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Abstract 

The mining of certain minerals, such as copper and zinc is commonly connected with acid mine 

drainage (AMD) problems that can have serious impact on human health and cause ecological 

destruction. The Folldal mining area was intensively mined for copper, sulphur and zinc for 

about 200 years from 1747 to 1968. The main objectives of this research work were to predict 

the acid producing capacity of Folldal mine tailings by using static and kinetic tests and to 

develop geochemical models to quantify leachate composition. The static tests were carried out 

for 19 topsoil samples collected from different parts of the mining area. Humidity cell (small 

column) tests (kinetic tests) and large column test were performed to assess the sulphate and 

heavy metals leaching rates from the soil samples. Inverse geochemical modelling using 

PHREEQC codes was applied to explain possible mass transfer processes between column 

leachates of mine tailings and rainwater.  

The net neutralization potential (NNP) and the neutralization potential ratio (NPR) calculated 

based on total concentration of sulphur and total inorganic carbon, TIC (static test), varied from -

159 to 3.3 t CaCO3 /1000 t and 0.01 to 11.5 respectively. The NNP in most samples were in an 

uncertainty zone (-20 to +20 t CaCO3 /1000 t) and the NPR <1 which indicating that the Folldal 

mine tailings have a potential to produce acid. 

The pH values in the leachate samples from humidity cell (small column) test varied from pH 3 

to 8. The sulphate production rate in nearly all the leachate samples of the topsoil from the 

Folldal mining area was >10mg/kg/week, even after 20 weeks of rinsing/leaching, indicating that 

the tailing material on the surface will release acid over a long time. 

Inverse geochemical modelling indicated that dissolution of pyrite, chalcopyrite, schwertmannite 

and sphalerite accounted for the high concentrations of sulphate, Cu and Zn observed in the 

study area. However the geochemical model for kinetic oxidation rate of pyrite, did not describe 

the observed large column test data sufficiently, probably because the PHREEQC model does 

not take dissolution of ultra-fine particles into account, as well as the impact of microbial 

activity. 
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1 Introduction  

Investigation of the potentially acidic environment from leaching of sulphide ore mining and 

evaluation of various mitigation options are hot issues and quite challenging scientific problems. 

Tailings and waste rocks are the two most common mining wastes (Hudson-Edwards et al., 

2011; Lindsay et al., 2015; Parbhakar-Fox and Lottermoser, 2015; Sutthirat, 2011). The tailings 

are mine dumps produced during mineral extraction and processing when the ores are crashed 

and milled. Whereas the waste rocks are generated during excavation and mining of the ores 

(Holmstrom, 2000). Frequently, huge amounts of sulphides minerals like pyrite, pyrrhotite and 

other ore minerals are present in these mine wastes (Hudson-Edwards et al., 2011). Usually 

waste rock piles and mill tailings from the mining, which contain sulphide minerals can be 

significant sources of acid mine drainage (AMD) (Molson et al., 2005, 2004). The mining of 

certain minerals, such as gold, copper, zinc and nickel, is commonly connected with AMD 

problems that can have serious human health and ecological destruction (Akcil and Koldas, 

2006). AMD is formed when sulphide-bearing ores exposed to oxygen and water. For instance, 

oxidation of pyrite or pyrrhotite often produce AMD (Molson et al., 2004) which is characterized 

by a low-pH (< 4) in the drainage water, and high concentrations of sulphate (SO4
2-

), aluminium 

(Al), iron (Fe) and other toxic elements (Akcil and Koldas, 2006; Bussière, 2007; Dold, 2014; 

Molson et al., 2004; Sracek et al., 2004). The presence of high concentrations of trace element in 

the AMD affected areas (concentrations might be 1000 s of times higher compare to unaffected 

sites) and the corrosive nature of the acidic water unable to support many forms of aquatic life 

(Holmstrom, 2000; Kim and Chon, 2001).  

This master thesis is focusing on acid generating tailings from the Folldal mining area. The study 

area was intensively mined for copper, sulphur and zinc for about 200 years from 1747 to 1968. 

Although the mining activity was responsible for growth of the economy of the area, the area has 

faced huge environmental problems due to the high copper concentrations in AMD. The Folldal 

mine tailings have been oxidized due to extended exposure to air and water.  As a result local 

river and pore water are strongly contaminated by AMD. The consequence of the AMD 

generated from Folldal mine is clearly observable at the local river called Folla river. The 

numbers of fishes in the river, around the tailings (where the tributary run through the mine 



2 

 

tailing areas before joining the Folla river) are drastically decreased. In order to diminish the 

environmental problems on the area and to limit the generation of AMD, the Norwegian 

Environmental Agency has asked for reduction of copper discharge into water resources.  

Several research works have been done in the Folldal mining area. For example, Norwegian 

Geotechnical Institute (NGI), has carried out various investigations in Folldal mining area and 

suggested several mediation techniques (NGI, 2014). These remediation methods recommended 

by NGI include dilution/neutralization of mine water with alkaline water from the nearby river 

(Klimpel, 2017) and cover the reactive mine and mining tailings areas (Tvedten, 2016). 

However, almost all the research activities carried out in this area was used static tests (based on 

total soil concentrations) only to evaluate/ quantify the acid mine drainage formation. There is an 

information gap on the kinetic tests to study the evolution of acid mine drainage (AMD) from 

reactive mine tailings. Therefore, this research work has compiled results from static tests, 

kinetic tests and geochemical simulations to evaluate acid generating potential of the Folldal 

mine tailings. 

Static tests, which evaluate the balance between the acid-generating potential and acid-

neutralizing potential for a given mine tailings are characterized by a wide uncertainty zone in 

which it is impossible to accurately predict the acid-producing potential (AP) (Bouzahzah et al., 

2014; Cruz et al., 2001). Static tests are conducted at a given point in time, and do not account 

for the rate and evolution of the observed reactions rates (Adam et al., 1997). Subsequently, to 

better understand long-term AP, kinetic tests are commonly performed to provide more 

information about the reaction rates of the acid-generating and acid-neutralizing minerals. 

The main aims of this research work are to predict acid producing capacity of Folldal mine 

tailings by using static and kinetic tests and to develop models to quantify leachates composition. 

Failure to accurately predict AMD leads to long-term impacts on ecosystems and human health, 

in addition to substantial financial consequences and reputational damage to operators 

(Parbhakar-Fox and Lottermoser, 2015). To achieve these objectives soil samples and leachate 

samples from humidity cell (small column tests) and large column test were analysed. 

Geochemical simulation model (PHREEQC code) was used to better understand of the complex 

reactions taking place within the Folldal mining activities and to predict future leaching. 
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Using geochemical modelling to investigate the acid mine drainage is quite common in the last 

decades. For instance, in the Adak mine tailings deposit in Sweden, an exhaustive environmental 

evaluation of the trace elements distribution in soil, sediments, plants and water was performed 

based on field data analysis and geochemical modelling with PHREEQC (Bhattacharya et al., 

2006).  

The specific objectives of this thesis work can be summarized as: 

1) To examine the geochemical characteristics of Folldal topsoil influenced by mine tailings  

2) To investigate how well the static test can predict the acid producing capacity of the 

tailings compared to the kinetic tests.  

3) To develop a model for quantifying leachate composition in the study area, including 

inverse models and kinetic model by using the analyses results from large column test 

and soil geochemistry.   
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2  Folldal mining area 

2.1 Overview  

Folldal is located along the north western border of Hedmark county, in central Norway, 410 km 

North of Oslo, the capital city of Norway (Fig 2.1). The Folldal village settled at the foot of 

Rondeslottet and Snøhetta mountains. The study area is located at altitude of roughly 700 meters 

above sea level. Copper and sulphur mining was the main activity in Folldal area from 1748 to 

1968.  

Currently Folldal Mines, mining area and facilities (buildings, machinery and equipment), is a 

national technical-industrial cultural monument site and is protected by the Cultural Heritage 

Law, which does not allow alteration of the historical materials, structures and landscape. The 

area is one of the tourist attraction areas in Norway. The main attractions at Folldal Mines are old 

building from mining community, museum/ exhibition, Stoll 1, a mine dating back to the 1700s, 

and 600 metres  train trip inside the mountain  to Worms Hall (Folldal Gruver, 2018).  

The climate of the area is distinguished by long and cold winters and short and relatively hot 

summers.  This region is one of the most arid and temperate parts of Norway (Aanes, 1980) with 

average annual precipitation of 360 mm and annual mean temperature of 0.4 
o
C. The area 

receives the heaviest rainfall during the summer season (Fig 2.2).  

 Folla river is the largest river in the study area and the 3rd largest tributary of Glomma river 

which is the largest river in Norway (Aanes, 1980). The composition of the river has changed 

considerable by discharge of high concentration of sulphate, copper and trace elements from the 

mine tailings (Fig 2.3).  
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Fig 2.1 Location map of the study area, the blue arrow indicate direction of flow of Folla river 

(Modified from Kartverket, 2005). 

 

 

Fig 2.2 Annual weather statistics of Folldal area, the black lines show mean values, the red/blue 

line shows average temperature during the day (24 hr) (equalized for 30 days). The red/blue 
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areas show the temperature variations throughout the day (24 hr) with max- and min. The light 

blues bars show total precipitation this month, the black lines crossing are the normal (mean) 

value for precipitation.  

 

 

Fig 2.3 The discharge of Acid mine drainage from Folldal mining tailings to Folla river 

 

2.2  Geological setting  

In Folldal area there are very large deposits of fluvio-glacial materials left from the last glacial 

period (Aanes, 1980). According to Bjerkgard and Bjorlykke (1994) there are five stratabound 

massive sulphide deposits of the volcanogenic massive type (VMS) situated at three different 

stratigraphic levels within the Fundsjø Group. The material transported and deposited by glaciers 

is poorly sorted, hard packed and varies in grain size from clay and fine sand to blocks. The 

fluvial material is sorted and rounded, composed of sand and gravel and some layers of organic 

material. The Fundsjø Group, a lithology belonging to the Upper Allochton of the Trondheim 
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region, consists in its lower part of metabasalts and gabbros while the upper part consists of 

tuffic rocks with intercalations of metasediment. A large subvolcanic trondhjemitic (tonalite) 

intrusion is present and the geochemistries of the volcanic rocks indicate an island arc setting 

(Bjerkgård and Bjørlykke, 1994b). 

Lithologically, this region consist of Trondheim Nappe Complex (see Fig 2.4), the volcanogenic 

Fundsjø group, which consists of cambro-silurian sediment minerals of clay origin is overlaying 

the sedimentary Gula group  (Aanes, 1980; Bjerkgård and Bjørlykke, 1996, 1994a, 1994b). The 

Gula group consists of psammitic-chlorite-mica schist, semipelites and quartzites that have 

intercalations of conglomerates and marbles. Thin layer of limestone sediment also occurs in this 

area (Aanes, 1980).  

 

 

Fig 2.4 Geological map of Folldal area ( (Modified from Bjerkgård and Bjørlykke, 1994a).  

 

2.3 Mining history  

In 1745 Ole Husum discovered ore in Folldal and three years later (1748) the mining was started.  

The first company started mining was called Fredrik Gaves Verk and mined copper, zinc and 

sulphur from 1748 to 1878 (Folldal Gruver, 2018). And then the mining activity was ceased until 
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Folldal Copper and Sulpher Co. Ltd mining company established in 1906.  This mining company 

was active before it was closed down by 1941. However, small mining in and around Folldal was 

continued until 1968. From 1748 to 1968 a total of 4.45 million tons ore were extracted from 

Folldal mining area (Bjerkgård and Bjørlykke, 1996, 1994b, 1994a).   

2.4 Min e tailings  

Tailings are mixtures of crushed rock and processing fluids from mills, washeries, which are 

produced during mineral extraction and processing (Hudson-Edwards et al., 2001; Kossoff et al., 

2014).  Waste rock is produced during excavation and mining of the ore. These kinds of wastes 

often contain large amounts of different sulphides, such as pyrite (FeS2), pyrrhotite (Fe1-xS where 

x can be a value between 0 and 0.2) and other ore minerals. Such waste, exposed to weathering, 

is a source of acid mine drainage.  

The ratio of tailings to ore (concentrate) is commonly very high, generally around 200:1 

(Kossoff et al., 2014). The main mine located in central Folldal consisted of 14 different levels, 

where the deepest level reached down to a total depth of 700 meters. From the opening in 1748 

until it was close down in 1941, 1.5 billion tons of ore with 1.9% Cu and 1.1% Zn were extracted 

by underground mining (Geological Survey of Norway, 2014). 

Waste materials (tailings and waste rocks) from Folldal were disposed of in different areas from 

north of the old mine and towards the river Folla (Fig 2.1). Previous investigations and 

measurements by (NGI, 2014) have shown that there are four main sources of pollution of Folla 

river, that is drainage from the mine and four landfills: sludge pool area (A), industrial area (C), 

main depot (S) and old mine/tailings (N) (Fig 2.5). NGI (2014) also mapped the thickness of the 

tailing impoundments (Fig 2.6).  
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Fig 2.5 The tailings area and sources of Cu contamination in Folldal mining. The shaded and 

labelled polygon representing: sludge pool area (A), industrial area (C), main depot (S) and old 

tailings (N) ( from NGI, 2014). 
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Fig 2.6  The thickness of mine tailings in Folldal. The lightest blue areas represents 0-20 cm, and 

the darkest blue represents a thickness >100 cm. Map from (NGI, 2014). 


