 
and performance of cover structures, 2) Development of a methodology for tracing pollution 
transport by integrating geophysical and geochemical methods, 3) Removal of metals and 
nitrogen from mining wastewater in treatment wetlands and via utilization of locally available 
biomass as sorbent materials, 4) Effect of climate- change on contaminant transport. 

Long-term behaviour of waste rock piles and performance of cover structures  

Tehtävän päätavoitteena oli arvioida sopivia geofysikaalisia menetelmiä sivukivikasojen 
suotovesien kulkeutumisreittien määrittämiseksi. GEM-2 -tutkimukset osoittautuivat 
tehokkaaksi välineeksi tässä. Geokemiallisia ja mineralogisia menetelmiä ja tietoja käytettiin 
tukemaan GEM-2-menetelmää ja loppupäätelmissä hyödynnettiin tulosten yhdistelmää. UAV-
pohjaiset (unmanned aerial vehicle) tutkimukset testattiin ensin Rautuvaaran rikastushiekka-
alueella. Dronen käyttö ei ollut mahdollista topografisesti erityyppisellä Saattoporan alueella, sillä 
testitulokset eivät vielä olleet tarpeeksi tarkkoja, mutta tulevaisuudessa odotetaan 
mittaustekniikoiden ja laadun paranevan. Kaasu- ja infrapunamittauksilla täydennettiin 
tutkimusmenetelmiä. Niitä käytettiin geokemian kanssa sivukivikasojen lämpövirtauksen 
määrittämiseksi arvioitaessa rapautumisprosessien tilannetta. Kevitsan kaivosalueella tehtyjen 
pidemmän aikavälin lysimetritutkimusten perusteella joitain kierrätysmateriaaleja voitaisiin 
käyttää kaivannaisjätteiden peittorakenteissa. Esimerkiksi lupaavia materiaaleja ovat mm. 
korkeapitoiset NP -kalsiittirikastushiekat. Tulokset osoittavat myös, että biohiilen käyttö voi 
lisätä rikastushiekan vedenpidätyskykyä. 

Development of a methodology for tracing pollution transport by integrating geophysical and geochemical 
methods  

LTU:n ruotsalainen ryhmä on tutkinut kemiallisten ja isotooppisten tietojen käytön yhdistämisen 
hyödyllisyyttä geokemiallisten prosessien jäljittämiseksi kaivosympäristöissä. Ryhmä on 
soveltanut ja arvioinut erilaisten geofysikaalisten menetelmien käyttöä Yxsjöbergs Smaltjärnin 
rikastushiekka-alueelta suodattuvien vesien jäljittämisessä. Tutkimusta tehtiin yhteistyössä 
MRM:n (Nils Sundström), Geoscannerin, Tukholman yliopiston (Magnus Mörth) ja MJ 
Resources AB:n (Magnus Leijd ja Johan Berg) ja Gruva Yxsjöbergin (Niklas Strandberg) Kanssa. 
Kemiallinen data yhdessä isotooppidatan kanssa antavat yksityiskohtaista tietoa eri 
geokemiallisten prosessien ja mineralogisesti kompleksisten kaivosympäristöjen erottamiseen. 
Tulokset osoittavat myös, että on tärkeää yhdistää useita eri isotooppisia systeemejä 



 
 

mineralogisesti monimutkaisiin jätteisiin, kuten rikastushiekkaan, koska yksi isotooppijärjestelmä 
ei voi olla Yhden luukun -palvelu useiden geokemiallisten prosessien ymmärtämiseksi. 
Geofysikaaliset menetelmät osoittivat myös valtavasti potentiaalia suotovesien kulkureittien 
jäljittämisessä, erityisesti maanpinnan alapuolella ja voisivat olla tärkeitä tunnistettaessa haitallisten 
aineiden kulkeutumisen rajoittamistoimenpiteitä. Tuloksia on julkaistu Applied Geochemistry –
lehden artikkelissa, konferenssijulkaisussa ja kolmas julkaisu on valmiina vertaisarvioituun 
lehteen.  

Hankkeen edunsaajia ovat muun muassa laajempi tiedeyhteisö, jolla on mahdollisuus tutustua 
tuloksiin, Yxsjöbergin kunta sekä rikastushiekka-alueiden omistajat, jotka ovat tulleet tietoiseksi 
altaiden tilanteesta ja niiden todennäköisistä seurauksista ympäristöön ja terveyteen. Tulokset 
ovat myös hyödyksi kaivosyhtiöille, koska samankaltaisia geokemiallisia prosesseja kuin tässä 
tutkimuksessa esiintyy monissa rikastushiekoissa, joten havainnot voisivat olla laajemmin 
sovellettavissa rikastushiekka-alueilla maailmanlaajuisesti.  

Wetlands construction for reducing nitrogen and metal levels, and bio-sorbent material for retention of metals 
and nitrate  

 

Projektitehtävän päätavoitteena oli edistää kustannustehokkaiden, innovatiivisten ja kestävien 
ratkaisujen kehittämistä kaivosjätevesien puhdistamiseen Pohjoismaissa. Erityistavoitteena oli 
arvioida kylmän ilmasto-olojen vaikutuksia metalli- ja typpipitoisuusprosesseihin, jotka on 
tarkoitettu kaivosjätevesien puhdistamiseen, tutkia paikallisesti saatavilla olevien edullisten 
biosorbenttien soveltuvuutta ja testata mahdollisia menetelmiä tällaisten materiaalien 
käyttämiseksi. Aikaansaannoksiin liittyi kenttä-, pilotti- ja laboratoriotutkimuksia, joissa 
käytettiin innovatiivisia menetelmiä. Kosteikkotutkimusten yleisenä johtopäätöksenä on se, että 
turvemaapohjaisia kosteikkoja voidaan käyttää ympärivuotiseen kaivosveden puhdistukseen. 
Maan jäätyminen ja muut talviolosuhteet voivat heikentää joitakin biologisia prosesseja ja 
muuttaa kosteikkojen hydraulisia olosuhteita, mikä voi vaikuttaa puhdistustuloksiin. Haitta-
aineita voidaan kuitenkin pidättää myös talvikaudella. Kosteikkosysteemien suunnittelussa ja 
hydraulisessa hallinnassa olisi otettava huomioon talviolosuhteet (keskimääräinen jäätymissyvyys 
jne.). Sallittaessa sopiva veden viipymisaika routavaiheissa, tyydyttävä puhdistustehokkuus 
voidaan saavuttaa myös talviolosuhteissa. Biosorbenttien käytön osalta turve on edullinen, 
biohajoava ja laajalti saatavilla oleva sorbenttimateriaali, jolla on hyvä metallin sorptiokyky. 
Turpeen muut ominaisuudet, kuten sen fyysinen rakenne, hydrofobisuus ja alhainen tiheys, 
voivat kuitenkin rajoittaa sen käyttöä jätevedenpuhdistusjärjestelmissä. Pilottitestit (sekoitus- ja 
laskeutumis- ja suodatusjärjestelmillä) osoittavat, että turve voi olla sopiva sorbentti käytettäväksi 
sekoitus- ja laskeutumisjärjestelmässä kaivoksen vedenpuhdistusta varten, mutta sillä on rajallinen 
käyttökelpoisuus suodatinaineena sen alhaisen hydraulisen johtavuuden vuoksi. 

Effect of climate-change on contaminant transport 

Pohjoismaissa odotetaan tulevina vuosina voimakkaita ilmastonmuutoksia. Tämän työpaketin 
päätavoitteena oli tutkia kahden tärkeimmän ilmastonmuutokseen liittyvän parametrin, 
lämpötilan ja sademäärän muutosten todennäköisiä vaikutuksia epäpuhtauksien uuttumiseen 



 
 

rikastushiekoista. Työpaketissa testattiin myös paikallisen jätevedenpuhdistamon 
jätevesilietepeiton tehokkuutta epäpuhtauksien huuhtoutumisen vähentämiseksi rikastushiekasta.  

Tutkimuksessa ilmeni, että korkean lämpötilan ja korkean sademäärän yhdistelmä lisää 
merkittävästi epäpuhtauksien huuhtoutumista rikastushiekoista. Yleensä suotoveden pH oli 
suurin alhaisimmalla testilämpötilalla (5° C) ja alin korkeimmalla testilämpötilalla (18 ° C), mikä 
osoittaa, että uuttolämpötilan nousu lisää rikastuhiekkojen hapettumista. SO4

2-, Fe-, Mn- ja Ni-
konsentraatiot suotovedessä olivat yleensä korkeimmat 18° C: n uuttolämpötilassa ja alimmillaan 
5° C: n uuttolämpötilassa. Lietepeiton lisääminen on saattanut hidastaa alapuolisten 
rikastushiekkojen rapautumista ja vähentää SO4

2-, Co, Fe, Ni, Mn ja Zn:n  uuttumista 
lähiympäristöön. Tämän työpaketin tulokset on julkaistu tähän mennessä neljässä kansainvälisessä 
konferenssijulkaisun artikkelissa ja yhdessä vertaisarvioidun lehden artikkelissa. 
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1 LONG-TERM BEHAVIOUR OF WASTE ROCK PILES AND PERFORMANCE 

OF COVER STRUCTURE BACKGROUND 

Waste rock, which often contains varying amounts of sulphide minerals, is commonly deposited 
in large, heterogeneous piles at mine sites. When the sulphide minerals are exposed to water and 
oxygen, bacterially-mediated oxidation processes release acidity and dissolved elements, 
developing acid rock drainage (ARD, Smith et al. 2012). The ARD generating processes can 
continue for hundreds of years (Nordström and Alpers 1999) and are mainly controlled by the 
geochemical characteristics of the waste rock, physical properties of the waste rock pile and 
climatic conditions (e.g. Strömberg and Banwart 1999, Lefebre et al. 2001). In previous decades, 
waste rocks were mainly left unremediated, but today waste and environmental legislation 
recommends use of various dry cover structures to prevent sulphide oxidation and formation of 
ARD in waste rock piles. However, limited information is available on the long-term 
performance of dry cover structures in northern climates. In addition, lack of suitable material 
may restrict viable cover designs. For instance, good quality till might be scarce in the mine area. 
Therefore, effective alternative materials for cover systems are needed, while promoting use of 
secondary resources. 

Environmental impacts of mine waste are commonly assessed by preliminary laboratory testing 
programs including various kinds of acid production, solubility and humidity cell tests (e.g. 
Lapakko 2002). However, physical and geochemical properties and heterogeneities in large-scale 
waste rock piles in Nordic climatic conditions are complex and may not be adequately 
represented by laboratory-scale experiments (Smith et al. 2012). Thus, field-scale experiments 
such as those conducted during this project are essential for rigorous evaluation of the usability 
of alternative cover materials, and the accuracy and applicability of commonly used laboratory-
scale characterisation methods. 

The main objective of this work package was to study the management of waste rock areas in 
northern climatic conditions in Lapland. It included two case studies. In the first, at the active 
Kevitsa mine, lysimeters in waste rock were covered with layers of various material then the 
physical properties and quality of the drainage waters were monitored. To design the cover 
structure tests at the Kevitsa mine, a literature review was conducted, and published in a report 
entitled “Design, construction, instrumentation, and monitoring of pilot scale waste rock cover systems: 
concept review and case studies” (Larkins et al. 2016) as part of the project. The first one was carried 
out at the active Kevitsa mine, by covering the waste rock filled lysimeters with different cover 
material layers and monitoring physical properties and the quality of the drainage waters. To 
design the cover structure tests at the Kevitsa mine, a literature review “Design, construction, 
instrumentation, and monitoring of pilot scale waste rock cover systems: concept review and case studies” was 
published as part of this project (Larkins et al. 2016). To obtain comparative data for the Kevitsa 
tests, ARD generation and element release from waste rock piles without a cover were 
monitored in the second case study at a closed mine site, Saattopora.  

The investigation at the Saattopora mine focused on the suitability of various geophysical 
methods for determining flows and pathways of effluent waters from the waste rock piles, using 
geochemical methods and information. Water, soil and rock samples were analysed in the 
laboratory and the acquired data were used to evaluate the most useful compilation of methods 
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to predict the piles’ behavior. In addition, new field study equipment was used and tested with 
the contribution of an SME, Radai Oy, at the Saattopora site.  

At the Kevitsa mine, experimental waste rock lysimeters, with and without covers, were 
designed, constructed and monitored. Geochemical techniques, such as determination of isotopic 
fingerprints (O, H, S and Sr) were used for monitoring the lysimeter cover structures’ 
performance and transport of contaminants from the pile. The chemical and mineralogical 
properties of the waste rock and cover materials were thoroughly analysed, as well as the quality 
of the lysimeter drainage waters.  

Outokumpu Oyj and Boliden Oy provided access to the study sites, while the lysimeter test 
materials were provided by Boliden, SMA Minerals and Digipolis Oy.  

The specific tasks of work package were:  

• Review of monitoring options and planning of methodology to monitor performance of 
cover structures on waste rock piles  

• Design, construction and monitoring (material and water quality) of the waste rock 
lysimeter tests for substitutive cover materials study.  

• Development of geophysical and geochemical methods to determine and model the 
water flow from the waste rock piles and mine area.  

• Measuring thermal flux in the waste piles to estimate the rate and speed of waste rock 
weathering  

• Contaminant source and pathway tracking using isotopes  
• Assessment of the use of isotopic fingerprints (O, H, Sr, and S) in the evaluation of the 

performance of cover structures on waste rock piles  
• Interpretation of data 

 

1.1 Methods and materials 

The Saattopora closed mine area is located in Finnish Lapland (Fig 1.1), in the western part of 
the Central Lapland Greenstone Belt next to the crustal-scale Sirkka thrust zone in Kittilä 
municipality. In the mine area, four rock types predominate: Savukoski group mafic tuffs and 
lavas in the north, north-east and south-west parts, with Savukoski group phyllites and mica 
schists in the west and south-east parts. Within the phyllite and mica schist units, komatites and 
some intrusive diabase dykes are included. Mica schist is a general designation of the local schists 
which were merely called albite schists by the geologists of the mine operator (Korkalo 2006) 
(Fig 1.2). 
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Figure 1.1 Locations of the Saattopora and Kevitsa mine sites. Background map © National Land Survey 
of Finland. 

The Saattopora gold deposit contains, in addition to gold ore, copper, sulphides (pyrrhotite and 
pyrite) and U-Th oxides. Electromagnetic methods are commonly applied to assess the possibility 
of ARD. In this study, electromagnetic surveys were conducted using resistivity fork and GEM-
2 sensors. The resistivity fork is formed by the Wenner electrode configuration and can provide 
resistivity estimates for the uppermost layer of overburden, mainly the top 1-30 cm (Puranen et 
al. 1999). The GEM-2 is a multi-frequency electromagnetic sensor that operates in a frequency 
range of about 300 Hz to 93 kHz. The maximum depth of exploration is about 10 m, depending 
on the ground conductivity, target volume and electromagnetic noise (Won et al. 1996). As 
mentioned above, the Saattopora gold deposit contains varying amounts of U-Th oxides. The 
UAV-based gamma spectrometry measurement was tested in the abandoned tailing area of 
Rautuvaara Fe-Cu-mine, where the Saattopora ore was processed, to assess its utility for 
evaluating the dispersion of radioactive material (Salmirinne et al. 2017, in Finnish). 
Unfortunately, the capacity of the measurement system was not sufficent enough to locate 
smaller contents of radioactive elements and thus gamma-ray surveys were subsequently 
conducted using the RS-230 gamma spectrometer (www.georadis.com) in the surrounding areas 
of the Saattopora rock piles. 

Generally, the material of the Saattopora waste rock piles is heterogeneous. The estimated total 
amount of extracted waste rock is 3.6 Mt (Puustinen 2003). Obtaining representative samples 

http://www.georadis.com/
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was challenging and samples collected from the surface of the piles do not represent true ratios 
of rock types in the piles. Therefore, the mineralogical and geochemical results, and assessments 
of the geochemical behaviour of the waste rock piles are indicative. 

For this study, six rock samples were collected from the surface of the Saattopora waste rock 
piles to represent the different kinds of waste rock types. The samples were analysed 
mineralogically and geochemically. The aims of these analyses were to define the mineralogy of 
the samples and assess the potential mobility of the harmful elements present and the acid 
production potential.  

For mineralogical determinations, samples were analysed in Geological Survey of Finland (GTK) 
facilities using a JEOL JSM 7100F field emission scanning electron microscope (FE-SEM). In 
addition, several geochemical laboratory tests were conducted by the accredited company 
Labtium Oy. Total element concentrations were determined by X-ray fluorescence (XRF) 
analysis (Criss & Birks 1968). Two-stage batch tests were used to investigate which harmful 
substances leach from the wastes with water (SFS-EN12457-3). Element mobilities were also 
investigated by aqua regia (AR) extraction, which leaches sulphides and some silicates including 
biotite, chlorite and clay minerals (Doležal et al. 1968, Heikkinen & Räisänen 2009). 
Concentrations of elements in the AR solutions were measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES) and ICP-MS. The mine wastes’ potential to produce 
ARD was determined by the Acid-Base Accounting (ABA) test according to the SFS-EN 15875 
standard (Sobek et al. 1978, White et al. 1999) and net acid generation (NAG) test (AMIRA 
2002). The samples’ total sulphur contents were also analysed.  

Experimental hydrogen sulphide gas measurements were carried out by Radai Oy during 
autumn 2017 on the western waste rock pile of Saattopora mine. Radai Oy also acquired some 
thermal images with a hand-held FLIR E60bx device on the western waste rock pile. In addition, 
aerial images were acquired using a Phantom 3 UAV drone. 

To support the geophysical studies, the surrounding waters near the waste rock piles and (for 
comparison) more widely in the region were subjected to geochemical analyses. The Levijoki 
river passes within approximately 100 m of the western pile. Three groundwater observation 
wells were installed between the pile and the river (Fig. 1.2). These wells, and soil samples 
obtained from them, were used to collect drainage waters from the pile and detect possible ARD, 
21-23 years after the mine closed. 

 By means of these and the soil samples obtained from them, was observed if there are drainage 
waters from the pile and is there ARD detectable over 20 years after the mine was closed. 

At the site, temperature, dissolved oxygen, pH, electrical conductivity and oxygen reduction 
potential were determined using a portable multi-parameter YSI sonde (YSI Professional Plus). 
In the laboratory (of Labtium Oy), concentrations of dissolved elements were analysed by ICP-
OES and ICP-MS. Anions were determined ion chromatographically, Br, Cl, F, SO4, NO3 
according to SFS-EN ISO 10304-1, and PO4 by a modified version of the SFS-EN ISO 15681-
1 (2005) method, alkalinity following SFS 3005:1980/VYH:87 and KMnO4 titrimetrically (SFS 
3036:1981). The water samples’ dissolved organic carbon (DOC), total organic carbon (TOC) 
and ferrous iron (Fe2+) contents were also analysed. 
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The soil samples were dried before analysis at 40°C and the < 2 mm fraction was obtained by 
sieving for analysis. Samples were analysed, following 1M ammonium acetate (pH 4.5), 0.2 M 
ammonium oxalate and aqua regia extraction (in a similar manner to the SFS-ISO 11466:2007 
standard), by ICP-OES/MS techniques. The pH of 0.01 M calcium chloride extracts (1:10) 
were measured potentiometrically, and the samples’ organic carbon contents were measured by 
gravimetric determination of their loss on ignition using a modified version of SFS-EN 14775 
methodology, and total sulphur by combustion using an S analyser.  

 

Figure 1.2 Bedrock and the sampling sites at Saattopora closed mine: Background map and LiDAR data 
© National Land Survey of Finland. 

The Kevitsa Ni-Cu-PGE mine, which started production in 2012, is located in Sodankylä 
municipality, Finnish Lapland (Fig. 1.1). According to Santaguida et al. (2015), the 
paleoproterozoic (around 2.1 Ga) deposit is magmatic and mafic-ultramafic, hosted within a 
composite ultramafic layered intrusion. The ore appears in olivine-pyroxenite as disseminated 
sulphides. The waste rock types include olivine-pyroxenite, olivine-websterite, gabbro and 
dunite. The main sulphides are pyrrhotite, pentlandite and chalcopyrite. 

Eight field lysimeters were installed at the Kevitsa mine in July 2017, following guidelines 
described in the MEND report (Price 2009) and the observations were presented in the Min-
North cover design testing review (Larkins et al. 2016). Seven of the eight lysimeters were filled 
with crushed Kevitsa ore, representing high S waste rock material. One lysimeter was left empty 
to obtain data on background concentrations. Six of the seven waste rock-filled lysimeters were 
covered by 1 m of different cover structures and materials. One of the waste rock-containing 
lysimeters was left without a cover to obtain reference values.  



6 
 

The lysimeter instrumentation included an O2 sensor, and a sensor to measure humidity (water 
volume, VW, in the material), temperature and electric conductivity (EC). The tested cover 
materials included local till, Kevitsa low-S (NAF) tailings, NAF tailings mixed with biochar, 
calcite waste (high-NP tailings) from SMA Minerals and low-permeability solidified slag material 
provided by Digipolis Oy. The lysimeter test design is presented in Figure 1.3. Rainwater 
flowing through the lysimeters was collected in plastic canisters from which drainage was 
regularly sampled for water analysis. 

 

Figure 1.3 Tested cover structures and placement of the sensors. 

The solid samples and lysimeter drainage samples were analysed by Labtium Oy. Drainage water 
analyses included determination of dissolved concentrations of elements by ICP-OES and ICP-
MS methods, and determination of anions with ion chromatography. During the drainage 
sampling, variables including pH and EC were measured at the site using a portable multi-
parameter YSI sonde (YSI Professional Plus). 

For geochemical analyses, the solid samples were treated as in the Saattopora case (described 
above), and analysed by XRF, AR extraction and two-stage batch test methods. The sample 
solutions from the AR extraction and batch tests were analysed by ICP-OES and ICP-MS. The 
ability of rock material to produce ARD was determined using the ABA test.  The mineralogical 
investigations of rock samples were conducted at the GTK mineralogical laboratory by FE-SEM. 

 

1.2  Main results 

1.2.1 Saattopora case study 
 

According to the mineralogical results, the Saattopora waste rock samples contained mainly 
silicate minerals, together with carbonates, some oxides and sulphides. Albite was present in all 
of the samples, at 22.5-70.1 Wg%. The amounts of quartz, biotite and chlorite varied in ranges 
of 0.6-21.1, 0.3-23.3 and 0.4-40.4 Wg%, respectively. Dolomite was detected in samples 
containing relatively low amounts of biotite and/or chlorite. The most common sulphide 
mineral was pyrrhotite. Pyrite, chalcopyrite, arsenopyrite and cobaltite were also detected. 
Oxidized Fe-sulphides were detected in four samples, most abundantly (4.2 Wg%) in the sample 
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that also had the highest amount of pyrrhotite (25.9 Wg%). The samples and their modal 
mineralogy are listed in Table 1.1. 

Results of XRF analysis of the Saattopora waste rock samples were principle comparable with 
mineralogical results. Concentrations of elements of potential concern obtained from the batch 
tests were usually below the detection limit. 

However, the As concentration was elevated in one sample. The mineralogy suggests the As was 
from arsenopyrite. The Ni concentration was also elevated in one sample. Mineralogical analysis 
did not reveal any Ni-bearing sulphide, so a likely source of the Ni is the oxidized Fe-sulphide 
phase, which could contain Ni and the weathered phase could have been more likely leached 
during the batch test. 

AR extraction results indicated that every rock sample had at least one potentially harmful 
element (As, Co, Cu, Ni or V) at higher than guideline concentrations (Government Decree 
2007). Therefore, the material of rock samples is classified as contaminated and earthworks are 
not recommended, even for industrial purposes.  

Table 1.1 Modal mineralogy of the Saattopora waste rock samples. 

 

According to ABA-tests, two samples were potentially acid-producing, two were classified as 
uncertain and two were non-acid producing. NAG-tests supported these results, indicating that 
the same two samples were potentially acid-generating. Results of these geochemical analyses of 
the Saattopora waste rock samples are summarized in Table 1.2. 

  

Lab ID 201801240 201801241 201801242 201801243 201801244 201801245

Sample ID GK_RAPI-2016-120.1 GK_RAPI-2016-121.1 GK_RAPI-2016-122.1 GK_RAPI-2016-123.1 GK_RAPI-2016-124.1 GK_RAPI-2016-125.1

Class % total mass % total mass % total mass % total mass % total mass % total mass

Quartz 19,3 21,1 0,6 9,4 20,1 13,8

Albi te 31,7 28,7 70,1 22,5 63,1 44,7

Plagioclase, other than a lbi te 7,7 0,8 0,5 0,1 0,4

K-feldspar 0,3 0,2 0,6 0,5 0,4 1,2

Bioti te 1,4 0,3 1,0 23,3 3,0 0,3

Chlori te 20,1 40,4 0,4 3,6 1,6 1,1

Talc 1,5

Hornblende 6,8 0,5 5,0 1,1 2,2 3,0

Ti tani te 5,7 0,1 0,2

Tourmal ine 0,3 0,2 0,4 0,4 0,2 14,9

Calci te 3,9 0,2 0,1 2,1 0,4

Dolomite traces 0,3 10,3 0,7 5,6 16,0

Ilmenite 0,7 3,5 traces 0,2 traces

Pyri te 0,4 0,6 0,7 traces

Pyrrhoti te 0,1 1,8 4,5 25,9 1,3

Chalcopyri te traces 0,1 2,0 0,1

Arsenopyri te 0,9 2,2

Cobalti te 0,7

Oxidized Fe-sulphide 0,4 0,7 4,2 0,1

Other 2,2 1,1 4,4 2,5 0,7 2,1

Tota l 100 100 100 100 100 100
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Table 1.2 Results of geochemical analyses of the Saattopora waste rock samples.  
Aqua regia: red = over higher guideline value, orange = over lower guideline value, violet = over threshold value. 
ABA-test: red = potentially acid producing (neutralisation potential, NPR <1), orange = uncertain, NPR 1-3. 
NAG-test: red = potentially acid generating, NAGpH <4.5. 

 

 

H2S gas measurements (Fig. 1.4), together with later observations of “hot spots” (Fig 1.4, 1.5 
and 1.6) indicate that heat- and H2S-producing processes occur in the waste rock pile. The H2S 
concentration varied between 0.05 and 4.6 ppm. The hot spots are ca. 1-3 m wide circular spots 
where the snow was melted and quivering air was observed when the surroundings were covered 
with ca. 5 cm thick snow cover at a temperature of -18 ⁰C (Fig. 1.5). Heat generation in mine 
waste is related to sulphide oxidation and seasonal surface temperature changes, especially under 
northern climatic conditions. The hot spots are probably generated when the heat is transferred 
by water or air through the heterogenic porous material. The irregular patterns of cold and hot 
areas at the top of the pile indicate points of air entry and exit in the pile. Such features have 
been interpreted as evidence of the general size of onvection cells in piles (Lefebvre et al. 1993). 

Lab ID 201801240 201801241 201801242 201801243 201801244 201801245
Sample ID GK_RAPI-2016-120.1 GK_RAPI-2016-121.1 GK_RAPI-2016-122.1 GK_RAPI-2016-123.1 GK_RAPI-2016-124.1 GK_RAPI-2016-125.1
Batch test, As  
(mg/kg) <0,05 <0,05 <0,1 <0,05 0,2 18,7
Batch test, Ni  
(mg/kg) <0,05 <0,05 0,8 5,1 <0,05 <0,6
Aqua regia , Sb 
(mg/kg) 0,6 0,41 0,13 2,81 <0,1 0,45
Aqua regia , As  
(mg/kg) 12,6 31,3 2100 2590 67,8 6690
Aqua regia , Co 
(mg/kg) 21,4 50,8 1120 110 23,2 268
Aqua regia , Cu 
(mg/kg) 13,9 171 691 6900 478 16,7
Aqua regia , Ni  
(mg/kg) 31,2 78,3 763 1900 88,9 208
Aqua regia , V 
(mg/kg) 297 347 50,1 755 14,3 10,4
Tota l  S (%) 0,03 1,02 3,66 13,7 0,94 0,31
ABA test, NPR 69,7 0,4 1,51 0,12 3,22 21,3
NAG (pH) 11,31 3,02 8 2,58 8,66 10,25
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Figure 1.4 H2S gas measurements on top of the Western Saattopora waste rock pile, and detected ‘hot 
spots’: background aerial photograph © National Land Survey of Finland. 

 

Figure 1.5 Photograph (Hannu Panttila, GTK) showing hot spots on the surface of the western waste rock 
pile of Saattopora mine.  
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Figure 1.6 Thermal image (IR) from the top of the western waste rock pile (left) and corresponding view 
photographed with an ordinary camera (right) (photographs: Radai Oy). 

GEM-2 measurements outline several seepage paths and zones where conductivity values are 
typically over 100 mS/m and maximum values even exceed 3000 mS/m (Fig. 1.7). Typical 
conductivity values of various materials are presented in Table 1.3. Conductive waters seep from 
waste rock piles towards the river Levijoki (Fig. 1.7). The depth penetration of GEM-2 is at 
most 10 m. Presumably, seepage waters between the west pile and river Levijoki in the north 
occasionally run deeper, and thus are not detectable by the instrument. This might explain why 
the measured conductivity values were low in this area, as the conductivity values increase again 
when the seepage approaches the river’s bank. Measurements with a resistivity fork of the 
conductivity of waters in ditches and the river Levijoki revealed that the conductive waters seep 
northwards from the waste rock area. Measured conductivities were highest in the ditch at the 
east side of the western pile (Fig. 1.7). The conductivity of river Levijoki waters increases towards 
the east, but are still within a normal range for river waters (Table 1.3, Fig. 1.7).    Radiometric 
surveys revealed that the thorium content also increases in the leakage areas (Fig. 1.8).  

Table 1.3 Electric conductivity of various materials (Pernu 1979). 

Material Conductivity mS/m 

Coarse sand and gravel 0.01 - 2.0 

Fine sand 0.05 - 3.0 

Till 0.2 -3.0 

Silt 5.0 - 12.5 

Clay 20.0 - 65.0 

Peat 2.0 - 10.0 

Gabbro, vulcanite, quartz 0.03 - 0.1 

Granite, gneiss 0.05 - 0.13 

Mica schist, phyllite, limestone 0.13 - 0.5 

Weathered and fractured rock 0.3 - 5.0 

Sulphidic silt and clay 200 - 500 

Graphite schist 100 - 10000 

Sulphide ore                       100 - 100000 

River and lake water 5.0 - 20.0 

Sea water 1000 - 1200 
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Figure 1.7 Visual display of  results of GEM-2 and resistivity fork measurements in Saattopora. Black 
arrows indicate seepage zones. Background aerial photograph, © National Land Survey of Finland. 
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Figure 1.8 Gamma-ray measurements of thorium radiation at Saattopora. The black arrows indicating 
seepage are based on GEM-2 data. Background aerial photograph, © National Land Survey of Finland. 

The soil between the piles and river Levijoki is mainly till, with abundant boulders. Soil drilling 
in autumn 2017 indicates that the overburden near the western pile (Groundwater well 1) is ca. 
8.5 m thick, overlying weathered bedrock less than 1 m before the solid bedrock. The till layer 
at the north-eastern edge of the pile (Groundwater well 3) is 3.5 m thick, and less than 3 m from 
the river bank (Groundwater well 2). 

Concentrations of elements in the Levijoki river are in typical background ranges for the larger 
area of Kittilä municipality (Table 1.4) and concentrations of sulphate and other salts (Fig. 1.9) 
differ only slightly before and after the waste rock area. They are also much lower than those in 
the ditch that gathers seepage waters and surface runoff from the western pile. The results support 
conclusions drawn from the resistivity fork measurements. 
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Table 1.4 Physical and chemical quality of the waters in the Saattopora area. Rivers and streams n=12, 
lakes n=2, Ditch n=2, Pits n=2, GW observation wells n=6, background observation wells n=2. 

 

 

 

 

Figure 1.9 Conductivity and salts (Ca, Mg, Na, K, SO4, Cl) in Levijoki river before and after the waste 
rock area, and the ditch that gathers seepage waters and surface runoff from the western pile. 2018-204 in 
the middle is the sample site where the ditch waters run into the river. EC of the samples 2018-204 and 
2016-4 are unreliable. Note the logarithmic scale. 

Measurements of sum concentrations of soluble metals in samples from installed groundwater 
observation wells are shown in Figure 1.10. They clearly show that concentrations are much 
higher in the well  in the river Levijoki bank area (no. 2, sample numbers 2017-2 & 2018-202) 
and the well closest to it (no. 3, sample numbers 2017-3 and 2018-203), where the overburden 
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is only 3-3.5 m thick, than in the ditch and river Levijoki samples. At the Levijoki riverbank 
site, the main contributor to the elevated concentration is zinc, which correlates with the TOC 
and DOC concentrations. Near the pile, nickel, copper and cobalt concentrations are the 
highest. 

 

Figure 1.10 Sum concentrations of soluble trace metals (Zn, Cu, Co, Ni, Pb) in water samples taken from 
the pathway of the effluent waters from the western pile. Note the logarithmic scale. 

The soluble arsenic content of the soil was strongly elevated at the sampling sites closest to the 
western pile according to ammonium oxalate extraction, and AR extraction yielded even higher 
contents (Fig. 1.11). In the groundwaters, the As concentrations were highest in the vicinity of 
the Levijoki riverbank (observation well 2). The “hot spots” visible in the IR-image (Fig. 1.5 
and 1.6) indicate oxidation of sulphides, but also possibly alteration of arsenopyrite, if it yields 
Fe2+ (aq.) in the surficial environment (Craw et al. 2003) and buffering carbonate and silicate 
system. In all groundwater samples, the sulphate concentrations were distinctly higher than in 
surrounding waters and close to the pile almost equal to those in the ditch sample (Fig. 1.12).  

Based on the results of water analyses, more effective and frequent sampling would have clarified 
the seasonal variation and increased the certainty of interpretation. However, results of the 
geochemical analyses of the water samples support conclusions drawn from the geophysical 
analyses. Seepage waters from the piles flow towards the Levijoki river, and the concentrations 
of sulphate and some soluble metals in the groundwater are higher than in the surrounding 
environment, due to leaching from the pile. 
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Figure 1.11 Arsenic concentrations in soil drilling samples of the ground water observations wells with three 
different extractions, ammonium acetate, ammonium oxalate and aqua regia. 

 

Figure 1.12 Sulphate and total-S in groundwater samples, compared to the samples of the ditch and ditch’s 
discharge site in Levijoki. Note the logarithmic scale. 

1.2.2 Kevitsa case study 
 
Chemical and mineralogical properties of the lysimeter test materials (excluding the slag-based 
material) are presented in Table 1.5. All the analysed materials, except the high-NP tailings from 
SMA Minerals, had elevated concentrations of Ni, Cu, Cr and Co. The potentially harmful 
water-soluble elements were elevated in the till material. In the fresh mine waste materials, 
dissolved concentrations of these elements were mainly below the detection limit. According to 
NAG tests, all the tested materials were non-acid generating, but the acid generating potential 
of some ore and NAF tailings samples was in the uncertain range, according to ABA tests. The 
water conductivity was lowest for the till (7.4x10-9 S/m), followed by the high-NP tailings 
(3.5x10-8 S/m). The water conductivity of the NAF tailings was 3.3x10-6, which was slightly 
increased when biochar was added, to 8.5x10-6. 

Table 1.5 Chemical and mineralogical properties of the lysimeter test materials. Potentially harmful element 
concentrations according to aqua regia extraction and soluble harmful substances by the shake flask test. The 
patented slag-based material provided by Digipolis Oy was not analysed. 
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Materials Mineralogy 
Potential harmful 
elements (mg/kg) 

Soluble harmful 
substances (mg/kg) 

Water 
cond. 
(S/m) S (%) 

NAGp
H AP NP 

NP
R 

Ore/waste 
rock 

Mg-hornblende (53.1%), olivine 
(22.2%), diopside (6.9%), calcite 
(0.95%), dolomite (0.19%), 
pentlandite (2.09%), pyrrhotite 
(1.58%), chalcopyrite (0.46%), 
pyrite (0.04%) 

Ni 2690, Cu 2320, 
Cr 389, Co 117 

SO4 82.7 n.a. 1.19 9.1 37.
1 

56.4 1.5 

Till Albite (26.7%), quartz (17.9%), 
Fe-hornblende (17.5%) 

Ni 223, Cr 231, Cu 
170, Co 30 

SO4 51.4, Al 22.5, Mn 
1.5, Cu 0.9, Ni 0.6, Cr 
0.2, Co 0.1 

7.4x10-9 <0.01 7.7 <0.
3 

5.9 39.
3 

NAF 
tailings 

Mg-hornblende (62.4%), olivine 
(13.2%), diopside (9.0%), 
tremolite (6.3%), calcite (0.26%), 
dolomite (0.07%), pyrrhotite 
(0.26%), pentlandite (0.09%), 
chalcopyrite (0.03%) 

Ni 961, Cu 744, Cr 
405, Co 50 

SO4 391 3.3x10-6 0.72 8.3 22.
5 

67.2 3.0 

NAF 
tailings + 
char 

Same as above, 2.5 % C Ni 939, Cu 754, Cr 
393, Co 48 

SO4 404 8.5x10-6 0.70 8.5 21.
9 

61.6 2.8 

High-NP 
tailings 

Calcite (87.2%), dolomite 
(10.1%), pyrite (0.04%) 

Cr 38, Ni 23, Cu 7, 
Co 3 

SO4 142, Al 3.7, Cr 0.4, 
Mo 0.1 

3.5x10-8 
0.08 12.0 2.4 1008.1 428 

 

Qualities of the lysimeter drainage waters in autumn 2018, a year after installation, are presented 
in Table 1.6. In the reference lysimeter, LY1, with no cover structure, elevated SO4 and Ni 
concentrations indicated oxidation of Ni-containing sulphides. The buffering capacity of the 
waste rock material has been sufficient to keep the pH of the drainage neutral. In contrast, 
lysimeters LY2, LY3, LY5 and LY6 had elevated concentrations of elements and slightly higher 
pH values. LY7 had the lowest heavy metal concentrations. The Ni concentration in LY8 was 
lower than in the other lysimeters, but Cr, Cu, Mo and V were significantly higher (Mo and V 
concentrations, not presented in Table 1.6, were 138 and 407 mg/kg, respectively), indicating 
leaching of the elements from the slag-based material. The pH of the LY8 drainage (11.6) was 
also significantly higher than in the other lysimeters. 

No significant differences were observed in O2 diffusion through the till, NAF tailings, NAF 
tailings + biochar or high-NP tailings. The O2 diffusion was lower through the slag-based 
material in LY8 than through the other materials (Table 1.6). In mid-August 2018 the O2 
concentration dropped in the LY8 sensor. According to moisture data, this was probably due to 
a rise of the water table in the lysimeter, indicating a block in the drainage outlet. Although the 
water conductivity of the NAF tailings increased when biochar was added, the water retention 
capacity of the carbon-rich tailings material was higher. The moisture sensors in the lower parts 
of LY7 and LY8 were not working properly, possibly due to instrumental error or very dry 
material. The till material above the slag-based material in LY8 was relatively moist, indicating 
that the material is an effective water barrier. 
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Table 1.6 Lysimeter drainage qualities in autumn 2018, a year after installation. Sensor values presented 
as averages for June 4 2018 - October 25 2018, except for O2 LY8 down June 4 2018 - August 9 2018. 
For O2, around 52 mV corresponds to the atmospheric oxygen concentration. 

Lysimeter Co Cr Cu Ni Ca Mg Na SO4 
pH 
(YSI) 

EC 
(YSI) Alk. 

O2 
sensor WV sensor 

 

µg/L 
µg/
L µg/L 

µg/
L mg/L mg/L mg/L mg/L                                     

 

µS/cm 
mg/L 
CaCO3 mV % 

LY1: no cover 3.2 
<0.
2 9.6 168 180 296 18 1500 7.6 2692 22   

LY2: 1 m till 8.7 0.2 18 371 316 651 41 3300 7.9 4936 124 
down 
46.2 

up 0.19, 
down 0.25 

LY3: 0.5 m NAF 
tailings, 0.5 m till 15 

<0.
2 23 540 397 1000 228 5300 7.7 8111 80 

up 50.8, 
down 
47.8 

up 0.13, 
down 0.24 

LY4: empty 
background 
lysimeter 0.0 0.9 5.1 2.6 2.8 0.6 0.2 1.0 8.4 27 50   

LY5: 0.9 m NAF 
tailings, 0.1 m till 8.4 

<0.
2 9.9 191 229 565 197 3500 8.0 5356 44 

up 48.5, 
down 
45.7 

up 0.10, 
down 0.29 

LY6: 0.1 m NAF 
tailings+biochar, 
0.8 m NAF tailings, 
0.1 m till 6.5 0.4 29 300 216 595 108 2700 7.9 4784 114 

down 
49.0 

up 0.13, 
down 0.36 

LY7: 0.5 m high 
NP tailings, 0.5 m 
till 3.0 0.3 7.3 118 396 326 111 2300 7.9 4186 30 

down 
47.3 

up 0.27, 
down n.a. 

LY8: 0.5 m slag-
based material, 0.5 
m till 5.6 54 305 38 15 19 500 1700 11.6 4763 636 

down 
22.6 

up 0.61, 
down n.a. 

 

Based on observations over a relatively short period of a year, the NAF tailings do not perform 
effectively as a cover structure layer, due to the oxidation of sulphides in the tailings, and higher 
water conductivity than till. Adding biochar to the NAF tailings slightly increases the water 
retention capacity, but no decrease in O2 diffusion was observed. The patented slag-based 
material had low water permeability, and reduced both O2 diffusion and the Ni concentration 
in the drainage. However, the pH and releases of Cr, Cu, Mo and V were high. The high-NP 
tailings had lower water conductivity and their use reduced releases of elements, indicating that 
it might serve as potential cover structure material. However, monitoring for several years is 
needed for lysimeter studies. Results presented here are short-term observations. 

 

1.3 Conclusions 

Results of the Saattopora research indicate that GEM-2 surveying is an efficient approach for 
determining pathways of effluent waters from the waste rock piles. GEM-2 surveys can be used 
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to plan and assist geochemical sampling to determine the quality of leachates and possible ARD. 
Combinations of geophysical and geochemical analyses are effective in mining environment 
studies. The steepness of the waste rock piles was challenging and some measurements (gas and 
radiometric) without UAV-based surveys would have been dangerous or even impossible to 
carry out. Tests of UAV-based surveys showed that results are not yet accurate enough, but both 
the measurement techniques and quality will improve. GPS positioning in this remote area was 
also occasionally challenging. The number of rock samples in the study was insufficient and 
drilling through the pile would be required for better results. However, the analysis suggests that 
acid rock drainage is possible at Saattopora in the long run, but at the moment there are no 
impacts on the nearby river. Generally, it is important to study the present condition of older 
waste rock piles that have been left mainly unremediated and identify successful measures for 
later management. 

The Kevitsa lysimeter study indicates that some secondary materials could be used in cover 
structures for extractive wastes. The Kevitsa NAF tailings material was not effective for this 
purpose, due to the oxidation of sulphides in the tailings, and higher water conductivity 
compared to till. Adding biochar to the NAF tailings slightly increases their water retention 
capacity. The high-NP tailings provided by SMA Minerals had lower water conductivity and 
drainage element concentrations, indicating that it is a potentially useful cover structure material. 
The slag-based material provided by Digipolis Oy had good qualities for a cover layer, including 
low water permeability and decreased O2 diffusion. However, its use resulted in high pH and 
release of Cr, Cu, Mo and V. Monitoring for several years is needed for a robust lysimeter study. 
Results presented here are relatively short-term observations. 

 

1.4 Overall impact and future work 

One of the main impacts of this research project was the broadening cooperation in 
environmental studies with four mining companies (Outokumpu Oyj, Boliden Oy, 
Hannukainen Mining Oy and SMA Minerals Oy) and the cluster management service Digipolis 
Oy. Cooperation with the SME Radai Oy helped them to develop capacities and competences 
for IR measurements (thermal imaging) and add them to their service repertoire. They also 
started to supply cross-border services to Sweden during the project. 

This study has been used as a resource when given a statement for the environmental permit. 
The testing and developing of the methods in mine environmental studies provides, not only to 
mining companies, but also to the authorities further knowledge to base future plans and 
decisions. In spring 2019, Min-North project and results of Saattopora case study will be 
presented to most municipalities of Finnish Lapland on GTK’s Road Show of environmental 
projects. 

The results have given GTK new project ideas considering the monitoring of closed mines, six 
spin-off project ideas so far. The first will be applied in the ERDF project in 2019. Knowledge 
acquired in the lysimeter tests in this project has served GTK in several ways. After the Min-
North project, enhanced lysimeters have been built in the Biopeitto ERDF project, and two sets 
of lysimeters will be constructed in the GTK-funded Tummeli project in 2019. As a result of 
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the Kevitsa lysimeter tests, GTK has asked for further consultancy work to be done, related to 
lysimeter data interpretation, and further lysimeter consultancy work is in preparation. 
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2 DEVELOPMENT OF METHODOLOGY FOR TRACING POLLUTION 

TRANSPORT BY INTEGRATING GEOPHYSICAL AND GEOCHEMICAL 

METHODS 

2.1 Background 

For centuries, mining has generated large amounts of wastes, and it still is, as global demand for 
precious and base metals such as gold, silver and copper is increasing. These wastes are usually 
rich in sulphide-bearing minerals such as pyrite and pyrrhotite, and may be oxidized when 
exposed to oxygen and water, producing low pH and sulfate (SO4

2-)-containing leachates, 
commonly known as acid rock drainage (ARD) or acid mine drainage (AMD) (Nordstrom and 
Alpers, 1999). These acidic leachates usually contain toxic and potentially hazardous metal- 
(loids) such as arsenic (As), cadmium (Cd), copper (Cu) and lead (Pb), which are eventually 
released into soils, groundwater and surface waters, and could have significant negative effects 
on aquatic systems and drinking water quality (Nordstrom, 2009). Increasing awareness of the 
negative effects of AMD/ARD has increased the importance of environmental considerations 
gaining more prominence in the assessment of the economic feasibility of mine projects (Azcue, 
2012). Therefore, understanding geochemical processes in mine waste environments is crucial 
for the identification and implementation of effective measures to control contamination during 
and after mining activities. Inter alia, due to the associated environmental and health hazards, 
there is the need for a thorough understanding of the mobilization and transport of pollutants 
from mining wastes to the surrounding ecosystems, to enable effective remedial treatment of 
wastes. However, mine wastes are mineralogical-complex systems and attributing solute loads to 
a specific geochemical process is difficult because multiple potential sources and processes may 
be involved (Clow et al., 1997; Bullen et al., 1997). These may include primary mineral 
dissolution, biological cycling, secondary mineral precipitation and dissolution, atmospheric 
inputs and exchange processes. Hence, the interpretation of geochemical processes based 
primarily on elemental concentrations could lead to ambiguous or erroneous results. However, 
stable isotopes offer additional advantages as tracers to discriminate between geochemical 
processes and solute sources.  

The main objective of work package 3 (WP3) was to develop an integrated geochemical and 
geophysical method for tracing contaminant dissemination in mining environments. The 
geochemical section included coupling mineralogical, chemical and stable isotope analyses to 
track past and present geochemical processes in mine waste environments. The isotopes used 
included stable isotopes of carbon (13C), oxygen (18O), sulphur (34S) and radiogenic strontium 
(87Sr /86Sr) isotope. Oxygen-18 and 34S isotopes were used to track sulphate (SO4

2-) sources and 
sulphide oxidation reaction pathways, 13C for carbonate neutralization and secondary carbonate 
formation processes., and the 87Sr /86Sr for tracking mineral weathering and silicate buffering 
processes. The geophysical section focused on elucidating groundwater flow and contaminant 
transport (i.e. effluent pathways) in the subsurface of mine wastes, specifically tailings using 
electrical methods (induced polarization; SP and self-potential; IP) and ground penetrating radar 
(GPR). The tailings used for this study were an abandoned copper – tungsten - fluorite (Cu-W-
F) skarn tailings in Yxsjöberg, Sweden. 
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2.2 Methods and materials 

The studied tailings site is located at Yxsjöberg in south-central Sweden within the Bergslagen 
geological province in Ljusnarsberg Municipality (Ohlsson, 1979; Romer and Öhlander, 1994). 
It is located approximately 250 km north-west of Stockholm, the capital city of Sweden. The 
historical Cu-W-F tailings at Yxsjöberg which is one of several legacy sites in Sweden, is 
estimated to be around 2.8 million tons covering about 26 hectares of land. The tailings deposit 
could be described as an open system since it is neither covered nor surrounded by a dam, hence 
it is directly exposed to the atmosphere. These wastes were generated during mining of copper 
(Cu), tungsten (W) and fluorine (F) from the Yxsjöberg Cu-W-F skarn deposit (Magnusson, 
1940; Ohlsson, 1979; Höglund et al., 2004) between 1887 and 1963. The skarn deposit 
comprises three ore bodies, called Kvarnåsen, Nävergruvan and Finngruvan, believed to have 
formed through selective replacement of calcitic limestone interbedded in acid metavolcanites 
with minor amounts of quartz and feldspar contained in the calcitic limestone (Ohlsson, 1979). 
Fluorite, chalcopyrite, pyrrhotite, scheelite, magnetite and plagioclase are the dominant minerals 
in the skarn, while calcite, pyroxene, amphibole, garnet, biotite, wolframite, sphalerite, helvine, 
apatite, pyrite, chlorite, zircon, hematite, marcasite, covellite, ilmenite and uraninite occur as 
accessory minerals (Lindroth, 1922; Ohlsson, 1979). Annual average precipitation and 
temperature are reportedly 730 mm and 11°C, respectively, in the Yxsjöberg area (SMHI, 2016). 

Four drill cores were obtained at strategic locations (designated Yx1-Yx4) in the tailings by 
percussion drilling in the Smaltjärnen repository (Fig. 2.1). However, one representative drill 
core (YX1) was used for this study since all four drill cores had substantial similarities in terms of 
chemistry, mineralogy and pH across profiles. YX1 extended to a depth of 6 m below ground 
and was divided into 18 subsamples of 8-120 cm intervals.  

 

Figure 2.1: Map showing the location of the Yxsjöberg tailings deposit and sampling points for isotopic and 
mineralogical work. 

Primary minerals including pyrrhotite, calcite, helvine (danalite), garnet, K-feldspar, plagioclase, 
amphibole, scheelite and pyroxene were hand-picked under a binocular microscope from the 
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Finngruvan, Kvarnåsen and Nävergruvan ore bodies from which the tailings originated. pH was 
measured in pastes with a 1:1 liquid to solid (L/S) ratio (Noble et al., 2016) using a VWR multi-
parameter instrument (MU 6100H). The tailings samples were subjected to batch leaching tests 
with a L/S ratio of 10:1 (mL/g) in accordance with the procedure outlined in the Swedish 
Standard SS-EN 12457-2 (SS, 2003). Leachates from the batch leaching tests were divided into 
three subsamples for pH, isotope (O, S and Sr) and chemical analyses. Leachates from the batch 
leaching tests are referred to as water-soluble fractions in this chapter of the report. Monthly 
groundwater and surface water sampling campaigns were carried out between May and October 
2018, spanning a period of 6 months. However, most data from the analysis of these samples 
have not been fully processed and are therefore not included in this report 

Primary minerals including pyrrhotite, calcite, helvine (danalite), garnet, K-feldspar, plagioclase, 
amphibole, scheelite and pyroxene were hand-picked under the binocular from the Finngruvan, 
Kvarnåsen and Nävergruvan orebodies from which the tailings originated. pH was measured as 
a paste pH using 1:1 solid to liquid ratio (Noble et al., 2016) using a VWR multi parameter 
instrument (MU 6100H). Batch leaching tests of the tailings samples were performed with a 
liquid to solid (L/S) ratio of 10:1 (mL/g) in accordance with the procedure outlined in the 
Swedish Standard SS-EN 12457-2 (SS, 2003). Leachates from the batch leaching tests are referred 
to as water-soluble fractions in this study. Leachates from the batch leaching tests were divided 
into three subsamples for pH, isotopes (O, S and Sr), chemical analyses. Monthly groundwater 
and surface water sampling campaigns were carried out between May and October 2018, 
spanning a period of 6 months. However, most data from the analyses of these samples are not 
ready and are therefore not included in this report. However, one of the products of this project 
is a doctoral thesis (in preparation), in which data from the groundwater and surface water 
samples will be presented. 

Analyses of the sulphur, oxygen and carbon isotopic composition of minerals, the water-soluble 
fractions and tailings were carried out at the Stable Isotope Laboratory (SIL), Department of 
Geological Sciences, Stockholm University. The sulphur isotope composition of sulphide 
minerals, danalite and the water-soluble fractions were analysed using a Carlo Erba NC2500 
elemental analyzer connected to a Finnigan MAT Delta+ isotope ratio mass spectrometer 
(IRMS). The oxygen isotope composition of sulphate in the water-soluble fraction was 
determined, after conversion to BaSO4, using a high temperature pyrolysis unit coupled to a 
Finnigan MAT Delta V Advantage IRMS.  Stable carbon isotope analyses of tailings and calcite 
mineral were combusted with a Carlo Erba NC2500 analyser connected via a split interface to 
reduce the gas volume to a Finnigan MAT Delta V advantage mass spectrometer. Carbon 
concentrations were determined simultaneously when measuring the isotope values. 

Elemental concentrations in the water-soluble fractions were determined by an ElementXR 
inductively coupled plasma-sector field mass spectrometer (ICP-SFMS) from ThermoScientific. 
Strontium isotopes in minerals, tailings and water-soluble fractions as well as elemental 
concentrations in water-soluble fractions were analysed at a SWEDAC-accredited laboratory; 
ALS Scandinavia Luleå, Sweden. Strontium isotopes in minerals and water-soluble fractions were 
analysed using a multicollector inductively-coupled plasma mass spectrometer (MC-ICP MS). 
Major and trace elements in tailings were analysed at ALS Vancouver (Canada) by inductively-
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coupled plasma atomic emission spectroscopy (ICP-AES: Al, Bi, Ca, Co, Cu, Fe, K, Na, Mg, 
Mn, Ni, Pb, Si, Zn) and ICP-MS (Ba, Be, Ce, Cr, Rb Sr, Sn, Tl, W).  Total S and C were 
analysed using a LECO induction furnace, while organic C was analysed by combustion with 
dilute hydrochloric acid (HCl). Inorganic carbon contents were estimated from the difference 
between total carbon and organic carbon contents. 

The mineralogy of the tailings was determined by optical microscopy (with transmitted and 
reflected light), X-ray diffraction (XRD) at the Centres Científics i Tecnòlogics, University of 
Barcelona (CCiT-UB), Raman spectroscopy at Luleå University of Technology (LTU) and 
Quantitative Evaluation of Minerals by Scanning electron microscopy (QEMSCAN) at 
Geological Survey of Finland (GTK) facilities. Groundwater levels were also measured monthly 
for a period of six months, between May and October, 2018, to help delineate groundwater 
flow pathways. 

2.3 Main results. 

2.3.1 Mineralogy 
The main primary sulphide minerals identified in the tailings are pyrrhotite (~2.4 wt%), 
chalcopyrite (~0.2 wt%), pyrite (~0.1 wt%) and sphalerite (detected). Calcite is the main 
carbonate mineral in the tailings and accounts for approximately 5.7 wt%. Silicates are the most 
abundant minerals in the tailings, accounting for about ~87 wt% and these include biotite, 
plagioclase, pyroxene, amphibole, garnet, helvine (predominantly danalite: Fe4Be3(SiO4)3S), K- 
feldspar, muscovite and chlorites. Scheelite, fluorite and magnetite are also present in the tailings 
(Hällström et al., 2018). Secondary minerals identified in the tailings include gypsum, Fe (III)-
oxyhydroxides and clay minerals.  

2.3.2 Geochemical characterization of the tailings, water-soluble fractions and ore minerals 
The tailings have been exposed to oxidizing conditions for approximately 30 years since disposal, 
at the time of writing, which has led to three main geochemical zones: the oxidized (OZ), 
transition (TZ), and unoxidized (UZ) zones (Fig. 2.2). These categories are based on pH, 
elemental concentrations and colour, as shown in Figure 2. The oxidized zone extends to a 
depth of about 48 cm from the tailings’ surface and is characterized by a brownish-red colour 
and low paste pH (3.6-4.5). A transition zone of at least 16 cm underlies the oxidized zone with 
a pH range of 5.3-6.3 and brownish-grey colour. Underlying the transition zones is a dark-grey 
unoxidized zone with a paste pH between 6.3 and 7.9 (Salifu et al., 2018). 

Sulphide oxidation in the oxidized zone has led to depletion of sulphur (S) and associated 
elements including cobalt (Co), copper (Cu), nickel (Ni) and zinc (Zn) in the tailings relative to 
the underlying transition and unoxidized zones (Table 1.1 and Figure 2.2).  Average contents of 
S declined from 0.9 wt.% in the unoxidized zone to 0.5 wt.% in the oxidized zone. 
Concentrations of Co, Cu, Ni and Zn also declined from the unoxidized zone to the oxidized 
zone: from 21 to 14 mg/kg, 809 to 570 mg/kg, 10 to 6 mg/kg and 304 to 266 mg/kg, 
respectively. The highest concentration of Cu (1340 mg/kg) was recorded in the transition zone, 
likely due to formation of secondary covellite. In contrast, marginal increments in concentrations 
of iron (Fe) were detected in the oxidized zone, which could be due to formation of Fe (III) 
oxyhydroxides in this zone. Sulphide oxidation processes in the oxidized zone of the tailings has 
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led to production of low-pH leachates (water-soluble) containing elevated concentrations of 
dissolved metals (e.g. Cu, Ni, Zn, Co) and SO4

2- (Table 2.2 and Figure 2.2). There is a generally 
positive correlation between low pH and metal concentrations in the water-soluble fractions, 
with the highest concentrations coinciding with the lowest pH. The low pH registered in the 
oxidized zone has also resulted in moderate weathering of silicate minerals in the tailings with 
subsequent release of appreciable amounts of Al, Ca, K, Mg and Na into the water-soluble 
fractions. This is consistent with lower contents of silicate-bound elements such as Ca, Mg and 
Na in the solid phase (tailings) of the oxidized zone. 

Table 2.1: Average chemical composition of oxidized, transition and unoxidized zones of the tailings at 
Yxsjöberg, South-Central Sweden. n= number of samples 

Element Oxidized zone 
(n=5) 

Transition zone 
(n=2) 

Unoxidized zone 
(n=11) 

wt %    
SiO2 46 47 45 
Al2O3 7 8 7 
CaO 14 15 17 

Fe2O3 23 20 20 
K2O 1.6 1.7 1.2 
MgO 1.4 1.5 1.7 
MnO 1.5 1.4 1.4 
Na2O 1.4 1.5 1.5 

F 1.5 2.3 2.2 
S 0.5 0.7 0.9 

LOI 1.9 2.2 3.6 
mg/kg    

As 0.8 0.7 0.6 
Ba 87 89 84 
Bi >250 >250 >250 
Be 278 356 293 
Ce 28 98 44 
Co 14 19 21 
Cu 570 1340 809 
Cr 24 20 39 
Ni 6 6 10 
Pb 6.3 6 6.5 
Rb 155 155 109 
Sn 658 565 540 
Sr 26 29 36 
Tl 0.9 1.0 0.7 
W 1281 574 729 
Zn 266 303 304 

                

Average tungsten (W) concentrations in the tailings were substantially higher in the oxidized 
zone (1281 mg/kg) than in the transition and unoxidized zones (574 and 729 mg/kg, 
respectively). In the water-soluble fraction, W concentrations ranged from below the detection 
limit (b.d.) in the oxidized zone to 54 µg/L in the unoxidized zone. A low fluoride (F) 
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concentration (1.5 wt.%) was recorded in the tailings of the oxidized zone, but higher 
concentrations in the transition and unoxidized zones (2.3 and 2.2 wt.%, respectively). High 
concentrations of tin (Sn) were recorded in the tailings, with a marginal decline across the zones 
(658, 565 and 540 mg/kg in the oxidized, transition and unoxidized zones, respectively). 
Average 87Sr/86Sr ratios of minerals (presented in Table 2.3) ranged from 0.7084 in scheelite to 
a more radiogenic value of 2.3984 in K-feldspar. 87Sr/86Sr ratios increased in the minerals 
extracted from the drill cores in the following order: scheelite < plagioclase < calcite < pyroxene 
< garnet < amphibole < danalite < K-feldspar. The 87Sr/86Sr ratios in the tailings are presented 
in Table 2.4 and Figure 2.4a. The 87Sr/86Sr ratios ranged from 0.764519 in the unoxidized zone 
to 1.266403 in the oxidized zone. The water-soluble fraction samples displayed a wide range in 
87Sr/86Sr ratios, from 1.03697 in the unoxidized zone to a highly radiogenic value of 5.87552 in 
the oxidized zone (Table 2.4 and Figure 2.4b).  
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Figure 2.2: Chemical composition of tailings (open) and water-soluble (filled) phase from Smaltjärnen 
impoundment at Yxsjöberg mine site.  
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Table 2.2: Chemical composition of the water-soluble fractions from indicated depths in the oxidized zone (OZ), transition zone (TZ) and unoxidized zone (UZ), 
in µg/L except for Ca and K (mg/L). 

Sample Depth 
(cm) pH Al Be Ca Ce Cu Fe K Mg Mn Rb SO4

2- Sr Tl W Zn Remark 

MS 1_BT 10 4.5 1565 15 6 0.3 144 129 5 291 261 33 16 1.6 0.1 0.007 21  
MS 2_BT 20 4.4 1830 25 9 0.7 96.6 283 8 591 631 94 29 1.5 0.3 b.d 28 OZ 
MS 3_BT 30 3.9 3075 44 16 1 656 2118 9 1093 1367 179 60 2.3 1 b.d 44  
MS 4_BT 40 3.7 9471 193 214 41 1633 18678 13 2753 3326 434 593 15 3 0.007 194  
MS 5_BT 48 3.6 18594 455 441 264 1447 4245 25 2828 2398 645 1106 39 4 0.012 489  
MS 6_BT 49 5.3 494 87 127 7 22 2 5 475 496 121 257 18 1 0.2 7  
MS 7_BT 63 6.3 324 5 62 0.3 3 b.d 4 230 144 82 84 10 0.1 3 0.1  
MS 8_BT 100 7.3 189 8 211 0.1 2 b.d 7 485 236 135 469 23 0.2 13 2 TZ 
MS 9_BT 120 6.7 14 11 615 0.1 7 b.d 12 634 771 255 1369 54 0.4 2 20  
MS 10_BT 150 6.8 12 7 590 0.12 9 72 11 768 577 221 1322 56 0.4 6 10  
MS 11_BT 157 6.9 2 0.1 525 0.03 3 b.d 11 1247 579 199 1205 48 0.4 1.3 1  
MS 12_BT 177 7.2 46 0.4 65 0.02 3 b.d 7 870 77 91 150 11 0.1 48 1  
MS 13_BT 240 7.4 82 1 56 0.01 2 1 7 553 71 100 130 7 0.1 43 0.1  
MS 14_BT 309 7.6 118 0.4 41 0.01 2 2 7 495 58 75 92 6 0.1 54 1 UZ 
MS 15_BT 360 7.9 107 0.4 27 0.03 2. 9 6 447 30 54 60 5 0.1 33 1  
MS 16_BT 480 7.7 176 0.4 38 0.02 1 3 5 505 29 59 90 6 0.1 42 1  
MS 17_BT 500 7.6 166 0.1 86 0.04 2 b.d 8 1244 32 102 201 16 0.2 26 1  
MS 18_BT* 600 7.3 42 1 251 0.13 3 3 10 4910 2414 147 576 64 0.3 1.2 7  

 

Table 2.3: Average isotopic composition of ore minerals from the Yxsjöberg Cu-W-F mine. Cpy=chalcopyrite, po= pyrrhotite, py= pyrite, dan= danalite, cal= 
calcite, grt= garnet, pl= plagioclase, sch =scheelite, amp= amphibole, px= pyroxene, Kfs=K-feldspar. 

Mineral cpy (n=3) po (n=14) py (n=1) dan 

(n=2) 

cal (n=1) grt (n=2) plag 

(n=2) 

sch (n=2) amp (n=4) px (n=2) kfs 

(kfs=1) 

δ34S (‰) +0.9 +1.4 +0.9 +2.2        
87Sr/86Sr    1.20108 0.71626 0.81070 0.71143 0.70851 0.81239 0.72186 2.39842 

δ13C (‰)     +0.1       
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Table 2.4: Isotopic composition of the water-soluble fractions and tailings (in italics) at indicated depths in 
the oxidized zone (OZ), transition zone (TZ) and unoxidized zone (UZ). 

Sample Depth 
(cm) 

pH δ18OSO4 

(‰) 

δ34SSO4 

 (‰) 

87Sr/86Sr Ca/K δ13C 
(carb)  

δ13CTot  87Sr/86Sr Remarks 

MS 1_BT 10 4.5 -1.68 +2.43 3.21311 1.2 - -25.78 0.84787  

MS 2_BT 20 4.4 +0.14 +2.37 5.87552 1.1 - -25.96 1.03998  

MS 3_BT 30 3.9 -2.96 +2.32 2.97758 1.7 - -24.58 1.02253 OZ 

MS 4_BT 40 3.7 -4.19 +2.44 3.15216 16 - -24.47 1.20951  

MS 5_BT 48 3.6 -4.63 +2.30 2.44479 18 - -19.15 1.26640  

MS 6_BT 49 5.3 -4.03 +2.58 1.37404 25 0.70 -8.86 1.06788  

MS 7_BT 63 6.3 -4.73 +3.0 1.68844 16 -2.81 -4.80 0.92660 TZ 

MS 8_BT 100 6.8 -5.21 +3.07 1.61450 30 -2.42 -4.22 0.84704  

MS 9_BT 120 6.2 -4.69 +2.77 1.48825 51 -2.06 -5.78 0.97620  

MS 
10_BT 

150 6.4 -4.88 +2.54 1.39691 54 -0.97 -2.54 1.05169  

MS 
11_BT 

157 6.3 -3.35 +1.72 1.37118 48 -2.12 -5.05 0.90377  

MS 
12_BT 

177 7.2 -1.03 -0.79 1.55971 9 -2.86 -3.85 0.89249  

MS 
13_BT 

240 7.4 -1.76 +0.60 2.16340 8 -3.92 -4.54 0.86593 UZ 

MS 
14_BT 

309 7.6 -1.60 +0.13 2.00104 6 -4.58 -5.09 0.85317  

MS 
15_BT 

360 7.9 -1.10 +0.16 1.89063 5 -4.25 -4.61 0.83293  

MS 
16_BT 

480 7.7 -4.41 -2.59 1.71599 8 -4.16 -4.69 0.86258  

MS 
17_BT 

500 7.6 -7.56 -1.76 1.63410 11 -3.23 -3.88 0.88867  

 MS 
18_BT 

600 7.3 -4.52 -1.82 1.03697 25 - -25.22 0.76452  

OZ=oxidized zone; TZ= transition zone; UZ= unoxidized zone. 

2.3.2 Geochemical processes in the tailings 

2.3.2.1 Sulphate sources and sulphide oxidation reaction pathways 
Three groups of sulphate (SO4

2-) sources indicative of different geochemical sources or processes 
were identified in the tailings, based on measured δ34SSO4 and δ18OSO4 values in the water-soluble 
fractions and ore minerals (Figure 2.3). These groups of sources are: (A) pyrrhotite oxidation and 
danalite weathering; (B) chalcopyrite, pyrite and pyrrhotite oxidation; (C) mixture of SO4

2- from 
sulphide oxidation in the oxidized zone and/ or groundwater recharge by SO4

2- from 
mineralization of carbon-bonded sulphur compounds (CS-mineralization) in humic-mixed 
forest soils and debris covers under aerated conditions and probably oxidation of sulphides (Salifu 
et al., manuscript). 
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Figure 2.3 Plot of (a) δ34S versus δ18O values in water-soluble fractions showing three groups of 
signatures, designated A, B and C (see text for details). The vertical bands indicate ranges of δ34S 
values for pyrrhotite (po), pyrite (py), chalcopyrite (cpy) and danalite from ore minerals in the 
Yxsjöberg Cu-W-F skarn deposit.  

Sulphate with group A signatures, detected in the oxidized, transition and upper part of the 
unoxidized zone (respectively represented by samples MS1-5, MS6-7 and MS8-11) had δ34SSO4   

and δ18OSO4 values ranging from +1.7 to +3.1‰ and -5.2 to +0.1‰, respectively (Table 2.4, 
which also shows depths of the samples). These signatures suggest it originated from oxidation 
of pyrrhotite and weathering of danalite, with oxygen coming from either the atmosphere (O2) 
or meteoric water (H2O) (Taylor et al., 1984). There is a large difference in the oxygen isotope 
values of these two sources (δ18OO2= +23.5‰ and δ18OH2O < 0‰ for O2 and H2O respectively) 
which provides a means to elucidate possible oxidation reaction pathways of sulphides based on 
measured δ18OSO4 values (Taylor et al., 1984). The δ18OSO4 values in group A signatures suggest 
that both atmospheric (O2) and ferric iron (Fe3+) are the main oxidants. The low δ18OSO4 values 
in group A also suggest that sulphate was produced during sulphide oxidation by Fe3+ at pH 
conditions less than 3 (pH<3). This implies that AMD condition has previously existed in the 
tailings and likely led to the leaching of metals in to the environment. Pyrrhotite and danalite 
weathering in the oxidized zone was confirmed by optical microscopy and Raman spectroscopy. 
However, these minerals were not observed to be weathered in the transition and upper part of 
the unoxidized zone, suggesting that the sulphate in these zones was probably mobilized from 
the oxidized zone. Weathering of danalite in the tailings could have adverse consequences for 
the environment and humans in terms of disruption to ecologically significant and sensitive 
waters because danalite hosts approximately 40% of the Be and Zn in the tailings (Hällström et 
al., 2018), which could be released to leachates from the tailings.  

Sulphate with group B signatures is found in the middle part of the unoxidized zone (samples 
MS12-MS15, Table 4). The δ34SSO4  values in this zone range from -0.8 to +0.6‰. On the other 
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hand, the δ18OSO4  values are skewed towards higher values, ranging from and -1.8 to -1.0‰, 
similar to what is recorded in the upper part of the oxidized zone (Table 2.4). Even though the 
observed δ18OSO4 signatures are slightly negative, the trend towards higher values suggest O2 as 
the oxidant. Hence, SO4

2- in group B is interpreted to have been mobilized from the oxidation 
of chalcopyrite, pyrrhotite and pyrite by O2 in the oxidized zone. The influence of Fe3+ cannot 
be discounted absolutely. Sulphur isotope fractionation values ranging from -1.6 to -3.0‰ were 
recorded between these sulphide minerals and the resulting O2 in the water-soluble fraction. 
This indicates incomplete oxidation of the sulphide minerals which could lead to the formation 
of intermediate sulphide species during the production of the SO4

2- (Thurston et al., 2010; Balci 
et al., 2007). The incomplete oxidation could be due to the influence of O2, which is a slow 
oxidant compared to Fe3+. 

Sulphate in group C, detected in the lower part of the unoxidized zone, indicates one or more 
sources quite different from the sulphides. This zone coincides with the groundwater level, and 
the most depleted δ34SSO4 (-1.8 to -2.6‰) and δ18OSO4 (-7.6 to -4.4‰) values were recorded in 
it. The recorded δ34SSO4 and δ18OSO4 signatures suggest the sulphate could have mainly originated 
from mineralization of organic matter and debris in the forest soils in the study area. This process 
involves conversion of organic sulphur, otherwise known as carbon-bonded sulphur (CS) to the 
inorganic form, SO4

2- (David and Mitchell, 1987). In forest environments, such coupled δ18O- 
and δ34S-depleted sulphate usually recharges the groundwater system (Mayer et al., 1995). If CS-
mineralization occurs in the forest soils in the study area and subsequently recharges the 
groundwater, this could explain the observed pattern of group C signatures. Although there is 
no direct evidence to support the likely influence of CS-mineralization on the sulphate in the 
groundwater, the observed 34SSO4 and δ18OSO4  signatures as well as the forested nature of the study 
area provide indirect evidence. It is also possible that the observed δ34SSO4 and δ18OSO4 signatures 
reflect a mixture of sulphate from CS-mineralization and sulphide oxidation in the oxidized 
zone. 

2.3.2.2 Mineral weathering, silicate and carbonate neutralization and secondary carbonate 
formation 

High 87Sr/86Sr (2.44479 - 5.87552) ratios and low pH (3.6-4.5) were recorded in the water-
soluble phase of the oxidized zone, indicating weathering of K-bearing minerals such as biotite, 
K-feldspar and muscovite, the main radiogenic minerals in the tailings. Weathering of these 
minerals is a known source of radiogenic 87Sr (high 87Sr/86Sr) in leachates (Ismail, 1969; Cleaves 
et al., 1970). Despite the high 87Sr/86Sr ratios recorded in the water-soluble phase of the oxidized 
zone, higher Ca concentrations were recorded in the lower parts of the oxidized zone (samples 
MS4–MS5), resulting in high Ca/K ratios (Table 4) relative to those in the upper oxidized zone 
(samples MS1-MS3). This indicates weathering of more Ca-bearing minerals, such as plagioclase, 
garnet, pyroxene, scheelite and fluorite as well as dissolution of gypsum and ion exchange by 
clay minerals present at these depths (or potentially mobilized from the upper oxidized zone). 
Mineralogical studies confirmed that these minerals are weathered in this zone. This therefore 
indicates the weathering of both radiogenic and non-radiogenic minerals in the oxidized zone.  

The 87Sr/86Sr ratios in the transition zone (samples MS6-MS7, Table 4) are similar to the ratio 
measured in one of the danalite minerals (87Sr/86Sr =1.36664), thus indicating the weathering of 
danalite. In the upper part of the unoxidized zone (samples MS8-MS11), especially between 120 
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and 157 cm depths, the measured 87Sr/86Sr ratios (1.3712-1.4883) in the water-soluble phase are 
also close to that of danalite (1.36664). In addition, consistent Be and Zn peaks were observed 
at the same depths and point to danalite weathering. These observations are consistent with the 
δ34SSO4 data, which suggest danalite weathering. However, no evidence of danalite presence or 
weathering was detected in this zone by optical microscopy, although it was detected by 
QEMSCAN. Ca and SO4

2- also displayed similar and prominent peaks at the same depths as Be 
and Zn (figure 2.2). Indeed, gypsum was detected in this zone and hence could be an indication 
of its dissolution. Considering that 87Sr/86Sr ratios are not affected by dilution, the observed 
87Sr/86Sr ratios suggest that the leachate from which the gypsum precipitated had an isotopic 
composition of danalite. 

In the middle part of the unoxidized zone (samples MS12-MS15, Table 4), higher 87Sr/86Sr 
(1.0370-2.1634) ratios were recorded in the water-soluble phase than in the upper part of the 
unoxidized zone. Furthermore, elevated concentrations of W were recorded, signifying possible 
weathering of scheelite. If scheelite was the only major mineral contributing to the Sr isotopic 
signature of the water-soluble phase, the hypothetically expected 87Sr/86Sr ratio would be close 
to 0.708576 (based on the measured 87Sr/86Sr ratio of scheelite). However, the 87Sr/86Sr ratios 
were far higher than expected for scheelite, suggesting contribution(s) from other source(s). Two 
possible scenarios or processes may explain the radiogenic values encountered at these depths. 
First, the high 87Sr/86Sr ratios, ranging from 1.8906 to 2.1634 (especially between 240 and 360 
cm depths) in the water-soluble phase could be signatures of biotite weathering. This hypothesis 
is supported by reports that Sr losses are faster from biotite than from other Ca-bearing minerals 
such as plagioclase (Clow et al., 1997). Therefore, the radiogenic 87Sr/86Sr ratio could be partly 
attributed to release from biotite. Second, groundwater could be an alternative source of the 
radiogenic Sr encountered. Studies by Wortberg et al., (2017), Land et al. (2000) and Peltola et 
al. (1998) in northern and southern Sweden have shown that groundwater could be a source of 
radiogenic Sr in soil water. Although the groundwater table was found at 500 cm below ground 
surface at the time of drilling (Autumn, 2016), it was 30 cm higher during the snow melt in 
spring, 2018. Such rises in groundwater level could introduce variable radiogenic Sr signatures 
as it mixes with pore water up to approximately 470 cm depths. The average 87Sr/86Sr ratio of 
the groundwater was 1.05045. Therefore, the Sr isotopic ratios observed in the water-soluble 
fraction may be due to a three-component mixture of Sr from scheelite2 and biotite weathering 
as well as groundwater input.  

 

. 
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Fig 2.4: 87Sr/86Sr ratios distribution in (a) tailings and (b) water-soluble fractions from the Smaltjärnen 
impoundment at Yxsjöberg mine site. Note the differences in scale. 

Recorded δ13Ctotal (Table 2.4) values of the tailings in the oxidized zone are highly depleted 
(δ13CTot= -26.0 to -19.0‰), overlapping with the typical range of δ13C values of C3 terrestrial 
plants (-30 to -24‰) (Vogel, 1993; Cerling and Quade, 1993). Thus, they may reflect organic 
matter from plants or sewage sludge used as a source of fertilizer for vegetation cover of the 
tailings aimed at reducing dust in 1994. The δ13C of calcite found in the mineralization is +0.1‰. 
Since δ13C is known to undergo negligible fractionation, such depleted signatures indicate calcite 
depletion in this zone, consistent with the mineralogical observations. This therefore suggests 
that the silicate minerals (particularly biotite, K-feldspar, muscovite, pyroxenes and garnet) are 
the main buffering minerals in the oxidized zone. 

In the transition zone (samples MS6-MS7, Table 2.4) and upper parts of the unoxidized zone 
(samples MS8-MS11), a shift to higher δ13CTot values (range: -8.9 to -2.5‰) from those in the 
oxidized zone was detected, coinciding with an increase in pH (to 5.3-6.8). This increment in 
pH in the transition and upper unoxidized zones is attributed to calcite dissolution and 
neutralization (Blowes et al. 1994). In addition, carbonates with δ13C (δ13Ccarb) values ranging 
between +0.7 and -4.6‰ were recorded in these zones. Considering that isotopic fractionation 
between 12C and 13C during carbonate decomposition is negligible, these lower isotopic values 
relative to that of the primary calcite indicates formation of secondary carbonates (Lee et al., 
2003) such as siderite (FeCO3) and calcite (CaCO3). The negative δ13C signatures of the 
carbonates are consistent with proposals by Hällström et al. (2018), that occasional calcite grains 
with orthogonal structures they observed in lower parts of the same tailings could represent a 
secondary calcite. Accordingly, secondary calcite was observed in this zone, but presence of 
siderite in the tailings was not confirmed by mineralogical studies. Negative δ13C values of 
putative secondary carbonates could arise through oxidation of organic matter, particularly in 
uppermost parts of the oxidized zone, introducing isotopically depleted CO2. This would 
increase dissolved inorganic carbon (DIC) contents and decrease the δ13CDIC during repeated 
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dissolution of calcite in the oxidized, transition and upper unoxidized zones. Hence, subsequent 
precipitates of the secondary carbonate would have negative δ13C values (Oehlert and Swart, 
2013; Salomons et al, 1978). Calcite in the middle and lower unoxidized zones shows no signs 
of weathering, so the recorded negative δ13Ccarb values (-4.6 to -2.9‰) indicating the formation 
of secondary carbonates reflect the extent to which DOC produced in the uppermost part of the 
oxidized zone has been mobilized in the tailings. 

2.4 Conclusions 

Tailings and water-soluble fractions from the historical Cu-W-F skarn tailings impoundment in 
Yxsjöberg, Sweden, and ore minerals from which the tailings originated were chemically and 
isotopically (C, O, S and Sr) characterized to unravel geochemical processes in the tailings. The 
tailings have undergone sulphide oxidation and silicate weathering, especially in the upper 48 
cm, for more than 50 years. The sulphide oxidation has produced low-pH (3.6-4.5) leachates 
with elevated concentrations of SO4

2- and metals such as Fe, Co, Cu and Zn. Sulphate in the 
oxidized, transition and upper unoxidized zones was identified to originate from pyrrhotite 
oxidation and weathering of danalite by O2 and Fe3+. Sulphate in the middle, unoxidized zone 
is suggested to have been mobilized from the oxidized zone during partial oxidation of 
chalcopyrite, pyrrhotite and pyrite, mainly by O2. Intermediate sulphur species putatively formed 
during the partial oxidation process may have strongly contributed to negative isotopic 
enrichment values between these minerals and the resultant sulphate. Sulphate in the lower parts 
of the tailings probably reflect a mixture of two sources: groundwater recharged by sulphate 
originating from mineralization of carbon-bonded sulphur in forest soils, and oxidation of 
sulphide minerals in the upper zones of the tailings. Radiogenic 87Sr/86Sr ratios in the water-
soluble fraction of the low-pH oxidized zone indicate weathering of biotite, K-feldspar and 
muscovite. However, an increase in Ca/K ratios in the lower part of the oxidized zone suggests 
the weathering of Ca-bearing minerals including amphibole, fluorite, garnet, plagioclase and 
pyroxene, together with gypsum dissolution and likely cation exchange processes by clay 
minerals. Recorded bulk δ13C compositions of the tailings in the oxidized zone are highly 
depleted and indicate depletion of calcite. This suggests that the silicate minerals (particularly 
biotite, K-feldspar, muscovite, pyroxenes and garnet) are the main buffering minerals in the 
oxidized zone. The 87Sr/86Sr ratios in the water-soluble fraction of the transition and the upper 
unoxidized zones, point to danalite weathering, although this is not confirmed by the 
mineralogy. It is hypothesized that these 87Sr/86Sr signatures originated from the dissolution of 
gypsum which precipitated from a leachate with the isotope composition of danalite weathering 
in the oxidized zone. Increased pH (5.3-6.8) in the transition and upper unoxized zones is 
attributed to calcite dissolution and neutralization. Lower (negative) δ13C values of carbonates in 
the transition and upper unoxidized zones relative to that of the primary calcite indicate they are 
secondarily formed in these zones. These δ13C values of the secondary carbonates reflect a 
mixture of two carbon sources: isotopically depleted CO2 from organic matter oxidation in the 
upper part of the tailings and accumulated HCO3

- from primary calcite dissolution in the 
oxidized, transition and upper unoxidized zones. In the middle and lower parts of the unoxidized 
zone, elevated concentrations of W were recorded, suggesting scheelite weathering. However, 
the 87Sr/86Sr ratios were higher than expected from dissolution of scheelite and indicate additional 
processes. Possible sources include biotite and groundwater. This study shows that when 
interpreting geochemical processes in mine waste environments, environmental isotopes should 
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be considered in addition to chemical constituents, as isotopic tracers can provide clearer insights 
for discriminating between different geochemical processes and solute sources. 

2.5 Overall impact and future work 

The application of (multiple) isotopes and geophysical methods in environmental studies in 
mining areas in Sweden has received very limited attention. This study is therefore one of the 
first attempts to apply these aforementioned methods in Sweden to trace geochemical processes 
in mine wastes. The results of this study has highlighted the effectiveness and importance of using 
several isotopic systems in mineralogically-complex wastes such as tailings. Preliminary results 
from the geophysical surveys also showed tremendous potential for tracing effluent pathways, 
especially in the subsurface and could be important for identifying effective measure to curb 
contaminant transport.  

The outcome of this study has also benefited the scientific community who can access the results, 
Yxsjöberg community and the owners of the tailings, who have become aware of the tailings 
conditions and likely consequences for their environment and health. Furthermore, the results 
will also be beneficial to mining companies, considering the fact that the geochemical processes 
encountered in the tailings at Yxsjöberg are common to many tailings, hence the findings could 
have broad applicability to tailings worldwide. 

 Another key component of this study was to promote cooperation among academia, industry 
and small and medium-scale enterprises (SMEs).  During the course of the study, there was 
extensive collaboration with partners such as MRM (Nils Sundström), Geoscanners, Stockholm 
University (Carl-Magnus Mörth), Swedish Museum of Natural history (Kjell Billström), MJ 
Resources AB (Magnus Leijd and Johan Berg) and Gruva Yxsjöberg (Niklas Strandberg). These 
collaborations enhanced knowledge exchange and sharing. 
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3 REMOVAL OF METALS AND NITROGEN FROM MINING WASTEWATERS IN 

TREATMENT WETLANDS AND VIA UTILIZATION OF LOCALLY AVAILABLE 

BIOMASS AS SORBENT MATERIALS  

3.1 Background 

The removal of pollutants in treatment wetlands for purifying mining affected waters has been 
extensively studied. Good retention of various pollutants, including toxic metals and nitrogen 
compounds, have been reported, but seasonal variations can occur with lesser amounts normally 
removed during cold periods (Päkkilä 2008; Palmer et al., 2015; Kujala et al., 2019). The 
efficiency of contaminant removal in wetlands depends on many factors, including inflow water 
quality, wetland hydrology, system pH and temperature (Sheoran and Sheoran, 2006; 
Ronkanen, 2009; Palmer et al., 2015; Khan et al. 2019). Effects of several factors, e.g. retention 
time and the flow regime, have received substantial attention in efforts to improve understanding 
of variations in purification efficiency. However, less attention has been paid to effects of harsh 
winter conditions, such as ground frost formation, snow cover, etc. on pollutant retention 
processes. Therefore, one of the main aims of this project task was to use data collected from 
both field and purposely built pilot systems to improve knowledge of purification processes and 
factors affecting removal efficiencies in harsh winter conditions. This would meet an important 
practical goal by facilitating the design and operation of effective wetlands for year-round 
treatment of mining waters. 

Peat is an inexpensive, biodegradable and widely available sorbent material which is composed 
of several organic compounds and contains active functional groups such as hydroxyl, carboxyl, 
sulphonic, etc. (Bogush et al. 2016). These functional groups are associated with good sorption 
capacity of cationic ions such as metals and metalloids (Brown et al., 2000). Although peat has 
been found to possess good sorption capacity in its natural state (Bulgariu et al., 2014), 
modifications (e.g., acid treatment) can be applied to increase this capacity via the introduction 
of new functional groups (Keränen et al., 2013; Leiviskä et al., 2018). While several studies have 
reported substantial potential of natural or modified bio-based sorbent materials for mining water 
purification (Brown et al., 2000; Iakovleva and Sillanpää, 2013); reports on pilot or real scale 
evaluation studies are scarce. Thus, there is a lack of knowledge regarding the suitability of peat 
as a biosorbent material for removing metals from real waters containing mixtures of 
contaminants. Furthermore, there is a lack of pilot- and real-scale demonstrations of peat’s 
suitability as a sorbent material for purifying water from mining activities in real systems. 
Therefore, a further aim of this study was to bridge the gap in available knowledge by pilot-scale 
assessment of the suitability of natural and modified peat as sorbent media for horizontal flow 
filter and mix-and-settling systems. 

3.2 Methods and materials 

3.2.1 Removal of nitrogen and metals from mining wastewaters in treatment wetlands: Effects 
of cold climatic conditions on purification efficiency  

The objective of this project task was to improve understanding of pollutant removal efficiencies 
in treatment wetlands established on pristine mires throughout the year and effects of snow and 
soil frost on the treatment performance. Two constructed wetlands treating mining water, pre-
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treated process water (A) and drainage waters (B), at a mine site in Northern Finland were 
selected as study sites. Effects of low temperatures and freeze-thaw cycles on the wetlands’ 
purification efficiency were assessed by evaluating long-term monitoring data provided by the 
environmental department of the mining company, data collected in previous studies (e.g., 
Palmer et al, 2015) and extended monitoring during this project. Data collected during the 
project period included: analyses of soil samples, water table levels, ground frost depth, snow- 
and ice-cover, soil temperatures, nitrogen gas emissions (using the static chamber method), and 
gas concentrations at various soil depths. Inflow and outflow samples were periodically collected 
and analysed, e.g., for total nitrogen (tot-N), nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-
N), ammonium nitrogen (NH4-N), and metal species (As, Ni, Fe, etc.). More information 
regarding the monitoring program and methodology used has been presented by Palmer et al. 
(2015), Ronkanen et al. (2017) and Postila et al. (manuscript). 

3.2.2 Removal of nitrogen and metals from mining wastewaters in treatment wetlands: Effects 
of freeze/thaw cycles evaluated in pilot-scale systems 

The goal of this part of the project was to investigate effects of freeze/thaw cycles on purification 
processes in natural treatment wetlands. Long-term monitoring data and operational parameters 
(e.g., residence time, average frost depth, etc.) from the treatment wetlands, acquired as outlined 
in section 3.2.1, provided foundations for the design of the pilot-scale wetlands (two replicate 
units). The pilot systems (50 x 38 x 30 cm) were constructed with an undisturbed top soil layer 
(including vegetation and peat soil) taken from studied wetland A and loaded with pre-treated 
mine process water (loading rate 2 L/d, residence time based on effective volume = 25.7 days) 
collected from the inlet of the same treatment peatland. Freezing was applied top-down and the 
sides of the pilots were 
insulated to simulate in situ 
conditions as far as possible 
(Fig. 3.1). Temperature 
sensors were used to monitor 
frost depth (maximum depth 
controlled between 10-15 
cm), and environmental 
parameters such as pH and 
redox potential were 
monitored at two peat depths 
(10 cm and 20 cm). Inflow 
and outflow water samples 
from both pilot systems were 
collected once or twice per 
week and sent to an outsourced laboratory for water quality analysis (including determinations 
of tot-N, NO3-N, NO2-N, NH4-N, metals, organic matter etc.) Two freeze/thaw cycles were 
conducted. The first freeze-thaw cycle lasted about 5 weeks while the second cycle lasted about 
7 weeks.  

 
Figure 3.1 Pilot systems 
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3.2.3 Utilization of peat as sorbent materials for removing metals from mining wastewaters: 
Laboratory study 

The suitability of using peat as sorbent material for purifying mining-influenced waters was 
evaluated as follows. Mining water was collected from a pond receiving drainage water from a 
mining site in Northern Finland (Table 3.1). Peat (destined for energy generation, Fig. 3.2) was 
obtained from Stora Enso Veitsiluoto pulp mill in Kemi, Finland. The peat was dried and sieved 
to a 90-250 µm size fraction. It was tested in its natural form (Nat. Peat) and after modification 
via acid treatment (obtained by adding it to 0.2 M solutions of HCl, stirring at 25 °C for 2 h 
then washing with Milli-Q water). Details of the procedure for biosorbent modification via acid 
treatment are provided by Gogoi et al. (2018). The sorption capacities of Nat. Peat and Mod. 
Peat as well as the required dosage and contact time for effective treatment were investigated. 
Sorbents were evaluated in batch sorption tests, in which peat samples were mixed with mining 
drainage water (without pH adjustment) for a selected time then separated from solution by 
centrifugation followed by syringe filtration (0.45 µm). The obtained solutions were sent to a 
certified laboratory for elemental analysis and their pH was measured. The effect of sorbent 
dosage was tested at room temperature  (dosages 1-4 g/L, 24 h) while the effect of contact time 

was tested at room temperature and 5 °C 
(dosage 2 g/L, contact times of 15, 30, 60 
min and 24 h). Metal removal efficiencies 
(%) were calculated from initial 
concentrations in the unfiltered raw water 
samples and residual concentrations in the 
filtered treated water samples.  

 

 

 

  

 
Figure 3.2 Peat material 



43 
 

Table 3.1 – Quality characteristics of drainage water samples from the mine area used during 
laboratory experiments (section 3.2.3) and tests of the pilot systems (mix-and-settling and 
horizontal filter, section 3.2.4): unfiltered total concentrations (total conc.) and dissolved 
concentrations (diss. conc.) (after 0.45 µm filtration). 

Parameter Laboratory 
tests (total 
conc.) 

Mix-Settling 
system (diss. 
conc.) 

Horizontal Filter 
systems (total 
conc. week 1) 

Horizontal Filter 
systems  (total 
conc. week 4) 

pH 7.7 7.9 8.1 7.4 
Ni (µg/l) 128 127 101 90 
As (µg/l) 28.6 15.9 31.9 26.7 
Sb (µg/l) 180 163 232 231 
Fe (µg/l) 591 6.2 13.8 6.1 
Al (µg/l) 79.4 <5.0 7.2 8.4 
Mn (µg/l) 1510 1470 14.9 1.1 

3.2.4 Utilization of peat as sorbent materials for removing metals from mining wastewaters: 
Pilot studies  

The objective here was to evaluate peat’s effectiveness as a sorbent material for removing metals 
in mix-and-settling and horizontal filter systems. Mining drainage water was collected from the 
same mining site in Northern Finland as for the laboratory tests (Table 3.1, section 3.2.3). 
Characteristics of the tested peat materials (natural and modified) are presented in section 3.2.3 
and by Gogoi et al. (2018). The systems are briefly described in the following paragraphs. 

1) Mix-and-settling systems: Commercial jar-test 
equipment was used to simulate mix-and-settling systems 
in laboratory-scale (Fig. 3.3). The experiments involved 
adding a pre-selected amount of sorbent to 1 L of mining 
drainage water and mixing it together for a pre-set period 
followed by a pre-determined sedimentation time. 
Samples of supernatant water were then extracted and sent 
for analysis. Process parameters (dosage, contact time, etc.) 
were based on results of batch laboratory experiments (section 3.2.3). Effects of multiple factors 
on purification efficiency and settling characteristics of the added particulate sorbents were also 
evaluated.  

2) Horizontal filter systems: Small pilot filters were constructed using two identical rectangular 
plastic boxes (Fig. 3.4). Three compartments were created along the length of the boxes, each 
filled with a different type of filter medium (Table 3.2). The retention time in the peat 
compartment was selected based on 
results of laboratory batch 
experiments (60 min, Gogoi et al., 
2018). The required flow rate of 
mining water introduced to the 
pilot systems (Q, 13.5 ml/min) was 
calculated from the compartments’ 
effective volume and required 
residence time of water in the peat 
compartment. However, due to 

 
Figure 3.3 Jar-test equipment 

   
Figure 3.4 Filter pilot systems 
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low hydraulic conductivity, the inflow rate was adjusted (between 6.5 and 8.5 ml/min during 
tests) to prevent overflow. Depending on the Q applied, retention times in the peat 
compartments varied between 100 and 125 min. Tracer experiments were conducted using a 
pulse method, involving NaCl injection and monitoring electric conductivity (EC) at the 
outflow, to evaluate the real water residence time. The test period was ca. 4 weeks. More 
information on retention times, tracer experiments and adjustment made to the pilot systems has 
been presented by Lopez (2018). Outflow water samples were collected after 24 and 48 h of 
operation and every 3 or 4 days for the rest of the test period. Inflow water samples were collected 
during weeks 1 and 4 of the tests. Inflow and outflow samples were sent to a certified laboratory 
for water quality analysis (Table 3.1). EC sensors were installed at the outflow pipes for 
continuous monitoring. 

Table 3.2 - Characteristics of filter systems and media used. 

Compartment  Compartment 
volume  Media Particle  

size 
Effective 
porosity (%) 

1 513.3 cm³ Quartz sand 3-5 mm 56.7 

2 479.7 cm³ Natural peat pilot 1 
Modified peat pilot 2 90-250 µm 81.3 

83.0 
3 268.6 cm³ Fine quartz sand 0.7-1.2 mm 48.0 

Detailed descriptions of the experimental procedure applied during tests with the mix-and-
settling and horizontal filter systems are provided by Lopez (2018) and Gogoi et al. (2018). 

 

3.3 Results 

3.3.1 Removal of nitrogen and metals from mining wastewaters in treatment wetlands: Effects 
of cold climatic conditions on purification efficiency 

Overall, lower nitrogen removal was obtained in treatment wetland B than in wetland A. 
Nitrogen removal processes differ depending on the form of N in the water to be treated. Most 
(70%) of the N in the inflow of wetland A, which purifies pre-treated excess waters from the 
ore beneficiation processes, was NH4-N. The main form of N in inflow of wetland B (purifying 
drainage water from the mine site) was NO3-N (75% of total inflow N), which is typical when 
N originates from explosives. In addition, the hydraulic load to wetland B is about six times 
higher than to wetland A (Palmer et al., 2015), resulting in the occurrence of overflow as well 
as lower water residence times in wetland B. Based on these differences in inflow water quality 
and hydraulic load, variations in nitrogen removal between the wetlands were expected.  

On average, 42% of Tot-N was removed throughout the year in wetland A (purifying process 
water) with slightly lower purification during winter months, December-February (27%) (Fig. 
3.5). A similar pattern was observed for NH4-N retention (57% overall removal, 26% in 
wintertime), while removal of NO3-N was generally poor (-25%) with higher outflow than 
inflow concentrations measured on several sampling dates. It should be noted that increased 
NO3-N concentrations in the outflow are likely due to conversion of NH4-N to NO3-N during 
nitrification, rather than leaching of stored NO3-N. In addition, oxygen transfer during winter 
months is limited by ice and snow cover, which may account for the lower removal of NH4-N 
during those months. 
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Monitoring data from wetland B (purifying drainage water) showed lower removal of Tot-N 
throughout the year (ca. 10%) than in wetland A (Fig. 3.6). No removal of NO3-N was detected, 
and on some occasions increases in NO3-N concentration in outflow samples were recorded. 
Continuous removal of NH4-N was obtained throughout the year (72%), although removals 
were lower during winter periods (46%). As in wetland A, removal patterns for NH4-N and 
NO3-N can be linked to effects of climatic conditions on the nitrification and denitrification 
processes. Overall, the lower N-removal observed in wetland B than in wetland A is likely 
related to its higher hydraulic load and smaller surface area, which result in low water residence 
times and prevent efficient N removal through nitrification-denitrification. 

The data analyses conducted in this study indicate that a large enough treatment wetland can 
remove N from mining-influenced waters year-round, although the removal efficiency may be 
slightly lower during cold seasons. Since the main N removal processes are nitrification-
denitrification, with N2 gas as an end-product, there are no specific risks in using treatment 
peatlands for N removal. Furthermore, despite some seasonal variation in N removal efficiency, 

                
Figure 3.5 Concentrations of Tot-N, ammonium NH4-N  and NO3-N in inflow and outflow 
samples from wetland A, peat soil temperatures (at 10 cm depth), average ground-frost depths 
(n=2-3) and average snow heights (n=2-3) during the monitoring period 2015-2018. 
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treatment wetlands decrease N loads to recipient water bodies, which reduces overall 
environmental impacts of mining activities.  

Regarding the removal of selected metals in the studied treatment wetlands, wetland A removed 
both As and Ni well throughout the year (average removal: 97 and 70%, respectively), while 
removal was substantially lower in wetland B (29 and 20%, respectively) (Figs. 3.7 and 3.8). No 
seasonal variation was seen in As removal, while Ni removal was lower during the winter months 
(Figs. 3.7 and 3.8). Lower removal efficiencies in wetland B, likely reflect its higher hydraulic 
load and consequently lower water residence time. Pronounced leaching of Fe was detected in 
wetland A (-270%), which was especially strong in winter months (Fig. 3.7). Only weak leaching 
of Fe was observed in wetland B (-15%), and no clear seasonal effect was detected (Fig. 3.8). 
Note that from January 2017 process water pre-treatment included use of an additional sulphate 
removal unit, which also reduced inflow concentrations of other pollutants to wetland A.  

  

                 

Figure 3.6 Concentrations of Tot-N, NH4-N  and NO3-N in inflow and outflow samples 
from wetland B, peat soil temperatures (at 10 cm depth), average ground-frost depths (n=2-
3) and average snow heights (n=2-3) during the monitoring period 2015-2018. 
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Water samples were collected in 2016 from the wetlands to evaluate changes in contaminant 
concentrations with distance from the inlets. Gradual reductions in As and Ni concentrations 
with distance from the inlet were observed in wetland A. However, while Ni concentration 
decreased steadily from inlet to outlet, As concentrations reached values close to outflow levels 
mid-way between the inflow and outflow. No trends in Fe and Tot-N concentrations in relation 
to distance from the inlet were noted in wetland A, and in wetland B no tendencies for 
concentrations of As, Ni, Fe or Tot-N to decrease with distance from the inlet were detected. 
More information on these patterns has been presented by Ronkanen et al. (2017), Kaikkonen 
(2017) and Postila et al. (manuscript). 

 

                       

Figure 3.7 Concentrations of arsenic (As), nickel (Ni) and iron (Fe ) in inflow and outflow 
samples from wetland A, peat soil temperatures (at 10 cm depth), average ground-frost depths 
(n=2-3) and average snow heights (n=2-3) during the monitoring period 2015-2018. 
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3.3.2 Removal of nitrogen and metals from mining wastewaters in treatment wetlands: Effects 
of freeze/thaw cycles evaluated in pilot-scale systems 

In general, removal of nitrogen and metals observed in the two replicate pilot systems were 
comparable, with removal of pollutants following very similar patterns. It should be noted that 
slight differences in freezing and thawing rates between the two systems were observed, although 
they were subjected to the same climatic conditions. In addition, a new water sample was 
collected from the mining site after the stabilization period. For cycle 1, a mix of old and new 
sample was used, the quality of which did not differ significantly from that of the old sample 
used during stabilization. In cycle 2, only the new sample was used, resulting in inflow water 
concentrations during the second cycle being slightly higher than during cycle 1.  

Changes in concentration in the inflow and outflow of nitrogen fractions and metals (As and Ni) 
in the inflow and outflow during the two freeze/thaw cycles observed in Pilot system 1 are 
illustrated in Figure 3.9, and the removal patterns they reveal are outlined here. Complete results 
can be found in the studies by Heiderscheidt et al. (2018), Postila et al. (2018a), Heiderscheidt 
et al. (manuscript) and Postila et al. (manuscript). Overall, continuous removal of Tot-N was 
observed, with no clear evidence of disturbance due to the freezing and thawing processes (Fig. 
3.9a and b). However, freeze-thawing processes significantly affected NH4-N and NO3-N 

         

Figure 3.8 Concentrations of arsenic (As), nickel (Ni) and iron (Fe ) in inflow and outflow 
samples of wetland B, peat soil temperatures (10 cm depth), average ground-frost depths (n=2-
3) and average snow heights (n=2-3) during the monitoring period 2015-2018. 
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removal. Furthermore, the observed effect somewhat differed between the first cycle and during 
the second cycle with the longer frozen period. During the first cycle (Fig. 3.9a), the NO3-N 
outflow concentration decreased substantially with freezing, reaching values close to zero during 
the frozen period. Meanwhile, the NH4-N concentration increased steadily, reaching Tot-N 
levels during the frozen period. These findings indicate that nitrifying activity decreased while 
denitrification continued almost unaffected. During the second and longer cycle, similar NO3-
N and NH4-N outflow concentrations to those observed in cycle 1 were observed during the 
freezing and beginning of the frozen period (Fig. 3.9b). However, after about 5 days of frost, 
variations in removal of both nitrogen fractions occurred and although the NO3-N removal 
remained high, outflow concentrations never reached the low values observed during the first 
frozen period. Similarly, NH4-N concentrations did not reach Tot-N values, as they did during 
the first freezing cycle (Fig. 3.9b). Thus, it appears that processes may have reached new 
equilibria in different freeze-thaw cycles. Both nitrification and denitrification processes 
continued, but at lower rates than those observed in frost-free periods.  

Greenhouse gas emissions were measured during the second freeze-thaw cycle. Emission of 
nitrous oxide (as an-end or intermediate product of denitrification) were detected in both pilot 
systems throughout the cycle, indicating that denitrification continued in them. Carbon dioxide 
emission was also observed throughout the cycle, at rates that correlated with the peat 
temperature in the pilot systems. As carbon dioxide can be used as a marker of overall biological 
activity, this indicates that even though biological activity decreases during cold/frozen periods, 
organisms remained active even when the systems were frozen. Conditions in the lower layers 
of the systems were rather reducing, according to the (low) measured redox potentials (Fig. 3.9e). 
Reducing conditions in the peat favour denitrification if NO3 is present. As high NO3-removal 
rates were recorded, especially during the frozen period, denitrification was apparently efficient 
in the systems.  

Good removal of both Ni and As was observed throughout the pilot experiments. Inflow 
concentrations were clearly higher during the second freeze-thaw cycle (Fig. 3.9c and d). 
Measurable effects of freezing and frozen periods were observed during the first cycle with 
increased concentrations of Ni and As in outflow samples during these periods. Similar variations 
in concentrations were observed during the freezing and beginning of the frost period (about 5 
days) during the second cycle, but subsequently removal efficiencies increased and reached frost-
free levels for the rest of the frozen period.  

Overall, results in the second freeze-thaw cycle seem to be most consistent with observations in 
the real wetland (A) (Figs. 3.5 and 3.7), although it should be noted that direct correlation is not 
possible due to differences in sampling intervals and conditions between the pilot-scale 
experiments and real wetland monitoring program. However, the longer frozen period applied 
during cycle 2 seems to have enabled greater stabilization of the nitrogen and metal removal 
processes. There were also probably some hysteresis effects from the first cycle (physical, 
biological and chemical effects) in the second cycle. For example, during the first cycle, flow 
pathways may have been created in the unfrozen soil layers, which already existed at the onset 
of the second freezing/frozen period. Microbial strains surviving from the first cycle were also 
already present at the start of the second cycle, which might have improved adaptation to frozen 
conditions. 
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Further studies with longer frost periods are recommended. More information regarding the 
methodology applied and results obtained can be found in the reports by Heiderscheidt et al. 
(2018), Postila et al. (2018a), Heiderscheidt et al. (manuscript) and Postila et al. (manuscript). 

 

3.3.3 Utilization of peat as sorbent material for removing metals from mining wastewaters: 
Laboratory study  

In batch tests under laboratory conditions, natural peat (Nat. Peat) generally showed higher metal 
retention capacity than HCl-treated peat (Mod. Peat), and its performance was less strongly 
affected by variations in contact time, sorbent dosage and temperature. Nat. peat removed > 
80% of Ni and > 70% of As at all tested 
dosages. In addition, removal efficiencies (%) 
for all test metals (except Sb) increased 
linearly with contact time. Figure 3.10 shows 
recorded removal efficiencies (%) of As, Ni 
and Sb by both peat products at 5 and 23°C, 
with 2 g/L dosage and 60 min contact time. 
More information on the performance of 
both peat products during batch tests 
(showing effects of varying dosage and 
contact time, as well as removal of other 
metals, etc.) is presented by Gogoi et al. 
(2018).  

 

3.3.4 Utilization of peat as sorbent material 
for removing metals from mining wastewaters: Pilot studies  

 

Mix-and-settling system 

As already mentioned, the suitability of using peat as a sorbent in a mix-and-settling system was 
investigated. Removal rates of Mn, Sb, As and Ni obtained with 2g/L sorbent dosage and 60 
min. mixing time are presented in Fig. 3.11a. Nat. Peat removed more As and Ni, while Mod. 
Peat removed more Mn and Sb. Effects of process parameters such as sorbent dosage, mixing 
time (contact time) and intensity on purification efficiency were also evaluated and results are 
presented in reports by Lopez (2018) and Heiderscheidt et al. (manuscript). While assessing 
settling properties of sorbent particles, the decrease of turbidity with time was used as an 
indicator. The acquired data (Fig. 3.11b) indicate that most sorbent particles settled within the 
provided retention time. However, substantial flotation of sorbent particles was observed during 
the experiments. Because samples for turbidity analysis were collected below the water surface, 
floating particles became attached to the sidewalls and were effectively removed from the water 
(Fig. 3.11c), which distorted the results.  Overall, the type of peat added had no significant effect 

 

Figure 3.10 Metal removal efficiencies of 
natural (Nat.) peat and modified (Mod., HCl-
treated) peat in batch tests at 5 and 23°C with 
2g/L sorbent dosage and 60 min. contact time  
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on the settling or floating behaviour of particles, thus the HCl modification of peat did not 
appear to improve its settling characteristics.  

Horizontal filter system 

Good removal of metals was achieved by both filters (Fig. 3.12). However, removal efficiency 
decreased as the cumulative volume of water treated by the systems increased, especially for As. 
In addition, while both peat materials retained similar amounts of Ni, Nat. Peat retained 
substantially more As than Mod. Peat, and leaching of initially retained As was observed from 
the pilot system with Mod. Peat (Fig. 3.12b). The inflow rate to both pilot systems had to be 
adjusted (decreased) during the test period to avoid overflow. The hydraulic conductivity of peat 
at the utilized particle size range (90-250 µm, due to the modification process) is low and 
restrictions to flow were expected. Small particles also contributed to clogging as they were 
transported with the water and accumulated at the end of the sorbent compartment, further 
restricting the flow of water. Complete results can be found in reports by Heiderscheidt et al. 
(2017) and Lopez (2018). 

 

 

Figure 3.11 Efficiency of removal of selected metals and settling characteristics of natural (Nat.) 
peat and modified (Mod., HCl-treated) peat in the mix-and-settling systems. 
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Figure 3.12 Efficiency of removal of Ni, As and Sb as a function of cumulative treated water 
volume in pilot horizontal filter systems with natural and modified (HCl-treated) peat. 
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3.4 Overall impact and future work 

3.4.1 Removal of nitrogen and metals from mining wastewaters in treatment wetlands: findings 
and suggestion for further research 

The conducted studies significantly increased available data on peatland-based natural treatment 
wetlands’ performance during year-round operation. Treatment efficiency depends on several 
factors and their interactions. Therefore, evaluating effects of cold climatic conditions on 
purification processes is very difficult. However, the combination of data acquired from 
observations of real wetlands (Ronkanen et al., 2017; Kaikkonen, 2017; Khan et al., 2019; Postila 
et al. (manuscript) and pilot studies (Heiderscheidt et al., 2018; Postila et al., 2018; Heiderscheidt 
et al. (manuscript) allowed deeper assessment of processes involved. Generally, it can be stated 
that peatland-based wetlands can be used for year-round mining water purification. However, 
their use for removing toxic contaminants (metals, metalloids etc.) should be carefully considered 
since accumulation of these contaminants in wetlands may increase the likelihood of their 
subsequent leaching to the environment (Khan et al., 2019). Therefore, further research is 
needed for clear understanding of these risks, and safe, sustainable practices for both the operation 
and closure/restoration of treatment wetlands.    

Based on results obtained, ground frost formation and other winter-related conditions can 
weaken some biological processes (e.g., related to nitrogen removal) while others (e.g., related 
to As removal) do not appear to be substantially affected. It should be noted that although some 
biological processes slowed (e.g., nitrification-denitrification) in frosty conditions, they 
continued according to gas measurements during winter periods. Flow conditions, residence 
time of water and other relevant variables can change with the development of ground-frost and 
snow accumulation. These changes will affect pollutant removal, as processes such as sorption, 
biodegradation and precipitation depend on contact time and media surface area as well as 
temperature, redox conditions and oxygen availability. Winter conditions (average frost depth 
etc.) should be considered in the design and hydraulic management of wetland systems. By 
ensuring suitable water residence times during ground-frost periods, satisfactory purification 
efficiencies may also be obtained in winter conditions. Another important aspect is the effect of 
inflow water quality on purification results. Sudden or gradual decreases in contaminant 
concentrations in inflow water (due to dilution by snowmelt, intrusion of flooding water, 
changes in inflow water quality due to process changes in mining activities etc.) may cause 
leaching of previously retained pollutants, especially metals and phosphorus. Users of wetlands 
must be aware of treatment efficiency limits and variations, and that these systems should be 
tuned for target pollutants. While wetlands are passive, low-cost solutions, they are living and 
complex systems, which require careful design and management. 

 

3.4.2 Utilization of peat as sorbent material for removing metals from mining wastewaters: 
Findings and suggestions for further research 

Peat is an inexpensive, biodegradable and widely available sorbent material, which has good 
metal sorption capacity. However, its properties such as loose physical structure, hydrophobicity 
and low density can restrict its use in wastewater treatment systems. Acid (HCl) treatment was 
applied in an attempt to increase its natural sorption capacity and reduce its hydrophobicity 
(improve its settling characteristics). However, this did not improve its metal sorption capacity 
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according to experiments carried out during the project, although the treated peat’s performance 
exceeded that of natural peat recorded in previous studies (Leiviskä et al., 2018) in some respects, 
e.g. in capacity to remove Ni from synthetic waters. The natural peat product performed 
similarly and on some occasions better than HCl-treated peat during experiments in the mixing-
and-settling and filter systems.  

Settling characteristics of sorbent particles are critical factors for their utilization in a mix-and-
settling system. Poor settling results in discharge of sorbent particles (and adsorbed pollutants) 
with the treated water into the receiving environment. Thus, the poor settling characteristics 
observed during our experiments may restrict the application of peat in mix-and-settling systems. 
The use of flocculants and modifications to the design of sedimentation units (e.g., increasing 
retention time and/or addition of floating barriers) may decrease losses of sorbent particles and 
improve the peat’s suitability for application in such systems (Leiviskä et al., 2018; Postila et al., 
2018b). Further research is needed to optimize systems’ design and identify suitable flocculants 
at pilot scale. Regarding the application of peat as a filter medium, its low hydraulic conductivity 
together with the long retention times required for effective purification restrict use of the tested 
system in real applications. For peat to be used as a filter material, different types of systems (e.g., 
pressurized flow) and treatments (e.g., pelletization) may be required, and further research is 
clearly needed, with appropriate evaluation of pilot solutions. 

3.5 Conclusions 

- Peatland-based treatment wetlands can retain metals and remove nitrogen during year-
round operations in regions with a cold climate. Optimization of wetland design and 
hydraulic management can potentially decrease variations in purification efficiency 
between summer and winter months; 

- The pilot wetland systems (designed and constructed) successfully simulated freeze/thaw 
conditions and enabled more detailed monitoring of occurring processes; 

- Freeze-thaw processes clearly affect removal of various pollutants in treatment wetlands; 
- Variations in inflow water quality can cause leaching of previously retained contaminants 

from peatland-based treatment wetlands, which should be carefully considered when 
their use is planned and during their operation; 

- Peat in its natural state has good metal sorption capacity. Acid (HCl) treatment of peat 
did not improve its sorption capacity or settling characteristics for treating the mining 
drainage water used in the tests.  

- Poor settling characteristics of peat can restrict its application in mix-and-settling systems. 
Optimization of systems’ design and application of flocculants could improve 
sedimentation of sorbent particles and their removal from purified water flows.  
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4 EFFECTES OF CLIMATE CHANGE ON CONTAMINANT TRANSPORT 

4.1 Background 

The extraction of metals and minerals can significantly affect the natural environment, both 
during and after active operations. Large amounts of waste rock and tailings are produced during 
resource extraction and it is estimated that more than 90% of the extracted materials come to 
waste (Othlander et al. 2012). The global production of mine wastes has been estimated at 
15000-20000 million ton per year (Commission 2015). A feasibility study in Sweden 
demonstrated that within 10-20 years the planned mines in Norrbotten alone will produce 100 
M tons of tailings per year and almost as much waste rock (Alakangas et al. 2014). The proper 
handling of these wastes is one of the biggest environmental problems associated with mining 
and is of great importance for the sustainable development of mining industry. A major potential 
long-term environmental effect of these wastes is formation of acid rock drainage (ARD) from 
sulphide-bearing mine waste, which can last for hundreds or even thousands of years after 
deposition (Othlander et al. 2012). In acid-generating reactions, the oxidation of sulphides 
usually leads to release of sulphide-associated elements into aqueous solutions (Lu et al. 2013). 
The leaching of contaminants will significantly degrade the environment, and the contaminants 
will further transport from the environmental medium to the ecosystem and the human beings 
living in the area in the long-term (Bermudez et al. 2011; Bissen and Frimmel 2003; da Silva et 
al. 2010; Fu and Wang 2011).  

Leaching and transport of contaminants from tailings deposits are highly complex processes, 
affected by a suite of interacting environmental factors. Two of the most important are 
temperature and precipitation rates linked to climate change. Increases in temperature will affect 
chemical reaction kinetics. Thus, every step along the transport and redistribution pathways is 
influenced by climate change because chemical reactivity, adsorption and accumulation are 
temperature-dependent. With increased flows, there will be changes in stream power and 
sediments loads with the potential to alter the morphology of rivers and the transfer of sediments 
to lakes (Whitehead et al. 2009). Climate changes also strongly affect contaminant transport and 
concentrating processes in the environment (Macdonalda 2003). Thus, global climate change is 
expected to alter environmental distributions of contaminants and their bioaccumulation via 
changes in transport, partitioning, and bioaccumulation processes (Borga et al. 2010).  

The 2007 report from the Intergovernmental Panel on Climate Change (IPCC) identified the 
Nordic region as the region where the most drastic environmental impacts of global climate 
change in the world are expected (Parry 2007). Changes in global climate and associated 
environmental changes in the Nordic region are expected to have significant consequences for 
contaminant pathways. During the past 50 years, unprecedented rates of change in both 
temperature and precipitation have been recorded and future predictions are consistent with 
current trends (Nunavut 2012). Thus, understanding the mechanisms whereby climate changes 
affect the transportation of contaminants from mine waste deposits, and the deposition and 
remobilization of contaminants, is highly important for the sustainable development of the 
Nordic region. 

The aim of this WP was to investigate effects of climate change-linked parameters, temperature 
and precipitation, on the leaching of contaminants from tailings deposits in laboratory batch and 



58 
 

column leaching experiments, and the efficiency of a cover with digested sewage sludge from a 
local wastewater treatment plant for reducing leaching of contaminants.   

4.2 Methods and materials 

4.2.1 Study area 
A tailings deposit in Ballangen municipality in Nordland county, Norway, was selected as our 
study area. The mine was in operation during the period 1988-2002. The tailings from the ore 
dressing plant were deposited in two deposits near Ballangen fjord, the Fornes deposit and the 
Ballangsleira deposit, as shown in Figure 4.1 (Iversen, 2001). In total, about 7 million tons of 
tailings were deposited at Ballangsleira, covering an area of 50 hectares. After the tailings 
deposition ceased, they were covered with a thin layer (10-20 cm) of soil. However, the soil 
cover is too thin to prevent air and water from coming into contact with the underlying tailings, 
so it does not effectively prevent their oxidation. Detailed descriptions have been provided in 
two publications (Fu 2018a; Lu 2018). 

 

Figure 4.1  Map and aerial photograph of Ballangsleira tailings deposit and the sampling 
location 

4.2.2 Materials 
Both un-oxidized and oxidized tailings from Ballangen field were collected into 10 buckets in 
July 2016 and stored at 4°C in a refrigerator until analysis. Samples of grass growing at the tailings 
deposit and a nearby reference area without tailings deposition were also collected. 

4.2.3 Methods 

4.2.3.1 Analysis of samples 
The collected tailings (un-oxidized and oxidized) and grass samples were sent to ALS Laboratory 
Group Norway AS for chemical analysis. See (Lu 2018) for details of the analytical methods. 
The tailings were also sent to the University of Oulu for characterization of their mineralogy by 
X-ray diffraction (XRD) analysis and surface chemistry by X-ray photoelectron spectroscopy 
(XPS).  

4.2.3.2 Small tube leaching experiment 
Small tube leaching tests were designed and conducted with the tailings from Ballangen deposit 
to investigate the leaching of contaminants from the tailings at four temperatures (5, 10, 15 and 
20°C) and two precipitation rates (8 and 20 mm/week). The main aim of these tests was to 
obtain information for guiding the design of a larger scale column leaching experiment.  

Six leaching cycles were applied in the tests, during which the leachates were collected and tested 
the pH and concentrations of Cr, Cu, Ni, Fe and Zn. 

 

Figure 4.2  Photograph showing the set-up of the small tube leaching experiment 
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4.2.3.3 Column leaching experiment 
Using data acquired in the small tube experiment, a column experiment was designed to assess 
leaching from both the collected oxidized and un-oxidized tailings at larger scale. Tests were run 
at four temperatures (5, 10, 14 and 18°C), with three columns (two constructed with un-
oxidized tailings and one with oxidized tailings) at each temperature. The sludge from a local 
wastewater treatment plant was added as a capping layer to one column with the un-oxidized 
tailings at each leaching temperature in the middle of the leaching cycle. In total 12 columns 
were constructed. The experiment started in October 2016 and finished in July 2017.  

The column leaching tests were performed at Kjeøy Research & Education Centre. 600 ml of 
water was added to each column every two weeks and leachates were collected from the bottom 
24 hours after the water was added. The collected leachate was tested the temperature, 
conductivity, alkalinity, TDS, pE, pH, salinity, sulphide, sodium, potassium, calcium, 
magnesium, iron, copper, zinc, cobalt, manganese and nickel. The test of the leachate is 
performed partly at Kjeøy and partly at ALS analyse group AS in Oslo. A schematic diagram of 
the experimental set-up is shown in Figure 4.3.  

 

Figure 4.3  Schematic diagram of the set-up of the column leaching experiment 

4.2.3.4 Solid residue collection and analysis 
Three samples of residual tailings were collected from each of the columns filled with un-
oxidized tailings without a capping layer. Thus, in total 12 residual tailings samples were 
collected, and eight (two from each sampled column) were sent to the University of Oulu for 
characterization of their mineralogy (by XRD analysis) and surface chemistry (by XPS). 

4.2.4 Statistical analysis 
The acquired data were subjected to basic statistical analysis using SPSS24.0 and Origin9.0 
software. Principal Component Analysis (PCA) and Correlation Analysis (CA) were applied to 
the dataset for identifying associations between metals. PCA was performed with Varimax 
rotation, and CA according to the Pearson method.  

4.3 Main results 

4.3.1 Chemical and mineralogical composition of tailings and grass 
Results of the chemical composition analyses of the collected tailings and grass samples from 
Ballangen are shown in Tables 4.1 and 4.2 (Lu 2018).  

Table 4.1 Chemical composition of the collected tailings and ash 

Element Sample Unoxidized tailings Oxidized tailings 

Dry solid (L) % 81.5 88.2 

SiO2 % TS 39.5 40.1 

Al2O3 % TS 4.47 3.95 

CaO % TS 3.18 2.22 

Fe2O3 % TS 17.3 14.2 

K2O % TS 0.417 0.211 

MgO % TS 27 31.3 
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MnO % TS 0.165 0.149 

Na2O % TS 0.619 0.481 

Co mg/kg TS 38 83.1 

Cr mg/kg TS 820 1410 

Ni mg/kg TS 77.8 476 

Cu mg/kg TS 81.3 144 

Zn mg/kg TS 60.1 144 

 

Table 4.2 Chemical composition of the grass samples 

 

Briefly, the results show that the oxidized tailings and grass from the tailings deposit have higher 
concentrations of Ni, Cu, Cr, and Co than the un-oxidized tailings and grass from the reference 
area without any tailings deposit. These findings indicate leaching of these elements to the 
surrounding environment accompanying the oxidation process. Major minerals in the tailings 
were forsterite (ferroan) and enstatite. Minerals from amphibole and serpentine groups were also 
identified. 

Figure 4.4 shows XPS survey spectra, revealing the presence of O, Mg, Fe, C, Si, S and N in 
both un-oxidised and oxidised tailings (sampled in 2015). Un-oxidised tailings also contained 
Na and Cl, which were not present on the surfaces of oxidised tailings. Survey spectra of samples 
collected in 2016 showed the presence of O, Mg, Fe, C, Si, S and Na in both un-oxidised and 
oxidised tailings (data not shown), and the presence of small amounts of Al on surfaces of the 
un-oxidised tailings. Minor amounts of metals were also observed in high-resolution spectra of 
the samples. Results of detailed analysis will be published later in a scientific article. 

 

Figure 4.4. XPS survey spectra of un-oxidised (RT-B) and oxidised (OT-B) tailings. 
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4.3.2 Small tube leaching test results 

4.3.2.1 pH change in the leachates 
The pH evolvement in the leachate at different temperatures were shown in Figure 4.5. From 
this figure, we can see that the pH of the leachate is lowest at a temperature of 20°C under both 
4ml and 10ml leaching conditions. The pH of the leachate at 10ml leaching is slightly over 5.8 
in the first leaching cycle and continuously decrease afterwards and has slight increase again in 
the 6 leaching cycle. The pH of the leachate at 4ml leaching is around 5.8 in all the leaching 
solutions at 20°C. In general, the pH is under 6 in all the six leaching cycles under 20°C leaching 
condition. For details, see (Lu 2018). 

 

Figure 4.5.  Changes in leachate pH with 4 ml and 10 ml leaching in the small tube tests 

4.3.2.2 Concentrations of Cr, Cu, Fe, Ni, Zn in the leachates with 20 mm/week leaching  
Concentrations of Cr, Cu, Fe and Ni in the leachates obtained with a 20 mm/week precipitation 
rate (10ml leaching) were highest at 20°C, but the Zn concentration was highest at 10°C (Fig. 
4.6). Concentrations of Cr, Cu, Fe were highest in the leachate of the fourth leaching cycle, 
while Ni and Zn concentrations were highest in the leachate of the second leaching cycle. These 
findings indicate that a temperature increase from 5°C to 20°C will increase the leaching of most 
tested metals (Cr, Cu, Fe and Ni). However, the highest leaching of Zn at 10°C indicates that 
the Zn leaching mechanism may differ from those of the other elements. For detailed 
information, see (Lu 2018). 

Figure 4.6. Concentrations of Cr, Cu, Fe, Ni, Zn in the leachates with a 20 mm/week 
precipitation rate in the small tube tests 

4.3.2.3 Concentrations of Cr, Cu, Fe, Ni, Zn in the leachates with 8 mm/week leaching 
(4ml leaching) 

Concentrations of Cr, Cu, Fe, Ni, Zn in the leachate under 8mm/week leaching were shown 
in Figure 4.7. From Figure 4.7, we can see that concentrations of Cr, Cu, Fe, Zn were highest 
under 5°C and 4ml leaching conditions, whereas concentration of Ni was highest under 20°C 
leaching condition. Concentrations of Cr, Cu, Fe were highest in the leachate of the fourth 
leaching cycle and concentrations of Ni and Zn were highest in the leachate of the second 
leaching cycle, which is the same as that under 10ml leaching. It showed different results from 
that under 20mm/week leaching. For detailed information, see (Lu 2018). 

  

Figure 4.7.   Concentrations of Cr, Cu, Fe, Ni, Zn in the leachates with 4 ml leaching in the 
small tube tests 

4.3.2.4 Effects of precipitation on the leaching of elements 
The accumulated mass of elements that are leached out from tailings under a precipitation of 
8mm/week and 20mm/week was calculated and compared. The mass of elements that are 
leached out after 3 weeks’ precipitation for Cr, Cu, Fe, Ni, Zn was calculated, which is the 
amount of elements that is leached out after six leaching cycles.  
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Effects of precipitation on the leaching of Fe 

The accumulated mass of Fe that leached out was generally higher with 20 mm/week 
precipitation than with 8 mm/week precipitation at 10°C, 15°C and 20°C. The difference 
between 8 and 20 mm/week precipitation was most significant at 20°C. This indicates that a 
combination of high precipitation and high temperature can significantly increase the total 
amount of Fe that are leached out. However, the accumulated mass of Fe at 5°C was higher at 
8 mm/week precipitation than at 20 mm/week precipitation. This indicates that at low (5°C) 
temperature, the reaction rate is low, and there may be insufficient time for Fe in the tailings to 
dissolve at high precipitation rates due to the accompanying rapid flushing of water, leading to 
low concentrations of the element in the leachate.   

Effects of precipitation on the leaching of Cr 

The accumulated mass of Cr that leached out was higher at 20 mm/week precipitation than at 
8 mm/week precipitation at all leaching temperatures. However, the difference increased as the 
leaching temperature increased from 5°C to 10°C, 15°C and 20°C. The difference was most 
significant at 20°C. As found for Fe, the results indicate that a combination of high temperature 
and high precipitation can significantly increase the mass of Cr that are leached out from tailings.     

Effects of precipitation on the leaching of Cu 

Generally, the accumulated mass of Cu that leached out was higher at 20 mm/week precipitation 
than at 8 mm/week. The difference between the two precipitation rates increased as temperature 
increased, and thus was highest at 20°C. However, the difference was not as significant as the 
corresponding differences in leached masses of Fe and Cr.  

Effects of precipitation on the leaching of Ni 

The accumulated mass of Ni that are leached out from the tailings at different temperatures after 
3 weeks was calculated. In contrary to other elements, the effect of precipitation on the leaching 
of Ni are not significant at all the leaching temperatures. The accumulated mass of Ni that 
leached out at 5°C and 10°C was slightly higher at 20 mm/week precipitation. However, the 
accumulated mass of Ni that leached out at 15°C and 20°C was generally slightly lower at 20 
mm/week precipitation.  

Effects of precipitation on the leaching of Zn 

Generally, the accumulated mass of Zn that leached out was higher at 20 mm/week precipitation 
than at 8 mm/week precipitation, similar to the pattern of Cu leaching. 

4.3.3 Column leaching test results 

4.3.3.1 Differences between columns with oxidized and un-oxidized tailings 
Throughout the column leaching tests, the leachates from oxidized tailings had higher pH than 
the leachates from un-oxidized tailings, and their pH varied much less until close to the end of 
the experiment (Fig. 4.8). For a detailed description of the process, see (Fu 2018b). 

The conductivity of leachates from both types of tailings decreased sharply during the first five 
leaching cycles, but remained steady at low values in the later cycles (Fig. 4.8). Generally, 
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leachates from the un-oxidized tailings had high conductivity than leachates from the oxidized 
tailings.  

Both pH and PE were determined from H+ concentrations. Low pH and high PE are indicators 
of tailings’ oxidation and dissolution of heavy metals. Generally, the leachates from the un-
oxidized tailings had higher PE than leachates from the oxidized tailings (Fig. 4.8).  

Concentration of SO4
2- is an important index to indicate tailings oxidation. High concentration 

means more intense oxidation. The non-oxidized tailings got higher concentration of SO4
2- 

throughout the leaching cycles. This may due to the high oxidation of non-oxidized tailings 
after the addition of water, therefore more sulfate is produced and leached out to the 
surroundings. For more detailed explanation of the results, see (Fu 2018b). 

 

Figure 4.8. Physicochemical variables of the leachates in the column tests 

As shown in Figure 4.9, in most cases concentrations of Ni, Zn and Co were higher in leachates 
from the un-oxidized tailings than in leachates from the oxidized tailings. Their concentrations 
reached minimum levels (in both cases) in the 3rd cycle in the oxidized tailings’ leachate and 
remained low thereafter. Thus, un-oxidized tailings readily oxidize and generate acid, thereby 
promoting release of Ni, Zn and Co. 

Figure 4.9.  Leaching of  Ni, Zn, Co and Mn from oxidised and non-oxidised tailings in the 
column tests 

4.3.3.2 Leaching of Fe, Zn, Ni and Mn from tailings 
The pH of the leachates clearly decreased as temperature increased. The pH was highest at 5°C 
(> 7), and lowest at 18°C. There was little difference in pH between 10°C and 14°C (Fig. 4.10). 

The TDS content and salinity of the leachates showed the same trend. There was little difference 
in these variables at leaching temperature of 10°C and 14°C. However, leachate TDS contents 
and salinity were significantly higher at 18°C than at 5°C (Fig. 4.10).  

Sulphate concentrations were generally highest at 18°C in the first five leaching cycles and lowest 
at 5°C throughout the experiment (Fig. 4.10).  

As also shown in Figure 4.10, the highest and lowest concentrations of Fe in the leachates were 
at 18°C and 5°C, respectively. High leaching of Zn was observed at 10°C and 18°C, but it 
gradually declined with time. The concentration of Zn was generally low throughout the 
experiment at temperatures of 5°C and 14°C. The Ni concentration in the leachate declined 
throughout the experiment. The highest and lowest concentrations were observed at 18°C and 
5°C, respectively. Like Fe and Ni, the highest and lowest concentrations of Mn in the leachates 
were observed at 18°C and 5°C, respectively. Leachate concentrations of Ni and Mn were higher 
at 10°C than at 14°C. 

In summary, the leaching of the tested metals was highest at a leaching temperature of 18°C and 
lowest at a leaching temperature of 5°C. Concentrations of metals in the leachates were generally 
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higher at 10°C than that at 14°C. The heavy metal release fitted well with first-order kinetics 
equation at each temperature. Their cumulative concentrations increased with time, and most 
rapidly at 10°C, for detailed descriptions of the results summarized in this section, see (Fu 2018b). 

 

Figure 4.10. pH, salinity and contents of TDS and SO4, in the leachates in the column tests (Fu 
2018b) 

 

Figure 4.11. Concentrations of Fe, Zn, Ni and Mn in the leachates in the column tests (Fu 
2018b) 

Table 4.3 Fitted kinetic equations of cumulative heavy metal leaching from the  tailings at 
indicated temperatures (Fu 2018b) 

 

4.3.4 Efficiency of sludge cover 

A sludge cover was added to one column with un-oxidized tailings at each temperature. The 
average pH, and concentrations of sulphate (SO4

2-), Ni, Fe, Zn, Co and Mn in leachates obtained 
at the four temperatures before and after the sludge addition are shown in Table 4.4.  

The pH of the leachate increased after addition of the sludge cover, indicating that its addition 
probably slowed oxidation of the underlying tailings. Concentrations of SO4

2-, Ni, Fe, Zn, Co 
and Mn in the leachate generally decreased after the sludge cover addition. The results 
correspond to the pH change, showing that the cover slowed weathering of the underlying 
tailings, and thus reduced the concentrations of SO4

2-, Co, Fe, Ni, Mn and Zn in the leachate.   
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Table 4.4. Average values of different variables before and after the sludge addition 

Parameter Before sludge addition After sludge addition 

pH 5.21 5.59 

Sulphate (SO4
2-) (mg/L) 3516 2342 

Ni (mg/L) 36.3 17 

Fe (mg/L) 200 165 

Zn (mg/L) 0.65 0.44 

Co (mg/L) 0.65 0.26 

Mn (mg/L) 4.16 2.64 

  

4.4 Overall impact and future work 

One of the main impacts of this research project is the strengthening of cross-border 
collaborations in environmental studies. During the project, we have established strong research 
collaboration with all of the partners, but especially participants at the University of Oulu. 
Another important impact of the project is the improvement in environmental education at our 
department. Each year there is at least one undergraduate project in this area now.   

The results of the research will be helpful for waste management companies’ and government 
authorities’ formulation of effective strategies to mitigate risks posed by wastes, and identify 
robust techniques to implement in responses to global climate change. This is particularly crucial 
in the Arctic region.   

In addition, the methodologies applied in this project have provided UiT with ideas for new 
projects. Based on results of the project, we have obtained funding for another collaborative 
project with Finnish participants to investigate possibilities to extract resources from solid waste 
using column leaching tests.  

4.5 Publications 

Four papers based on the project have been presented at international conferences and published 
in the conference proceedings. In addition, one paper is accepted by Environmental monitoring 
and assessment journal. We have also been asked to prepare a full paper from one of the 
conference presentations for publication in the associated journal, and we will prepare and 
publish more papers based on the research in the near future. The following papers have been 
generated from the research to date:  

Lu, J., Yuan, F.Q. (2018) The effect of temperature and precipitation on the leaching of contaminants 
from Ballangen tailings deposit, Norway. WIT Transactions on Ecology and Environment accepted.  
 
Fu, S., Lu, J. (2018) Column leaching heavy metal from tailings following simulated climate change in 
the Arctic area of Norway. WIT Transactions on Ecology and the Environment. 2018, 228: 45-52. 
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Fu, S., Lu, J. (2018) Multivariate analysis of Co, Fe and Ni leaching from tailings following simulated 
temperature change. IOP conference series: Earth and Environmental Science, 191. DOI: 
10.1088/1755-1315/191/1/012125 
 
Fu, S., Lu, J., Yuan, F.Q. (2018) Column leaching test on oxidized and non-oxidized tailings in 
northern Norway. IOP conference series: Earth and Environmental Science, 191. DOI: 10.1088/1755-
1315/191/1/012010 
 
Fu, S., Lu, J. (2019) Temperature-driven variation in the removal of heavy metals from contaminated 
tailings leaching in northern Norway. Environmental monitoring and assessment. Accepted.  

4.6 Conclusions 

In this study, a laboratory batch leaching experiment and column leaching experiment was 
performed on the tailings from Ballangen deposit in northern Norway. The batch leaching was 
conducted at four different temperatures 5, 10, 15 and 20°C and 2 precipitation rates of 
8mm/week and 20mm/week. The leachates from six leaching cycles were cccollected and tested 
the pH and concentrations of Cr, Cu, Fe, Ni and Zn. The pH of leaching solution is lowest at 
20°C under both precipitation rates, which indicates more oxidation and weathering of tailings 
at 20°C. Concentrations of Cr, Cu, Fe, Ni showed highest concentrations in the leachate at 
20°C and 20mm/week leaching conditions. Whilst the concentrations of Cr, Cu, Fe, Zn in the 
leachate showed highest concentrations in the leachate at 5°C and 8mm/week leaching 
condition. The accumulated leaching amounts of Cr, Cu, Fe, V and Zn are generally higher at 
a precipitation rate of 20mm/week than 8mm/week. The difference between the two 
precipitation rates increases as temperature increases and the highest difference is generally found 
at a temperature of 20°C. A combination of high temperature and high precipitation will 
significantly increase the leaching of contaminants.  

Column leaching tests were also conducted at four temperatures (5, 10, 14 and 18°C), and 
leachates were collected every two weeks. The pH of the leachate was highest at 5°C and lowest 
at 18°C, indicating that increases in leaching temperature will increase the oxidation of tailings. 
Concentrations of SO4

2-, Fe, Mn, Zn and Ni in the leachate were also highest at 18°C and lowest 
at 5°C. The sludge cover addition may have slowed the weathering of the underlying tailings 
and reduced the leaching of SO4

2-, Co, Fe, Ni, Mn and Zn to the surrounding environment.  

If global climate change continues as expected, in the near future the temperature and 
precipitation will increase, especially in the Nordic region. This will have significant effects on 
contaminant leaching and transport from various environmental media, not only mine waste 
deposits. Therefore, more investigations are needed of effects of changes in temperature and 
precipitation on contaminant leaching and transport in the Nordic region, the mechanisms 
involved, and ways to mitigate their adverse consequences.    
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