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ABSTRACT  

 

 

Waste rock piles from coal mining of tertiary bituminous coal in Longyearbyen, Svalbard, show sulfide 

oxidation and subsequent acid mine drainage (AMD) production. The aim was to establish deeper 

understanding of AMD prediction based on Mineralogy and Geochemistry of coal and AMD samples. 

Mineralogical investigation of both coal and rock samples was performed with Automated SEM 

(ZEISS-Sigma VP300-Mineralogic System) as well as RAMAN. ICP-MS analysis was performed on 

solid and water samples. The pH from in situ measurements of AMD between 2,5-7,0. Eh varied from 

222-569 mV (corresponding pe value of 3,7-9,6). This study showed that time of AMD in an oxidative 

environment was a key factor in iron concentration and iron speciation the AMD. This could not 

however be concluded in terms of age of mine site but rather the site-specific setting. The main minerals 

found in coal samples were pyrite (FeS2), siderite (FeCO3), calcite (CaCO3) and apatite (Ca5(PO4)3). 

Pyrites were identified with framboidal and euhedral textures and were found inside the maceral matter 

and in over- and underlying rocks respectively. SEM analysis of coal samples indicated that the modes 

of mineral formation was changing over the course of the Longyear seam. This study found that 

framboidal or euhedral textures of pyrite had different impacts in the AMD production. Framboidal 

pyrite was found to generate a greater amount of acidity than euhedral pyrites due to larger specific 

surface area and could therefore pose larger problems in AMD management.  
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1. INTRODUCTION   

 

Acid mine drainage, (AMD), is a well-known environmental problem within coal and sulfide metal 

mining industries. The problem is global and includes all mining activity where there are sulfides 

associated with coal or minerals of interest. The environmental problems of AMD often include high 

and harmful concentrations of metals in aquatic habitats (Cravotta, 2008) as well as plant degradation 

(Askaer et al., 2008). The environmental problems of AMD must be regarded as serious since neither 

the production nor the effects cease for many decades (Al Zoubi et al., 2010; Matsumoto et al, 2016). It 

is imperative to understand and try to predict the production of AMD as it is often the management of 

AMD and the waste rock that is a problem for the mining industry (Wisskirchen et al., 2010; Parviainen, 

2018). Pyrite (FeS2), the most common sulfide mineral in the upper crust of the Earth (Dold, 2017), is 

the principal problem of AMD. Pyrite is a mineral with acidifying potential. It is also possible that 

minerals with neutralizing capacity are present. Calcites and carbonates can increase pH and can control 

the solubility of released metals from the produced AMD (Larsen and Mann, 2005; Campaner et al., 

2014).  

 

Coal combustion makes up 27 % of the total energy production in the world (BP, 2019). Coal is to be 

regarded as a complex geological matter which often is found with a wide range of minerals and trace 

elements where pyrite usually is the most common sulfide mineral (Finkelman et al. 2019). The 

environmental problems in proximity of the mine sites are mainly caused by pyrite oxidation and the 

subsequent AMD formation. Solutions referred to as AMD are usually characterized by a low pH, 

elevated levels of Fe2+, SO4
2- and associated metals and metalloids (Campaner et al. 2014; Parviainen, 

2018, Cravotta, 2008). Large amounts of waste rock, originating from overlying and underlying rocks 

of the extracted coal seams, are placed near the mine galleries which exposes sulfide rich material to the 

atmosphere- initiating oxidation (Dold, 2017). At first, the primary oxidant for pyrite will be oxygen 

from the atmosphere. The initial pyrite oxidation by the presence of water and oxygen is presented in 

Eq (1). The subsequent oxidation of ferrous to ferric with the following precipitation of iron hydroxides 

will be the most acidifying process in the system (Dold, 2010). This process is presented in eq. (2) and 

(3). When pH is decreasing and goes below pH=4, the produced ferric (Fe3+) ions have the possibility 

to oxidize pyrite instead of oxygen as the main oxidant (Pooler and Dold, 2017). Instead of becoming 

the primary oxidant for pyrite, ferric ions may hydrolyze and precipitate as different iron 

hydroxides/oxides. This process will decrease the iron concentration in the solution (Bigham et al., 

1990) but produces the main amount of protons (Eq. 3).  
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+    (3) 

 

𝐶𝑎𝐶𝑂3 + 2𝐻
+−> 𝐶𝑎2+ + 𝐻2𝑂 + 𝐶𝑂2    (4) 

 

When discussing the iron concentration in the AMD solution, one important factor is the availability of 

elements to create the precipitates of secondary iron oxyhydroxides. Providing that there are available 

elements and appropriate geochemical conditions, secondary mineral as ferrihydrite (Fe5HO84H20), 

schwertmannite (Fe8O8(SO4)(OH)6), goethite (FeOOH) and jarosite (KFe3(SO4)2(OH)6) can precipitate 

(España et al. 2006b).  
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There is a close relationship between pH and the species of precipitated, with schwertmannite, jarosite 

and goethite precipitating in the range of pH 2,5-3,5 while ferrihydrite can precipitate at pH >6 (España 

et al., 2006). Schwertmannite and to a certain extent ferrihydrite is especially interesting in the sense of 

element availability with its potential for retention of As, Cu, Zn and Ni (España et al., 2006).  

 

Pyrite oxidation can also be catalyzed by microbes which have the primary effect in the production of 

Fe3+, i.e. oxidation of Fe2+ to Fe3+ (Williamson et al. 2006) following eq. (2). At low pH, abiotic 

oxidation of Fe2+ by oxygen is rather slow in comparison to microbial oxidation which can be up to 5 

times higher (Larson et al. 2014). The rate of  Fe2+ oxidation could also be dependent on the secondary 

product, i.e. if the oxidation occurs in the conditions which are favorable in production of Fe3+ in solution 

– that will a have faster oxidation rate than if the conditions where favorable to schwertmannite 

precipitation (España et al. 2006). The presence of carbonates e.g. calcite have the ability to neutralize 

the generated acidity (Eq. 4) (Weber et al., 2004).  

 

 

1.1. AMD in Longyearbyen, Svalbard 

 

In this study we investigate AMD from a century of coal mining in the Arctic Archipelago of Svalbard. 

Since 1906 when the ‘American Coal Company’ started coal mining in Longyearbyen (N78°) it has 

been the primary industry on Svalbard. Today, coal mining produces roughly 70 000 tons/a at Mine 7 

(Gruve 7) (SNSK, 2012), the only currently active mine in the area (Fig 1). Longyearbyen presents a 

bituminous coal with high carbon content up to 90 % (Elvevold et al. 2007) which is considered clean 

and of high quality with good energy values in correspondence to low water content (Dalen-Nordnes, 

2016). The mines studied are the Norwegian mines numbered from 1-7 (Fig 1), operated by Store Norske 

Spitsbergen Kulkompani (SNSK). These mines are located between Björndalen (N78° 13.341' E15° 

19.539') to the active Mine 7 in Bolterdalen (N78° 09.360' E15° 59.918'). Being located in the arctic, 

the climate has previously believed to keep the sulfide oxidation rate down in deposits of sulfide rich 

waste rock piles in Svalbard. However, due to the extensive exothermic reaction of sulfide oxidation, 

AMD formation has been reported in the arctic environment despite an annual mean temperature of -

5°C (Elberling, 2007). Although the process of pyrite oxidation is limited in colder climate, temperatures 

below 0°C do not eliminate biological nor chemical pyrite oxidation (Askaer et al. 2008), as local higher 

temperatures are produced in the system due to the exothermic sulfide oxidation. The focus of previous 

studies in the area of Longyearbyen was on metal mobilization, microorganisms and the effects on the 

vegetation in proximity to the mine waste dumps (e.g. Eberling, 2007; Garcia-Moyano et al. 2015; 

Dallman, 2015; Cmiel & Fabianska, 2003; Askaer et al. 2008 Søndergaard, 2008). Previous 

investigations have been focusing on one site and one mine system at the time. However, an attempt on 

whole coal seams mineralogical and geochemical understanding over several sampled mine sites i.e. a 

broad understanding of AMD over the whole Longyear coal mining system has not been fully 

investigated. 
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Figure 1. Overview of Svalbard and Longyearbyen focused on the area where field sampling was performed Red dots on the 

right map illustrate the location of the sample sites. Each sample site is illustration where the main waste rock pile is located 

and hence where the sampling took place. Source; Norsk Polarinstitutt via https://toposvalbard.npolar.no 

 
Figure 2. Timeline of the mining operation in the Longyearbyen area. Black blocks indicate when each mine site was open 

and producing coal. The mines illustrated are the seven mines of SNSK for the last 100 years. Before 1916, the mining 

operation of Mine 1a belonged to an American company, however still the same mine site.  

 

1.2. Objectives 

 

The objective of this study is I) to characterize the mineralogy and geochemistry of the coal in order to 

quantify the contribution of the different minerals to the acidification and neutralization potentials, II) 

localize where and how the mineralization of iron sulfides are located, III) to analyze the factor kinetics 

in the oxidation process. This investigation will describe in what stage the pyrite oxidation is occurring 

at different sites in the system. Based on this a conceptual model in relation to the abundance of 

acidifying and neutralizing minerals in the Longyear seam can be constructed. This will improve the 

mineralogical and geochemical understanding of the coal seam system as well as help predicting the 

acid mine drainage and potential environmental problems arising after the closure of the still active coal 

mine in Longyearbyen.  

  

https://toposvalbard.npolar.no/
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2. GEOLOGY OF SVALBARD 

 

The geology of Svalbard is well documented by several authors (Hjelle, 1993; Harland, 1997; Dallman, 

2015). The landscape is dominated by flat topped mountains with almost horizontal ‘cake layering’ 

geology beneath. The geology of the investigated area around Longyearbyen is a part of the Central 

Tertiary Basin (CTB), which consists of siltstones, sandstones, claystone, conglomerates surrounding 

the coal seams (Dallman, 2015). Over- and underlying material have been known to be associated with 

sulfide minerals (Askaer et al. 2008). Although there are other locations over the Svalbard archipelago 

where tertiary deposits are found, the CTB area represents the most extensive development (Harland et 

al. 1976). The lowermost part of the CTB, lower Paleocene (65-60 million years old), known as 

Firkanten Formation is the host of the coal bearing Todalen Member (Müller & Speilhagen, 1990). This 

layer is made up by an upwards coarsening succession, 50 - 60 m thick and hosts the coal seams (Gjesdal 

Svinth , 2013). There are in total five main coal seams in the Todalen Member: Askeladden, Svarteper, 

Longyear, Todalen and Svea out of which only Longyear and Svea (Fig. 2) have been mined as the other 

seams lack economical basis for mining. The currently mined ‘Longyear seam’ is varying from 0,6 – 2 

m in thickness (Orheim et al. 2006).  

Todalen and Svarteper seam are less than 60 cm thick and Askeladden has poor quality with a high 

sulphur content (Harland et al. 1976). Generally, the coalification degree is higher in the coals from 

Longyearbyen meaning a higher content of carbon (Cmiel & Fabianska, 2003). Some of the mining of 

this seam takes place under the permafrost level which prevents water from seeping through (Hjelle, 

1993).  

 

 
Figure 3. Schematic sketch of the coal layers in the Lower Tertiary Todalen Mb, Firkanten Formation. Out of these five 

seams, Longyear seam is the only coal seam mined in the Longyearbyen area. 
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2.1. Coal geology studies of Svalbard 

 

Previous mineralogical studies of Longyear coal seam indicate predominantly vitrinite group macerals 

i.e. the solid organic matter of coal containing bitumen (Cardott & Curtis, 2017) with carbonates and 

clay minerals as the dominant mineral matter (Cmiel & Fabianska, 2003). According to Finkelman, 

pyrite is the most common sulfide mineral in bituminous coals while calcite and siderite are the most 

common carbonates. Element substitution in coals such as Mn2+ for Fe2+ in siderite and ankerite, and 

Sr2+ for Ca2+ in calcite are commonly observed (Finkelman et al. 2019). Calcite often occurs as veins 

structures and cell fillings which is an indication of epigenetic origin (Wang, 2016; Xiuyi, 2009). Pyrite, 

which commonly show framboidal and euhedral texture, can have both syngenetic and epigenetic origin. 

However, the formation and in what shape pyrite is found is largely affected by seawater intrusion as 

suggested by (Dai et al. 2014; Qin et al 2019; Wang, 2016, Shen et al, 2018). During the formation of 

the coal seam – the peat growth area can occasionally be flooded by seawater or have seawater intrusion 

in mires overlying the peat (Wang, 2016). With the marine influence under the formation of the coal 

seam, there is an addition of sulfate ions.  

 

This added sulfate ions can then be reduced by anerobic bacteria to sulfide which in turn can react with 

other present metals like iron – creating sulfide bearing minerals like pyrite (Wang, 2016). The more 

sulfate the bacteria can reduce to sulfides, the higher is the likelihood of pyrites being formed. The 

presence of sulfide bearing minerals like pyrites within in the coal seam is then a result of the availability 

of sulfur and Ferrous ions (Fe2+) and the amount of sulfate reducing bacteria activity (Shen et al., 2019). 

This is the main formation theory of framboidal pyrite within the coal seam (Shen et al., 2018). Marshall 

et al., (2015) as well as Orheim et al., (2015) confirmed the observations of vitrinite being the main 

component present in coal samples from the Longyear seam. The dominating mineral matter is found to 

be framboidal pyrite in the upper part of the seam in contrast to the lower part of the seam which is 

dominated by Ca-Mg-Fe carbonates as siderite and ankerite (Marshall, et al., 2015). Specially 

highlighted by Orheim, fusinite, a maceral in the inertinite group, stores the majority of all mineral 

matter found coal, located within the cracks and fractures parallel to the bedding (Orheim et al., 2006; 

Wang, 2016). This is supported in a study of Mine 2 in which it is stated that the majority of the 

seemingly low mineral content of 4% is found in weathered cracks and consists of carbonates (Nowak 

et al., 2019). In this study, Nowak also discusses the existence of pyrite in the coal structures, both as 

euhedral and framboidal shape in fusinite, supporting the finding by Orheim et al. (2006). In the 

Longyear seam, pyrite content has been found to be between 1 and 7,2 wt.% (Banks, 1996). Fractures 

in the Longyear coal seam are predominantly filled by calcite, pyrite as well as clay minerals such as 

kaolinite (Orheim et al., 2006; Marshall et al., 2015). 
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3. METHODOLOGY  

 

3.1. Sampling  

 

Each sample point, for both water and solid sampling, was georeferenced with GPS (red dots in Fig 1). 

Water sampling was conducted directly from the streaming water with sterile syringe and filtered 

through a nylon membrane (0,22 m Minisart®). However, it is important to state that Fe-nanoparticles 

can pass through, which might influence the final concentration of Fe-species (Dold et al., 2013). 

Samples were collected in 50 ml acid rinsed plastic bottles. Duplicate samples (for cation and anion 

analysis) was acidified with ultrapure nitric acid (HNO3) (Three drops, approximately 0.15 ml/50 ml 

solution) for conservation purposes. Non-acidified samples were filled to the rim, air-free and analyzed 

for anions. The physio-chemical parameters pH, Eh, conductivity, and temperature (C°) were measured 

in-situ (WTW multi 3420 for 2 digital IDS sensors; VWR MULTI meter MU6100 H) in the water before 

sampling. Coal and surrounding rock samples were collected from waste rock piles. Additionally, coated 

rocks with precipitates were sampled at the water sampling points. Rock samples were also gathered 

from mine galleries on the side of the mountain whenever possible. The rock samples were air-dried in 

order to prevent further oxidation. In total, there were 17 samples from solutions and solid samples 

respectively. 

 

3.2. Sample preparation  

 

Up to the time of analysis, the water samples were kept dark and cool (6°C). Coal samples from every 

mine site as well as surrounding rock samples were cut and placed in aluminum containers in an oven 

for drying at a temperature of 50°C for 24 hours. This procedure was also applied for precipitates and 

effluent salts. 30 μm thin sections where prepared for each sample at the University of Barcelona. For 

initial optical microscopy, samples of M3, M3 sulfide, M7 AT10 and M6 were prepared with a precision 

saw (Struers Secotom-10) and mounting pressed (Buehler SimpliMet 1000 Automatic mounting press) 

with (PhenoCure) compression mounting compound before polished.  

 

3.3. Mineralogical and geochemical analysis of solids  

 

A total of 22 samples were submitted to ALS Scandinavia and subjected to inductively coupled plasma 

mass spectrometry, (ICP-MS SIMS (HR-ICP-MS)). The solid sample analysis consists of three parts: I) 

elemental screening with ICP-MS; II) optical polarization microscopy; III) RAMAN and Automated 

Quantitative Mineralogy (ZEISS-Sigma VP300-Mineralogic System) for thin sections for mineral 

identification and abundance. SEM analysis was performed thin-section samples M3, M3 Sulfide, M2A, 

M7 AT3, M5-5, M6 Contact 1 and M6 Contact 2. For mapping Automated Quantitative Mineralogy, 20 

kV energy over sections of 40 μm was used. Correlation analysis was performed as an initial step 

towards understanding of the system. XLstat software with Pearson correlation was used for this with 

significance of p= 0,05. Further grouping was created out of expected minerals from previous studies 

of the Longyear seem – sulfides (S, Fe, As), silicates (Si, Al, Ti), carbonates (Ca, Sr, Ba) as well as (Ca, 

Mg, Fe) and (Cu, Cr, Zn, Ni) based on abundance and behavior in acidified solutions as AMD (Marshall, 

et al., 2015). The selection of ingoing minerals in the quantitative investigations were based on optical 

observations of euhedral pyrite, RAMAN spectrometry for siderite and calcite as well as previous 

studies of commonly found minerals in the Longyear coal seam. 
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3.4. Water analysis and modelling  

 

Water samples were analyzed by ICP-MS at ALS in Lulea. Limit of Reporting (LOR) varied for major 

elements between 500 – 5000 µg/kg and for trace elements 5 – 500 µg/kg. PHREEQC.3 was used for 

speciation and saturation index (SI) calculations. PHREEQC.3 was run with LLNL.DAT database 

(Developed for the program EQ3/6 (Wolery, 1992). Background for indication of what minerals to 

analyze and assume to precipitates, as well as functions of the software where provided by Nordstrom 

(2009) and Appelo & Postman (2005). 
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4. RESULTS 

 

4.1. Site description  

 

The mine waste rock piles were all located in close proximity to the mine galleries and consisted of 

materials extracted from the tunnels often in combination with large amounts of coal dropped in 

transport. In common for the different waste rock piles were visible signs of AMD in form of ochre 

colored precipitates. The studied sites were all to varying extent a mixture of anthropogenic waste, 

sandstone and siltstone, surrounding rock, coal and transition rocks – surrounding rocks with coal 

indicating a close origin to the coal seam. Mapping of the sites (Fig 4-11) showed a mixture of cm - dm 

scale strongly weathered coal, sometimes up to 90% of the surface, coal matrix and larger blocks, 

boulders of sandstone, 5-40 cm. Field sampling results show pH as low as 2,5 and every mine has at 

least one site with pH<3, except the active Mine 7 (Table 1). In Figure 12, the results from the pH is 

visualized in a map of the whole area in order of color and size. In the following maps from each mine 

site (Fig 4-11) there are specific pH data at exact sample location in relation to the waste rock piles.  

 

 
Figure 4. pH variation over the system organized in size with low pH, acidified areas, indicated by a larger circle. Red dots 

mark all sample points, both solid samples and water samples.  

Table 1. pH and Eh on selected sample location visible in the map overview above. 

Sample ID M1b-1 M1b-2 M2b M3-1 M3-2 M4-1 M4-2 M5-1 M5-3 M5-4 M5-5 M6-2 M6-3 M7 

pH 2,6 2,9 2,6 2,8 3,3 2,53 3,7 3,0 3,5 4,9 3,3 3,0 3,3 7 

Eh [mV] 495 525 438 569 452 485 380 517 493 363 548 563 483 310 

  

5 km 

 N 



9 
 

 
Figure 5. Geological mapping of Mine 1. The geological map is digitalized from field geological mapping. A) picture of the 

soil texture right above the sample site. Clay rich soil with no vegetation. Small streams of water could appear and small signs 

of AMD where the water was sampled. B) Image of the overlying old mine gallery for Mine 1. There are fragments of the 

infrastructure, stone coal that have been mined and dropped. Heavy in anthropogenic waste.  
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Figure 6. Geological mapping of Mine 2. The geological map is digitalized from field geological mapping. A) Sample site for 

AMD, water cropping out with orange color, no extensive precipitates. B) Precipitates found next to the waste rock pile at a 

higher altitude than the sample point. The pH vas 6 at this site. C) view of waste rock pile from the side. Surrounding rocks in 

a mixture with weathered coal and anthropogenic waste is visible. The rusty wagon is about 2 m in length.  
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Figure 7. Geological mapping of Mine 3. The geological map is digitalized from field geological mapping. A) South side of 

the waste rock pile at sample site M3-2 showed large amounts of precipitates and pH around 3,3. B) North side of the waste 

rock pile at M3-1  had a lower flow of water and was more acidic, pH = 2,8. Different color of the precipitates and not as 

extensive. C) The waste rock pile from a distance, looking east. The ground at this area had vegetation and where the water 

was streaming signs of AMD.  
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Figure 8. Geological mapping of Mine 4. The geological map is digitalized from field geological mapping. A) AMD 

precipitates from sample site M4-1. This area is where the water sample was taken and it had the lowest measured pH in this 

study, pH=2,5. B) Weathered coal samples like this was found spread out over the area. Very weathered and fell apart when 

handling. C) below sample site M4-2 there was a heavier flow of water and a long stream of clear AMD precipitates in a 

creak.  
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Figure 9. Geological mapping of Mine 5. The geological map is digitalized from field geological mapping. A) Right below a 

large string of coal looking up. The site has large amounts of stone coal, presumably dropped when transported away. Mixed 

with anthropogenic debris. B) First sample site with pH 3 showed precipitates, orange ochre colored. No place in this area 

had as much iron precipitates like this. C) Overview picture of the Mine 5 area. Infrastructure and houses still left 

abandoned. Large piles of waste rock material and dropped stone coal over a large area with different geochemical 

properties with pH diffing from 7,5-3.  
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Figure 10. Geological mapping of Mine 6. The geological map is digitalized from field geological mapping. A) Sample point 

right below houses and infrastructure for shopping of the coal. Large amounts of stone coal and neutral pH. B) Medium 

sized boulder from Mine 6 of a transition rock sample with hammer for scale Highly weathered sample with increasing flaky 

coal layers from a more lithified structure. The formations of the transition rock were commonly found in the area. C) At the 

sample site right where water was cropping out on the side of the hill, halfway up to the mine entrance, right below the waste 

rock piles. Acid and precipitates in this area with pH around 3.  
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Figure 11. Geological mapping of Mine 7. The geological map is digitalized from field geological mapping. A) At Mine 7 

there were only one sample site which was buffered of the additives from within the mine, pH=7 and no precipitates. B) 

overview of the area looking towards the east at the mine infrastructure of the still active Mine 7. Waste rock piles, coal 

dumps visible at the hillside. 
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4.2. Mineralogy 

The main minerals found in coal samples were pyrite (FeS2), siderite (FeCO3), calcite (CaCO3) and 

apatite (Ca5(PO4)3) as well as one silicate mineral which based on the EDS spec could not be specifically 

identified. Pyrites of framboidal and euhedral textures were found. Most of the samples investigated 

showed cracks and faults (Fig 11B) indicating tectonic movements. Visible in Fig 13A, there are cracks 

overlapping a previous pressure deformation visible by the “S-shaped” cracks with apatite.  

 

Sulfides. The sulfides found in the coal samples where exclusively pyrites of euhedral and 

framboidal texture (Fig 11, Fig 12, Fig 14, Fig 15). The euhedral pyrites were mainly found in fracture 

fillings, and the framboidal pyrites were located inside of coal matter as supported by previous finding 

of pyrite structures (Xiuyi, 2009; Wang, 2016; Shen et al., 2018). Sulfides were found in Mine 2, Mine 

3 and Mine 7  (Fig 1) with corresponding sample names; M2A, M3, M3 Sulfide and M7AT3. The pyrites 

found in sample M2A and M3 (Fig. 11 and Fig 15B respectively) showed more or less compact shapes 

of framboidal structures. In sample M2A, most of the framboidal pyrites found are quite porous in 

comparison to framboidal pyrites found in sample M3. Mine 3 M3 coal sample has high pyrite 

concentration (21,3%, Table 2) in comparison to other coals suggesting large lateral variations in pyrite 

content along the Longyear seam. The pyrites found in M7AT3 was euhedral and located inside the 

epigenetic cracks of calcite (Fig 13B). 
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Figure 12:  A) Coal sample from the M2A mine site. Fig B) Picture from optical mineralogy of the thin section. Large areas of 

maceral formations with little indication of larger mineralization. Mineral grains were found only in the darker wide-ranging 

extended areas. The red square in Fig B is the same area visible in Fig C. C) SEM image of darker area indicate several grains 

of framboidal pyrite formation. Py=pyrite. The maceral is not identified within the scope of this thesis. 

Carbonates. The identified carbonates in the coal samples were calcite and siderite. Carbonates were 

identified in coal samples from Mine 3 and Mine 7 (Fig 1) with sample names - M3, M3-Sulfide and 

M7AT3 respectively. M3 Sulfide samples contained both calcite and siderite, which were identified 

with Raman as well as SEM spot analysis (Fig 12). In figure 12, Point 1 (Fig 12 C2) shows siderite with 

a calcite rim (Point 3). SEM images of M3 Sulfide polished surface (Fig 11B) offers an example of the 

structure of the calcite veins and their correlation to the siderite grains. In M7AT3 sample (Fig 14) 

calcite was found, however not in the same texture as in M3 Sulfide. M7AT3 was investigated as the 

most pristine sample (freshly broken sample from the seam at the production front in the underground 

Mine 7), in contrast to the more weathered samples of the older mines. The sample showed a 

homogenous coal matrix with clear epigenetic cracks which were filled with calcite (Fig 14B). 
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Figure 13.  From Mine 3, the sample M3-Sulfide displayed a number of structures of pyrite, siderite and calcite. A) 

Py=pyrite, Ca=calcite and Sd=siderite. B) Optical microscopy, taken before the other samples in an initial investigation of 

the polished samples. C) show three-point analysis taken, identifying Siderite, Calcite and coal (Fig C1,C2, C3). Pyrite spec 

not displayed in this figure.  

Silicates and Phosphates.  Silicates (Fig 15A) were detected in coal sample M3, Mine 3, with 

surrounding pyrites of different shapes in a matrix of coal. The silicate mineral was not further identified 

than by the high peak of Si together with Na and Mg by SEM spot analysis (Fig 15 A1). From Mine 6 

(Fig 1) a transition rock was sampled, having coal and surrounding rock in one sample. This sample was 

divided into three parts, and the coal part of the sample was named M6Contact1 (Fig 13). The sample 

showed a homogenous coal matrix with cracks and faults including mineralization suggesting epigenetic 

alteration. These were exposed to Raman investigation, reveling grains of apatite (Fig 13).  
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Figure 14. A) Images of the thin section of Sample M6 contact 3. B) Hand-specimen of sample M6 and was the only sample 

where Apatite was found. The sample shows a layered structure with coal and surrounding rock, indicating that the rock was 

situated at the top or the bottom of the Longyear coal seam. A) Ap= Apatite. Based on the spot analysis in the SEM, the grains 

in this sample are believed to be Apatite. In this sample, coal was identified in the veins and faults. 

Samples M3 and M3 Sulfide from Mine 3 and M7AT3 form Mine 7 were analyzed for total mineral 

abundance in the SEM. Results from these samples of Quantitative Mineralogy Analysis show that the 

pyrite content varies between 21,3 % to 0% while carbonates showed concentrations of maximum 2.5 

% (Siderite in M3 Sulfide) (Table 2). These results indicate an alternating seam with large variations 

regarding mineral formation both lateral and vertical in the coal seam. The samples M3, M3 sulfide and 

M7AT3 were chosen based on the optical microscopy study. M7AT3 is the most pristine sample and 

has not experienced any weathering (collected from the front of mining operations (Picture in 

Supporting information)). Sample M3 was chosen due to high pyrite concentration and M3 Sulfide as 

transition sample offering information regarding potential differences in pure coal samples and 

surrounding rock.  

 
Figure 15. Sample M7AT3 collected inside of Mine 7. A) optical microscopy indicated large unweathered maceral areas with 

cracks and faults. These cracks showed Ca rich mineralization with included pyrites. B) Euhedral pyrites in vein filling, no 

framboidal structures were found in this sample.  
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Figure 16. Coal sample M3 from Mine 3. A) Optical microscopy image of Spot analysis indicated silicate mineral. Sample 

showed high concentration of framboidal pyrites. Si=silicate, Py= pyrite. This silicate mineral is not further identified then 

as for the spec in A1. B) Large textures of framboidal pyrites as indicated by spot analysis of Point 1 and 2 shown in B1. Spot 

analysis of Point 3 was found to be maceral.  
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Table 2. Mineral abundance in the three chosen samples for  

Quantitative Mineralogy analysis. This data is used for the ABA calculation. 

M3       
Number Area % Weight % 

Pyrite 12131 17,8 21,3 

Galena 2 0 0 

Kaolinite 297 0 0 

Siderite 3428 0,8 0,7 

Plagioclase 1 0 0 

M3 Sulfide       

  Number Area % Weight % 

Siderite 660 2,4 2,5 

Calcite 482 0 0 

Pyrite 49 1,1 1,6 

M7 AT3       

  Number Area % Weight % 

Calcite 206 0,7 0,9 

Dolomite 6 0 0 

Kaolinite 4 0 0 

Siderite 144 0 0,7 

Pyrite 2 0 0 

 

Figure 17: A) the waste rock pile in Mine 3 had a high percentage of weathered coal matrix together with blocks of sandstone and coal 

pieces. B) Cut sample called M3 Sulfide. Transition of coal matter to more lithified source rock with high coal content.  This sample was cut 

for thin section as well as for “puck” for optical microscopy. C) large euhedral pyrite in the transition area of coal and source rock. Py = 
pyrite, Ca= calcite and Sd=siderite. D) Visible signs of oxidized fractions, iron hydroxides possible ferrihydrites. This is a weathered sample 

and these structures where not visible to the same extent in any other sample.   
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4.3. Geochemistry of the coal  

 

The results from the solid sample ICP-MS analysis further indicate the difference in composition (Table 

3). The concentration of iron was found to alternate between 1.8 g/kg to 60.5 g/kg for the coal samples 

(M7AT10 and M4). The difference in iron concentration was also found in the surrounding rocks, with 

iron concentrations as high as 30,4 % at Mine 3 (M3 contact, Table 3). This sample was a contact sample, 

directly in contact to the coal seam. Based on correlation investigation coal samples were found to be 

controlling the water quality. As indicated by Table 4 below, the concentration of the water is highly 

affected by the coal samples in relation to the surrounding rocks samples. However, with increased 

acidity the correlation between the surrounding rock and the water sample increased as was noticeable 

in M4-1 (pH= 2,5) in correlation to M 4 contact (Table 6). The major element distribution between the 

samples are visualized in Figure 19 where the difference between coal samples and rock samples are 

portrayed as well as the difference between coal samples. Coal sample M3 is noticeably different in 

element composition with higher concentration of many major elements than other coal samples. The 

PAAS- normalized element concentrations (Fig 17) show variations between coal samples and 

surrounding rock samples. All REE trace elements and most of major elements are depleted in the 

samples in comparisons to PAAS. Sr concentrations stands out for both sample types with 7 of 11 

samples presentation elevated concentrations in relation to PAAS. One coal sample, M3 coal sample 

show the highest concentration of Sr and V. M3 coal samples show a peak in elemental composition for 

more major elements, as visualized in Figure 19.  

 

Table 3. Results from the solid sample ICP-MS analysis. These show al the samples investigated, however only major 

elements. Full element composition will be presented in Supporting information. 

              
Coal sample Al Fe Ca S  Mg K Sr  Mn Zr Zn As 

              

Unit g/kg         mg/kg       µg/kg       

              

M1b 3.58 2.38 2.14 8.45  865 440 227  4970 16400 1990 308 

M2A 2.83 1.90 1.25 11.2  407 378 330  3950 3610 1180 688 

M3 36.5 44.0 1.32 65.2  1170 9330 1100  14800 36600 9830 108000 

M4 1.42 1.81 2.50 7.67  731 247 532  4513 9680 1970 2840 

M5 1.80 3.36 1.90 9.38  711 127 173  4610 3180 516 877 

M6 1.68 3.48 5.70 8.27  1070 176 289  4780 1700 778 446 

M7 AT10 41.5 60.5 1.58 50.7  2420 2090 188  175000 21700 96000 371000 

M7 AT3/CT2 1.68 4.57 2.85 3.19  2240 113 78.7  9740 5350 299 313 
                            

 
Source rock Fe Ca Mg K  Sr Mn Zr Zn As 

           
Unit           mg/kg         

           

M3 contact 304 24.2 4.13 1.28  317 1010 7.59 22.2 8.65 

M4 contact 271 10.8 7.75 11.8  231 1080 6.77 44.7 12.6 

M5 C 9.68 0.35 1.34 16.7  104 22.2 17.9 8.95 10.2 

M5 source 6.49 0.32 1.42 18.5  71.7 21.5 27.8 8.14 1.69 

M6 contact 2 2.77 2.13 0.39 0.24  599 5.02 3.36 2.05 1.07 
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Figure 18. PAAS (Post-Archean Australian Shale) normalized REE elements from both coal samples and surrounding rock 

samples, logarithmic scale. Each color represents one mine site. PAAS normalization values from Taylor and McLennan 

(1985). 

 

 

 

Figure 19. Pyrite trend line of Coal samples and Surrounding rock, indicating where the pyrite is situated in the different 

samples with basis of molar Fe/S ratios. White boxes along the trend line indicate sample names from the field – mine site and 

potential position in relation to coal seam. “Contact” & “Source” and “C” refers to a surrounding rock with coal fragments, 

indicating close contact to coal seam. “Sulfide” & “Pyrite” refers to field observation of sulfide content.   
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Figure 20. Solid sample chemistry of major elements visualized in bar-diagrams. Coal samples and surrounding rocks 

displayed with mg/kg concentration for certain elements. The five samples on the right side of the line are the surrounding 

rock samples and/or contact rock samples. Concentrations are kept as mg/kg for the sake of comparison between coal 

samples and rock samples as well as comparison between the elements.  
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4.4. Acid base accounting (ABA) 

 

The results from the ABA test was based on the data from the full mapping made of M3, M3 sulfide 

and M7AT3 samples (Table 2). Results of the data from the full mapping indicated that M3 and M3 

Sulfide was prone to acidification while M7AT3 sample indicated a neutralization potential. Siderite 

was consciously excluded from the calculation where the pH was low due to siderites lack of 

neutralization potential (Larsen and Mann, 2005). For M3 samples, the results indicated a clear acid 

production with a high concentration of pyrite (21,3 %). The transition sample named M3 Sulfide 

showed lower concentration of pyrite (Table 2), however in a large, macro-visible euhedral shape with 

surrounding calcite veins.  

 

Table 4. Acid base accounting (ABA). Results based on Quantitative Mineralogy. The column "Possible" is referring to the 

results of Image J threshold analysis, including the calcite veins in sample M3 Sulfide which were excluded from the full 

mapping due to size.  

          
Mineralogy  M3 pH =3 

  wt% S wt% 31.25 62.5 

Pyrite 21.3 11.3 354 708 

Total AP 
  

354 708 

  wt% wt% 

 
  

Calcite - - - - 

Total NP   
 

0 0 

ABA (NNP)     -354 -708 

    
  

  

Mineralogy  M3 Sulfide pH = 3 

  wt% S wt% 31.25 62.5 

Pyrite 1.12 0.6 18,7 37,4 

Total AP 
  

18,7 37,4 

  wt% wt% 

 
  

Calcite 0.2 0.2 2 2 

Total NP   
 

2 2 

ABA (NNP)     -16.7 -35.4 

        

Mineralogy  Possible mineralogy for M3 Sulfide. Image J threshold  

  wt% S wt% 31.25 62.5 

Pyrite 1.12 0.6 18.7 37.4 

Total AP 

  

18.7 37.4 

  wt% wt% 

 
  

Calcite 16.1 16.1 161 161 

Total NP   
 

161 161 

ABA (NNP)     142 123 

        

Mineralogy  M7 AT3 pH = 7       

  wt% S wt% 31.25 62.5 

Pyrite 0.003 0.002 0.05 0.1 

Total AP 

  

0.05 0.1 

Calcite 0.93 0,93 9.33 9.33 

Siderite  0.65 0.65  6.5 

Total NP 

  

9.33 15.8 

ABA (NNP)     9.28 15.7 
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4.5. Water chemistry  

 
Table 5. Major element concentrations in water sample from affected mine sites including buffered Mine 7. Concentrations are 

scaled to size to enable comprehension. Element concentration data provided by ICP-MS analysis. 

 

Sample 

AMD pH 

eH 

[mV] SO42-  Al Fe Ca Mg Mn Zn Sr  Zn  As K 

                

Unit     g/l   mg/l                 µg/l   

                

M1b-1 2.67 495 1.16  27.3 72.9 89.8 76.6 3.68 1.70 2.14 1.70  1.30 534 

M1b-2 2.90 525 0.865  9.19 18.4 115 48.4 1.08 0.423 2.74 0.423  1.25 1480 

M2b 2.57 438 3.53  169 703 117 300 17.5 8.69 1.69 8.69  362 501 

M3-1 2.75 569 1.04  43.7 89.0 121 46.3 2.96 1.79 2.16 1.79  1.26 763 

M3-2 3.25 452 0.176  3.67 23.4 22.1 7.38 0.270 0.213 0.398 0.213  10.0 550 

M4-1 2.53 485 0.138  11.79 135 46.0 12.4 0.728 0.396 0.851 0.396  2.50 276 

                

M4-2 3.66 380 0.214  2.14 8.44 33.2 10.5 0.601 0.169 0.960 0.169  1.58 1250 

M5-1 2.97 517 1.01  70.0 113 49.2 43.6 2.25 0.925 1.42 0.925  2.16 743 

M5-3 3.50 493 1.72  84.03 3.04 208 141 15.1 2.39 2.82 2.39  0.113 1410 

M5-4 4.90 363 0.781  15.4 0.04 140 60.5 4.28 0.381 3.42 0.381  0.071 3110 

M5-5 3.32 548 1.60  72.0 10.3 332 220 19.4 3.59 2.75 3.59  0.153 138 

M6-2 2.99 563 3.98  118 82.0 210 447 12.2 1.87 2.68 1.87  3.15 629 

M6-3 3.25 483 5.04  158 10.4 390 688 30.2 2.72 3.15 2.72  0.71 814 

                                

                             

5 km 

 N 

Figure 21. Major elements, Al, Ca, Fe, Mg concentrations in water sample. The size of the circles indicates areas with low 

pH with larger circles suggesting more acidity.  
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The pH varied over the different sites between 2,5-7,0. The average pH from in situ measurements of 

water affected by waste rock piles was 3,9. Redox potentials [Eh] varies from 222-569 mV 

(corresponding pe value of 3,7-9,6). The water samples were investigated in the same graphical and 

statistical manner as the solid samples. For the water samples, the highest measured concentration of 

dissolved cations was found in Mine 2 and Mine 6 (Table 6) as suggested by the graphs in Fig 12. With 

lower pH the concentrations of major ions in the water increase rapidly in all analyzed waters. In Mine 

3 and in the two samples M3-1 (pH=2,8) and M3-2 (pH=3,3) the difference in SO4
2- is five times higher 

in M3-1 (1040 000 [μg/l] compared to 176 000 [μg/l] in M3-2) (Table 5). Correlation data and graphical 

representation show that there is a pattern between measured SO4
2- ions and the dissolved concentrations 

of Al Mn, Mg and to a lesser extent also Ca. There was a high correlation (r=0,92) between Al and SO4
2. 

Si and Al had a strong correlation as well as bivalent cations like Zn, Mn, Mg, Li and SO4
2- had a 

correlation of r=0,98, which indicated that the major part of sulfur in the water was sulphate species, 

which was indicated by the PHREEQC modeling.  

 

 
Figure 22.  Variations between the mine sites in pH, SO4

2- and main metal concentration. A) pH variation between the mines 

and AMD effected mine sites. Mine 7 is 7.0 due to additive buffers. B) Al concentrations in mg/l. C) Fe concentrations in 

mg/l. D). As concentration in μg/l. Follow the same pattern as Fe. E) S04
2- concentration. The sulfate concentration has 

large influence on other metal concentrations, as Al, Mn, Zn. F), Mg concentration in mg/l. G) Cu concentration in ug/l. H) 

Ca concentration in mg/l. I) Zn concentration in mg/l. All data is average data from each mine site with the AMD affected 

sites.  
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4.6. PHREEQC analysis 

 

To picture what secondary minerals of iron hydroxide that might precipitate in the different geochemical 

environments of the mine sites, saturation index (SI) and species modelling in PHREEQC was 

performed. Information regarding the secondary minerals and the likelihood of their precipitation can 

be used to understand the geochemical condition and what minerals are contributing to the AMD. The 

results from the SI modeling in PHREEQC revealed that the solutions were undersaturated with respect 

to ferrihydrite in all sampled mine sites that had been affected by acid mine drainage (Table 7). The 

sample sites that were unaffected by AMD or had calcite added as a buffering (Mine 7) have not been 

considered in these results. The geochemical environment indicates that ferrihydrite is unlikely to be the 

main secondary mineral precipitating, since the pH is simply too low (commonly precipitates of 

ferrihydrite pH>6 (España et al., 2006)). This is strengthened by the calculated negative SI. Jarosite 

showed a distinct variation in saturation indices, undersaturated in most mines, but highly supersaturated 

in M3-2, M4-1, M4-2 and M5-3. All these mines showed a relatively high abundance of K+ ions in the 

water (Table 6) indicating that K-Jarosite would have the appropriate elements to precipitate. 

PHREEQC calculations indicate undersaturation with respect to Goethite except for mines M3-1, M6-

2 and M5-5. All these show very similar geochemical boundaries in pH and Eh; pH between 2,8-3,3 and 

Eh between 547,7-568,8. The Al mineral included in the investigation was Gibbsite which PHREEQC 

modelled as undersaturated as expected of Al at these low pH values. Gibbsite buffers the system at pH 

4-4,3 (Dold, 2010) which none of these mines are close to. 

 

Table 6. Results of PHREEQC.3 modelling using LNLL database. Mines with acidification are presented with suggested SI 

values from modelling. Negative SI values reflect undersaturation of the AMD water with respect to a given mineral. Positive 

values of SI reflect oversaturation with respect of a given mineral and a possibility of tendency of precipitation. However, 

limitations of the model include kinetics and or high activation energies which can hinder precipitation of minerals.  

 

Mine site Formula 
M1b1 M1b2 M2b M3-1 M3-2 M4-1 M4-2 M5-1 M5-3 M5-5 M6-2 M6-3 

pH 
 

2.67 2.90 2.57 2.75 3.25 2.53 3.66 2.97 3.50 3.32 2.99 3.25 

eH [mV]  495 525 438 569 452 485 380 517 493 548 563 483 

pe  8.37 8.87 7.40 9.61 7.64 8.20 6.41 8.74 8.32 9.26 9.51 8.16 

Fe 

Minerals 
 

            

Ferrihydrite Fe5HO84H20 
-6.16 -5.56 -6.43 -5.33 -6.49 -6.27 -6.18 -5.56 -6.18 -5.09 -5.11 -6.09 

Goethite  FeOOH 
-0.72 -0.12 -1.05 0.06 -1.03 -0.81 -0.71 -0.14 -0.72 0.33 0.31 -0.78 

Jarosite  KFe3(SO4)2(OH)6 
-15.19 -8.30 -9.85 -6.62 -12.47 -11.81 -13.11 -7.97 -10.67 -8.03 -5.89 -9.82 

Al 

minerals              

Gibbsite     Al(OH)3 
-4.26 -3.99 -3.93 -4.55 -3.93 -4.51 -2.11 -3.78 -2.45 -2.82 -4.00 -2.66 
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5. DISCUSSION  

 

5.1. Geochemistry  

 

Fe.   Fe is found mainly in pyrites, but also in siderite. The carrier of iron is one of the key 

parameters for AMD due to the minerals acidifying or neutralization capacity. What is interesting as for 

acidification is if the iron is found as pyrite or not. As presented in Fig 13, coal samples and surrounding 

rocks are displayed with respect to a `pyrite trend line´. The concept of this graph is to illustrate on a 

molar basis where the pyrite is located. If all the Fe and S were in the form of Pyrite, the points in the 

graph would fall along the “FeS2 Pyrite Line”. The points plotted above the line indicate an excess of S 

which may be organically bound or in other minerals. As shown by the trend line the Sulphur and iron 

is very well correlated with R=0,87 and R=0,93. However, for the coal samples, the bulk of the samples 

fall on the high-S side of the FeS2 line while for the surrounding rock the samples tend to fall on the 

high-Fe side. This shows that the coals tend to be higher in sulphur. This could indicate a higher quantity 

of sulfide bearing minerals in coal samples, but also that sulphur is likely to be organically bound in the 

coal samples which is not uncommon (Schatzel & Stewart, 2002). Also, the ratio may be balanced out 

with Fe in the form of Siderite and therefore not necessarily suggesting that the sample have noticeable 

concentration of pyrite.  

 

The Sample M2b shows pH (<2,6) and pe (<7,4), indicating that Fe2+ is the dominant Fe species, which 

is supported by the equilibrium calculation in PHREEQC. This site shows a different behavior compared 

to Mine 6 where the pH > 3. At Mine 6, the formation of schwertmannite could take place and this site 

also show clear precipitates in contrary to Mine 2. This could be explained by 1) time spent in oxidizing 

conditions are longer in Mine 6 area due to the sample location, 2) concentration of bacterial activity, 

3) a lack of available elements (K+) to create secondary iron precipitates, 4) the temperature of the water 

which have been shown to have an impact on the iron oxidation rate (España et al., 2006) and/or 5) the 

shape of the pyrites will influence how readily it will oxidize. Mine 2 is one of the older mines and 

started to produce coal in 1918 (Fig 22) and has not been opened for the past forty years. Despite that, 

this mine site is still producing acidity and has one of the most acidified sample sites found in this study 

with pH =2,6. At Mine 2, the sample is taken at the spring suggesting that the conditions should be 

reducing, which is confirmed by the low Eh =437,7 mV. In this case, the time of exposure to atmospheric 

oxygen could be the main factor of the low redox conditions.  This site has a low pH but shows no large 

precipitates except for the ochre color of the water. This indicates that the Mine 2 site is at an early stage 

of iron oxidation where large amounts of precipitates haven’t had time to form even though the mine 

site is old. The exposure to the atmosphere and subsequent oxidative state of the system has to do with 

the composition of the waste rock pile in terms of grain size etc. In the case of Mine 2 the AMD was 

sampled close to the first outcrop of the solution. The redox condition and the lack of precipitates in the 

near proximity can be explained by this hypothesis, that the AMD outcrop has been kept in reducing 

conditions within the waste rock pile. This hydrological interpretation is visualized in a schematic sketch 

(Fig 23).  

 

Even though all sample sites were aimed to be sampled as close to the spring as possible, the AMD at 

Mine 6 have had a longer time in contact with the atmosphere resulting in a more oxidizing condition 

and clear signs of precipitates. Oxidation of ferrous to ferric does not happen momentarily. At low pH, 

abiotic oxidation of Fe (II) by oxygen is rather slow in comparison to microbial oxidation which can be 

up to 5 times higher (Larson, et al., 2014). In most cases, bacteria play an important role in the kinetics 

of iron oxidation and rate of acid generation  (Akcil & Koldas, 2005). The pyrites found in Mine 2 (Fig 

11) showed different compaction levels of the framboidal pyrites. 
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Since framboidal are more porous with larger specific surface area, they are interpreted as one of the 

reasons for the low pH in Mine 2 M2A site due to the rapid oxidation. Previous studies support the 

theory that the oxidation of framboidal pyrites have a faster oxidation rate and subsequent larger acid 

generation than euhedral pyrites due to their larger specific surface area (Weber et al., 2004). Framboidal 

pyrites are found in other samples but not to the extent as in M2A and not exclusively. This could 

indicate a different geological setting and alteration for the coal sampled throughout the Longyear 

system. As previously stated, the Mine 2 sample is rich in framboidal pyrite and at the same time low 

in carbonates, resulting in an environment more prone to acidification than sample sites with higher 

carbonate concentration and more euhedral pyrite content as in Mine 3 samples where the pH is slightly 

higher. In comparison to sample M2A, M3 sample showed signs of different modes of mineral 

formations (Fig 15).  

 

In relation to the smaller framboidal pyrite (Fig 15, Point 2), the larger structure (Point 1) with a more 

compact structure is hypothetically older and more evolved which would have an impact on the 

oxidation rate since framboidal pyrite wich large specific area oxidize more rapidly. Large euhedral 

pyrites were found in M3 Sulfide sample as well. Identified as a coal sample of surrounding rock 

transitioning to coal, the M3 sulfide sample indicated that it was formed closed to the top or bottom of 

the coal seam. This sample is unique in the sense of providing information of where pyrites might be 

located, either close to the overlying or underlying surrounding rock. There is no recorded data of 

framboidal pyrite in this sample. This could suggest that the framboidal structure are located exclusively 

in the coal structures, and the euhedral formations are more concentrated in the surrounding rocks or 

coal samples in contact or proximity to the surrounding rock. Results from both optical mineralogy as 

well as Automated Quantitative Mineralogy show findings of pyrite within the coal which indicate that 

acidity could originate from the oxidation of pyrites within coal and not necessarily in the surrounding 

rock as previous studies suggested (Askaer et al., 2008). 

 

Since the oxidation of Fe2+ to Fe3+ is catalyzed by microorganism, a potential lack thereof, or to a certain 

degree a smaller amount due to hostile environment for bacteria in comparisons to other mine sites might 

have an impact on the oxidation rate. In terms of Fe transformation between species, pyrite oxidation 

can be regarded as the slowest step (Williamson et al., 2006). With time, the water seepage is evolving, 

and the evolution has gone further on at Mine 6 sample site than at Mine 2. It is important to state that 

there were other sites at Mine 2 which showed ochre precipitates in similarity to other mine sites. 

However, these where dry and not accessible for sampling. Looking at M2b, the concentration of As, 

Cu, Zn and Ni are the highest of all measured concentration of water samples in the Longyearbyen area. 

This indicated that these elements still are in solution and not attached to any secondary precipitates. 

The evolution of oxidation can be further discussed by the M6-3 and M6-2 differences in dissolved 

elemental concentrations (Table 6). The longer the AMD is in contact with oxygen, the more Fe (II) will 

oxidize and more secondary minerals have time to form. M6-3 is simply located further away from the 

originating spring of the AMD than M6 2 is giving it more time to oxidize and precipitate. Iron is 

removed from the water in the process of iron oxidation with subsequent iron hydroxide precipitation 

(España et al., 2006). M6-2 show a lower concentration of iron in the water, as the same time as the Mg 

and Zn concentrations are higher, as well as a slightly higher Eh (Table 6). This is interpreted as an 

evolution of the AMD – oxidizing and precipitation iron below spring in M6-2, then flowing down, 

eventually going slightly below the surface and then outcropping again in the area of M6-3, which would 

explain the Eh difference.  
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Similar principle is visible in Mine 1 area and the difference between M1b-1 and M1b-2. There is no 

clear precipitation visible in M1b-1. Here it is seepage coming out of a fine-grained peat like material, 

soil and organic matter. The conditions at this site are more reducing (Eh = 495,5) and show a lower pH 

than M1b-2 (Table 6). The concentration of iron is higher in M1b-1. This could indicate that the iron in 

Fe (II) species and have not yet started oxidizing to Fe (III) with possible following precipitation to the 

same degree as M1b-2 has. At M1b-2 sample site, there are courser waste rocks, indicating a more open 

setting and that AMD have a longer time in contact with the atmosphere, suggesting a more oxidizing 

condition and higher possibility for precipitation and therefore depleting the solution of iron. This 

explains how the iron concentration in the water sample is almost five times lower than at M1b-1. 

Species and saturation index modelling in PHREEQC also suggest this theory, showing lower 

concentration of Fe (II) species in M1b-2 mine. Mine 2 and Mine 6 are portrayed in a schematic sketch 

(Fig 23) visualizing the topographic interpretations of outcropping water as an explanation of the 

geochemical difference in the systems. 

 

 
Figure 23. A: Schematic sketch of Mine 6 waste rock pile in cross section. In point 1, there is AMD flowing on surface, 

oxidizing conditions where precipitate can happen and subsequently remove iron from the solution. This water is re 

submerged and resurfaces in point 2, where the redox is lower, but much less iron in the water and no precipitation. Fig B: 

schematic sketch of Mine 2, providing a theory that the spring of M2A is reducing and outcropping in oxidative environment 

for the first time in point 1.  

As.  The mobility of As follow the concentration trend of Fe which can be explained by the 

sorption affinity of As to Fe (III) hydroxides at low pH (Dold et al., 2013). High correlation (r=0,965) 

between Fe and As corresponds well to the sorption affinity. The trend of As correlation in the water 

quality is visible in Fig 21. 

 

SO42-.  Looking at the speciation modelling in PHREEQC, the sulfate is by far the most dominant 

species in the system. This is reflected over other elements, such as Al, Ca, Mg, Mn which all show high 

concentrations of dissolved free cations, but also high concentrations of sulfate complexes. All water 

samples that are affected by acidity show a high concentration of SO4
2- as well as major cations; Fe, Mg, 

Ca and Al (Table 6). This does not mean that coal is the main cause of the acidity, only that the coal is 

the main component leaching ions into the water due to the acidification caused by pyrite oxidation.  

 

Ca.  That Ca concentration show a lower concentration in Mine 2 could be a mineralogical 

background, there are higher concentrations of CaCO3 in other mine sites. In the thin section analysis of 

Mine 2 sample M2A, there were no visible signs of calcite as in other sample. This is also in alignment 

with the elemental composition of the ICP-MS show the lowest concentration of Ca in comparison to 

other mines. This suggest, together with the findings of framboidal pyrite in M2A sample, that the low 

pH found in the site is a combination of lack of oxidation time, easily weathered pyrites producing 

acidity and no large quantity of neutralization minerals like calcite. Siderite is an important buffer 

mineral to consider, as it buffers the systems around 5-6 (Dold & Fontboté, 2000). This could be one 
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1 
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explanation for the medium pH value found in M5-5, although this sample is not confirmed with siderite 

content. 

 

Mobile bivalent cations. Mobil bivalent cations (Pb2+, Cu2+, Cd2+, Zn2+, Ni2+) can in certain 

geochemical conditions have the tendency of sorption onto iron and manganese hydroxides due to their 

large specific area (Ingri, 2012). This implies that these cations are secondary affected by the pH and 

redox in the system. All these elements can adsorb to ferrihydrite to great extent dependent on the pH 

(Ingri, 2012), subsequently removing them from the solution. In M2b, where the oxidation evolution 

has not reached the state of precipitating iron hydroxides, the concentration of Cu, Cd, Zn, and Ni show 

a peak (indicated by Cu and Zn in Fig 12). This, in comparison to M3-2 where there is clear iron 

precipitation, show that these cations are low in concentration and thus their tendency of adsorption to 

iron hydroxides. However, stated by España et al., (2006), it is also possible for these cations to simply 

remain as dissolved solutes, with or without precipitation. These elements may not be dissolved cations 

but already together with iron hydroxide complexes in M2b water sample as well as in M3-2. The 

difference lies in the evolution of the process, since the M2b iron hydroxides still are in suspension as 

minor colloidal phases. España further states that schwertmannite can be in particles with low enough 

diameter to pass a 0,45-um filter. In this study, the filter size was 0,22 um, but the fact still stands that 

the color of the M2b water sample before acidified was ochre colored in the bottle, indicating some sort 

of iron in suspension.  
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Minerals like sulfates and halides are known to occur in weathered coal samples (Xiuyi, 2009) although 

these have not been discovered in the investigated samples. However, as shown by sample M3, traces 

oxidation of pyrites in coal sample have been found, indicating that the sample have been weathered. 

Naturally, for sulfates and halides to occur, there need to be appropriate conditions and required 

elements. The complexity of coal mineralogy is presented in the correlation between the different coal 

samples taken from inside Mine 7. These samples are not weathered but still show a large difference in 

elemental composition. By comparing the concentration of zircon, Zr in coal samples M7AT3 and 

M7AT10, it is evident that the coal seam is not possible to regard as homogenous. Since Zr is an 

immobile element and is therefore not thought to be leached, the difference in concentration act as a 

validation of the heterogeneity of the seam. Between the two samples, which are less than 1000 m away 

from each other, is 400%. The highest concentrations of Si, Mg, As, Mn, Fe, Zn, K and Ni are all found 

in the samples from Mine 7 with a steady downwards trend with time since closure of the mine – 

indicating that the concentrations of these elements are decreasing with weathering and AMD. However, 

there is a noticeable peak in the Mine 3 coal samples of element concentrations. This might have to do 

with the short time of leaching since the mine closed recently. It could also indicate a mineralogical 

change due to different geological settings. Noticeable in this mine is also the concentration of Fe in the 

surrounding rock– 30% iron at the same time as the coal M3 have a high concentration of Fe. However, 

looking at the molar ratio of Fe and S in the coal and surrounding rock samples (Fig 18), it is clear that 

M3 coal sample is closer to the ideal pyrite line than the M3 Contact surrounding rock. In Mine 4 a 

noticeable difference in iron concentration is visible. Sample location in Mine 4 M4-1 is the most 

acidified area in the whole system (pH =2,53), and with exception off the more reducing conditions in 

Mine 2, it shows the highest iron concentration in water. The interesting observation is that M4-2 

(pH=3,66) sample point on the other side of the river only show 6% off the iron concentration of M4-1. 

The sample sites are located at waste rock piles originating from the same mine and are less than 100 

meters away from each other.  
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5.2. Modes of mineral formation  

 

As described and showed, the major findings in this study corresponds to the previous findings of the 

Longyearbyen, as well as coal seams over the world. With a focus on pyrites and calcite in the role of 

acid producing and neutralization minerals, possible formation of these minerals have been investigated. 

To fully understand the distribution of these elements the formation of the coal seam from deposition 

through diagenesis needs to be considered.  

 

In bituminous coals like the sampled coal in Longyearbyen, calcite is commonly found in cracks and 

faults, either in physical cracks due to external forces, or in naturally occurring cell cavities in maceral 

structure (Xiuyi, 2009). Most of the calcite was found in cracks indicating an epigenetic origin (Wang, 

2016), i.e., that the cracks with calcite were formed after the coal was created. However, as shown in 

the analysis of M6contact 1 sample, the epigenetic cracks might also be filled with more coal. Based on 

the spectrograph, the matrix within the crack in this sample was a sulphur rich coal (Fig 13 A2). These 

findings correspond to previous work (Qin et al., 2019) of epigenetic alterations. The Mine 6 sample 

M6contact 1 also indicates that extensional forces affected the coal seam. These events allow fluids to 

penetrate the sample, creating cracks with mineralization. The horizontal crack, which was created after 

the extensional forces have been affected of the previous cracks, receiving elements via the fluids which 

later can mineralize (Fig 13 A). The siderite however, was found as sphere-shaped aggregates which 

indicate a syngenetic origin, i.e., that the siderites were formed during the same time as plant debris 

started to form the coal seam (Xiuyi, 2009) meaning the pre-compaction stage of the accumulated peat 

(Dai, et al., 2014). The main influential factors for the mineralogical abundance are the sediment 

surrounding rocks, influence of marine environment and low temperature hydrothermal fluids (Wang, 

2016; Qin et al., 2019; Qin et al., 2018; Cmiel & Fabianska, 2003). 

 

Regarding the abundance of pyrites in the coal seam, different types were found in the samples in this 

thesis. Framboidal pyrites of different evolutionary states in M2A, euhedral pyrites inside of calcite 

veins in M7 AT3 as well as massive formations in M3 Sulfide sample. The framboidal pyrites of Mine 

2 are found primarily within the coal matrix indicating a syngenetic origin (Shen et al., 2018). Pyrites 

can also be formed by the intrusion of epigenetic hydrothermal fluids (Wang, 2016) and found as 

disperse euhedral particles with in the calcite veins (Qin et al., 2019), as well as from seawater and 

sulfate reduction. For pyrite formation, influence of marine environment in the early stages of the coal 

seam formation have been crucial. Seawater overlying the peatland during coal formation creates a 

reducing environment where sulfate reduction within marine sediments can occur (Marshall, et al., 

2015). The reduction of sulfates in this environment, reacts with iron ions and organic matter (Wang, 

2016) which leads to precipitation of S-Fe minerals like pyrites. Studies have shown that coal seams 

that have been affected by marine environments have a higher sulfur content that those of terrestrial 

setting, due to the elevated abundance of sulfate ions in seawater (Shen et al., 2018). This is interpreted 

as various mine location being affected by the sea to different degrees as the sulfur content and formation 

of pyrites are different.  
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5.3. ABA test  

 

Although previous studies indicated that the concentrations of pyrites in Mine 3 are high (7,2 percent) 

(Cmiel & Fabianska, 2003) - this coal sample may not have been representable for the average coal 

sample from this mine. In the Automated Quantitative Mineralogy analysis, the majority of the calcite 

veins where excluded due to limitation of included grainsizes. This entails a possible underestimation 

of the calcite present in the sample, and therefore underestimation of NP. Using the imaging software 

ImageJ, the sample image from the mapping was analyzed with threshold of color content. This included 

all the veins that the SEM analysis have shown to be calcite veins. However, this in turn might be an 

overrepresentation of the calcite concentration of the sample with the true value in between. The true 

value might be somewhere in between these results. This is a strong suggestion to further studies to 

further analyze the impact of calcite veins and the abundance, especially between the different mines. 

The presence of calcite in acid generating pyrite waste rock is very interesting and could be a valid 

explanation of why some mines show a higher pH, sometimes close to neutral values. Further 

investigation regarding this is recommended. 

 

5.4. PHREEQC 

 

A negative saturation index (SI) indicates an undersaturation of the solution with respect to a certain 

mineral. This implies that this mineral lacks the environment to precipitate. SI values of a solution is an 

indication of the thermodynamic stability of the a mineral and its likelihood to precipitate. The SI value 

in the results of the modeling is only referred to as a tendency, likelihood or a driving force to precipitate 

or not. The value is not a precis and finite value that is completely accurate. And super saturation 

indicates a tendency to precipitate, and a sub saturation indicates a tendency to dissolve. Therefore, +- 

5 in SI value is investigated further with correlating pH and redox to make an evaluation whether a 

precipitation might occur in the specific case. Theoretically, jarosite can precipitate in the pH range = 

2,5-3,5 (España et al., 2006). For the mines with a positive SI, the pH was within this pH range which 

indicates that it is possible that Jarosite could be supersaturated as indicated by the PHREEQC saturation 

index modelling. It is important to state the kinetics of precipitation can be slow, suggesting that 

precipitation could occur even though there were no visible signs if precipitates at the time of sampling. 

Which minerals that were brought to attention was based on which minerals that could have a 

precipitation rate fast enough to form under flowing water conditions. Many minerals are excluded from 

interest in this analysis since they only form under high-temperature environments or usually are inert. 

A list presented in (Nordstrom, 2009) was used as an indication of which elements to analyze as well as 

assumed precipitates in AMD. The filtration made in the field of 0, 22 µm should in theory remove any 

colloids. This, however, could be a margin of error in PHREEQC since where all elements are assumed 

to occur in as dissolved ions. There can however be small portions of Fe and Al colloids in the water 

sample – creating a margin of error. Further examination with XRD of sampled precipitate of these sites 

would be recommended as for future studies. The possibility of Goethite as a precipitate could be 

accurate since the mineral is found to be buffering the system at pH<3,5 (Dold, 2010) which is true for 

every mine site. Additionally, since the secondary minerals precipitated as a result of the pyrite oxidation 

and subsequent hydrolysis of Fe(III) are meta-stable, (jarosite, ferrihydrite and schwertmannite) they 

could be transformed into goethite (Dold, 2014). This further strengthen the possibility of goethite being 

the secondary mineral found in the sampled waste rock sites  

 

 

 

 



36 
 

5.5. Schematic model of the system  

 

The schematic sketch (Fig 24) is based on the premises that there are euhedral and framboidal mineral 

formations of pyrites and calcites in the system. In Mine 2 and sample M2A, there are no carbonates 

and only framboidal pyrites found. This sample is interpreted as an example of syngenetic origin with 

no epigenetic alterations. This creates a geochemical environment with readily weathered framboidal 

pyrites and no carbonates to neutralize the produced acidity. Inside the coal structure, the maceral, there 

are other smaller grains of minerals not identified in this study. These minerals all contain metals such 

as Al, Mg, As, Cu, K and Zn etc. These will be leached due to the high acidity produces and will be 

released with the AMD. This will create a high concentration of mobilized metal ions in the AMD, 

which is evident in sample concentrations (Table 6). The combination of this low pH (2,6), and that 

there is small concentration of potassium in the sample, precipitation secondary iron hydroxides does 

not happen as easily. Jarosite demands an abundance of K+, and Schwertmannite and Goethite 

precipitates in the pH range of 2,5-3,5 (España et al., 2006). Since the iron precipitations are based on 

Fe3+   ions, the oxidation of ferrous to ferric is an important step in the process. Time is of importance 

in this model, since the pH is low and Fe2+ is kept as Fe2+ , precipitates are not readily formed.  

 

The schematic model 2 is based on Mine 3 sample findings, of M3 and M3 sulfide. These systems have 

euhedral pyrites and calcite in veins formed of epigenetic alterations in proximity of the surrounding 

rocks. There is a lot of euhedral pyrites in this system, but also calcites that will neutralize the produced 

acidity. The ICP-MS analysis indicate that the concentrations of M3 Contact have the highest Ca 

concentration. This could indicate that the surrounding rocks in Mine 3 have higher Ca concentrations 

then other areas. The coal samples have much higher concentration of Al, Fe, S, Mg, K, Sr in in the coal 

matter than M2A sample. This could indicate that M2 is more weathered, but also that the coal is 

enriched from epigenetic events. Potassium concentration is higher in the Mine 3 samples, indicating a 

preferable environment for jarosite precipitation Having incorporated calcites in the coal suggest that 

the pH is regulated and buffered, which is suggested by the in-situ measurements of the AMD at the 

mine site. The pH in Mine 3 is around 3, providing a preferable geochemical condition for iron 

hydroxides to precipitate. 
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Figure 24. Schematic sketches of two mineral formation and their influence on the geochemical condition controlling the 

systems. A). Syngenetic formation of framboidal pyrite in a sample with no carbonate within the coal structure. B) Pyrite and 

Calcite in the same sample, epigenetically formed. Sample with its own neutralization ability will buffer the pH and create a 

better environment for iron hydroxide /oxyhydroxide precipitation which will adsorb mobilized metals in the AMD solution.  
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6. CONCLUSION 

 

In this study, the seven coal mines of SNSK, active Mine 7 and previously mined mines have been 

examined. The main minerals found in investigated coal samples are pyrite (FeS2), siderite (FeCO3), 

calcite (CaCO3), apatite (Ca5(PO4)3) and silicates. The geochemical system of individual mines has been 

investigated based on full elemental composition of sampled water as well as solid samples and 

mineralogical investigation. There are similarities between the mines affected by AMD due to pyrite 

oxidation. The Longyear coal seam is long and show evidence of different geochemical alterations, 

formations of both syngenetic and epigenetic origin of minerals. This makes any evaluation of mines to 

each other difficult due to large variation in mineralogical composition of coal samples and surrounding 

rock as described by the example of Mine 7 and Sr and the formation of minerals.  

 

This study can confirm that pyrite oxidation and subsequent acid mine drainage can be influenced both 

on the available carbonate mineralogy in the coal samples as well as the form of pyrite most abundant. 

Mine 2 showed the second lowest pH in the system and had a large abundance of framboidal pyrites in 

combination with low neutralization potential of carbonates. These framboidal pyrites where exclusively 

situated in the coal matter, interpreted as fusinite maceral based on previous coal mineralogy studies. 

This indicates that, in some cases coal is the main cause of AMD production although this thesis cannot 

exclude the possibility of AMD production pyrites in surrounding rock Mine 7 offered the most pristine 

sample with clear euhedral pyrites in calcite rich cracks within the coal matter. Based on the molar ratio 

of S and Fe – coal have a higher concentration of sulpher than surrounding rock, interpreted as a higher 

possibility of high pyrite content. The surrounding rock tend to show a larger iron concentration 

suggesting other Fe-minerals besides pyrites.  

 

This study concludes that time of oxidation plays a key role of understanding the geochemical system 

of this area.  The time variable is best concluded in the comparison of Mine 2 and Mine 6, where a fresh 

spring of AMD in Mine 2 offers a reducing environment of early evolution precipitates in suspension 

of the solution, and Mine 6 offers an insight in how iron is removed from the solution in the formation 

of precipitates over time. The geochemical systems are concluded as individual for each mine based on 

geological settings and different formations of the coal seam, topographical and subsequent 

hydrographical differences in the waste rock piles which offers specific geochemical boundaries in terms 

of time for oxidation.  

 

Conclusions over long term time effects regarding closing time of mines was not possible to draw within 

the scope of this study. Regarding the possible formation of minerals during or after the coal seam 

formation could also be an important aspect in AMD prediction. Framboidal pyrite is more readily 

weathered than euhedral pyrite due to the larger specific surface area. Further, based on the high content 

of pyrites (21,25% in M3 coal sample) and relatively low abundance of neutralization potential minerals 

as calcite, AMD is assumed to be a continuous environmental problem for the Longyearbyen area. 
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7. FURTHER STUDIES 

 

 

This study has raised many interesting areas of further investigations regarding AMD prediction in the 

Longyearbyen area. 

 

1. Confirmed mineral findings of euhedral and framboidal pyrites together with calcite offers large 

possibilities for further studies in acid base accounting and evaluation of acid potential. 

2. Findings of precipitates of blueish character in Mine 5 might lead to further insights in the 

geochemical understanding of the system.  

3. The difference in concentration of Fe and major elements in the mine sites of Mine 4. Influence of 

anthropogenic debris and the effect of smelt water from overlying glacier.  

4. Associated elements in euhedral and framboidal pyrite which might have a hazardous effect on 

surrounding environment.  

5. Long term time effects of the whole system could be further investigated to offer a good prediction 

on the eventual closing of the active Mine 7.  

6. Formation of pyrite minerals due to marine environments and the difference between Mine 3 and 

Mine 7 as the far ends of the coal Longyear coal seam for further understanding of the semi-local 

differences of mineral abundance in one seam.  

7. With regards to the pyrites found inside cracks of calcite in Mine 7, this particular system would be 

interesting to examine from the perspective of buffering capacity.  
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SUPPORTING INFORMATION  

 

 

 
Figure S1. Image from within Mine 7 at the very front of mining. At this place, the most pristine samples of coal 

were taken. These were hammered right of the wall. This Image is taken at M7 - AT3/10 
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Table S1. Water samples from ICP MS. Provided by ALS. Rawdata. 

                

            

SampleID 

Cl- 

[ug/l] 

NO3- 

[ug/l] 

SO4- 

[ug/l] 

Al  

 [ug/l] 

As  

[ug/l] 

B 

[ug/l] 

Ca  

[ug/l] 

Cd 

[ug/l] 

Cu 

[ug/l] 

Fe 

[ug/l] 

Li 

[ug/l] 

M1b-1 7900,0 5680,0 1160000,0 27322,3 1,3 87,6 89826,7 4,5 216,8 72861,9 124,1 

M1b-2 8000,0 4470,0 865000,0 9188,6 1,2 48,5 114727,0 1,6 99,1 18375,8 60,0 

M2b 8490,0 2000,0 3530000,0 168675,2 361,9 31,1 116852,0 19,4 1403,1 702734,0 387,8 

M3-1 5640,0 2000,0 1040000,0 43705,8 1,3 29,3 121001,5 5,0 215,9 89024,6 149,0 

M3-2 3990,0 2000,0 176000,0 3672,1 10,0 12,2 22141,3 0,6 37,8 23364,4 12,2 

M3-3 3600,0 2260,0 43400,0 8,1 0,0 12,9 11930,8 0,0 0,1 -0,7 1,4 

M4-1 1000,0 2000,0 138000,0 11788,5 2,5 30,4 45963,5 1,4 222,8 135263,9 34,5 

M4-2 4070,0 2020,0 214000,0 2140,3 1,6 34,2 33235,6 0,5 18,8 8442,9 17,2 

M5-1 2460,0 2000,0 1010000,0 70009,8 2,2 34,8 49245,0 5,3 111,9 112512,5 114,0 

M5-2 2730,0 2610,0 922000,0 8,6 0,0 85,1 142800,5 0,0 0,1 -0,8 15,9 

M5-3 3000,0 2000,0 1720000,0 84025,3 0,1 23,5 208413,7 8,6 199,4 3044,9 254,6 

M5-4 1630,0 2000,0 781000,0 15424,4 0,1 56,2 140139,8 1,8 7,9 38,6 68,7 

M5-5 3300,0 2000,0 1600000,0 72020,6 0,2 14,8 331862,7 10,0 176,3 10293,7 354,6 

M6-1 5190,0 2000,0 673000,0 0,8 0,1 66,0 157554,2 0,1 0,5 1,0 16,3 

M6-2 4300,0 2850,0 3980000,0 117673,3 3,1 72,6 209826,6 6,5 379,7 82010,1 443,1 

M6-3 6010,0 2000,0 5040000,0 157674,0 0,7 35,7 390430,6 11,9 113,3 10384,8 905,2 

M7 2000,0 2000,0 481000,0 1,1 0,1 101,7 99310,1 0,0 0,1 -0,6 19,5 
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Table S2 - Water samples from ICP MS. Provided by ALS. Rawdata. Continues 

 

                

            

SampleID 

Mg 

[ug/l] 

Mn 

[ug/l] 

Ni 

[ug/l] 

Pb 

[ug/l] 

S  

[ug/l] 

Si 

[ug/l] 

Sr 

[ug/l] 

Zn 

[ug/l] 

Na  

[ug/l] 

K 

[ug/l] 

P 

[ug/l] 

M1b-1 76565,6 3675,2 506,6 0,0 369931,1 9709,4 2144,6 1704,9 92174,9 539,8 66,0 

M1b-2 48397,0 1082,9 155,9 0,0 263406,1 6025,0 2740,3 423,3 83298,8 1481,6 43,2 

M2b 299912,5 17539,4 2648,1 0,0 1324231,5 13808,9 1688,8 8690,1 26857,3 501,0 2221,4 

M3-1 46318,9 2961,8 443,4 0,1 365944,8 14334,0 2158,1 1788,4 7447,1 763,4 73,7 

M3-2 7380,4 269,6 61,7 0,1 64331,0 2395,5 397,7 213,2 5446,8 550,1 50,7 

M3-3 3467,1 0,1 0,2 0,0 13997,2 1123,8 293,5 0,2 4429,5 611,8 3,4 

M4-1 12368,1 727,8 127,0 0,0 231884,5 5846,9 850,7 395,6 9574,3 275,8 59,1 

M4-2 10537,4 600,5 48,2 0,0 68968,6 2036,8 960,1 168,7 23306,8 1254,9 29,9 

M5-1 43627,0 2245,8 361,9 0,3 355048,9 5574,1 1416,7 925,3 24232,3 742,6 117,1 

M5-2 103753,2 8,2 3,7 0,0 258433,6 2657,4 2418,6 1,7 24257,8 3508,7 1,0 

M5-3 140966,6 15142,4 949,0 0,8 555856,2 16374,6 2820,9 2390,0 15063,2 1413,1 4,9 

M5-4 60490,9 4276,1 215,0 0,1 252891,4 5196,3 3420,6 380,7 21304,5 3105,3 0,9 

M5-5 219809,5 19367,1 1766,5 0,0 774218,0 22753,2 2750,6 3590,7 15079,3 138,0 14,1 

M6-1 48261,7 7,5 3,3 0,0 199361,1 3139,0 1235,5 30,9 20744,4 2881,3 1,3 

M6-2 447134,1 12220,0 796,6 0,0 1409903,4 22132,2 2678,9 1872,4 560733,9 628,5 226,2 

M6-3 687987,9 30157,6 1496,6 0,0 1643983,9 30115,1 3153,6 2722,8 525127,2 814,1 15,6 

M7 57522,7 1,2 1,4 0,0 147448,6 2560,3 1407,9 1,2 12317,3 2594,0 2,0 
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Table S3 - COAL samples from ICP MS. Provided by ALS. Rawdata. 

 

 

 

SampleID Al  As  Au  B  Ca  Cd  

 µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg 

       

Paper coal 60685364 5739 6 122434 511685 52 

Pyramide 112392448 752 226 116539 353522 24 

M1b 3582882 308 4 283359 2141681 22 

M1A 646559 378 1 170014 1071692 55 

M2A 2825844 688 7 209860 1250199 306 

M3 36482718 107674 10 112781 1323208 91 

M3 sulfide A 276603 570 9 139091 61197964 47 

M3 contact 5534234 8647 7 23610 24187575 239 

M4 1421556 2844 10 163721 2498374 48 

M4 contact 26378722 12638 31 88323 10821991 225 

M5 1800565 877 24 176265 1897263 879 

M5-5 1275353 652 9 174945 5824705 405 

M5 C 43871636 10240 13 83449 350362 23 

M5 source 47724630 1691 10 84225 322175 14 

M6 1682905 446 9 213304 5696800 360 

M6b 938425 368 26 202329 2636785 27 

M6 contact 1 3205400 9364 4387 156049 3866947 407 

M6 contact 2 4629728 1074 8 241987 2131461 64 

M6 contact 3 50739529 2450 14 203193 210563 25 

M7 AT10 

pyrite 40102752 1965 38 205227 976117 38 

M7 AT10 41513337 371228 8 84784 1583140 598 

M7 AT3/CT2 1677608 313 285 186605 2848450 127 
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Table S4 - COAL samples from ICP MS. Provided by ALS. Rawdata. 

 

SampleID Cr  Cu  Fe  Hg  K  Li  

 µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg 

       

Paper coal 67552 10642 24867336 72 15800046 61092 

Pyramide 80700 49712 4455520 59 14704726 178357 

M1b 3242 2737 2382276 0 439816 5016 

M1A 657 1287 3642003 3 109026 2152 

M2A 2706 2792 1902158 21 378090 3239 

M3 54590 12280 43968671 768 9334813 53533 

M3 sulfide A 662 1249 41972966 31 158911 4077 

M3 contact 11513 10758 304071081 113 1282625 14465 

M4 1648 2004 1810302 18 247310 2821 

M4 contact 21806 8767 270794855 15 11837440 22221 

M5 901 2143 3355796 17 127062 2992 

M5-5 1166 2637 4085872 2 130446 1835 

M5 C 43038 4164 9676501 60 16654743 29109 

M5 source 51222 4940 6493576 12 18507028 48999 

M6 1380 2459 3475798 0 176320 2482 

M6b 781 1873 4787287 1 115016 2133 

M6 contact 1 3116 8640 3285422 78 220123 2899 

M6 contact 2 9033 3303 2773878 8 235954 10033 

M6 contact 3 73503 7108 6476973 1 13949034 62484 

M7 AT10 pyrite 46607 5305 4450332 9 9760777 35133 

M7 AT10 47550 9995 60507470 219 20940191 18110 

M7 AT3/CT2 904 1755 4572622 1 113403 1869 
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Table S4 - COAL samples from ICP MS. Provided by ALS. Rawdata. 

 

SampleID Mg  Mn  Ni  S  Si  Sr  Zn  

 µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg 

        

Paper coal 2536405 21381 8307 30035167 5533761 169055 13161 

Pyramide 1855170 20355 40497 1533684 16216709 53897 19447 

M1b 865290 4965 1410 8452370 997798 226623 1990 

M1A 305016 5815 1251 5188803 850707 189968 2025 

M2A 407260 3946 1372 11213171 521845 329609 1177 

M3 1167065 14778 10100 65150000 8077819 1101294 9827 

M3 sulfide A 3928372 223915 1436 7721751 2243384 673551 3606 

M3 contact 4128978 1014613 8050 20950122 23179657 317187 22178 

M4 731133 4513 986 7674319 403303 531529 1967 

M4 contact 7747664 1079652 8966 15327410 118989378 231347 44743 

M5 710947 4611 1119 9384398 382617 173365 516 

M5-5 952285 6196 904 5670505 398417 371782 341 

M5 C 1336103 22204 6845 6273004 390833125 103625 8946 

M5 source 1417887 21535 6863 2387224 277262740 71699 8145 

M6 1072088 7478 1112 8270316 364527 288724 778 

M6b 1035161 3605 875 6793650 428113 158815 11 

M6 contact 1 982213 7360 1723 7900148 451020 266986 387 

M6 contact 2 386754 5017 976 3120044 4947160 598539 2049 

M6 contact 3 1665268 22823 8887 2281295 172608629 103250 12430 

M7 AT10 

pyrite 1467200 17271 4837 2330782 123148151 334320 8807 

M7 AT10 2421942 174581 42493 50736279 271895164 188178 95994 

M7 AT3/CT2 2240000 9474 906 3187763 396427 78706 299 
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Table S5. Raw data for correlation matrix below. Solid data from coal and rock samples 

Element 
M3 Coal 

Sample  

M4 Coal 

Sample  

M5 Coal 

Sample  

M5-5 

Coal 

Sample 

M6 Coal 

Sample  

M6b Coal 

Sample  

M3 sulfide 

A  M3 Contact  M4 Contact  M5 Contact  M5 Source 

M6 

Contact 2 

Al [µg/kg] 36482718 1421556 1800565 1275353 1682905 938425 276603 5534234 26378722 43871636 47724630 4629728 

As[µg/kg] 107674 2844 877 652 446 368 570 8647 12638 10240 1691 1074 

B [µg/kg] 112781 163721 176265 174945 213304 202329 139091 23610 88323 83449 84225 241987 

Ba [µg/kg] 510087 336074 154519 286558 180320 138328 143828 112800 511829 461467 463312 188064 

Ca [µg/kg] 1323208 2498374 1897263 5824705 5696800 2636785 61197964 24187575 10821991 350362 322175 2131461 

Cu [µg/kg] 12280 2004 2143 2637 2459 1873 1249 10758 8767 4164 4940 3303 

Fe [µg/kg] 43968671 1810302 3355796 4085872 3475798 4787287 41972966 304071081 270794855 9676501 6493576 2773878 

K [µg/kg] 9334813 247310 127062 130446 176320 115016 158911 1282625 11837440 16654743 18507028 235954 

Li [µg/kg] 53533 2821 2992 1835 2482 2133 4077 14465 22221 29109 48999 10033 

Mg [µg/kg] 1167065 731133 710947 952285 1072088 1035161 3928372 4128978 7747664 1336103 1417887 386754 

Mn [µg/kg] 14778 4513 4611 6196 7478 3605 223915 1014613 1079652 22204 21535 5017 

Na [µg/kg] 921098 1158621 1586033 1338393 1297495 869202 566450 1527703 2937883 6601011 8159221 1873483 

Ni [µg/kg] 10100 986 1119 904 1112 875 1436 8050 8966 6845 6863 976 

P [µg/kg] 1470860 83485 84135 81090 109628 77681 2840531 1155573 1418869 133454 115665 1332080 

S [µg/kg] 65150000 7674319 9384398 5670505 8270316 6793650 7721751 20950122 15327410 6273004 2387224 3120044 

Si [µg/kg] 8077819 403303 382617 398417 364527 428113 2243384 23179657 118989378 390833125 277262740 4947160 

Sr [µg/kg] 1101294 531529 173365 371782 288724 158815 673551 317187 231347 103625 71699 598539 

Ti [µg/kg] 1810141 122727 68539 78012 95714 40259 7654 296561 785101 2522325 4263396 160154 

Zn [µg/kg] 9827 1967 516 341 778 11 3606 22178 44743 8946 8145 2049 

 

 

 Table S6. Raw data for correlation matrix below. Water samples from mines where coal and rock where gathered.  

Element 

M3-1 

Water 

sample  

M3-2 

Water 

sample  

M3-3 

Water 

sample  

M4-1 Water 

sample  

M4-2 

Water 

sample  

M5-1 Water 

sample  

M5-2 

Water 

sample  

M5-3 

Water 

sample  

M5-4 

Water 

sample  

M5-5 

Water 

sample  

M6-1 

Water 

sample  

M6-2 

Water 

sample  

M6-3 

Water 

sample  

Al [µg/kg] 43706 3672 8 11788 2140 70010 9 84025 15424 72021 1 117673 157674 

As[µg/kg] 1,26 10,03 0,05 2,50 1,58 2,16 0,04 0,11 0,07 0,15 0,08 3,15 0,71 

B [µg/kg] 29,30 12,16 12,89 30,41 34,24 34,77 85,08 23,46 56,24 14,83 65,95 72,56 35,74 

Ba [µg/kg] 7,43 25,04 9,50 4,91 24,41 17,67 23,57 31,37 69,66 4,55 22,28 1,51 2,47 

Ca [µg/kg] 121001 22141 11931 45964 33236 49245 142800 208414 140140 331863 157554 209827 390431 

Cu [µg/kg] 215,90 37,82 0,14 222,78 18,85 111,87 0,10 199,37 7,85 176,25 0,49 379,74 113,33 

Fe [µg/kg] 89024,58 23364,42 -0,65 135263,86 8442,88 112512,53 -0,83 3044,94 38,60 10293,70 0,98 82010,12 10384,78 

K [µg/kg] 763,4 550,1 611,8 275,8 1254,9 742,6 3508,7 1413,1 3105,3 138,0 2881,3 628,5 814,1 

Li [µg/kg] 149,0 12,2 1,4 34,5 17,2 114,0 15,9 254,6 68,7 354,6 16,3 443,1 905,2 

Mg [µg/kg] 46319 7380 3467 12368 10537 43627 103753 140967 60491 219809 48262 447134 687988 

Mn [µg/kg] 2961,75 269,61 0,13 727,84 600,51 2245,83 8,21 15142,40 4276,08 19367,06 7,50 12219,95 30157,56 

Na [µg/kg] 7447 5447 4429 9574 23307 24232 24258 15063 21305 15079 20744 560734 525127 

Ni [µg/kg] 443,42 61,69 0,19 127,01 48,19 361,92 3,69 949,05 214,98 1766,49 3,27 796,64 1496,62 

P [µg/kg] 73,66 50,71 3,40 59,12 29,90 117,15 0,97 4,91 0,91 14,09 1,25 226,17 15,61 

S [µg/kg] 365945 64331 13997 231884 68969 355049 258434 555856 252891 774218 199361 1409903 1643984 

Si [µg/kg] 14334 2396 1124 5847 2037 5574 2657 16375 5196 22753 3139 22132 30115 

Sr [µg/kg] 2158 398 293 851 960 1417 2419 2821 3421 2751 1235 2679 3154 

Ti [µg/kg] 0,25 0,03 0,00 0,17 0,26 0,10 0,08 0,09 0,03 0,06 0,01 0,06 0,18 

Zn [µg/kg] 1788 213 0 396 169 925 2 2390 381 3591 31 1872 2723 
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Table S7 . Original correlation matrix solid samples and water samples. Used was correlation toon in Excel with Pearsons r and level of significances was 5 %.  

 

 

 

 

  

M3 Coal Sample 1,00

M4 Coal Sample 0,82 1,00

M5 Coal Sample 0,89 0,98 1,00

M5-5 Coal Sample 0,67 0,84 0,81 1,00

M6 Coal Sample 0,75 0,94 0,91 0,97 1,00

M6b Coal Sample 0,87 0,91 0,95 0,91 0,93 1,00

M3 sulfide A 0,25 0,35 0,32 0,80 0,63 0,56 1,00

M3 Contact 0,51 0,20 0,32 0,47 0,33 0,57 0,59 1,00

M4 Contact 0,49 0,15 0,26 0,38 0,25 0,49 0,49 0,94 1,00

M5 Contact 0,05 -0,05 -0,05 -0,07 -0,07 -0,05 -0,06 0,02 0,37 1,00

M5 Source 0,06 -0,05 -0,05 -0,08 -0,08 -0,06 -0,08 0,02 0,36 1,00 1,00

M6 Contact 2 0,63 0,49 0,51 0,51 0,51 0,51 0,30 0,32 0,52 0,63 0,65 1,00

M3-1 Water sample 0,81 0,99 0,97 0,84 0,95 0,92 0,38 0,22 0,17 -0,05 -0,06 0,45 1,00

M3-2 Water sample 0,82 0,98 0,98 0,88 0,96 0,96 0,44 0,33 0,26 -0,06 -0,07 0,44 0,99 1,00

M3-3 Water sample 0,46 0,86 0,77 0,85 0,90 0,73 0,52 -0,02 -0,07 -0,05 -0,06 0,35 0,85 0,84 1,00

M4-1 Water sample 0,89 0,92 0,96 0,83 0,89 0,98 0,42 0,51 0,44 -0,06 -0,07 0,44 0,94 0,97 0,69 1,00

M4-2 Water sample 0,64 0,95 0,91 0,84 0,93 0,84 0,39 0,09 0,02 -0,08 -0,09 0,39 0,93 0,94 0,95 0,83 1,00

M5-1 Water sample 0,90 0,97 0,99 0,77 0,89 0,93 0,26 0,29 0,23 -0,06 -0,06 0,47 0,97 0,97 0,74 0,96 0,88 1,00

M5-2 Water sample 0,55 0,90 0,83 0,79 0,89 0,77 0,38 -0,02 -0,08 -0,10 -0,11 0,29 0,92 0,89 0,95 0,76 0,94 0,83 1,00

M5-3 Water sample 0,69 0,95 0,90 0,77 0,89 0,80 0,28 -0,01 -0,06 -0,06 -0,06 0,38 0,96 0,92 0,90 0,81 0,94 0,91 0,97 1,00

M5-4 Water sample 0,60 0,93 0,86 0,82 0,92 0,79 0,40 -0,01 -0,07 -0,08 -0,09 0,35 0,94 0,91 0,96 0,79 0,96 0,86 0,99 0,98 1,00

M5-5 Water sample 0,65 0,94 0,88 0,78 0,90 0,80 0,33 0,00 -0,05 -0,06 -0,08 0,35 0,96 0,92 0,92 0,81 0,94 0,90 0,98 1,00 0,99 1,00

M6-1 Water sample 0,50 0,88 0,79 0,85 0,92 0,76 0,52 -0,01 -0,08 -0,09 -0,10 0,31 0,89 0,87 0,99 0,73 0,94 0,78 0,97 0,93 0,98 0,95 1,00

M6-2 Water sample 0,66 0,91 0,90 0,66 0,79 0,77 0,11 0,01 -0,03 -0,08 -0,09 0,35 0,88 0,87 0,82 0,79 0,93 0,89 0,88 0,91 0,88 0,90 0,81 1,00

M6-3 Water sample 0,62 0,90 0,87 0,68 0,81 0,75 0,15 -0,04 -0,08 -0,08 -0,09 0,34 0,89 0,87 0,86 0,76 0,93 0,88 0,93 0,94 0,92 0,94 0,85 0,99 1,00

M5-5 

Water 

M6-1 

Water 

M6-2 

Water 

M6-3 

Water 

M4-1 
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M4-2 

Water 
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Table S8. PHREEQC data showing main species for major cation elements for every water sample. 

Sample M1b-1 M1b-2 M2b M3-1 M3-2 M3-3 M4-1 M4-2 M5-1 M5-2 M5-3 M5-4 M5-5 M6-1 M6-2 M6-3 M7 

pH 2,67 2,90 2,57 2,75 3,25 6,85 2,53 3,66 2,97 7,48 3,50 4,90 3,32 6,97 2,99 3,25 7,00 

Eh 8,40 8,87 7,40 9,61 7,64 3,91 8,20 6,41 8,74 3,74 8,32 6,13 9,26 4,52 9,51 8,16 4,78 

Species [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] [Mmol/kg] 

Al+3 114,8 115,0 1644,0 560,7 79,2 0,0 332,9 42,6 1297,0 0,1 1564,0 40,6 1287,0 0,0 79,2 2661,0 0,0 

Ca+2 1747,0 2271,0 2220,0 2392,0 503,7 287,5 1095,0 743,8 985,2 2805,0 3946,0 2790,0 6610,0 287,5 503,7 6500,0 2090,0 

Cd+2 0,0 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,1 0,0 0,1 0,0 0,0 0,1 0,0 

Cl- 222,6 225,5 239,1 159,0 112,5 101,5 28,2 114,8 69,4 76,9 84,6 46,0 92,9 101,5 112,5 169,5 56,4 

Cu+2 2,2 1,0 13,6 2,3 0,5 0,0 3,2 0,2 1,2 0,0 1,9 0,1 1,8 0,0 0,5 0,9 0,0 

Fe+2 943,2 243,2 8743,0 1185,0 369,4 - 2275,0 130,5 1514,0 - 37,9 0,5 136,7 - 0,0 114,6 - 

K+ 13,4 36,9 12,5 19,0 14,0 15,6 7,0 31,8 18,5 87,2 34,8 77,4 3,4 15,6 14,0 19,5 65,2 

Mg+2 2301,0 1488,0 8527,0 1402,0 271,2 136,7 480,8 379,8 1352,0 3160,0 4100,0 1861,0 6790,0 136,7 271,2 15780,0 1904,0 

Mn+2 47,1 14,2 209,1 38,6 4,3 0,0 12,4 9,4 29,8 0,1 187,5 56,4 256,6 0,0 4,3 308,1 0,0 

NO3- 404,2 3536,0 142,8 316,2 235,2 192,2 142,3 143,9 142,6 185,1 141,7 141,8 140,8 192,2 235,2 141,9 142,0 

Na+ 3900,0 3536,0 1262,0 142,0 142,6 161,2 414,9 1005,0 1030,0 1028,0 633,6 905,6 638,2 161,2 142,6 - 527,4 

H2PO4- 1,7 1,2 52,9 1,7 1,4 0,1 1,4 0,8 2,6 0,0 0,1 0,0 0,2 0,1 1,4 0,3 0,0 

Pb+2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 

SO4-2 8755,0 7138,0 19290,0 7466,0 1601,0 435,3 989,9 1998,0 6982,0 7698,0 11800,0 6672,0 10240,0 435,3 1601,0 29120,0 4145,0 

Zn+2 19,8 5,0 94,8 21,0 2,9 0,0 5,7 2,3 11,0 0,0 26,9 4,5 42,8 0,0 2,9 25,8 0,0 

Note: Where there is no value, there is no found concentrations.         
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Table S9  Full field sampling data of all samples. Solid samples and water samples. Field measurements, coordinates and date of sampling for each sample name and mine site. 

Location  Solid Sample  Water sample            

                    

  Name  Sample When  GPS point pH  

eH 

[mV] 

eH 

[mV] Cond [uS/cm]  Cond [uS/cm] Temp [°C] 

eH 

[mV] Cond [uS/cm  

Mine 7 M7 1 Cations Anions 03-aug N78° 09.360' E15° 59.918' 7,00 309,8 283,0 986,0 944,0 3,6 26,8 42 

Mine7 M7 AT3/CT2 coal  01-aug N78° 09.467' E16° 01.623'        

Mine 7 M7 AT10 coal  01-aug N78° 09.467' E16° 01.623'               

Mine 7 M7 AT10 pyrite host rock example pyrite  01-aug N78° 09.467' E16° 01.623'        

Mine 7 M7--- white precipitate  07-aug N78° 09.402' E16° 00.374'               

Mine 6 M6 1 Cations Anions 03-aug N78° 10.495' E15° 55.182' 6,97 294,3 267,5 1227,0 1185,0 3,5 26,8 42 

Mine 6 M6 2 Cations Anions 03-aug N78° 10.303' E15° 55.682' 2,99 589,4 562,6 5890,0 5848,0 3,1 26,8 42 

Mine 6 M6 3 Cations Anions 07-aug N78° 10.392' E15° 56.244' 3,25 511,9 483,0 6490,0 6461,1 10,3 28,9 28,9 

Mine 6 M6 coal  07-aug N78° 10.495' E15° 55.182'               

Mine 6 M62 ES effluent salt 03-aug N78° 10.392' E15° 56.244'        

Mine 6 M6 contact rock  07-aug N78° 10.357' E15° 55.944'               

Mine 6 M62 precipitate sampling point 03-aug N78° 10.303' E15° 55.682'        

Mine 5 M5 1  Cations Anions 05-aug N78° 10.780' E15° 44.741' 2,97 543,7 516,9 1751,0 1717,0 3,4 26,8 34 

Mine 5 M5 2  Cations Anions 05-aug N78° 10.773' E15° 44.032' 7,48 248,3 221,5 1538,0 1504,0 2,1 26,8 34 

Mine 5 M5 3  Cations Anions 05-aug N78° 10.669' E15° 43.495' 3,50 519,4 492,6 2400,0 2366,0 1,1 26,8 34 

Mine 5 M5 4  Cations Anions 05-aug N78° 10.786' E15° 43.285' 4,90 389,3 362,5 1302,0 1268,0 3,9 26,8 34 

Mine 5 M5 5 cations Anions 08-aug N78° 11.087' E15° 50.096' 3,32 574,5 547,7 3340,0 3279,0 3,5 26,8 61 

Mine 5 M5 1-P precipitate sampling point 05-aug N78° 10.780' E15° 44.741'        

Mine 5 M5 2-P precipitate sampling point 05-aug N78° 10.773' E15° 44.032'               

Mine 5 M5-3 rock 05-aug N78° 10.669' E15° 43.495'        

Mine 5       rock 05-aug N78° 10.786' E15° 43.285'               

Mine 5 M5 coal  07-aug N78° 10.759' E15° 44.241'        
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Tabell S9 CONTINUES:  Full field sampling data of all samples. Solid samples and water samples. Field measurements, coordinates and date of sampling for each sample name and mine site. 

 

Mine 4 M4 1 Cations Anions 06-aug N78° 11.890' E15° 33.610' 2,89 514,2 485,3 1661,0 1600,0 0,8 28,9 61 

Mine 4 M4 2 Cations Anions 06-aug N78° 11.780' E15° 33.779' 3,93 408,5 379,6 510,0 449,0 0,6 28,9 61 

Mine 4 M4 coal  02-aug N78° 11.880' E15° 33.775'               

Mine 4 M4S source rock, contact 07-aug N78° 11.755' E15° 33.738'        

Mine 3 M3 1 Cations Anions 06-aug N78° 13.356' E15° 33.841' 2,75 597,7 568,8 2080,0 2019,0 5,3 28,9 61 

Mine 3 M3 2 Cations Anions 06-aug N78° 13.279' E15° 19.701' 3,25 481,0 452,1 620,0 559,0 1,0 28,9 61 

Mine 3 M3 3 Cations Anions 06-aug N78° 13.274' E15° 19.706' 6,85 260,0 231,1 132,0 71,0 1,8 28,9 61 

Mine 3 M3 ES 1 Effluent salt 01-aug N78° 13.341' E15° 19.539'        

Mine 3 M3 ES 2 effluent salt 01-aug N78° 13.341' E15° 19.539'               

Mine 3 M3 Coal 01-aug N78° 13.341' E15° 19.539'        

Mine 3 M3-2 Precipitate sampling point 06-aug N78° 13.279' E15° 19.701'               

Mine 2b M2b Cations Anions 06-aug N78° 11.818' E15° 35.353' 2,85 466,6 437,7 437,7 408,8 6,1 28,9 28,9 

Mine 2 a M2A coal  02-aug N78° 12.222' E15° 36.363'               

Mine 1 M1b 1 Cations Anions 06-aug N78° 12.190' E15° 34.463' 3,00 523,9 495,0 2310,0 2249,0 2,1 28,9 61 

Mine 1 M1b 2 Cations Anions 06-aug N78° 12.100' E15° 34.427' 3,21 553,6 524,7 1739,0 1678,0 2,2 28,9 61 

Mine 1a M1A coal  03-aug N78° 13.024' E15° 35.963'        

Mine 1b M1B Coal  02-aug N78° 12.190' E15° 34.463'               

 


