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ABSTRACT
There is a potential risk that geochemical cycles of several critical metals will be affected in 
the pristine environment, when mining of these metals increases to meet the demand in green 
technology. The identification of critical metals is based on the economic importance and vul-
nerability to supply restrictions. In the past, naturally low concentrations in the environment, 
and instrumental analysis with higher detection limits, has limited research regarding several of 
these critical metals. However, to understand their geochemical behavior and potential environ-
mental impact are of high importance to ensure a responsible development of mine waste- and 
water management. 
 Skarn ores can contain high amounts of Fe-sulfides, carbonates and fluorite, together with 
enriched concentrations of critical metals such as Be, Bi and W. Nevertheless, little attention 
has been paid to mine drainage from skarn tailings and their environmental impact, compared 
to tailings from sulfidic deposits. At Yxsjöberg mine site, Sweden, skarn tailings enriched in C, 
F, S (1.0, 1.9 and 1.2 wt%, respectively) and Be, Bi, and W (average 280, 500 and 960 ppm, 
respectively) were deposited in Smaltjärnen repository (1918-1963). The tailings were stored 
in ambient conditions until 1993 when the tailings were covered by sewage sludge. In be-
tween 1969-1989, tailings were discharged into Morkulltjärnen repository, which was covered 
with sewage sludge and partly water saturated directly after closure. This thesis focuses on the 
Smaltjärnen tailings. The element distribution in the tailings were identified by combining 1) 
total concentrations of nine targeted minerals from rock drilled cores, 2) total concentrations of 
99 samples from four intact tailings cores, and 3) environmental mineralogy (EM) conducted 
on one of the cores. The environmental mineralogy included paste-pH, sequential extractions, 
optical microscopy, scanning electron microscopy (SEM) with energy dispersive X-ray spec-
troscopy (EDS), raman vibrational spectroscopy and X-ray diffraction (XRD). Environmental 
mineralogy was also used to reveal geochemical processes affecting the mobility of elements 
in the tailings. Monthly water samples (May-October, 2018) were taken in three groundwater 
wells in the tailings, and at five surface water locations downstream the tailings. At three sur-
face water locations, the diatom taxonomy response to the water quality was used to evaluate 
the impact on ecosystems. The quality of the mine drainage was compared to surface water 
downstream Morkulltjärnens repository and to a reference point. The overall results were used 
to evaluate the need for remediation, and particularly, re-mining as remediation method.  
 The Smaltjärnen tailings contained 88 wt.%. of Ca-rich silicates accompanied by minerals 
such as calcite [CaCO3], fluorite [CaF2], monoclinic and hexagonal pyrrhotite [Fe1-xS)], danalite 
[Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4], scheelite [CaWO4] and bismuthinite [Bi3S2] (average 5.7, 
3.6, 2.4, 0.3, 0.1 wt.%. and 0.1 wt.%., respectively). Both pyrrhotite and danalite had oxidized 
in the upper parts of the tailings down to 2.5m depth, and calcite had partly neutralized the acid 
produced resulting in a pH decrease from 8 to 4 in the upper parts of the tailings. Weathering 
of danalite was intensified by the more acidic conditions (pH<6), in which Be hydrolyzes. The 
lowered pH enabled dissolution of fluorite, resulting in severely high concentrations of F in the 
groundwater (average 73 mg/L) and surface water (average 1.6 mg/L). In the uppermost tail-
ings, secondary gypsum [CaSO4], Al-complexes and hydrous ferric oxides (HFO) had formed. 
 The geochemical behavior of Be was complex in the tailings and in surface water down-
stream the tailings. According to the sequential extraction, Be released from danalite in the up-
per most tailings were present in water soluble phases, as exchangeable phases and had co-pre-
cipitated with Al- and Fe-oxyhydroxides. Correlations between Be, Ca and S in water soluble 
phases in a companion study and in the surface water downstream the tailings indicated that 
Be partly substituted for Ca in secondary gypsum. In two groundwater wells, secondary pre-
cipitates of a white sludge, likely to contain Be, Al, F and Zn were found, indicating that Be 
was partly removed from the groundwater by Al-complexes. In the third groundwater well, 
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the globally highest dissolved concentrations of Be were measured (average 4.5 mg/L), and in 
the surface water the concentrations (average 41 µg/L) were well above thresholds values for 
aquatic organisms (1 µg/L). In these pH-conditions (average 5.7-6.5) and oxygenated waters, 
Be is expected to precipitate as Be(OH)2 if complexing ligands are absent. A strong correlation 
between dissolved Be and F was found in the surface water, indicating that Be-fluorocomplexes 
had formed.
 Bismuth and W have previously been considered as relatively immobile elements. However, 
the results showed that both Bi and W had partly been mobilized from their primary minerals 
(bismuthinite and scheelite) in the tailings. Weathered bismuthinite and scheelite grains with 
rims of goethite were present in the tailings, accompanied by water soluble phases of Bi and W 
in the deeper tailings with pH>7. The release of WO4

2- was hypothetically attributed to anion 
exchange with CO3

2- on surfaces of scheelite. Because, at the same depth where W mobilized, 
solid C was accumulated and secondary orthogonal calcite was frequently detected with Raman 
spectroscopy. Bismuth was scavenged in the tailings by exchangeable phases and easily reduc-
ible minerals in the upper-most tailings. In the groundwater,W was found in elevated concentra-
tions, while Bi was just above the detection limit in all groundwater wells. In the surface water, 
Bi and W were transported in the particulate phase, probably together with Fe, and all three 
element settled in the sediments a few 100 meters from the tailings outlet. 
 Surface water downstream Morkulltjärnen had a near-neutral pH (average 6.6) and of all el-
ements analyzed, only dissolved W (average 1.1 µg/L) were high compared to threshold values 
(0.8 µg/L) and the reference sample. Dissolved Be, Ca, F and S from Smaltjärnen, and dissolved 
W from Morkulltjärnen were found in elevated concentrations more than 2 km from the mine 
site. Along this distance, metal tolerant diatom species (Achnanthidium minutissimum group II 
and Brachysira neoexilis) were dominant (>50%), indicating a negative impact on ecosystems. 
The mine drainage from Smaltjärnen had a larger negative impact on the diatom taxonomy with 
more than 1% of deformed valves and an acidic ACID-index, compared to water downstream 
Morkulltjärnen which had no deformed vavles and a near-neutral ACID-index. 
 In conclusion, pyrrhotite oxidation was the direct or indirect cause of Be, Bi, F and W mobi-
lization in the Smaltjärnen tailings, resulting in low quality mine drainage leaching into Pump-
bäcken and Nittälven. The oxidation rate decrease with time, but weathering of the Smaltjärnen 
tailings is expected to be ongoing for hundreds of years since only a small part had weathered 
during the 50-100 years of storage. The low water quality and negative impact on diatoms, 
stress the need for remediation. Low concentrations of Be, Bi, Ca, F, Fe and S, accompanied by 
a near-neutral pH (average pH 6.6) downstream Morkulltjärnen, suggested that cover and water 
saturation could inhibit sulfide and danalite oxidation, and indirectly prevent fluorite weathering. 
However, high concentrations of dissolved W downstream Morkulltjärnen displayed that cover 
and water saturation can increase the mobility of W in the Smaltjärnen tailings, which needs 
to be taken into consideration. This thesis shows the importance of understanding the complex 
mineral and element matrix in skarn tailings before choosing remediation technique. Re-mining 
could be a beneficial remediation method since most W were found in intact scheelite grains. 
However, more research regarding the mineral processing and metallurgy is needed to ensure a 
sustainable extraction technique.
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1. Introduction
 When mining of several critical metals increases from the growing demand of green technol-
ogies, there is a risk of affecting the geochemical cycles of these critical metals in the pristine 
environment (Filella and Rodriguez-Murillo, 2017). The identification of critical metals is based 
on the economic importance and vulnerability to supply restrictions (Gunn, 2013). Recently, a 
third dimension entitled 'enviromental implications' has been added to the grouping (Filella and 
Rodriguez-Murillo, 2017; Graedel et al., 2015). Research regarding the geochemical behaviour 
and toxicity of several of these critical metals are scarse. In the past, naturally low concentra-
tions in the environment (Salminen et al., 2005) and instrumental analysis with higher detection 
limits (Rodushkin et al., 2005), has limited the research. However, understanding the sources, 
mobility, fate and impact of critical metals in the environment is of high importance to ensure a 
responsible development of mine waste and water management. 

Skarn ore deposits can contain elevated concentrations of several critical metals (e.g. Be, Bi, 
and W) together with high amounts of carbonates, sulfides and fluorite (Chen et al., 1992; Kern 
et al., 2017; Kwak, 2012; Meinert et al., 2005). Historical skarn tailings are of potential envi-
ronmental concern since many metals left in the tailings were at elevated concentrations due to 
inefficient extraction techniques (Marinakis and Kelsall, 1988), or occurred at concentrations 
too uneconomic to extract. The presence of sulfides and fluorite in the tailings can enhance the 
mobility of metals due to sulfide oxidation reducing the pH (Blowes et al., 2003) and complex-
ation with F ions keeping metals mobile (Ozsvath, 2009; Petrunic & Al, 2005). Furthermore, 
high abundance of carbonates can mobilize W. Because, several laboratory studies that have 
detected release of W from scheelite in groundwater with near-neutral pH conditions, and at-
tributed it to anion exchange with CO3

2- (Atademir et al., 1979; Marinakis and Kelsall, 1987, 
Montgomery and McKibben, 2012). The complex S, F, C mineral matrix, makes skarn tailings 
and receiving waters highly interesting systems to study the geochemical behaviour and impact 
of critical metals. Nevertheless, little attention has been paid to mine drainage from skarn tail-
ings and their environmental impact, compared to tailings from sulfidic deposits. 

The quantity and stability of metal-bearing minerals play an important role regarding the re-
lease, mobility and fate of critical metals in tailings and receiving waters (Brown & Calas, 2011; 
Jamieson et al., 2015; Parbhakar-Fox & Lottermoser, 2015). Environmental Mineralogy (EM) 
is a new important sub-discipline that integrates mineralogy with environmental geochemis-
try to obtain a better understanding of geochemical processes taking place in low-temperature 
systems (Vaughan & Wogelius, 2013). In mine tailings, EM can be used to elucidate the state 
of weathering, and couple elements in the mine drainage to geochemical processes mobilizing 
elements within the mine waste. It can also be used to understand the stability of minerals in dif-
ferent redox conditions, and help to evaluate different remediation options to prevent a high re-
lease of critical metals from the tailings to the surrounding environment (Jamieson et al., 2015). 

A high release of critical elements such as Be, Bi, F and W from skarn tailings may have adver-
ase effects on ecosystems in the vicinity of the mine site. Thus, high F concentrations are well 
studied worldwide in e.g. groundwater and are known to cause adverse impact on ecosystems 
and human health (Camargo, 2003; Ozsvath, 2009). In recent decades, concerns has been raised 
about Be (Boschi and Willenbring, 2016a; Mederos et al., 2001; Taylor et al., 2003; Veselý et 
al., 1989), Bi (Fahey and Tsuji, 2006) and W (Cui and Johannesson, 2017; Datta et al., 2017; 
Koutsospyros et al., 2006; Lemus and Venezia, 2015; Strigul et al., 2009; Strigul, 2010; Zorod-
du et al., 2018) in the environment. Beryllium is considered to be one of most toxic elements in 
the periodic table (Boschi and Willenbring, 2016a; Mederos et al., 2001; Taylor et al., 2003; Ve-
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selý et al., 1989). Inhalation of Be dust is recognized as the most hazardous exposure pathway 
(Deubner et al., 2001; Raymond et al., 2015; Taylor et al., 2003), but research regarding other 
pathways have not been sufficiently discussed in the literature. Both Bi and W have previously 
been considered as relatively immobile elements, and have been used as non-toxic alternatives 
in different applications, e.g. ammunition (Fahey and Tsuji, 2006; Koutsopyros et al., 2006). 
However, current geochemical and ecotoxicological knowledge is scarse for both Bi (Fahey 
and Tsuji, 2006; Fahey et al., 2008) and W (Cui and Johannesson, 2017; Datta et al., 2017; 
Koutsospyros et al., 2006; Lemus and Venezia, 2015; Strigul, 2010; Zoroddu et al., 2018). In the 
U.S.A and Russia, alarming reports of elevated W concentrations in groundwater and surface 
water have classified it as an emerging and highly dangerous contaminant of concern (US EPA, 
2014; Strigul et al., 2009). However, research regarding the geochemical behaviour of Be, Bi, F 
and W from mine waste is scarse. 

Epilithic water diatoms can be used as bioindicators to study adverse effects on ecosystems 
downstream mine sites. Their short life cycle enables water quality changes within one year to 
be reflected in the richness and evenness of the diatom taxonomy accompanied by valve defor-
mations and taxonomy responses to different pH-conditions (Cunningham et al., 2005, Andrén 
& Jarlman, 2008). Previous studies in lakes, rivers and sediment cores downstream mining 
areas has shown that diatoms can reflect both decreased water quality and recovery coupled 
to metal concentrations and different pH-conditions (Cattaneo et al., 2004; Hirst et al., 2002; 
Kahlert, 2012; Kauppila, 2006; Khalert et al., 2007; Kihlman and Kauppila, 2010; Ruggiu et al., 
1998; Swedish EPA, 2007, Andrén & Jarlman, 2008).

In this thesis, tailings from Scandinavia’s largest W skarn deposit at Yxsjöberg mine site, Swe-
den, were studied. The tailings were deposited in the Smaltjärnen repository in between 1918-
1920 and 1936-1963, and were stored open to the atmosphere for more than 30 years after 
closure (Höglund et al., 2004). In 1993, a cover of sewage sludge was deployed to promote 
vegetation growth and suppress dust. Later on, tailings were discharged into Morkulltjärnen 
repository (1969-1898), which were covered and partly water saturated directly after closure. 
Tailings origin from the same ore body but stored in two impoundments at different conditions 
gives an ideal opportunity to compare the geochemical behaviour of l elements in the two tail-
ings repositories.  

1.1. Research objectives and scope of the thesis
 The scope of this thesis covers the tailings in the Smaltjärnen repository at Yxsjöberg mine 
site, and the overall aim was to study the source, mobility, fate and environmental impact of 
critical elements and/or potentially toxic elements enriched in tailings compared to the Earths 
Environmental Crust. The specific objectives of this study was to

• Geochemically characterize skarn tailings,
• Use EM to identify geochemical processes in skarn tailings during >50  years of storage  
 and the release of elements to the groundwater within the tailings,
• Determine the environmental impact on water recipients,
• Evaluate Re-mining as remediation to minimize the environmental impact
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2. Site description
 The closed W, Cu, and fluorite mine at Yxsjöberg mine site is located in the Bergslagen ore 
district, approximately 250 km north-west of Stockholm, Sweden (60°2'40.0"N 14°46'26.5"E) 
(Fig.1). The region is characterized by winters with four months of snow and an annual pre-
cipitation of 730 mm per year. The monthly average temperatures range from -5˚C in January 
to 15˚C in July (SMHI, 2018). During 2018, the spring flood from snow melt was larger than 
normal due to heavy snowfall during the winter of 2017/2018. The water flow decreased to very 
low flows during the summer, of 2018, which was warmer and drier than normal (SMHI, 2020).

2.1. Yxjöberg mine site
 This skarn-type deposit was formed 1789 ± 2 Ma ago in relation to post-kinematic granitoid 
intrusions (Romer & Öhlander, 1994). It comprised three ore lenses (Kvarnåsen, Finngruvan, 
and Nävergruvan, Fig.3) which contained 0.24 – 0.32 wt% of W, 0.16 wt% of Cu and 5 – 6 
wt% of fluorite (Rothelius, 1957). The skarn was formed by metasomatic alteration of a marble 
horizon occurring as an intercalation in felsic metavolcanic rocks. The ore and the host rocks 
were intersected by several metadiabases that were partly affected by skarn alteration (Ohlsson, 
1979).

The main skarn minerals of the ore lenses were pyroxenes, amphiboles, garnets, and fluorite. 
Ore minerals consisted of scheelite, chalcopyrite, pyrrhotite, pyrite and smaller amounts of 
magnetite (Ohlsson, 1979). Other accessory minerals were calcite, helvite, molybdenite, wol-
framite, sphalerite, apatite, titanite, chlorite, epidote, allanite, zircon and hematite (Romer & 
Öhlander, 1994). Mining started already in the 17th century, exploiting the Cu deposits. Under-
ground mining occurred over three periods (1918 – 1920, 1935 – 1963, 1969 – 1989). Mining 
of scheelite started in 1918 and was extracted using roasting and gravity separation. Fluorite and 
chalcopyrite were recovered from 1956 when flotation cells were added to the processing plant. 
The recovery of scheelite was 50% until the flotation cell was added, which increased it to 75%. 
The recovery percentages of fluorite and chalcopyrite were 50% and 25%, respectively (Rothe-
lius, 1957). Mineral processing, including crushing and grinding, was done on site and the 
tailings were pumped through several pipes into two repositories, Smaltjärnen (1918 – 1963) 
and Morkulltjärnen (1969 – 1989). The older tailings have been stored open to the atmosphere 
for more than 30 years after closure and was covered with sewage sludge in 1993 to depress 
dust. The newer repository, Morkulltjärnen, was covered with sewage sludge and partly water 
saturated directly after closure (Höglund et al., 2004). 

2.2. Smaltjärnen tailings repository
 This thesis focuses on the older repository, Smaltjärnen (Fig. 1 and 3). The area into which 

Figure 1. The Smaltjärnen Repository contains tailings from 1918-1963. In 1993 a sludge cover was put on the 
tailings to depress dust. High trees and low grass (a,b) are covering parts of the tailings, while the middle part (b) 
and the shore (c) are barren and erroded. The direction of the pictures are shown in bracets (N - north, S - south, 
SW - south west)

a) Grass and trees growing on the tailings (N) b) Dust spreading from the barren areas (S) c) Water flowing at the shore of the tailings (SW)
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tailings were discharged consisted mainly of bogs and swamps (Rothelius, 1957). At present, 
the Smaltjärnen repository covers 26 hectares and contains approximately 2.8 million tons of 
tailings. The repository descends from the industrial area to the east, south, and southwest, Fig 
1. The height difference between the industrial area and the downstream lake is 15 – 20 m with 
a relatively uniform slope, except at the shore where it flattens out (Fig 1c). No dams are con-
trolling the tailings. At present time, the vegetation varies over the repository with high trees in 
the north and north-west areas, and grass in the middle. Parts of the tailings are barren due to 
erosion, Fig.1. 

2.3. The Nittälven river and Pumpbäcken stream
 The natural lake Smaltjärnen is located at the foot of the Smaltjärnen repository, and tailings 
have partly settled in the lake due to the absence of dams controlling the deposition, Fig. 3b. 
The surface water from Smaltjärnen lake drains into the stream Pumpbäcken, and after 2 km 
the water co-mingles with the river Nittälven, Fig. 3d. Nittälven starts ~9 km northwest of the 
Yxsjöberg mine sit, and in the north, mine drainage from Morkulltjärnen repository discharges 
into the river.      

3. Method
 The methods used are described in brief in this thesis. Detailed information can be found in 
the articles mentioned in the sub-headlines.  

3.1. Hand-picked minerals from rock cores (Paper I)
 Primary minerals from the ore lenses at Kvarnåsen and Finngruvan were sampled to deter-
mine their chemistry including main and trace elements. Amphibole, pyroxene, plagioclase, 
garnet, helvite, pyrrhotite, scheelite, calcite, and fluorite were hand-picked from drilled rock 
cores and analyzed for 71 elements by ALS Scandinavia, using an inductively coupled plasma 
sector field mass spectrometer (ICP-SFMS) after lithium metaborate and HNO3/HF/HCl diges-
tion.

3.2. Sampling tailings (Paper I)
 Samples of the tailings were taken at four sampling locations (P2, P4, P5, P7) in the Smalt-
järnen repository (Fig. 3). The locations were near former spigot points and formed a line 
downhill the major outlet (P4). Three intact vertical tailing cores (P4, P5, P7) were sampled 

Visual oxidation 
front

P7 ( Ø2”): from surface and downwards

in Plexiglas tubes (Ø 2”, 1.2 m 
each) by using a percussion drill 
rig from Envix Nord AB. Each 
core reached from the surface, 
through the tailings, to the under-
lying strata at 7.5, 5.8 and 2.8m, 
respectively. One additional core 
(P2) was sampled down to a hard-
pan at 1.7m with an open gauge 
and a handheld Cobra driller. A 
distinctive change of color from 
reddish-brown to dark grey was 
observed at depth in P4, P5, and 
P7 (1.5, 0.8, and 0.7 m, respec-
tively), Fig.2. This interphase 

Figure 2. The upper-parts of the core P7 were reddish-brown and the 
lower tailings were dark grey. The interphase between the two colors is 
refered to as the Visual Oxidation Front (VOF)
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Figure 3. Tailings from Yxsjö mine were deposited in Smaltjärnen (1918-1963) and Morkulltjärnens Repository 1969-
1989. b) The orthophoto of Smaltjärnen shows that no dams or cover controlled the tailings at closure. c) Minerals 
from rock drilled cores, intact tailings cores and groundwater was sampled from Smaltjärnen repsoitory, d) Surface 
water was sampled in C7 (e), C11 (f), C13 (g), C14 (h), C16 (i) and Ref (j), and diatoms were sampled in C7, C11, 
C13 and C14. 
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e) C7

f) C11

g) C13

h) C14

i) C16

j) Ref.

is hereafter referred to as the visual oxidation front 
(VOF). The cores were split into subsamples of 5 – 15 
cm from the upper red-brown tailings and into 10 – 30 
cm subsamples from the underlying part. All samples 
were stored in a cool, dark place in diffusion-tight 
bags. Samples taken below the groundwater table in 
P5 and P7 were stored in argongas to prevent oxida-
tion of minerals. A total of 134 samples from P4, P5, 
P2, and P7 were taken from the site.

3.3. Total concentrations and paste-pH   
 (Paper I)
 Total concentrations of 99 samples from the tail-
ings and seven samples from the underlying strata 
were analyzed by ALS Minerals for 66 elements us-
ing the characterization packages CCP-PKG01 and 
F-ELE82, after pulverization with an agate mill (85% 
passing 75 µm). A detailed description of the analy-
sis, detection limits, standard deviations, duplicates, 
blanks and reference materials used are found in Pa-
per I. Paste pH measurements were made in the labo-
ratory for each subsample with a solid-solution ratio 
of 1:1 (Nobel et al., 2015; Sobek et al., 1978). pH 
measurements were performed with the pHenomenal 
MU 6100H (VWR, Radnor, PA, USA) instrument and 
pHenomenal 111 (VWR; 662-1157) electrode, which 
was calibrated prior to the measurements with stan-
dard buffer solutions (pH 4, 7 and 10). The electri-
cal conductivity (EC) electrode was calibrated with a 
KCl-standard (1413 µS/cm) prior to measurements

3.4. Water soluble phases and sequential  
  extraction (Paper I & II)
 To determine the present origin of the elements, 
a water soluble leaching test and a 7-step sequential 
extraction was carried out on subsamples from P4 (14 
and 5 samples, respectively) according to the proce-
dure explained by Dold (2003). In brief, the water 
soluble leaching test was carried out with a L/S ratio 
of 50, shaken for 1 h and afterwards filtered with 0.2 
mm filters at Luleå University of Technology. The el-
uates were sent to ALS Scandinavia for the screening 
analysis of 71 elements using an inductively-coupled 
plasma sector field mass spectrometer (ICP-SFMS) 
and anion analyses (sulfate, fluoride, and chloride) 
through ion chromatography (CSN ISO 10304-1, 
CSN EN 16192). pH and EC was measured in sep-
arate eluates at LTU according to 3.3. The 7-step se-
quential extraction was carried out and analyzed by 
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     SGS Canada Inc. Mineral Services (Lakefield, Canada) and 35 elements were analyzed using 
inductively coupled plasma optical emission spectrometry (ICP-OES). The 7-step sequential 
extraction procedure targeted 1) water soluble phase, 2) exchangeable phase, 3) easily reducible 
minerals (e.g. oxyhydroxides), 4) resistant reducible minerals (e.g. magnetite), 5) easily oxidiz-
able minerals (e.g. secondary sulfides), 6) resistant oxidizable minerals (e.g. primary sulfides), 
and 7) residues and silicates.

3.5. Environmental mineralogy (Paper I, II, III)
 Polished uncovered thin sections of tailings from 10 subsamples of P4 were examined using 
transmitted and reflected light optical microscopy (Nikon Eclipse LV100POL), and Scanning 
electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS). SEM-EDS mea-
surements were carried out on 5 of the thin sections of P4 using high-resolution Zeiss MerlinTM 
FE-SEM (10 KeV and 1 µA) and Aztec Software from Oxford Instruments. Five thin sections 
from P4 and one sample from the upper-most tailings of P7 were sent to GTK (Espoo, Finland) 
for SEM-EDS mapping to detect danalite grains. It is not possible to detect Be with SEM-EDS 
due to the low energy of Be's back-scattered electrons, but the combination of S and Si in the 
mineral was used as a tracer. 

Raman vibrational spectroscopy was measured on chosen thin sections to differentiate between 
minerals with the same/similar geochemical composition, e.g. marcasite/pyrite, hematite/mag-
netite, calcite/aragonite, and HFO. All analysis used green laser (532 nm) and were carried out 
with a Bruker Raman Scope and Olympus BX51 microscope, and the software OPUS 7 Senterra. 
Precautions using low laser power measurements were taken to avoid mineral transformation.

Two subsamples of the bottom tailings from P4 were considered as unoxidized tailings after 
examination with optical microscopy, and analyzed with XRD for mineral quantification. The 
measurements were carried out at Luleå University of Technology (LTU) with a PANanalytical 
Empyrean X-ray diffractometer, using Cu-Kα radiation. Phase identification was carried out us-
ing reference patterns from ICSD-2016 in the HighScore Plus Version 3 software package, and 
semi-quantitative analysis was carried out using Rietveld Refinement. 

The total concentration of the tailings, mineralogy, the total concentrations of each hand-picked 
mineral and the XRD quantification were used to create a modified Element to Mineral Con-
version (EMC) which quantified the minerals and pinpointed the quantitative distribution of 
element content between the minerals in the tailings. A detailed description of the calculations 
is described in Paper I. 

3.6. Ground- and surface water sampling  (Paper II, III, IV)
 Groundwater samples in the tailings were collected from the wells P5, P6, and P7 (Fig.3). 
Groundwater in P7 was sampled on a monthly basis between May to October in 2018, while 
groundwater in P5 and P6 was sampled twice during 2018.

Groundwater was pumped using a portable Masterflex® peristaltic pump (Cole-Parmer®  Inter-
national, Chicago, IL, USA) connected to a silicon tube (9 mm) (Fig. 1). The water was pumped 
for 10-15 minutes to remove stagnant groundwater before determination of pH, electrical con-
ductivity (EC), and temperature. The O2-concentration was measured during sampling in Octo-
ber with an O2-meter. To avoid oxygenation of the groundwater, the tube was connected directly 
to a vacuum Sterifil® Aseptic System and Holder from Merck Millipore with a 42 mm diameter. 
The water was filtered directly in dark conditions without contact with air to avoid precipitation 
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of HFO on the filters. 

Surface water was sampled at five sampling points in the catchment area of Yxsjöberg mine 
site (designated C7, C9, 11, 13, 14 and 16), as well as a reference point (Ref.) in a neighboring 
catchment (Fig. 3). Points C7 and C11 were located downstream of Smaltjärnen, while C13 
was downstream of Morkulltjärnen. Waters from Smaltjärnen and Morkulltjärnen co-mingle 
upstream before reaching the sampling points C14 and C16. The surface water was pumped 
on-line through 142 mm diameter polycarbonate and acrylic filter holders supplied by Geoteck 
Environmental Equipment Inc. (Denver, Co, USA). 

Both groundwater and surface water samples were filtered using 0.22 µm cellulose acetate 
membrane filters that had been washed with 5% acetic acid for 72 h and rinsed with milliQ 
water for 24 h (Ödman et al., 1999). Screening analyses of 71 elements in the filtered ground-
water and surface water (dissolved phase) were carried out by ALS Scandinavia, using induc-
tively-coupled plasma sector field mass spectrometry (ICP-SFMS), while sulfate and fluoride 
were analyzed by ion chromatography (CSN ISO 10304-1, CSN EN 16192). All analyses were 
carried out in duplicates, with appropriate blanks and standards for quality control. In all cases, 
the samples were not acidified in the field, which could enhance insoluble tungstic acid forma-
tion (Bednar et al., 2010), and the samples were analyzed as soon as possible to prevent W from 
sticking to the vessel walls (Gustafsson, 2003). Particulate phases trapped on the filters used in 
the surface water filtration were analyzed following the same procedure as the dissolved phase 
by ALS Scandinavia after lithium metaborate and HNO3/HF/HCl digestion. The filter holders 
were cleaned with 5% HNO3 between each sampling occasion, and blanks were obtained after 
the cleaning process for controls. Each filter holder was used solely for samples collected from 
a specific sampling location, new silicon tubes were used each time.

3.7. Epilithic water diatoms sampling (Paper IV)
 Epilithic water diatoms in the Nittälven and Pumpbäcken were sampled at C7, C11, C13, 
C14 and Ref. in October, 2018. The sampling procedure was carried out according to the Euro-
pean/Swedish standard protocol (CEN, 2014a). Five rocks of size 10-15 cm in diameter were 
sampled along a distance of 10 m in the water column at each sampling location. The side of 
the rock facing the sun was brushed and rinsed. The eluates from all rocks taken from the same 
sampling location was collected in two 250 ml plastic bottles and stored under cool and dark 
conditions during the field day. Later, the particles in each bottle were allowed to settle and 
2/3 of the clear water was decanted and replaced with 96% pure alcohol for preservation. The 
samples were sent to SLU Uppsala for analysis and were analyzed according to the European/
Swedish standard protocol (CEN, 2014b) SS-EN 14407.

Valves of 400 diatoms were counted under optical microscope and the species of each valve 
was identified to see the richness and eveness of the diatom taxonomy. Deformed valves were 
counted, and deformations were identified by weak or strong abnormal shapes of the valves 
and/or abnormal patterns on the valves (Kahlert, 2012). The effects of acid stress on diatoms 
were determined by an Acidity Index for Diatoms (ACID-index) according to the procedure 
described by Andrén and Jarlman (2008). The ACID-index indicates the pH in the water recip-
ient in intervalls between alkaline (>7.3), near-neutral (6.5-7.3), slightly acidic (5.9-6.5), acidic 
(5.5-5.9), and very acidic (<5.5).   
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4. Summary of findings

4.1. Paste-pH and element concen-
trations in the tailings  
 In the Smaltjärnen tailings, the average 
concentrations of Be, Bi, Sn, and W (284, 
496, 559 and 960 ppm, respectively) were 
more than 100 times higher than the aver-
age concentrations of the Earths continen-
tal crust (ECC), Tab. 1. Indium, Cu, and Ge 
were also enriched in the tailings and the 
concentrations were around 10 times high-
er than ECC, and Ga was slightly higher 
than ECC. Of the major elements, the av-
erage concentrations of F and Mn were 30 
and 12 times higher than ECC (1.9 and 1.1 
wt%, respectively), while Ca, Fe and S 
were slightly enriched (2-4 times higher) 
compared to the ECC.

In the deeper tailings of P4, P5 and P7, 
paste-pH was between 7 and 9 (Fig. 4). 
The highest pH was found at a depth of 
5m in P4, 2.9m in P5, and 1.7m in P7. The 
groundwater level was only present in P5 
and P7, and in P2 and P4, it was deeper 
than the sampling depth. All samples be-
low the groundwater level had near-neutral 
pH (7 – 8). From 3m depth in P4 and P5, 
and 1.2m depth in P7, pH were stepwise 
lowered upwards to pH-conditions around 
4 in the upper-most tailings of all three 
cores. In P5, two sections of decrease pH 
were found. One section in between 2.5 - 
5m depth, where pH decreased from 8 to 
6, and one section above 2.5m depth with 
decreased pH from 7 to 4. In P2, the pH 
was below 4 throughout the core. The to-
tal concentrations of Al were between 3-4 
wt% throughout P2, P4 and P5. A small de-
crease of Al was found in the upper most 
tailings of P7, followed by a peak of Al at 

Tailing SD QC ECC x

Al 3.8 0.6 0.01 8.13 0
C 1 3.5 0.01 - -
Ca 11.4 1.9 0.01 3.6 3
F 1.9 0.7 0.01 0.063 30
Fe 14.9 2.9 0.01 5 3
K 1 0.4 0.01 2.6 0
LOI 4.1 6.5 0.01 - -
Mg 0.9 0.1 0.01 2.1 0
Mn 1.1 0.2 0.01 0.095 12
Na 1 0.2 0.01 2.8 0
P <0.01 0.1 0.01 0.1 0
S 1.2 0.6 0.01 0.3 4
Si 21 2 0.01 27.7 1
Ti 0.1 0 0.01 0.4 0

As 0.7 0.2 0.1 1.8 0
Be 284 45 1 2.8 102
Bi 496 82 0.01 0.2 2477
Cd 0.8 0.3 0.5 0.2 4
Co 22 12 1 25 1
Cu 946 469 1 55 17
Dy 5.8 1.8 0.05 3 2
Er 3.5 0.9 0.03 2.8 1
Eu 2.1 0.7 0.03 1.2 2
Ga 24 3 0.1 15 2
Gd 4.9 2.1 0.05 5.4 1
Ge 16 3.7 5 1.5 11
Hg <0.005 - 0.005 0.08 0
Ho 1.2 0.3 0.01 1.2 1
In 4.3 1 0.005 0.1 43
La 21 12 0.5 30 1
Li <10 0 10 20 1
Lu 0.7 0.2 0.01 0.5 1
Nb 4.8 0.8 0.2 20 0
Nd 20 11 0.1 28 1
Ni 6.2 2.2 1 75 0
Pb 9.6 4.4 2 13 1
Pr 5.3 3.2 0.03 8.2 1
Re <0.001 - 0.001 - -
Sb 0.4 0.1 0.05 0.2 2
Sc 5 1 1 22 0
Sm 5.2 2.9 0.03 6 1  
Sn 559 100 1 2 280
Sr 29 6.3 0.1 375 0
Ta 0.3 0.1 0.1 2 0
Tb 0.9 0.3 0.01 0.9 1
Tm 0.6 0.1 0.01 0.5 1
V 28 6.9 5 135 0
W 960 682 1 1.5 640
Y 31 8.2 0.5 33 1
Yb 4.8 1.3 0.03 3.4 1
Zn 301 61 2 70 4

Major elements (wt%)

Trace Elements (ppm)

Table 1. The average concentrations of 99 samples 
analyzed together with the standard deviations (SD) 
from the four intact tailings cores (P2, P4, P5 and P7), 
the detection limits (QC), the average concentrations 
of the Earths Continental Crust (ECC) (Krauskopf 
and Bird, 1995) and the ratio (x) between the tailings 
and the ECC. 
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Figure 4. Paste-pH together with the total concentrations of the major elements (Al, C, Ca, F, Fe, S) and trace el-
ements (Be, Bi, Cu, Sn, W and Zn) with depth in P4, P5, P2 and P7. The red line defines the visual oxidation front 
(VOF) in P4, P5 and P7, and the blue line represents the groundwater table in P5 and P7. 
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40cm depth. Carbon showed a similar pattern as pH in the cores, with decreased concentrations 
upwards from the same depth as pH started to get lower (3m depth). Carbon was depleted above 
1.5m depth in P4 and 0.75m depth in P5. In both cores, peaks of accumulated C were found 
deeper down in the tailings were pH was >7. In P7, the C concentrations were very low below 
the groundwater table. Calcium, F and S concentrations were lowered upwards from 1.5m depth 
in P4 and P5. In P2, F concentrations decreased significant from around 3 wt% to 1 wt% from 
1.2m depth and upwards. Several sections with enriched or lower concentrations of S were 
found in P4. The concentrations of Be did not change considerably throughout the cores of P4, 
P5 and P7, except for a small decrease in the upper-most tailings. A similar pattern as for F, was 
found for Be in P2. There, the Be concentrations changed from 350 ppm to 250 ppm at 130cm 
depth. The concentrations of Bi varied with depth in the tailings with zones of enriched and 
lowered concentrations. Strong peaks of W were found at 1.5, 1.9 and 3.6m depth (5060, 2680, 
2490 ppm, respectively) in P4. The concentrations of Ga and Ge were conservative with depth 
in each profile and in between the profiles, with no accumulated or depleted sections (unpub-
lished data). 

4.2. Mineralogy in the tailings
 Combined results from the mineralogical studies (total concentrations of hand-picked miner-
als, optical microscopy, SEM-EDS, XRD, Raman spectroscopy and EMC) showed that 81 wt% 
of the tailings consisted of silicate minerals, with quantities in the following order;  hedenbergite 
> quartz > oligoclase > ferrohornblende > orthoclase > grossular > chlorite > danalite (Tab. 2). 
Non-silicate minerals in the tailings were in the order: calcite >fluorite >pyrrhotite >magnetite > 
Al(OH)3 > Mn(OH)3 > chalcopyrite >scheelite = pyrite = bismuthinite >cassiterite (5.7, 3.6, 2.4, 
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sisted of pyrrhotite, magnetite and pyrite. In the upper tailings, the clusters only consisted of 
magnetite and pyrite (Fig. 5b). In the upper-parts of the tailings, the single crystals of pyrrhotite 
had been replaced by amorphous HFO, Fig. 5c. At 3.6m depth, a second layer with oxidized 
pyrrhotite was present. Calcite was the only carbonate mineral present in the tailings and was 
frequently found by optical microscopy in the deeper tailings. According to the total concentra-
tion analysis of the hand-picked minerals, primary calcite contained 0.1 wt% of Mn. In between 
1.5 - 2.5m depth, the calcite grains appeared weathered, and in the upper parts of the tailings 
calcite was absent. At 2.5m depth, and occasionally deeper down in the tailings, 10-100µm large 
and euhedral grains of calcite with orthogonal structures (Fig. 5d) were identified by Raman 
spectroscopy, with Raman bands at 282, 713 and 1086 cm-1 in well agreement with calcite. In-
tact fluorite grains were found throughout the core with optical microscopy and SEM-EDS. A 
few grains of F in the thin sections appeared weathered with unsharp edges or clusters of several 
elements within the grain (Fig. 5f). In the upper-parts of the tailings, grains of gypsum were 
found with SEM-EDS, and amorphous HFO were present around all grains in the upper-most 
tailings. At 3.6 m depth, crystalline goethite rims around sulfides, magnetite and scheelite were 
detected with optical microscopy and identified by Raman spectroscopy (Fig. 5l). The tailings 
at 3.6m depth are hereafter referred to as Old Oxidized Tailings (OOT). 

According to the EMC, approximately 40% of all Be and Zn in P2, P4, P5 and P7 were hosted by 
the mineral danalite [Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4] (Fig. 5j, Tab 2). The low quantity of the 
danalite made it difficult to verify with optical microscopy, but was back-tracked by hand-pick 
minerals from the rock drilled cores, by XRD measurements of the tailings and with SEM-EDS 
mapping of the thin sections from P4. Bismuth was dominantly hosted by bismuthinite and were 
found in lower quantities as pure-Bi. Most bismuthinite grains were intact inclusions in silicate 
minerals, but SEM-images of some bismuthinite grains from the deeper tailings looked weath-
ered, Fig. 5h. Copper was hosted by chalcopyrite, and in the upper-most tailings of P4, the chal-

 EMC Al  Fe  Mn Be  Bi  Cu  Ga  Ge  Sn  W  Zn  
 wt%  % of total content in the tailings 
Hedenbergite  30 2 43 49 35  1 8 30 12 2 49 
Quartz 16            
Oligoclase 15 42   14   14 2  1 1 
Ferrohornblende 13 18 24 10 9   21 16 36 3 19 
Calcite 5.7   1         
Biotite  4.0 9 8          
Fluorite 3.6            
Orthoclase  3.1 8           
Grossular 3.0 6 2 15 1   4 8 5   
Pyrrhotite  2.4  11   1     2  
Chlorite  1.9 5 2          
Magnetite  1.8  10          
Al(OH)3 1.2 10           
Mn(OH)3 0.3   24         
Danalite 0.3  1 2 40 8 1     42 
Chalcopyrite  0.2  1    98      
Scheelite  0.1          92  
Pyrite 0.1            
Bismuthinite  0.1     92       
Cassiterite 0.03         48   

 

Table 2. The EMC mineral abundance calculated in Paper I, and the distribution 
of Al, Fe, Mn, Be, Bi, Cu, Ga, Ge, Sn, W and Zn in the minerals in the tailings.

1.8, 1.2, 0.3, 0.2, 0.1, 
0.1, 0.1, and 0.03 wt%, 
respectively). 

Most silicate miner-
als were found intact 
in P4, but optical mi-
croscopy showed that 
a few grains had been 
replaced or covered by 
HFO in the upper-most 
tailings. Hexagonal 
pyrrhotite was the dom-
inant sulfide mineral in 
the tailings, quantified 
by XRD and Rietveld 
Refinement to 2-3 wt%. 
Pyrrhotite was found as 
single crystals and as 
clusters in the deeper 
tailings of P4. Accord-
ing to Raman measure-
ments, the clusters con-
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copyrite grains were covered by HFO. The dominant W mineral was scheelite, and grains with 
three characteristics were found in the tailings by optical microscopy: 1) unaltered grains, 2) 
grains with yellow rims at 1.5 m depth (Fig. 5k), and 3) grains with goethite rims at 3.6 m depth 
(Fig. 5l). Tin was found as a trace element in the crystal lattice of grossular, ferrohornblende, 
and hedenbergite, and a few grains of cassiterite were found with SEM-EDS as inclusions in 
silicates minerals (Fig. 5i). Gallium was partly hosted by ferrohornblende and oligoclase, and 
Ge were present in hedenbergite and ferrohornblende. Approximately 50 % of all Ga and Ge in 
the tailings could not be explained by the minerals used in the EMC (unpublished data).

4.3.  Water soluble phases and sequential extraction
 pH measured in the eluated from the leaching of water soluble phases was below 5 from the 
groundsurface down to the VOF. In between 1.5 and 2.5m, pH was stepwise higher downwards 

Figure 5. Optical microscopy and SEM-EDS showed a) partly oxidized hexagonal pyrrhotite (NC-Po), b) Clusters 
of secondary pyrite (Py) and magnetite (Mag) together with chalcopyrite (Cp), c) Pyrrhotite replaces by HFO, d) 
orthogonal secondary calcite (Cal), e) weathered primary calcite, f) altered fluorite (Fl), g) secondary gypsum (gyp), 
h) weathered bismuthinite (Bi), i) cassiterite (Cst), j) danalite (Dan), k) scheelite (Sch) with yellow rims, l) scheelite 
with rims of goethite (Gt). 
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Step 1 (water soluble phases), 2 (exchangeable phases), 3 (easily reducible minerals) and 5 
(easily oxidizable minerals) in the 7-step sequential extraction mainly represents secondary 
phases that have formed in the tailings during the long-term storage (Fig. 7). Step 4 (more 
resistant reducible minerals) can contain both secondarily formed minerals (e.g. goethite) and 
primary minerals (e.g. magnetite). The water soluble phases of all elements in Figure 6 and 7 
are in accordance. Exchangable phases of Ca and Mn were present in the tailings below the 
VOF (1.5-3.5 wt% and 130-390 ppm, respecively), and exchangable phases of Bi was found 
in high concentrations (120-197 mg/l) throughout the tailings. Aluminium and Be were present 
in significant concentrations both in exchangeable phases and easily reducible minerals above 
3m depth. Easily reducible minerals containing Mn was constant through the tailings and low 
compared to Al and Fe (average 115 ppm). Easily reducible minerals containing Fe and W were 
present in the upper-most tailings with the highest concentrations at the VOF (max: 3 wt% and 
922 ppm, respectively). Aluminium, Be, Mn, Fe and W were found in significant concentrations 
in more resistant reducible minerals throughout the tailings (average: 0.2 wt%, 29 ppm, 1.4 
wt%, 409 ppm, and  360 ppm, respectively).  A peak of more resistant reducible minerals con-
taining Be and Mn was present at 2.5 m depth, and a peak of W was found at the VOF. Copper 

to pH 8 (Fig. 6). Below 2.5 m depth, pH varied in between 7 and 9. Water soluble phases of Ca 
and S were found in the highest concentrations of the elements analyzed (max: 175 and 147 
mg/L, respectively), and the EC showed a similar pattern as Ca and S with the highest values 
present in the upper-most tailings and lowered values downwards. Below the VOF, only low 
concentrations of Ca and S were present, with an exception at 3.6 m depth, where the concen-
trations increased slightly again. Copper was released in high concentrations in the upper-most 
tailings, and at the visual oxidation front (VOF).The water soluble concentrations of Fe varied 
irregularly with depth, and high concentrations were found at 1.5, 3 and 3.6m depth (146, 129, 
190 mg/L, respectively).  Aluminum, Be, Mn and Zn were present in water soluble phases in 
the upper-tailings, with the highest concentrations at the VOF (1380, 70, 540, 120 mg/L). Water 
soluble phases of Bi and W were below the detection limit in the upper-parts of the tailings, 
and were released in low concentrations in between 2 - 3.6 m depth (max 33 and 7.6 mg/L, re-
spectively). Water soluble phases of Ga, Ge and Sn were released in concentrations below the 
detection limits in P4 (unpublished data).
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Figure 8. The average groundwater concentrations in P5, P6 and P7 for a) Ca and S (mg/L), b) Al, Be, F, Fe, Mn 
and Zn (mg/L) and, c) Bi, Cu, Ga, Ge, Sn and W (mg/L). The error bars depict two standard deviations (P5: n=2, P6: 
n=3, P7: n=5).
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and S were present in easily oxidizable minerals, mainly found in the deeper tailings below the 
VOF. Manganese was present in easily oxidizable minerals throught the tailings with a small 
increase at 2.5 m depth, and a small decreased at 3.6 m depth. The concentrations of Al, Be, Ca, 
Fe, Mn, S and W in all 7-steps of the sequential extraction is found in Paper II and Paper III. The 
results of Bi and Cu are unpublished data. 

4.4. Groundwater 
 The groundwater samples from P5, P6, and P7 had average pH values of 6.9, 6.5, and 6.3 
and average EC of 2000, 2530, and 2600 mS/cm, respectively. In all three groundwater wells, 
dissolved Ca and S were the dominant elements (Fig. 8), and the molar proportions matched 
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gypsum. The highest average concentrations of Ca and S were found in P7 with 615 and 590 
mg/L, respectively. In P7, the average concentrations of Al, Be, F, Fe, Mn and Zn were 32, 4.5, 
73, 50, 39, 1.5 mg/L, respectively). Noteworthy is that Al, Be, F and Zn were several orders 
of magnitude lower in P5 and P6 compared to P7. Tungsten was present in the groundwater of 
P5 and P7 (average 11 and 18 mg/L, respectively) but only low concentrations were detected in 
P6. Bismuth, Cu, Ga, Ge and Sn were just above the detection limit in P5, P6 and P7 during all 
sampling occassions (unpublished data).

4.5. Surface water 
 At the outlet of Smaltjärnen lake to the stream Pumpbäcken (C7), the average pH and EC 
were 5.7 and 350 µS/cm, respectively, while average pH and EC at the reference point (Ref) 
were 6.2 and 34 µS/cm (Tab. 3). Total concentrations of Be, Ca, F, Mn and S (42 mg/L and 52, 
1.7, 1.4, and 51 mg/L on average, respectively) were 130, 14, >8, 14 and 54 times higher than 
the Ref (Tab. 3). The F concentration was below the detection limit during all sampling occa-
sions in Ref., C9 and C13. Slightly enriched average total concentrations of Al, Fe, Bi, Cu and 
W (average: 0.3 and 4.9 mg/L and 0.7, 5.3 and 0.7 mg/L, respectively) were also present in C7 
with concentrations 2 to 6 times higher than the Ref. The concentrations of all elevated elements 
were lower in C11 compared to C7, but were still high compared to the Ref. Gallium, Ge and 
Zn were not elevated in the surface water downstream Smaltjärnen repository compared to the 
Ref. In C9, Ga and W were slightly enriched compared to Ref., but the results were not stasti-
cally proven (Tab. 3). Downstream Morkulltjärnen repository (C13), pH was on average 6.7, EC 
was relatively low (29 mS/cm) and total concentrations of Bi and W (average 0.2 and 1.8 mg/L, 
respectively) were enriched, with concentrations 2 and 7 times higher than the Ref. The Mn 
concentrations were low in C13 during all sampling occassions (average 0.3 mg/L) except for 
in June when an outlier of 1.6 mg/L was detected. No other element was found in such a strong 
increasement, and therefore, this value was removed from the calculations in table 3. In C14, 
water from Smaltjärnen and Morkulltjärnen co-mingled, and Be, W and S (average 3.9 and 1.4 
mg/L, and 7.5 mg/L, respectively) were 12, 6 and 8 times higher than the Ref and the concen-
trations of F were above the detection limit (0.2 mg/L). Five km downstream of the Yxsjöberg 

  pH EC Al Ca F Fe Mn S Be Bi Cu Ga Ge W Zn 
 N  µS/cm mg/L µg/L 

Ref 6 6.2 34 0.1 3.8 <0.2 1.7 0.1 0.9 0.3 0.1 1.1 0.02 0.04 0.2 5.8 
C7 6 5.7 350 0.3 52 1.7 4.9 1.4 51 42 0.7 5.3 0.02 0.04 0.7 7.5 
C9 5 5.9 35 0.2 3.4 <0.2 1.4 0.1 1.0 0.1 0.2 1.0 0.03 0.04 0.4 5.8 
C11 6 5.9 270 0.3 40 1.2 2.4 0.9 39 31 0.4 3.0 0.02 0.03 0.5 9.8 
C13 6 6.7 29 0.1 3.0 <0.2 1.1 0.3 1.2 0.1 0.2 1.3 0.02 0.03 1.8 6.7 
C14 4 6.4 61 0.1 9.9 0.3 1.1 0.5 7.5 3.9 0.2 1.4 0.01 0.05 1.4 3.8 
C16 1 6.5 37 0.1 4.1 0.2 1.1 0.2 2.1 1.1 0.4 1.1 0.02 0.01 1.5 4.6 
                 
C7/Ref    2 14 >8 3 14 54 129 6 5 1 1 3 1 
C9/Ref    1 1  1 1 1 0 1 1 2 1 2 1 
C11/Ref    2 11 >6 1 9 41 94 3 3 1 1 2 2 
C13/Ref    1 1  1 0 1 0 2 1 1 1 7 1 
C14/Ref    1 3 >1 1 1 8 12 2 1 1 1 6 1 
C16/Ref    1 1 >1 1 2 2 3 3 1 1 0 6 1 

 

Table 3. Surface water average total concentrations of the major elements (Al, Ca, F, Fe, S) in mg/L and the trace 
elements (Be, Bi, Cu, Ga, Ge, W and Zn) in mg/L in  Ref, C7, C9, C11, C13, C14 and C16, and a comparision be-
tween the samples and Ref. N represents the number of samples taken. 
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mine Site, Be, Bi, S and W were still 2-6 times higher than the Ref. 

In C7 and C11, more than 90% of all Ca, Be, F, Mn, and S were transported in the dissolved 
phase (Fig 9). Copper were also dominantly transported in the dissolved phase (approximately 
70%). Iron was almost equally transported in dissolved and particulate fractions at all sampling 
locations (40-50%). Bismuth and W were dominantly transported in the particulate fraction in 
C7 and C11 (>70%). In C13 and C14, averages of 62 and 60 % of W were transported in the 
dissolved phase. All surface water results are found in Paper II, Paper II and Paper IV.

4.6. Epilithic water diatoms
 In the surface water downstream the Yxsjöberg mine site the ACID index varied between 1.98 
at C7 and 6.8 at C13 (Tab. 4). Based on the ACID-index the aquatic environments were classi-
fied as “very acidic” at C7, “acidic” at C11 and Ref., “slightly acidic” at C14 and “near-neutral” 
at C13 downstream of Morkulltjärnen, according to the classification system by Andrén and 
Jarlman (2008). The indicated pH-interval of the ACID-index and the average of the measured 
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Figure 9. The average concentrations of dissolved and particulate fractions of the elements that were enriched com-
pared to the reference sample in table 2; Major elements (Al, Ca, F, Fe, Mn and S) in mg/L and trace elements (Be. 
Bi, Cu and W) in mg/L,  in Ref. C7, C9, C11, C13, C14 and C16. 

Table 4. ACID-index reflecting a indicated pH range compared to the average measured pH in Ref., C7, C11, C13, 
and C14, and the percentage of deformed valves found at each sampling location. 

Sampling site  
ACID 

Indicated pH based on 
ACID 

Average measured 
pH 

Valves  deformation  
(%) 

Ref 3.94 5.5-5.9 6.2 1.25 
C7 1.98 <5.5 5.7 1.5 

C11 2.49 5.5-5.9 5.9 1.75 
C13 6.8 6.5-7.3 6.7 0 
C14 5.04 5.9-6.5 6.4 1 
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pH were in accordance for C11, C13 and C14. The indicated pH-intervals based on ACID were 
lower than the average measured pH in Ref., and at C7. In the samples from Ref, C7 and C11, 
more than 1% of the 400 studied diatom valves were deformed. The highest amount of defor-
mation was found in C11, with 1.75% deformed valves. In C13, no valves were deformed, and 
in C14, very few deformed valves were found. 

The diatom taxonomy showed that the number of different species differed between the sam-
pling sites. At C7, 27 species were found, whereas at C11 and Ref., 35 and 36 species were 
counted, respectively. At C14, 48 species were present, and the highest number of species was 
found at C13, with 56 different species. Three species were dominant in C7: Brachysira neoex-
ilis (46%), Frustulia crassinervia (16%), Fallacia (11%), Fig. 10. In C11, Brachysira neoexilis 
(38%) were still the dominant one, followed by Tabellaria flocculosa (12%), Eunotia bilunaris 
(10%) and Fragilaria gracilis (5%). Achnanthidium minutissimum group II constituted 58% 
of all valves in C13, and lower concentrations of Brachysira neoexilis (7%) were present. In 
C14, Brachysira neoexilis (31%) and Achnanthidium minutissimum group II (22%) were found 
in high abundance, and Aulacoseria (6%), Tabellaria flocculosa (5%), and Eunotia implicata 
(5%) were present in lower amounts. The taxonomy in Ref. had higher evenness compared to 
the other samples, with several species abundant in between 20 and 4%, in the following order: 
Tabellaria flocculosa> Fragilaria> Brachysira intermedia> Peronia fibula> Achnanthidium 
minutissimum group II > Eunotia incisa var. incisa > Eunotia faba > Brachysira neoexilis.

Figure 10. The taxonomy of the 10 most abundant species at Ref, C7, C11, C13 and C14, with grey bars for the 
metal tolerant (Achnanthidium minutissimum group II, Brachysira neoexilis and Fragilaria gracilis) and metal intolerant 
(Tabellaria flocculosa) species. The red dotted line symbolize the evenness of the diatom taxonomy in each sample.
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5. Discussion

5.1. Minerals affecting the geochemical conditions in the tailings
  In the Smaltjärnen tailings, approximately 3 wt% of acid producing minerals (Fe-sulfides), 
6 wt% of minerals with strong buffering capacity (calcite) and 4 wt% of minerals generating 
strong complexing ligands upon weathering (fluorite), were identified and quantified with Envi-
ronmental Mineralogy (EM). 

The dominant Fe-sulfide mineral in the Smaltjärnen tailings was pyrrhotite, quantified to 2.4 
wt% by the EMC. Pyrrhotite is a strong acid producer, reacting up to 100 times faster than pyrite 
(Blowes et al., 2003) and it can occur as three end members: stoichiometric troilite (FeS), mono-
clinic pyrrhotite (Fe7S8) and hexagonal pyrrhotite (Fe11S12) (Harries et al., 2013). The knowl-
edge regarding weathering rates between these three end-members are scarse, even though it is 
crucial when evaluating the environmental impact of mine waste (Belzile et al., 2004). In the 
Smaltjärnen tailings, hexagonal pyrrhotite was identified by optical microscopy, and quantified 
to 1-3 wt% by XRD and Rietveld Refinement. Monoclinic pyrrhotite could not be identified 
by XRD in the tailings, but was ascribed to the clusters of pyrrhotite, pyrite and magnetite in 
the deeper tailings of P4 (Fig. 5b). The removal of Fe from monoclinic pyrrhotite to form more 
stable iron sulfides such as pyrite has been studied by Fleet (1978), and this would explain the 
formation of magnetite at the interphase between pyrrhotite and secondary pyrite in the clusters 
in P4. The time and place when these pyrrhotite-pyrite-magnetite clusters formed are unknown. 
Formations of magnetite is not possible at the low surface temperatures in the tailings (Viswa-
nathiah et al., 1980), but these clusters were not reported in the skarn ore (Romer & Öhlander, 
1994) and it is questionable if they could stay intact during crushing and milling.
 
The major buffering mineral in the deeper tailings of P4 was calcite, which appeared in two 
different forms. One type consisted of rhombohedral calcite, while the second type had an or-
thogonal structure. Peaks of C at 2.5m depth in P4 subsequent with an increase of orthogonal 
calcite in the thin section, suggests that it was formed secondary in the tailings. The secondary 
calcite is hypothesized to have replaced an orthogonal mineral, e.g. aragonite (Perdikouri et al., 
2011), transformed from vaterite (Rodriguez-Blanco, 2010; Tai & Chen, 1998), or formed by 
biomineralization (Dove et al., 2003). The complexity of secondary carbonate formation have 
been studied by several researchers, but is still not fully understood (Berner, 1974; Hanshaw 
and Back, 1979; Jones, 2017; Perdikouri et al., 2011 and references therein), and little is known 
about secondary Ca-carbonates in skarn tailings.

 The tailings in the Smaltjärnen repository contained 4 wt% of fluorite which accounted for 96 
wt% of the total F content in the tailings according to the EMC.The occurrence and weathering 
of fluorite in mine tailings is not well studied (Petrunic & Al, 2005).

5.2. Major geochemical processes in the tailings
 Oxidation of pyrrhotite, depletion of calcite and dissolution of fluorite in the upper-most tail-
ings of Smaltjärnen repository has strongly changed the geochemical conditions in the tailings 
of P4 during the 50-100 years of storage in ambient conditions. Three types of geochemical 
zones were defined in the tailings, namely: unoxidized tailings, a transition zone and oxidized 
tailings, see discussion below. Two sections of unoxidized tailings and oxidized tailings were 
present with depth in P4 with an interphase at 3.6 m depth, revealing that two deposition periods 
were present there (Fig. 11). 
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Unoxidized tailings 

 In the unoxidized tailings of P4, intact grains of pyrrhotite, calcite and fluorite, were identi-
fied with optical microscopy and SEM-EDS. The total average concentration of C was around 
0.6 wt%, the paste-pH values were above 8, and water soluble phases of Al, Ca, F or S were not 
present above detection limits, indicate that the tailings had not undergone weathering. Iron was 
found as water soluble phases (150-170 mg/L) and was released from easily reducible phases 
in low quantities (0.5 wt%). According to the sequential extraction, approximately 3.5 wt% of 
Ca and 350 ppm Mn were associated to exchangeable phases in the unoxidized tailings, and 
were attributed to calcite. The Ca-concentration associated to exchangeable phases corresponds 
to 7-8 wt% calcite, which is slightly higher than the quantity defined by EMC (6 wt%). This 
calcite enrichment in the unoxidized tailings of P4 can be explained by the accumulation of C 
(1 wt%) as secondary orthogonal calcite at the interphase between unoxidized tailings and the 
transition zone. The secondary calcite has probably formed by Ca and CO3

2- released from cal-
cite neutralizationa in the above lying tailings with lower pH-conditions due to sulfide oxidation 
and transported downwards to geochemical conditions within the calcite stability field (pH>7) 
(Jones, 2017). Calcium originating from fluroite dissolution in above lying tailings might also 
have driven the equilibrium reaction of calcite formations. 

At present time, the unoxidized tailings are found at two depths in P4: 1) below 4 m depth, and 
in between 2.5 - 3.6 m depth, Fig 11.

Transition zone

 In the transition zone of P4, sulfide oxidation was ongoing, indicated by psedumorphed 
replace pyrrhotite, altered calcite grains, HFO formed around most minerals and the average 
total concentrations of C has reduced from 0.6 wt% to 0.3 wt%. As a consequence of inefficient 
neutralization, pH has decreased upwards from pH-values of 7 to 5.5 in P4. Water soluble Ca 
and S increased upwards from 10 to 40, and 5 to 30 mg/L, respectively, confirming that pyr-
rhotite oxidation and calcite neutralization occured. Water soluble phases of Fe was just above 
the detection limit, likely due to formations of HFO capturing Fe. The F concentrations of wa-
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ter soluble phases were high (9 mg/L), and unsharp edges of fluorite were found with optical 
microscopy and interpreted as a sign of weathering. The stability of fluorite decreases in pH 
conditions below 6 (Osvath, 2009), and the mineral was tentatively dissolved by the lowered 
pH conditions in the tailings, which released F to water soluble phases. Fluorite weathering 
could have been enhanced by anion exchange with SO4

2- released from the pyrrhotite oxidation 
(Appelo & Postman, 2010) but this has not been mineralogically confirmed. An accumulation 
of total F in the transition zone of P4 was found at the same depth as the water soluble phases 
of F, indicating that F previously had been mobilized from the above lying tailings. At present 
time, the transition zone is located between 1.5 - 2.5m depth in P4. 

The visual oxidation front (VOF) was present at the interphase between the transition zone and 
the upper oxidized tailings. At the VOF, the release of water soluble Ca and S increased rapidly 
and the molarity proportions were similar to gypsum (Ca: S 1:1.1).  Gypsum was identified with 
SEM-EDS in the upper-parts of the tailings, and is a common secondary mineral in mine waste 
formed from pyrrhotite oxidation and calcite neutralization. Gypsum is a moderately soluble 
sulfate mineral that is dissolved by water or weak acids (Jamieson et al., 2015) explainig the 
occurence of Ca and S in water soluble phases. At the VOF, the total content of F started to de-
creased upwards, and water soluble phases of F was released in lower concentrations (average 
3 mg/L) compared to the transition zone (9 mg/L), supporting the argument that the weathering 
front of F was deeper down in the transition zone.

The geochemical conditions generated from pyrrhotite oxidation and fluorite dissolution i has 
generated a small increase of silicate weathering in the tailings, indicated by pseudomorphed 
replaced silicate minerals found with optical microscopy (Fig. 12). Silicate minerals are more 
stable and have a lower weathering rate than e.g. Fe-sulfides (Brough et al., 2013; Jamieson et 
al., 2015). At present time, the weathering front of silicates are at the VOF, where a high release 
of water soluble phases of Al is present. According to the EMC, Al was primarily associated to 
the silicate minerals oligoclase, ferrohornblende and grossular. In P4, Parts of Al was associated 
to exchangable phases, easily reducible minerals and more resistant reducible minerals, indi-
cating that released Al from silicates had entered secondary minerals in the tailings. According 
to the EMC, 10% of the total Al content in the tailings was associated to some type of Al-oxy-
hydroxide (herewith called Al(OH)3) (1.8 wt%). This EMC-calculation was supported by Al 
associated to Step 4 (more resistent reducible minerals) in P4, which indicated that the Al(OH)3  
in the tailings has a more crystalline structure, and the quantity corresponded to concentrations 
similar to the EMC-calculation (average 0.7 wt%). More research is needed to determine the 
crystalline Al-mineral that has formed in the tailings. 

At present, the VOF appear at 1.5 m depth in P4. 

Oxidized tailings 

 In the oxidized tailings, pyrrhotite was almost completely replaces by HFO and calcite was 
depleted, accompanied by C concentrations below 0.1 wt% and a decrease of pH from 5.5 to 
around 4.5 in the upper-most tailings. Calcium and S were released in high water soluble phases 
with a maximum at 0.3m depth in P4 (175 and 147 mg/L, respectively) displaying that second-
ary gypsum was enriched in the upper-most tailings. However, the total concentrations of both 
Ca and S decreased from 0.7m an upwards, indicating that not all Ca and S were scavenged in 
the tailings. The sequential extraction confirmed that a high quantities of Fe has formed both 
easily reducible HFO (2.7-3.1 wt%) and more resitant reducible HFO (Step 5) in the oxidized 
tailings of P4. Thus, Fe released in Step 4 (1.0-1.7 wt%) exceeds the amount that could come 
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from dissolution of primary Fe-oxide minerals in the tailings (magnetite, 1.8 wt%). If the quan-
tity of magnetite is removed, the remaining Fe corresponds to 1.7-2.5 wt% of pyrrhotite in the 
oxidized tailings of P4. This calculation shows that most of the Fe released during pyrrhotite 
oxidation in the oxidized tailings has formed HFO. It was not possible to distinguish the type of 
HFO present in the oxidized tailings due to the amorphous structure. 

At present, the oxidized tailings in the Smaltjärnen repository was found from 1.5m depth and 
upwards to the ground surface. Old oxidized tailings were also identified at 3.6m depth. Pyrrho-
tite was partly oxidized and up to 30mm thick crystalline rims of goethite were identified with 
Raman spectroscopy around pyrrhotite, magnetite and scheelite grains. The old oxidized layer 
was identified with mineralogy and did not show decreased pH or increased EC, and would have 
been missed if mineralogical techniques were not applied, which strengthens the importance of 
using EM when evaluating the evolution of mine tailings. In P5, two sections of decreased pH 
was found with depth in the tailings, which could be due to a second layer of oxidized tailings 
also in P5. Therefore, the two sections of decreased pH in P5 were used to extrapolate the sec-
ondary oxidized layer from P4 to P5 (Fig.11). However, this oxidized layer was not verified with 
mineralogy. 

5.3. Mobility and fate of the major elements in receiving waters
 The groundwater samples from P5, P6, and P7 showed average pH values of 6.9, 6.5, and 
6.3 and average EC of 2.0, 2.5, and 2.6 mS/cm, respectively. In 2003, groundwater at the Smalt-
järnen repository had an average pH of 8.1 (Höglund et al., 2004). Thus, the pH of groundwater 
has decreased by 1.2-1.8 pH-units over 15 years. 

The EC in both the groundwater and surface water was controlled by Ca and S released from 
dissolution of secondary gypsum from the oxidized tailings and likely from secondary gypsum 
at the shore of the tailings. Dissolved concentrations of Ca and S were the dominant elements 
in all three groundwater wells (Fig. 8), and in the surface water a strong correlation between Ca 
and S were present in Pumpbäcken (C7 and C11) and in Nittälven (C14, C16). At the shore of 
the tailings, white precipitated crystalls has formed, which are likely to be secondary gypsum, 
but this was not mineralogically confirmed. The fluctuating water level at the shore probably 
allowed for secondary gypsum to form by evaporation, and later on to dissolve by rainfall or 
increased water levels, generating the strong correlating between Ca and S in the downstream 
surface water. 

Both Fe and S were released from pyrrhotite and danalite oxidation in the tailings. In all ground-
water wells, the concentrations of Fe were low compared to S. This can be explained by the 
formations of HFO in the oxidized tailings, scavenging Fe. Very low concentrations of Al and 
F in P5 and P6, suggested that a white sludge found during sampling contained high concen-
trations of the two. Aluminum is known to have a high affinity for F, and can form strong com-
plexes (Ozsvath, 2009). Unsuccessful attempts were made to sample the sludge, but secondary 
dark-red precipitates (likely HFO) formed from the water column after sampling prohibited 
geochemical analysis of the sludge. 

Enriched concentrations of dissolved Be, Ca, F, Mn and S were found in C7 and C11 compared 
to the other sampling locations. The large variations in water flow, from a strong spring flood 
during May to the very dry summer during July and August has a high impact on element con-
centrations in the surface water in the Pumpbäcken and Nittälven. A common procedure to elim-
inate the effect of dilution is to normalize data using a Me/Mg ratio. Magnesium does not easily 
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form secondary minerals and is not easily taken up in biota (Ingri et al., 2005). This ratio may be 
problematic when considering the mine drainage from Yxsjöberg mine site, since Mg and F can 
form strong complexes (Ozsvath, 2009), and since the Me/Mg ratios between the mine drainage 
from Smaltjärnen and Morkulltjärnen differs. 

With that in mind, the Me/Mg-ratios indicated that dissolved Ca, F, Mn and S were transported 
in Pumpbäcken (between C7 and C11), and the small decrease in concentrations was due to di-
lution of water from C9 rather than precipitation to the sediments (Fig.13). The  decrease of Ca/
Mg, F/Mg and S/Mg between C11 and C14 was likely to be due to dilution from Nittälven since 
the Ca/Mg, F/Mg and S/Mg ratios from C13 were much lower than from C11. A ruff mixing 
calculation based on K, Mg, Na concentrations from C13 and C11 to C14, showed that 70-90% 

Figure 13. Surface water concentrations of Be, Ca, S, F, Al and Mn (mg/L) i C7, C11, C14 and C16 from May to 
October, and Mg-normalized data to eliminate the effect of dilution. The grey areas represents the Mg-ratio interval 
in C13. 
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Figure 14. Dissolved and particulate concentrations of Fe in the surface water of C7,C11, C14 and C16 during May 
to October compared o the average reference values. 
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of the water in C14 originated from C13. These percentages were in agreement with a another 
study where Sr-istotopes were used to calculate the mixing of C13 and C11 (Salifu et al., 2020). 
Therefore, the decrease in concentrations of Ca, F and S between C11 and C14 was probably 
due to dilution rather than precipitation. The mixing calculations suggested that Al and Mn part-
ly precipitated between C11 and C14.

Iron released from the tailings to the Pumpbäcken was almost equally transported in the particu-
late and dissolved phases (Fig. 14). Particulate Fe, probably HFO, settled in the sediments of the 
Pumpbäcken between C7 and C11, and between C11 and C14. Water discharged into Nittälven 
did not contain elevated concentrations of Fe compared to the reference sample.

5.4. Source, mobility and fate of critial metals from the Smaltjärnen tailings
 The geochemical environment that had formed in the tailings during the long-term storage 
had affected the mobility of Be, Bi and W, with decreased total concentrations, high abundance 
in secondary phases in the tailings, and elevated concentrations in the groundwater (Be and W) 
and in the surface water (Be, Bi, W), see discussion below. In the tailings, Be, Ga, Ge and Zn 
were primarily associated to silicates, Bi and Cu were associated to sulfides, and Sn and W were 
hosted by oxides. 

Copper was released from chalcopyrite in the upper oxidized tailings, but precipitated as sec-
ondary sulfides below the VOF according to the sequential extraction. Blue secondary minerals 
has formed (Fig.12), tentatively covellite, which likely scavenged Cu and prohibited release to 
the groundwater or surface water. The concentrations of Ga and Ge in the surface water were 
in the same order or lower than those in the reference sample and were therefore assumed not 
to leach out from the tailings. However, the whole area is a mineralized area, and the reference 
sample may have been affected by another nearby mineralization. The concentrations of Ga and 
Ge at all locations, including Ref., were high compared to pristine waters in Sweden (0.0015 
µg/L for Ga and 0.015 µg/L for Ge) (Salminen et al., 2005) and elsewhere (Rosenberg, 2008 
and references therein). Anyhow, Ga, Ge and Sn acted conservative in the tailings and will not 
be discussed further. Indium is classified as a critical metal, and was enriched in the tailings 
compared to the ECC. Concentrations of In in water soluble phases, surface water and ground-
water samples were not obtained since 115In is used in the standard configuration introduction 
system at ALS Scandinavia (Olofsson et al., 2000), and further research could not be carried out 
regarding In. 
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5.5. Beryllium

Source

 The unusual mineral danalite [Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4] (Fig. 12) was identified in 
the Smaltjärnen tailings using XRD and SEM-EDS mapping, and the stoichiometric formula 
was calculated based on the total concentrations of the hand-picked minerals from the rock 
drilled cores. According to the EMC, danalite accounted for approximately 40% of the total Be 
content and 40% of the total Zn content in the tailings. Danalite belongs to the mineral group 
helvine, which consists of three end members: helvite (Mn), danalite (Fe2+) and genthelvite 
(Zn). In the 1980s, a few researchers elucidated the occurrence, geology, and stability of the 
mineral group(Burt, 1980; Burt, 1988; Dunn, 1976; Hassan and Grundy, 1985; Kinsbury, 1961), 
but since then, publications concerning this helvine group have been sparse. Helvite is the most 
common-occurring type worldwide and genthelvite is by far the most unusual, but these end 
members are usually in miscibility (Burt, 1988; Dunn, 1976). Danalite is considered to be the 
most easily weathered end-member of the helvine group in oxidized conditions due to the oc-
currence of Fe(II) and S(-II) in the crystal lattice, and it is questioned if pure danalite can exist 
in ambient conditions (Burt, 1980). The danalite from Yxsjöberg mine site is one of the closest 
to the end-member composition worldwide (76% danalite end-member) according to both the 
SEM-EDS mapping analysis and the hand-picked mineral analysis, compared to the results in 
Burt (1980). 

Mobility

 The rare occurrence and small grain size of danalite in P4 made it difficult to observe effects 
of weathering using the available mineralogy techniques. However, evidence of weathering of 
danalite in the transition zone and in the oxidized tailings could be back-tracked since Be was 
found in water soluble phases down to 2 m depth, in exchangaeble phases and easily reducible 
minerals down to 2.5 m depth (Fig. 6 & 7). Danalite is calculated to have a narrow stability field 
close to the field boundaries of pyrrhotite and magnetite (Burt, 1980). Thus, danalite has most 
likely been partly oxidized similar to pyrrhotite down to 2.5 m depth, and dissolution of danalite 
was intensified when pH-conditions decreased to below 6 (Fig. 12), at which Be hydrolyzes 
(McCleskey et al., 2009). At present time, the most intensive weathering of danalite occur at 
the VOF with the highest water soluble concentrations of Be, Mn and Zn (Fig. 6), and the mo-
lar ratios between Fe, Be, Mn, S and Zn, are similar to the stoichiometric formula of danalite. 
Evidence of danalite weathering in the upper-most tailings of the Smaltjärnen repository was 
strenghten by two studies by Salifu et al. (2018; 2019) which showed that the isotopic compo-
sition of water soluble S and Sr was similar to the isotopic composition of danalite. 

The geochemical behaviour of Be in the tailings was complex an released Be was likely in-
corporation into secondary gypsum, crystalline Al(OH)3  minerals and HFO in the tailings, and 
likely associated to fluorocomplexes and  maybe Mn precipitates in the downstream surface 
water. Parts of Be released from danalite in the Smaltjärnen tailings were scavenged by easily 
reducible minerals according to the sequential extraction, with the highest concentrations found 
at the VOF (Fig. 7). Beryllium is known to adsorb to Al-OOH, Mn-OOH, and HFO (Boschi and 
Willenberg, 2016b; Åström et al., 2018). At the VOF  in the tailings of P4, HFO was the domi-
nant element found in easily reducible minerals, and Be was therefore assumed to be associated 
with HFO at the transition zone and in the oxidized tailings. However, the crystalline Al(OH)3  
minerals may also play an important role of immobilizing Be. Thus, in Step 4 (resistant reduc-
ible minerals), Al and Be were released in similar patterns throughout the tailings. Furthermore, 
in the groundwater wells of P5 and P6, the concentrations of Be and Zn were  remarkably lower 
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than the concentrations in P7 (Fig. 8). Therefore, the white sludge containing high concentra-
tions of Al and F present in the two wells, is also hypothesized to contain high concentrations 
of Be and Zn. Beryllium is known to have a similar geochemical behavior as Zn (Taylor et al., 
2003), and Al and Be are known to compete for the same fluorocomplexes in water. The two 
have similar atomic structure and are believed to have similar geochemical behaviour (Nord-
berg et al., 2015). However, florocomplexes are known to keep elements mobile in the water, 
and these Al-F-Be-Zn precipitates need to be studied further. 

A strong correlation between Be, Ca and S in water soluble phases in another core (P6) investi-
gated by Salifu et al. (2019) and in the surface water downstream the tailings in this study (Fig. 
13), indicated that Be partly has substituted Ca in secondary gypsum. Uptake of released Be by 
secondary gypsum has probably occurred in the tailings as well as at the shore of the tailings 
(Fig. 6). A correlation between Be and SO4 has also been reported in other studies (Navrátil et 
al., 2002; Nordstrom, 2008), but the relationship between the two has not been well addressed. 

Fate

 Even though Be was partly scavenged by secondary phases in the tailings, the globally high-
est concentrations of Be observed in groundwater was measured in P7 (average 4.5 mg/L). 
Groundwater in Straight Creek (USA) was previously believed to show the highest global con-
centration of Be, with a maximum of around 0.3 mg/L (Nordstrom, 2008). The groundwater 
in P7, and surface water downstream the tailings has pH-condition in between 5.6-6.7, which 
exceeds the pH range within which Be is expected to be highly mobile (pH 4.2-6.0) (Veselý 
et al., 1989). In these pH-conditions, Be should precipitate as Be(OH)2 if complexing ligands 
are absent. Very high concentrationc of Be was present downstream Smaltjärnen repository 
(average 41 µg/L in C7) compared to the reference sample (average 0.06 µg/L) and Be concen-
trations detected in other surface water studies (e.g. Neal, 2003; Nordstrom, 2008; Salminen et 
al., 2005; Taylor et al., 2003). High concentrations of both Be and F were found as far as 5 km 
from the Yxsjöberg mine site, indicated that Be-fluorocomplexes had formed. These complexes 
can transport Be long distances and are small enough to pass through 0.2 µm filters (Veselý et 
al., 1989). Under the pH conditions downstream of Smaltjärnen (5.2-6.6), BeF+ should be the 
dominant species according to Alderighi et al. (2000) and Veselý et al. (1989).  

According to the Be/Mg-ratio, Be was transported between C7 and C11 without precipitation to 
the sediments, but between C11 and C14, Be concentrations decreased three fold in the water 
column. According to the mixing calculations, the decrease in Be concentrations was partly 
due to precipitation to the sediments before C14, possibly together with Mn which decreased in 
similar molar proportions (3-4 times). The correlation between Be and Mn needs to be studied 
further before any conclusions can be drawn. 

5.6. Bismuth 

Source

 In the Smaltjärnen tailings, Bi was dominantly hosted by bismuthinite (0.1 wt%) and in a 
few grains of pure Bi. Both bismuthinite and pure Bi were found as inclusions in silicate miner-
als. Bismuth is known to have a similar geochemical behaviour as As, Sb and Pb and can readily 
be adsorbed to HFO (Salminen et al., 2005), but very little information is available regarding the 
mobility of Bi in mine waste and mine drainage. 



Sources, mobility and fate of critical Be, Bi, F and W in historical sulfidic-oxidic skarn tailing - Re-mining as Remediation method?

28

0.0

0.3

0.6

0.9

1.2

1.5 Ref C7 C9 C11 C13 C14 C16

M
ay

Ju
n

Ju
l

Au
g

Se
p

O
ct

M
ay

Ju
n

Ju
l

Au
g

Se
p

O
ct

M
ay

Ju
n

Ju
l

Au
g

O
ct

M
ay

Ju
n

Ju
l

Au
g

Se
p

O
ct

M
ay

Ju
n

Ju
l

Au
g

Se
p

O
ct

Ju
n

Ju
n

Ju
l

Au
g

O
ct

Particulate Bi (µg/L)
Dissolved Bi (µg/L)

Figure 15. Dissolved and particulate Bi (mg/L) In Ref., C7, C9, C11, C13, C14 and C16 between May to October.

Mobility

Downstream of the Dalsung Cu-W mine in Korea, Bi was found in high concentrations in sedi-
ments but low concentrations in surface water (Jung et al., 2002). It was suggested that particu-
late Bi was moved by erosion due to wind and water and settled in sediments, and that dissolved 
Bi has low mobility under acidic and oxidizing conditions (Jung et al., 2002). At Yxsjöberg 
mine site, the results indicates geochemical weathering of bistmuthinite in the Smaltjärnen tail-
ings, with increased and depleated zones of total Bi with depth (Fig. 4), elevated water soluble 
phases in the unoxidized tailings of P4 (Fig. 6), high concentrations of exchangaeble phases 
throughout the tailings, and easily reducible phases in the oxidized tailings in P4 (Fig 7). Fur-
thermore, indications of weathered bismuthinite was detected by SEM-EDS (Fig.5). 

Fate

 In the surface water, elevated concentrations of Bi were found in the particulate phase of C7 
and C11 during all sampling occasions compared to the reference samples (Tab. 2 & Fig. 15). 
In contrast to the major elements (Al, Ca, Fe, K, Mg, Mn, Na, S and Si (Paper II) and trace ele-
ments (Be, W), total concentrations of Bi were highest in June, and lower concentrations were 
present in July-October (Fig. 15). The high release of Bi during June indicate that chemical 
weathering of bismuthinite took place under the snow covered tailings during winter and were 
later on a washed out by percolating water through the tailings. Similarly to Fe, the particulate 
concentrations of Bi decreased substantially between C7 and C11, indicating settlement into the 
sediments between the two sampling locations (Fig. 15 & 17).  The dissolved concentrations 
of Bi in the surface water were elevated in May, June and July in C7 and C11, but decreased to 
concentrations similar to the detection limit in August, September and October. In June and July, 
the dissolved concentrations of Bi were relatively stable (0.25 – 0.15 µg/L) at C7, C11, C14 
and C16, indicating that dissolved Bi was transported more than 5 km from the site. The release 
of dissolved Bi strengthens the hypothesis that Bi was released due to geochemical weathering 
rather than physical movement. However, a detailed study of Bi with environmental mineralogy 
in the tailings is needed to understand its geochemical behaviour. 

5.7. Tungsten

Source

 Tungsten was primarily found in scheelite (CaWO4) with an abundance of 0.1 wt% in the 
Smaltjärnen repository. Scheelite is considered to be a relatively stable mineral (Bokii and Ani-
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kin, 1956), but little attention has been paid to its stability and the geochemical behaviour of W 
in tailings. Varying concentrations attributed to release and accumulation of W in P4, P5, and P7 
(Fig. 4), together with water soluble phases of W in the unoxidized tailings of P4 (Fig. 6), and 
high abundance of W in easily reducable minerals at the VOF (Fig. 7) displayed that scheelite 
had been weathered in the tailings. Furthermore, scheelite grains with three characteristics were 
found in the tailings by optical microscopy: 1) unaltered grains, 2) grains with yellow rims at 
1.5 m depth, and 3) grains with HFO rims at 3.6 m depth (Fig. 5). 

Mobility

 At present time, the weathering front of scheelite is ongoing at the interphase between un-
oxidized tailings and the transition zone (2.5 m depth) in the tailings core P4. There, the highest 
concentrations of water soluble phases of W are present (Fig. 16), correlated with lower content 
of W in the tailings. At the same depth, pH was above 7, accompanied by accumulation of total 
C and frequently found secondary calcite. Water soluble phases of W coinciding with accumu-
lated C has also been found in another core from Yxsjöberg (Salifu et al., 2018). We hypothesize 
that WO4

2- has been mobilized from scheelite surfaces due to anion exchange with CO3
2-. This 

has not been mineralogically confirmed, due to the lack of scheelite in the thin section from this 
depth, but is in good agreement with results presented by Atademir et al. (1979), Marinakis and 
Kelsall (1987), and Montgomery and McKibben (2012). The release of CO3

2- originated from 
calcite in the oxidized tailings and therefore, weathering of scheelite is an indirect consequence 
of pyrrhotite oxidation according to the following reactions: pyrrhotite oxidation releasing acid 
=> dissolution of calcite releasing CO3

2- => downward transport of CO3
2- to pH>7 =>  anion 

exchange with WO4
2- ==> Mobilization of WO4

2-.

Tungsten is known to have a high affinity for HFO (Gustafsson, 2003). In the oxidized tailings 
of Smaltjärnen, W was present in easily reducible minerals and resistant reducible minerals 
according to the sequential extraction. At the VOF (1.5 m depth), 30% of W (922 mg/kg) was 
associated with easily reducible minerals (Fig. 16). However, the extraction procedure was not 
developed for scheelite and some uncertainties and analytical problems were encountered. For 

Figure 16. In the tailings core P4 a) pH, b) Total C with accumulated concentrations at 2.5 m depth, c) Total concen-
trations of Total W with peaks at the VOF and in the old oxidized tailings, d) W associated to HFO with a peak at the 
VOF, and e) water soluble phases of W with the highest concentrations at 2.5m depth. 
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example, it was not clear in which step scheelite dissolved and amounts of W extracted in the 
seven steps are substantially smaller than the total concentration in the samples. Old scheelite 
concentrate from the processing plant was analyzed by the sequential extraction in an attempt 
to clarify in which step scheelite was dissolved, without success. With that in mind, the result 
of the sequential extraction indicated that secondary capturing of W in easily reducible min-
erals had occurred in the upper-parts of the tailings where pH was <7. Low concentrations of 
W in water soluble and exchangeable phases indicated that W was co-precipitated with easily 
reducible minerals rather than adsorbed to the surfaces of them. Iron was the dominating HFO 
at this depth and adsorption/co-precipitation with HFO has been proven to immobilize W at 
pH conditions below 8 (Gustafsson, 2003). This can occur by either W substituting Fe3+ in the 
crystal lattice of ferrihydrite (Kreissl et al., 2016) or formation of strong inner-sphere complexes 
(Kashiwabara et al., 2013).

Some of the WO4
2- mobilized at the interphase between unoxidized tailings and the transition 

zone might have been scavenged by the HFO in the old oxidized tailings where crystalline 
goethite  was present, and WO4

2- are known to adsorbed or co-precipitated with goethite (Kreissl 
et al., 2016). In the old oxidized tailings, only low concentrations of water soluble phases of W 
were present even though the pH was >7. The low water soluble phases of W could also be due 
to that the goethite rims have inhibit scheelite weathering by limiting the possibility of CO3

2- 
released from upper layers interacting with the scheelite surfaces. 

Fate

 The concentrations of W in the groundwater from Smaltjärnen repository were elevated 
compared to the other trace elements found in enriched concentrations compared to ECC (Bi, 
Cu, Ga, Ge and Sn). In the downstream surface waters of Smaltjärnen, the W concentrations 
were low at all sampling occasions, but still higher than in the reference water (Fig.8). Tungsten 
was mainly present in the particulate fraction at the sampling locations C7 and C11, coinciding 
with the high concentrations of particulate Fe. Particulate W is known to have high affinity for 
particulate Fe in natural rivers (Bauer et al., 2017) and a correlation between decrease in mo-
lar-ratios of Fe and W between C7 to C11 was found in Paper II. Thus, it is hypothesized that W 
was released as WO4

2- from the groundwater in the Smaltjärnen tailings, adsorbed to particulate 
Fe in the surface water, and precipitated into the sediments a few 100 meters from the Smalt-
järnen outlet.

Contradictory, elevated concentrations of dissolved and particulate W were detected in sur-
face water downstream of Morkulltjärnen Repository (at C13) during June to October (Fig.9). 
Low concentrations of particulate Fe were present, which can explain the higher percentage of 
dissolved W in C13 compared to C7. The pH at C13 varied between 6.0-7.6, and WO4

2- was 
probably the dominating species (Koutsospyros et al., 2006). The W concentrations in mixed 
water between Smaltjärnen and Morkulltjärnen at C14 and C16 were highly affected by the high 
concentrations of W from C13, and W concentrations were elevated compared to the reference  
in June, July, August, September and October. The W concentrations at C13, C14 and C16 were 
still low compared to concentrations reported downstream of other W mining areas by Candeias 
et al. (2015), Gurbanov et al. (2015), and Seiler et al. (2005), but higher than concentrations 
detected in rivers downstream of industrial areas, e.g. in Japan (Koutsospyros et al., 2006).

5.8. Low water quality impact on diatoms 
  A negative impact on diatoms from metals in surface water can be distinguished by 1) a high 
abundance (>50%) of metal tolerant species (Achnanthidium minutissimum group II, Brachysi-
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ra neoexilis, Fragila gracilis, Eunotia steineckii, Eunotia exigua and eunotia incisa), 2) by 
decreased richness and/or eveness of the diatom taxonomy, 3) if more than 1% of the valves are 
deformed, and 4) if the ACID-index shows acidic conditions (Kahlert, 2012). 

High abundance of metal tolerant species in C7, C11, C13 and C14, acidic ACID-indexes in C7 
and C11, and decreased richness and eveness of the diatom taxonomies at all sampling locations 
compared to the Ref, indicated that mine drainage from both Morkulltjärnen and Smaltjärnen 
repositories contributed to decreased water quality in Pumpbäcken and Nittälven at least 2 km 
from the Yxsjöberg mine site, see discussion below. 

Adaptive diatoms and metal toxicity downstream Smaltjärnen Repository

 The surface water quality downstream Smaltjärnen has allowed for Brachysira neoexilis to 
become dominant in C7, C11 and C14 (46, 38, and  31 %, respectively), Fig. 17. Brachysira 
neoexilis is an adaptive species which tolerates high metal concentrations and low pH-condi-
tions (Kahlert, 2012). The diatom taxonomies in C7, C11 and C14 has lower evenness than Ref., 
and more than 1% of the valves were deformed in C7 and C11. Furthermore, the indicated pH 
based on the ACID-index showed very acidic and acidic conditions in C7 and C11. All these 
parameters indicate that the water quality in C7 and C11 has a negative impact on the epilithic 
water diatoms in Pumpbäcken. In Pumpbäcken, dissolved Be, Ca, F, Fe, and S were found in 
high concentrations (average: 0.04, 52, 2, 1.7, 33 mg/L, respectively) compared to the Ref (Fig. 
17). From this study, it is not possible to determine which of the elements that had the most neg-
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Figure 17. An schematic illustration of the transport of dissolved concentrations, particulate sedimentation and the 
abundant metal tolerant diatom species downstream the Smaltjärnen Repository. 
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ative impact on the diatoms. But, the concentrations of Be and F were above threshold limits for 
aquatic organisms, while Ca and S did not exceed drinking water standards (WHO, 2004). Con-
centrations of Be above 1 µg/L are believed to have adverse effects on ecosystems in aqueous 
media (Neal, 2003). Downstream Smaltjärnen repository, concentrations of Be were well above 
1 µg/L in C7, C11 and C14, which could be one of the causes to decreased species diversity 
compared to the Ref, enrichment of Brachysira neoexilis and >1% of deformed valves. Fluorine 
is known to be toxic to algaes, aquatic plants, invertebrates and fishes in aqueous media, espe-
cially in soft water (Camargo, 2003). Studies has shown that the bioavailability of F decreases 
with increased ionic strength of the water due to F-complexation with Ca (Joy & Balakrihnan, 
1989). Therefore, the toxic values for F range between 0.5 mg/L in soft water to 1.5 mg/L in 
marine water (Camargo, 2003; Joy & Balakrihnan, 1989). In C7, the average F concentration 
was above 1.7 mg/L, in C11 the average F concentration was 1.2 mg/L, and in C14, it had de-
creased to 0.3 mg/L, which could be one of the explanations to the higher impact on diatoms at 
C7 compared to C14. 

The highest amount of deformed valves (1.75%) was found in C11, where Fragilaria gracilis 
was present in a noteworthy amount compared to Ref., and C7 (Fig. 10). The geochemical dif-
ference between C7 and C11 was higher concentrations of dissolved Al in C11 and lower con-
centrations of dissolved F and Fe. Fragilaria gracilis is a metal tolerant species (Kahlert, 2012) 
and the high abundance in C11 could indicate a higher tolerance to Al than other diatom species. 

 Adaptive diatoms downstream Morkulltjärnen Repository

 In the surface water downstream Morkulltjärnen (C13), very high amounts of the metal tol-
erant species Achnanthidium minutissimum group II were present (58%), Fig 10. Achnanthid-
ium minutissimum is classified as a circumneutral metal tolerant diatom (Dixit et al., 1991) and 
is often dominant in streams and lakes with oligotroph conditions and elevated concentrations 
of trace metals (Cattaneo et al., 2004; Ruggiu et al., 1998). Achnanthidium minutissimum has 
been seen to increase during active mining periods with increased concentrations of Cu and Ni 
(Kihlman and Kauppila, 2009) and Zn, Cd, and Fe with pH-conditions around 7 (Cattaneo et al., 
2004).

The eveness of the diatom taxonomy in C13 were low compared to the Ref, but no deformed 
valves were present and the ACID-index indicated near-neutral pH-conditions. These results 
from C13 indicate that the negativ impact on diatoms in C13 was lower than in C7 and C11, 
but higher than in Ref. In C13, the water had near-neutral pH (average 6.6) and high average 
concentrations of dissolved W (average: 1.2 µg/L) were present (Fig.17).  No environmental 
regulations or general guideline values for dissolved W in surface waters have been set in the 
EU or USA, due to the lack of knowledge of its mobility and toxicity (Koutsospyros et al., 2006; 
Strigul, 2010). In Russia, a maximum allowed concentration of 0.8 µg/L dissolved W has been 
set for aquatic systems used for fishing (Strigul et al., 2009). No other elements were detected in 
high dissolved concentrations in the surface water. A high abundance of Achnanthidium minu-
tissimum group II were also found in C14, where Nittälven had co-mingled with Pumpbäcken, 
indicating that the negative impact from the mine drainage of Morkulltjärnen reached C14.

Metal intolerant species affected by mine drainage from Yxsjöberg mine site

 The understanding of the metal tolerance of Tabellaria flocculosa differs between different 
researchers. In Sweden, it is classified as a metal tolerant species (Kahlert, 2012) whereas other 
studies has seen it disappear readily in sediments polluted by mining activitites with Cu, Zn, 
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Fe, Cd (Austin and Munteanu, 1984; Cattaneo et al., 2004; Hirst et al., 2002). In this study, the 
highest content of Tabellaria flocculosa was found in Ref (22%). Very low concentrations were 
found in C7, C13 and C14. Notable is that Tabellaria flocculosa was present in 12% in C11. 
These results indicates that Tabellaria flocculosa is sensitive to pH 5.6-6.6 with elevated con-
centrations of dissolved Be, F, Fe and/or W. 

6. Conclusions
 Pyrrhotite oxidation was the direct or indirect cause of Be, Bi, F and W mobilization in 
the Smaltjärnen tailings at Yxsjöberg mine site, resulting in low quality mine drainage having 
negative impact on epilithic diatoms in the downstream surface water. Long-term storage of the 
tailings in ambient conditions has generated a strong oxidized environment in the upper parts of 
the tailings of all cores (P2, P4, P5 and P7) in Smaltjärnen repository. The strong oxidized envi-
ronment is characterized by complete oxidation of pyrrhotite, depletion of calcite, decreased pH 
from >8 to <4, partly weathered fluorite and small parts of silicates, and formations of second-
ary gypsum, amorphous hydrous ferric oxides (HFO) and Al(OH)3. In P4, a transition zone with 
ongoing weathering was found between 1.5-2.5 m depth, and unoxidized tailings were present 
between 2.5-3.6 m depth. Furthermore, an older deposition period with oxidized and unoxidized 
tailings was found below 3.6 m depth in P4. 

The average content of  the enriched critical elements Be, Bi, Cu, Ga, Ge, Sn, W, Zn, and F in 
the tailings were 284, 495, 946, 24, 16, 559, 960, and 301 ppm, and 1.9 wt.%, respectively. The 
elements were primary sitting in danalite (Be and Zn), bismuthinite (Bi), chalcopyrite (Cu), sil-
icates (Ga and Ge), cassiterite (Sn), scheelite (W), and fluorite (F). Non-silicate minerals in the 
tailings accounted for approximately 12 wt%. 

Beryllium was hosted by the unsual mineral danalite [Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4] which 
is unstable in oxic conditions, and in the Smaltjärnen tailings, Be was released down to 2.5 
m depth, with the most intensive weathering ongoing at 1.5 m depth. Released Be has a com-
plex geochemical behaviour in the tailings, and was likely incorporated in HFO, Al(OH)3 and 
secondary gypsum. Yet, the worldwide highest concentrations of Be was present in one of the 
groundwater wells (average 4.5 mg/L), and dissolved Be was found in elevated concentrations 
as far as 5 km from Yxsjöberg mine site, probably due to fluorocomplexes. 

In the Smaltjärnen tailings, we hypothesize that W was mobilized by anion exchange with 
carbonates on the surfaces of scheelite [CaWO4] in the unoxidized tailings where pH was >7. 
There, the total concentrations of W were decreased and water soluble phases of W were pres-
ent. Carbon had accumulated and secondary calcite was frequently found. Released W in the 
upper-tailings, was scavanged by co-precipitation with HFO, and only low concentrations were 
present in the groundwater of Smaltjärnen repository and in the surface water downstream the 
tailings. In the surface water, W was mainly transported in the particulate fraction and settled 
into the sediments close to the outlet from Smaltjärnen Lake in Pumpbäcken, similar to HFO. 
Contradictory, elevated concentrations of dissolved W (average 1.2 mg/L) were present in the 
surface water downstream Morkulltjärnen repository which is covered and partly water-satu-
rated. The higher content of dissolved W is likely due to the lower abundance of HFO there 
compared to Pumpbäcken. Dissolved W from Morkulltjärnen was transported more than 5 km 
from the Yxsjöberg mine site. 

In the Smaltjärnen repository, geochemical weathering of bismuthinite was indicated by de-
creased total concentrations of Bi in the tailings, high concentractions of Bi in secondary phases 
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of the sequential extraction, bismuthinite grains which appeared weathered, and elevated con-
centrations of Bi in the downstream surface water compared to the reference water. Bismuth 
released to the groundwater settled into the sediments close to the outlet of the Smaltjärnen lake, 
similar to Fe and W.

Epilithic water diatoms downstream Smaltjärnen and Morkulltjärnen indicated the mine drain-
age from the two repositories both had negative impact on the diatom taxonomy as far as 2 km 
downstream Yxsjöberg Mine site. Metal tolerant species (Achnanthidium minutissimum group 
II and Brachysira neoexilis) had become dominant, and the eveness of the taconomy had de-
creased compared to the reference sample. Higher amounts of deformed diatom valves and acid-
ic ACID-indexes downstream Smaltjärnen repository compared to Morkulltjärnen, showed that 
the mine drainage from Smaltjärnen repository had more adverse effects on the diatoms than the 
mine drainage from Morkulltjärnen.

The oxidation rate decrease with time, but weathering of the Smaltjärnen tailings is expected 
to be ongoing for hundreds of years since only a small part had weathered during the 50-100 
years of storage. The low water quality and negative impact on diatoms, stress the need for 
remediation. Low concentrations of Be, Bi, Ca, F, Fe and S, accompanied by a near-neutral pH 
(average pH 6.6) downstream Morkulltjärnen, suggested that cover and water saturation could 
inhibit sulfide and danalite oxidation, and indirectly prevent fluorite weathering. However, high 
concentrations of dissolved W downstream Morkulltjärnen showed that cover and water satu-
ration can increase the mobility of W in the Smaltjärnen tailings, which needs to be taken into 
consideration. This thesis shows the importance of understanding the complex mineral and ele-
ment matrix in skarn tailings before choosing remediation technique. 

Re-mining could be a beneficial remediation method since 1) most W were found in intact 
scheelite grains, 2) fluorite was abundant throughout the tailings, 3) most bismuthinite grains 
were intact, and 4) grains of danalite were still present in the tailings (Fig.18). Beryllium, Bi, 
W and fluorite are all classified as EU-critical raw materials. Re-mining the tailings could also 
separate toxic metal(loid)s from inert material to be stored in a proper way, which would reduce 
the amount of waste with up to 88 wt.%. and be of an environmental benefit. However, more 

Figure 18. Re-mining the tailings could extract economic minerals and metals, separat toxic metal(loid)s from inert 
material and be stored in a proper way, which would be a environmental benefit. 
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research regarding the mineral processing and metallurgy is needed to ensure a sustainable ex-
traction process.

7. Future studies
 Based on the results in this thesis several new research questions have been raised. Ad-
sorption and/or co-precipitation of trace elements with secondary minerals such as Al, Fe and 
Mn - oxyhydroxides, secondary gypsum and calcite needs to be studied further. The stability of 
these secondary minerals and the capture of trace elements, play an important role regarding the 
mobility of elements downstream tailings, but the information is also applicable in other fields, 
e.g. during common remediation processes such as utilization of lime to prevent Acid Mine 
Drainage (ACM). 

Future studies should also focus on the weathering of Bi and W. Almost no information is avail-
able regarding geochemical weathering of Bi in the terrestrial environment. But, the usage of 
Bi is increasing and used as a non-toxic alternative in different applications, e.g. ammunition. 
In Smaltjärnen repository, large quantities of Bi released from primary minerals are found in 
secondary minerals according to the sequential extraction test. This gives a good setting for 
understanding mobilization and fate for Bi. 

Detailed mineralogical studies (e.g. synchrotron based measurements or Raman spectroscopy 
measurements) could be used to identify secondary carbonates formed by exchange process 
on the surfaces of scheelite. If so, this would be the state-of-the art within the field of scheelite 
weathering. However, to do so, scheelite needs to be concentrated with e.g. hydroseparation, 
and precautions must be taken to not dissolved or wash away the carbonates from the scheelite 
surfaces.

Pictures from surface water sampling, water filtration and epilithic water diatom sampling 
downstream Yxsjöberg mine site. 
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A B S T R A C T

Little attention has been paid to tailings from skarn ore deposits and their environmental impact, even though
they can contain elevated concentrations of elements of potential concern together with sulfides and fluorite.
Historical skarn tailings at Yxsjöberg, Sweden, containing e.g. Be, Bi, Cu, F, Sn, S, W, and Zn were geochemically
characterized as a first step to evaluate the environmental impact and the potential to re-mine the tailings. The
tailings were deposited between 1897 and 1963 in the Smaltjärnen Repository without dams or a complete
cover, and have been in contact with the atmosphere for> 30 years. Four vertical cores throughout the tailings
were taken and divided into 134 subsamples, which were analyzed for total concentrations and paste pH.
Selected samples from different depths were mineralogically characterized using optical microscopy, scanning
electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS), Raman vibrational spectroscopy,
and X-ray diffraction (XRD). Minerals, hand-picked from drilled rock cores, were analyzed for the element
content, and a modified Element to Mineral Conversion (EMC) that pinpoints the quantitative distribution of
elements between the minerals in the tailings was carried out. The average concentrations of Be, Bi, Cu, Sn, Zn,
W, F and S in the tailings were 284, 495, 946, 559, 301, and 960 ppm, and 1.9 and 1.2 wt%, respectively. The
tailings has reached a late stage development due to pyrrhotite oxidation resulting in low pH (<4) in the
uppermost tailings, and formations of secondary minerals such as gypsum, hydrous ferric oxides (HFO) and
orthogonal calcite. Secondary pyrite and magnetite, formed from monoclinic pyrrhotite was detected, and dif-
ferent weathering rates of secondary pyrite, hexagonal and monoclinic pyrrhotite was indicated, with secondary
pyrite as the most stable and monoclinic pyrrhotite as the least. The rare and easily-weathered mineral danalite
(Fe4Be3(SiO4)3S) was found in the drilled rock cores and by XRD in the tailings. However, the mineral could not
be found by optical microscopy or SEM-EDS. This suggests that the mineral has been weathered to a great extent,
which poses a high risk of releasing elements of potential concern to the groundwater since danalite contains
approximately 40% of the total Be and Zn concentrations in the tailings. Fluorine was mainly found in fluorite,
Cu in chalcopyrite, and Bi in bismuthinite; which all showed signs of weathering in acidic condition in the
uppermost part, subsequent with decreased concentrations, followed by accumulation peaks deeper down in the
tailings correlated with Al. Tungsten was mainly found in scheelite; most grains were unweathered, but a few
grains had altered rims or HFO on the mineral surfaces. Tin was mainly found in ferrohornblende, hedenbergite
and grossular. Beryllium, Cu, F, and Zn has high potential to be released to the surrounding environment from
the Smaltjärnen Repository, while W, Bi and Sn are relatively stable in the tailings. Most of the scheelite is intact
and re-mining could, therefore, be a suitable remediation method that would both reduce the environmental
impact and simultaneously support the supply of critical raw materials in the EU.

1. Introduction

It is estimated that several billion tonnes of mine waste are gener-
ated every year (Hudson-Edwards et al., 2011) and that the worldwide

costs of remediation will exceed 100 billion US dollars (Parbhakar-Fox
and Lottermoser, 2015). Mine waste that is disposed of incorrectly
poses a risk to the water quality and the ecosystems in the vicinity of
the repositories because of polluted mine water containing dissolved
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constituents (Gunsinger et al., 2006). Most of the environmental studies
related to mine waste have been focused on sulfidic deposits, while
little attention has been paid to tailings from skarn ore deposits.

Skarn ore deposits contain elevated concentrations of several metals
(e.g. Be, Bi, Cu, Sn, W, and Zn) together with considerable amounts of
carbonates, sulfides and fluorite (Chen et al., 1992; Kern et al., 2017;
Kwak, 2012; Meinert et al., 2005). Many metals left in the tailings are at
elevated concentrations due to inefficient physicochemically-based se-
paration processes (Marinakis and Kelsall, 1987), or occur at con-
centrations too uneconomic to mine. Furthermore, large quantities of
tailings (90–99wt% of mined ore) are produced from skarn mining
(Kwak, 2012; Cheilletz et al., 2005; Meinert, 1992; Werner et al., 1998)
which can make these tailings a potential environmental concern. The
sulfides and fluorite can enhance the mobility of metals in the tailings
due to sulfide oxidation reducing the pH (Blowes et al., 2003) and
complexation with F ions keeping metals mobile (Petrunic and Al,
2005). Tailings deposited in the distant past might have an even higher
impact on the environment than those from current production, be-
cause of more reckless disposal due to the lack of regulations at that
time (Hudson-Edwards et al., 2011). Re-mining historical skarn tailings
might be a suitable remediation method that would also support the
increasing demand for metals, thus, Be, Bi, W, and fluorite are all listed
by the European Commission (2017) as critical raw materials. One
important consideration regarding re-mining is the mineralogy of the
tailings, when considering both the need and method for remediation
(Vaughan and Wogelius, 2000) as well as possible extraction strategies
(Butcher, 2010). Long-term storage might change the geochemical
conditions in the repository through generation of acidity, primary
mineral weathering and secondary mineral formations (Blowes et al.,
2003). The quantity and stability of minerals hosting elements of po-
tential concern play an important role on the environmental impact of
the tailings (Brown and Calas, 2011; Parbhakar-Fox and Lottermoser,
2015). Environmental Mineralogy (EM) is a new important sub-dis-
cipline that integrates mineralogy with environmental geochemistry to
obtain a better understanding of the actual processes taking place in
low-temperature systems such as tailings (Brown and Calas, 2011).
Only a few studies are available that examine the mineralogy or geo-
chemistry of W skarn tailings, even though>30 mines have been ac-
tive in the past (Appendix A). Improve Resource Efficiency and Mini-
mize Environmental Footprint (REMinE) is an ERAMIN research project
aiming to evaluate whether reprocessing tailings could be a remedia-
tion option and beneficial, from an economic, technical and environ-
mental perspective. In this study, tailings from Scandinavia's largest W
skarn deposit at Yxsjöberg, Sweden, were studied. The tailings have
been stored in the Smaltjärnen repository over the last 100 years
without dams or a complete final cover. Previous investigations in the
area have found high concentrations of W, Be, Cu, Zn, S, and F in the
groundwater, downstream sediments and surface water (Höglund et al.,
2004). The geochemical behavior of Be, Bi, F, Sn, and W is not well
constrained even though many of these elements are of potential en-
vironmental concern. Beryllium is considered as one of the most ha-
zardous elements in the period table when inhaled as dust (Taylor et al.,
2003), high concentrations of F in the groundwater cause adverse ef-
fects to humans worldwide (Ozsvath, 2009), and W is classified as an
emerging contaminant of potential concern by the U.S. EPA (2014).
Smaltjärnen repository has been in direct contact with the atmosphere
for> 30 years and is classified by Höglund et al. (2004) as the highest
environmental risk (Risk 1) according to the Swedish EPA's classifica-
tion system (MIFO). MIFO takes into consideration the hazard assess-
ment, contamination level, migration potential, and sensitivity/pro-
tection value of the surrounding environment (Swedish EPA, 2002).

The aim of this study was to use EM to characterize the tailings at
Yxsjöberg, as a first step in evaluating the suitability of re-mining as a
remediation method. The objectives were to 1) study how long-term
storage has affected the geochemical conditions and minerals in the
tailings, 2) determine the quantities of metals of potential

environmental concern in the tailings and their distribution in the re-
pository, and 3) evaluate the potential risk of metals being released to
the surrounding environment.

2. Study site

The closed W, Cu, and fluorite mine at Yxsjöberg is located in the
Bergslagen ore district, approximately 250 km north-west of Stockholm,
Sweden (60°2′40.0″N 14°46′26.5″E) (Fig. 1). The region is character-
ized by winters with four months of snow and an annual precipitation
of 730mm per year. The monthly average temperatures range from
−5 °C in January to 15 °C in July1 (SMHI, 2017).

2.1. Minerals in the ore and mining operations

This skarn-type deposit was formed 1789 ± 2Ma ago in relation to
post-kinematic granitoid intrusions (Romer and Öhlander, 1994). It
comprised three ore lenses (Kvarnåsen, Finngruvan, and Nävergruvan)
which contained 0.24–0.32 wt% of W, 0.16 wt% of Cu and 5–6wt% of
fluorite (Rothelius, 1957). The skarn was formed by metasomatic al-
teration of a marble horizon occurring as an intercalation in felsic
metavolcanic rocks. The ore and the host rocks were intersected by
several metadiabases that were partly affected by skarn alteration
(Ohlsson, 1979).

The main skarn minerals of the ore lenses were pyroxenes, amphi-
boles, garnets, and fluorite. Ore minerals consisted of scheelite, chal-
copyrite, pyrrhotite, pyrite and smaller amounts of magnetite (Ohlsson,
1979). Other accessory minerals were calcite, helvite, molybdenite,
wolframite, sphalerite, apatite, titanite, chlorite, epidote, allanite,
zircon and hematite (Romer and Öhlander, 1994). Mining had already
started by the 17th century, exploiting the Cu deposits. Underground
mining occurred over three periods (1918–1920, 1935–1963,
1969–1989). The mined commodities changed with time but informa-
tion regarding the times of extraction is diverse between different in-
formation sources. Mining of scheelite started in 1918 and was ex-
tracted using roasting and gravity separation. Fluorite and chalcopyrite
were recovered from 1956 when flotation cells were added to the
processing plant. The recovery of scheelite was 50% until the flotation
cell was added, which increased it to 75%. The recovery percentages of
fluorite and chalcopyrite were 50% and 25%, respectively (Rothelius,
1957). Mineral processing, including crushing and grinding, was done
on site and the tailings were pumped through several pipes into two
repositories, Smaltjärnen (1897–1963) and Morkulltjärnen
(1969–1989) (Höglund et al., 2004).

2.2. Smaltjärnen tailings repository

This study focuses on the older repository, Smaltjärnen (Fig. 1). The
area into which tailings were discharged consisted mainly of bogs and
swamps (Rothelius, 1957). At present, the Smaltjärnen Repository
covers 26 ha and contains approximately 2.8 million tons of tailings
discharged from 1887 to 1963. The repository descends from the in-
dustrial area to the east, south, and southwest. The height difference
between the industrial area and downstream lake Smaltjärnen is
15–20m with a relatively uniform slope, except at the shore where it
flattens out. The old repository has not been remediated between the
active periods, nor directly after closure of the mine. A thin layer of
sewage sludge was used to establish a vegetation cover to suppress dust
in 1994. At present, the vegetation varies over the repository with high
trees in the north and north-west areas, and grass in the middle. Parts of
the tailings are barren due to erosion.

1 Data collected between 1901 and 2016 at Ställdalen, 16 km from Yxsjöberg,
Sweden (SMHI, 2017).
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3. Materials and methods

3.1. Sampling methods

Primary minerals from the ore lenses at Kvarnåsen and Finngruvan
were sampled to determine their chemistry including main and trace
elements. Amphibole, pyroxenes, plagioclase, garnet, helvite, pyr-
rhotite, scheelite, calcite, and fluorite were hand-picked from drilled
rock cores stored in the Mineral Resources Information office in Malå,
Sweden. The minerals were ground with an agate mortar down to fine
fractions before analysis and sorted for purity using a binocular mi-
croscope to locate contamination from other minerals. Only grains
with> 97% purity were analyzed. Screening analyses (71 elements)
were carried out by ALS Scandinavia, using inductively coupled plasma
sector field mass spectrometer (ICP-SFMS) after lithium metaborate and
HNO3/HF/HCl digestion.

Samples of the tailings were taken at four sampling locations (P2,
P4, P5, P7) in the Smaltjärnen repository. The locations were near
former spigot points and formed a line downhill to the major outlet
(P4), and chosen using orthophotos taken in 1963 by the Swedish Land
Survey (Fig. 1). Three intact vertical tailing cores (P4, P5, P7) were
sampled in Plexiglas tubes (Ø 2″, 1.2 m each) by using a percussion drill
rig from Envix Nord AB. Each core reached from the surface down to
the underlying strata at 7.5, 5.8 and 2.8m, respectively. One additional
core (P2) was sampled down to a hardpan at 1.7m with an open gauge
and a handheld Cobra driller. A distinctive change of color in the tail-
ings was observed at depth in P4, P5, and P7 (1.5, 0.8, and 0.7m, re-
spectively). The upper part of the tailings was reddish-brown and the
deeper tailings were dark grey (Fig. 2). The interphase between the
reddish-brown and dark grey tailings is hereafter referred to as the
visual oxidation front. The cores were split into subsamples of 5–15 cm
from the upper red-brown tailings and into 10–30 cm subsamples from
the underlying part. All samples were stored in a cool, dark place in
diffusion-tight bags. Tailings from below the groundwater level were
stored in argon gas to prevent oxidation. A total of 134 samples from
P4, P5, P2, and P7 were taken from the site.

3.2. Environmental geochemistry

Total concentrations of 99 samples from the tailings and seven
samples from the underlying strata were analyzed by ALS Minerals for
66 elements using the characterization packages CCP-PKG01 and F-
ELE82, after pulverization with an agate mill (85% passing 75 μm). ALS

Minerals classifies the elements into 8 groups, namely: amajor elements,
bcarbon, cflour, dLOI, esulfur, fbase metals, ggold related trace elements,
and hresistive elements. For determine of major elements, LOI, C and S
digested by furnace combustion was used, for base metals by four acids,
for resistive elements lithium borate fusion, and for volatile gold related
trace elements by using aqua regia. Major elements and base metals
were analyzed with inductively coupled plasma atomic emission spec-
troscopy (ICP-AES), while resistive and volatile trace elements were
analyzed with inductively coupled plasma mass spectrometry (ICP-MS).
Sulfur and C was analyzed with an induction furnace (Leco). Fluor was
digested by Na2O2 fusion with critic acid leach and analyzed with ion
selective electrode. Each analysis was performed in duplicates and
controlled with certified standard materials and blanks. All standards
analyzed were within the upper and lower limits. The analysis used is
noted for each elements in Table 1 together with the detection limits
(QC) and the standards used.

Paste pH measurements were made in the laboratory for each sub-
sample with a solid-solution ratio of 1:1 (Noble et al., 2016; Sobek,
1978). Measurements were made with pHenomenal MU 6100H and the
electrode pHenomenal 111 (662–1157). The electrode was calibrated
using standard buffer solutions 4, 7 and 10 prior to the measurements.

3.3. Mineralogy

Polished uncovered thin sections of tailings from selected sub-
samples of P2, P4, and P7 (6, 20, and 1, respectively) were prepared by
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Fig. 1. The Smaltjärnen repository contains W, Cu, F skarn tailings from the three ore lenses at Yxsjöberg, Sweden. Tailings were discharged inside the orange lined
area between 1887 and 1963. Currently, the vegetation varies, with high, low and barren areas. Smaltjärnen lake is located downstream of the repository. Tailings
were sampled from the surface down to underlying strata at P4, P5, P2, and P7. An orthophoto from 1963, taken just before the repository was closed down, is shown
on the right (Swedish Land Survey, 2016). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Visual oxidation 
front

P7 ( Ø2”): from surface and downwards

Fig. 2. The visual oxidation front is found at 61 cm depth in P7 with reddish-
brown tailings above the front and grey tailings below the front.

L.P.B. Hällström et al. Journal of Geochemical Exploration 194 (2018) 266–279

268



Vancouver Petrographics Ltd., Vancouver, BC Canada with special care
taken not to dissolve water-soluble phases in the sample. Subsamples
for thin sections were chosen based on pH, field observations and total
concentrations of W, Bi, Sn, Be, S and F in the profiles. The polished
thin sections were examined using transmitted and reflected light op-
tical microscopy (Nikon Eclipse LV100POL), and Scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS).
SEM-EDS measurements were carried out on 10 carbon-coated thin
sections using high-resolution Zeiss Merlin™ FE-SEM (10 keV and 1 μA)
and Aztec Software from Oxford Instruments. The instrument was ca-
librated using copper tape to obtain qualitative and semi-quantitative
element analyses with a backscattered electron (AsB) detector. Raman
vibrational spectroscopy was measured on chosen thin sections to dif-
ferentiate between minerals with the same/similar geochemical com-
position; 1) marcasite and pyrite (Weber et al., 2017), 2) hematite and
magnetite (Das and Hendry, 2011), and 3) calcite and aragonite (White,
2009). Measurements with green laser (532 nm) were carried out with a
Bruker Raman Scope and Olympus BX51 microscope, and the software
OPUS 7 Senterra. The Fe-sulfides were measured with 20mW, 3 s and
10 repetitions, while Fe-oxides and Ca-carbonates were measured with
2mW, 30 s and 3 repetitions. Precautions using low laser power mea-
surements were taken to avoid mineral transformation.

3.3.1. X-ray diffraction (XRD)
Two subsamples of the bottom tailings from P4 were considered to

be unaltered material after analysis with optical microscopy and ana-
lyzed with XRD for mineral quantification. The samples were split using
a riffle splitter and milled before measurements. The measurements
were carried out at Luleå University of Technology (LTU) with a
PANanalytical Empyrean X-ray diffractometer, using Cu-Kα radiation.
XRD patterns were recorded from 3 to 80° 2θ and counting for 2 s per
step, using 45 kV with 1.52° divergence and anti-scatter slits, and a
mask of 20mm. Each measurement took 2 h. Phase identification was
carried out using reference patterns from ICSD-2016 in the HighScore
Plus Version 3 software package, and semi-quantitative analysis was
carried out using Rietveld refinement. Results for the hand-picked
specimens, optical microscopy, and SEM-EDS measurements were used
as background information when choosing input data.

3.3.2. Terminology of minerals
The terminology of primary and secondary minerals are following

the definitions by Jamieson et al. (2015) where primary minerals refer
to those from the deposit that have been ground during milling but
otherwise are unaltered, and secondary minerals are those formed
within the tailings impoundment. Mineral abbreviations in this article
follow the recommendations by the IUGS Subcommission on the Sys-
tematics of Metamorphic Rocks, Web version 01.02.07 (Siivola and
Schmid, 2007). Helvite, genthelvite, danalite, bismuthinite, and oligo-
clase are not covered in the recommendations. These minerals are

Table 1
The average total solid concentrations of 99 subsamples from P2, P4, P5, and P7
analyzed by ALS Minerals is shown with standard deviation (SD), detection
limits (QC), average concentrations of the Earth's continental crust and the ratio
(x) between the average of tailings and ECC (Krauskopf and Bird, 1995). The
class (a–h) of each element is shown in column QC. The element classification
done by ALS Minerals and standard materials used during the analyses is
written below the table.

Tailing SD QC ECC x

Major elements (wt.%.)
Al 3.8 0.6 0.01a 8.13 0
C 1 3.5 0.01b – –
Ca 11.4 1.9 0.01a 3.6 3
F 1.9 0.7 0.01c 0.063 30
Fe 14.9 2.9 0.01a 5 3
K 1 0.4 0.01a 2.6 0
LOI 4.1 6.5 0.01d – –
Mg 0.9 0.1 0.01a 2.1 0
Mn 1.1 0.2 0.01a 0.095 12
Na 1 0.2 0.01a 2.8 0
P <0.01 0.1 0.01a 0.1 0
S 1.2 0.6 0.01e 0.3 4
Si 21 2 0.01a 27.7 1
Ti 0.1 0 0.01a 0.4 0

Trace elements (ppm)
Ag 0.5 0.1 0.5f 0.07 8
As 0.7 0.2 0.1g 1.8 0
Ba 75 32 0.5h 425 0
Be 284 45 1h 2.8 102
Bi 496 82 0.01g 0.2 2477
Cd 0.8 0.3 0.5f 0.2 4
Ce 45 27 0.5h 60 1
Co 22 12 1f 25 1
Cr 29 8.2 10h 100 0
Cs 6.1 2.6 0.01h 3 2
Cu 946 469 1f 55 17
Dy 5.8 1.8 0.05h 3 2
Er 3.5 0.9 0.03h 2.8 1
Eu 2.1 0.7 0.03h 1.2 2
Ga 24 3 0.1h 15 2
Gd 4.9 2.1 0.05h 5.4 1
Ge 16 3.7 5h 1.5 11
Hf 2 0.4 0.2h 3 1
Hg <0.005 – 0.005g 0.08 0
Ho 1.2 0.3 0.01h 1.2 1
In 4.3 1 0.005g 0.1 43
La 21 12 0.5h 30 1
Li < 10 0 10f 20 1
Lu 0.7 0.2 0.01h 0.5 1
Mo 1.5 1.2 1f 1.5 1
Nb 4.8 0.8 0.2h 20 0
Nd 20 11 0.1h 28 1
Ni 6.2 2.2 1f 75 0
Pb 9.6 4.4 2f 13 1
Pr 5.3 3.2 0.03h 8.2 1
Rb 110 48 0.2h 90 1
Re < 0.001 – 0.001g – –
Sb 0.4 0.1 0.05g 0.2 2
Sc 5 1 1f 22 0
Se 1.5 0.6 0.2g 0.05 30
Sm 5.2 2.9 0.03h 6 1
Sn 559 100 1h 2 280
Sr 29 6.3 0.1h 375 0
Ta 0.3 0.1 0.1h 2 0
Tb 0.9 0.3 0.01h 0.9 1
Te 3.1 0.8 0.01g – –
Th 3.9 0.9 0.05h 7.2 1
Tl 0.7 0.3 0.02g 0.5 1
Tm 0.6 0.1 0.01h 0.5 1
U 3.1 2.4 0.05h 1.8 2
V 28 6.9 5h 135 0
W 960 682 1h 1.5 –
Y 31 8.2 0.5h 33 1
Yb 4.8 1.3 0.03h 3.4 1
Zn 301 61 2f 70 4

Table 1 (continued)

Tailing SD QC ECC x

Zr 67 15 2h 165 0

a Major elements (Amis0085, Amis0167, Amis0304, Oreas146, SRM88B,
SY-4).

b Carbon (DS-1, GS310-10, GS313-8, MA-1b).
c Flour (SRM-120c).
d LOI (Amis0185, Amis0286, CDN-W-4, SARM-43).
e Sulfur (DS-1, GS310-10, GS313-8, UTS-2).
f Base metals (OGGeo08, Oreas-45b).
g Gold related trace elements (GBM908-10, GBM908-5, MRGeo08, Oreas-

45d).
h Resistive elements (Amis0085, Amis0167, Amis0304, Oreas146, Oreas-

105, SRM88B, SY4).
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abbreviated to He, GHe, Dan, Bi, and Oli. Secondary formations of iron
(oxy)hydroxides are referred to as hydrous ferric oxides (HFO), in ac-
cordance with Dzombak (1990).

3.4. Element to mineral conversion (EMC)

All the results from this study (total concentration of the tailings,
mineralogy, the element composition of the hand-picked minerals and
the XRD quantification) were used to create a modified Element to
Mineral Conversion (EMC). The average molalities of the unaltered
tailings were used as starting concentrations. The EMC was carried out
in three steps (Table 4). In the first step, the molalities of elements in
ferrohornblende, hedenbergite, grossular, and oligoclase were removed
from the starting concentrations using the minerals' stoichiometric
formulae determined from the drilled rock cores. The input quantities
were based on the mineral abundances determined by XRD and ad-
justed to obtain the best fit for the model. In the second step, the quantity
of non-silicate minerals were back-calculated by using the molalities of
Sn, Be, Bi, Cu, Zn, S, C, and F, relating them to their non-silicate hosting
mineral. Stoichiometric formulae determined from analyzing minerals
in the drilled rock core were used where possible. For the other mi-
nerals (cassiterite, bismuthinite, chalcopyrite, and pyrite), the general
stoichiometric formula was used. The mineral abundances were cal-
culated based on the molality of the element of interest and the molar
mass of all elements in the mineral. In the third step, biotite, orthoclase,
chlorite, quartz, hematite, Al(OH)3, and Mn(OH)3 were added to the
calculation using general stoichiometric formulae. The quantity was
based on the remaining molalities of elements in the tailings and was
referenced to their hosting mineral. A few assumptions were made in
the calculations based on the results from the mineralogical studies: 1)
the Be remaining after step 1 had been subtracted is in danalite, with
the rest of Sn in cassiterite, 2) 95% of the remaining sulfur after da-
nalite, bismuthinite and chalcopyrite have been subtracted is in pyr-
rhotite, and 5% is in pyrite, 3) the remaining Ca after minerals in steps
1 and 2 has been subtracted is in fluorite, and 4) 30% of the remaining
Mg after steps 1 and 2 is in biotite and the rest is in chlorite.

4. Results

4.1. Average concentrations in the tailings

The average total element concentrations in the tailings were
compared to the average values for the Earth's continental crust (ECC),
Table 1. Fluorine and Mn were substantially higher (30 and 11 times,
respectively) than ECC. Iron, Ca, and S were 3–4 times larger with the
other major elements (Al, K, Mg, Mn, Na, Si) being similar or lower than
ECC. The concentrations of Bi (495 ppm), W (960 ppm), Sn (559 ppm),
and Be (284 ppm) were all> 100 times ECC. Concentrations of Cu and
Zn were slightly higher than ECC (17 and 4 times). A few elements (Ag,
Cd, Ge, In, and Se) were found in low concentrations but still elevated
compared to ECC. Beryllium, Bi, F, Ge, In, and W are all listed as EU
critical raw materials (European Commission, 2017). No others of these
critical raw materials (Co, Cr, Ga, Nb REE, Sb) or metals of potential
concern (As, Mo, Ni, Pb, U) were found to have elevated concentrations
in the tailings. The standard deviations (SD) for C, F, S, Cu, and W were
30–70% of the average concentration, and the other elevated elements
(Be, Bi, Ca, Fe, Sn, Zn) had SDs of 16–20%.

4.2. Total solid concentrations in the tailings

Large changes in pH were found in the upper parts of the tailing
profiles of P4, P5, and P7, with a pH below 4 in the upper tailing and
minimum values at/or close to the visual oxidation front (Fig. 3). In
profiles P4 and P5, the pH reduced down to 2.90m depth and, in P7,
down to 0.7 m. All subsamples from P2 had pH values below 6. The
highest pH was found at a depth of 5m in P4, 2.9m in P5, and 1.7 m in

P7. The groundwater level was only present in P5 and P7, and in P2 and
P4, it was deeper than the sampling depth. All samples below the
groundwater level had neutral pH values (7–8). The underlying strata
had a lower pH than the deep tailings (average: 6.7).

Variations in concentrations were found both with depth in each
profile and between the different profiles (Fig. 3). The different sam-
pling depths and the spread of tailings from different spigot points make
the comparison between the profiles difficult. But, generally, the upper
parts of the tailings in all profiles had lower concentrations of C, F and S
compared to the average values (Table 1), with peaks deeper down in
the tailings (Fig. 3). The concentration of S decreased in all four profiles
from a depth of 0.7m upwards to ground level. Peaks of S were found at
1.5 m in P4 and 1.6m in P5. No peaks of S were present in P2 and P7.
The largest variations of S concentration were found in the P4 profile;
this sampling point was located close to the major outlet of the tailings.
The concentrations of C were very low (< 0.01wt%) in the upper parts
of P4 and P5, and across the whole profile of P2. In P7, the C con-
centrations were very low under the groundwater table. Accumulated
peaks of C were found in P4 and P5 at 2.5 and 1.5m depth, respectively.
Samples with very high values of C (marked in red) in the uppermost or
lowermost part of the profile are where organic matter was laying over
the tailings, or where bogs and swamp were laying under the tailings.
The concentrations of F were lowest in the upper parts of P4, P5, P2,
and P7 with peaks of F found at 1.3, 1.9, 0.9, 0.3m depth, respectively.
Fluorine and Al were accumulated at the same depth, but the variations
of F were larger than those of Al. Small variations of Ca can also be seen
at the same depth as F and Al in P4 and P5. Depleted and accumulated
zones were also found for Be, Bi, Cu, W, and Zn at different depths.
Strong peaks of W were found in P4, P2, and P7. The concentrations of
Si and Sn were conservative in the tailings. The underlying strata
consisted mainly of Si (27 wt%) and C (11 wt%), with an LOI (loss on
ignition) of 23 wt%. The average concentration of the underlying strata
showed that Bi, W, Be, and Sn also occurred in elevated concentrations
(57, 17, 10, and 10 ppm, respectively).

4.3. Mineralogy of the tailings

Optical microscopy combined with SEM-EDS and Raman vibrational
spectroscopy were used to determine the mineralogy of the tailings. The
dominating gangue minerals in the tailings were silicates including
pyroxene, Fe-rich amphibole, garnet, biotite, plagioclase, K-feldspar
(orthoclase and microcline), quartz and chlorite. Weathering of garnet,
K-feldspar, biotite, plagioclase, and pyroxene was found occasionally
throughout the studied profiles. Carbonates in the tailings originated
from the skarn deposit and were dominated by calcite. Euhedral Ca
carbonate grains of 10–100 μm with orthogonal structures were found
frequently at 2.5 m depth, and occasionally deeper down in the tailings.
The morphology suggests that the mineral is aragonite, however,
Raman bands at 282, 713 and 1086 cm−1 are in well agreement with
calcite. The carbonates were depleted in the upper parts of P4.
Pyrrhotite was the dominating sulfide, occurring mostly as individual
crystals and with Co as a trace element in the crystal lattice, detected by
SEM-EDS. In the deeper parts of the tailings, there were clusters of
pyrrhotite, pyrite and magnetite (Fig. 4b, e), defined by Raman vibra-
tional spectroscopy. In addition, minor amounts of pyrite, chalcopyrite,
bismuthinite, and sphalerite were present in the tailings. Bismuthinite
appeared mainly as inclusions in silicate minerals (Fig. 4g), while the
other sulfides had high degrees of liberation. Substantial oxidation of
pyrrhotite, pyrite, and chalcopyrite was seen in the upper parts of the
tailings with pseudomorph replacement and subsequent formation of
hydrous ferric oxides (HFO) as coatings (Fig. 4a, d). The HFOs in the
tailings have not been identified in this study. Scheelite and wolframite
were found in the tailings, where scheelite was the dominant W mineral
(Fig. 4i), while only a few grains of wolframite were found. Both mi-
nerals occurred mainly as liberated crystals. Scheelite grains with al-
tered rims were found occasionally throughout the profile P4 (Fig. 4j).
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A few grains of scheelite had a thick rim of crystalline HFO (Fig. 4k).
Fluorite and magnetite were also frequently found in the tailings. Ac-
cessory minerals in the tailings were native bismuth, titanite, ilmenite,
zircon, and cassiterite. Helvite was not found with optical microscopy
or SEM-EDS in the polished thin sections.

4.4. Geochemical composition of primary minerals in the tailings

The chemical composition of pyroxene, plagioclase, amphibole,
garnet, helvite, pyrrhotite, scheelite, calcite, and fluorite were quanti-
tatively analyzed to define the concentration of the major and trace
elements. The silicate groups have several end members that are in
miscibility. According to the analytical results, pyroxene had an end
member composition of 93% hedenbergite (Hd) and 7% diopside (Di)
with traces of Be, Sn, and Zn (Table 2). Plagioclase was composed of
oligoclase (Oli) and contained Be in the crystal lattice. Amphibole was a
ferrohornblende (Fe2-hbl), consisting of 1% Mn actinolite (Ma) end
member and also containing 0.15 wt% Sn, and lower quantities of Be in
the crystal lattice. The garnet was a mixture of 47% grossular (Grs),
35% andradite (Adr), and 18% spessartine (Sps), with relatively high
concentrations of Sn (836 ppm) and Zn (526 ppm). The helvite was a
mixture of the three end members danalite (76%), helvite (17%), and
genthelvite (7%), with 1.5 wt% of Bi, and 0.2 wt% of Cu in the crystal
lattice. Hereafter, the silicate minerals are referred to by the most
dominant end member in each mineral group: hedenbergite, oligoclase,
ferrohornblende, grossular, and danalite.

Pyrrhotite contained low concentrations of Bi, Ca, Co, and W. The
presence of W and Ca is probably due to a contaminant since the W/Ca
molar ratio is that of scheelite. Scheelite contained 380 ppm Mo which
is considered to be low. Mo can substitute W to a large extent (> 50%)
in scheelite as powellite (CaMoO4) (Khodokovskiy and Mishin, 1971).
None of the other trace elements listed in Table 2. were found in ele-
vated concentrations in scheelite. Except for scheelite, W was found in
low concentrations in ferrohornblende, hedenbergite, oligoclase, and
danalite, accounting for approximately 7 wt% of total W in the tailings.
This result should be treated with caution since the elevated con-
centration might come from contamination by scheelite from the hand-
picked minerals. The minerals geochemical formulae and end-member
composition is found in Table 3.

4.5. Quantification of minerals in the tailings

Mineralogical studies coupled with XRD measurements confirmed
that the main mineral constituents in the tailings were hedenbergite
(20–40%), quartz (10–20%), oligoclase (6–40%), ferrohornblende
(6–10%), fluorite (2–17%), orthoclase (1–7%), and grossular (1–2%),
see Table 4. Lower quantities of bismuthinite, calcite, chlorite, chal-
copyrite, pyrrhotite, pyrite, and scheelite were also found and quanti-
fied, all below 5wt% (Table 4). The XRD measurements showed that
hexagonal pyrrhotite in the tailings could be quantitatively determined
with Rietveld refinement, but not the monoclinic end-member. How-
ever, the 87.9% intensity peak of fluorite at 28.3 d-spacing, and the
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Fig. 3. Field observations (groundwater and the visual oxidation front) combined with paste pH and total concentrations in the subsamples of P4, P5, P2, and P7,
arranged from the major outlet and downhill. The profiles are divided into four buffering zones according to the late stage development defined by Blowes et al.
(1994) with the dominant buffering minerals of calcite in zone 1, secondary carbonates in Zone 2, Al(OH)3 in Zone 3 and HFO in zone 4. No groundwater was found
in P4 and P2. No clear visual oxidation front was seen in P2.
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95.4% intensity peak of oligoclase at 28.0 d-spacing interfered with
each other, making a quantification of these minerals difficult using the
Rietveld refinement. Further, the quantities of the non-silicate minerals
were below 2wt% each, and therefore difficult to determine with XRD.
Minerals quantified below 5wt% can have large errors, and therefore
the combination with the EMC is a better method of quantification
(Berry et al., 2011). The advantage with using EMC is that it works both
as a quality control of the XRD results and also semi-quantitatively
distributes elements in the minerals in the tailings. The results show
that the calculated abundances of the minerals with EMC are in good
agreement with ranges determined by the Rietveld refinement
(Table 4). Non-silicate minerals made up 12–13 wt% of the tailings in
the order: calcite > fluorite > pyrrhotite > magnetite >
danalite > chalcopyrite > scheelite= pyrite= bismuthinite >

cassiterite. The abundance of calcite was underestimated by 3wt
% units. The concentrations of other non-silicate minerals were
within± 2%, which is considered very accurate. The Rietveld refine-
ment can give approximately± 3wt% accuracy in a 95% confidential
interval (Hillier, 2000). The final residue, after all known minerals had
been subtracted, was close to zero. The mineral abundance calculated
by EMC was 100% in the tailings and the final residues were close to
zero for all elements except for Al, Mn and Zn, as shown in Table 4. The
remaining Al and Mn could hypothetically be coming from overlying
oxidized layers where they would have been mobilized and later pre-
cipitated as secondary hydroxides in the oxidized tailings (Lee et al.,
2002). This would correspond to approximately 1 wt% of Al(OH)3 and
0.3 wt% Mn(OH)3. The total Zn content in the minerals was 10 wt%
more than the available Zn in the tailings.

Fig. 4. Optical microscopy combined with SEM-EDS showed a) pseudomorphed replaced hexagonal pyrrhotite (NC-Po), b) monoclinic pyrrhotite (4C-Po) with pyrite
(Py) and magnetite (Mag) as replacement products, c) weathered calcite (Cal), d) oxidized NC-Po covered with hydrous ferric oxides (HFO), e) intact secondary pyrite
(Py) and magnetite (Mag), f) secondary calcite (Cal), g) bismuthinite (Bi) are as inclusions in grossular (Grs) and albite (Ab), h) cassiterite (Cst) in biotite (Bt), j)
unweathered scheelite (Sch), k) scheelite with yellow precipitate as rim, and l) scheelite with HFO. L) Danalite (Dan) was found in drilled rock cores with chal-
copyrite (Ccp), fluorite (Fl), pyrrhotite (Po), oligoclase (Oli), hedenbergite (Hd) and ferrohornblende (Fe2-hbl).
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5. Discussion

5.1. Effects of long-term storage on geochemistry and mineralogy in the
tailings

5.1.1. Acid-producing minerals in the tailings
The long-term storage of tailings in contact with the atmosphere has

resulted in sulfide oxidation in the upper parts of all profiles to a
maximum depth in P4 (2.5 m) and a minimum in P7 (0.7m) where the
oxidation was inhibited by the groundwater table. Pyrrhotite is the
major sulfide mineral in the tailings and is a strong acid producer, re-
acting 20–100 times faster than pyrite (Blowes et al., 2003). Pyrrhotite
can occur as three end members: stoichiometric troilite (FeS), mono-
clinic pyrrhotite (Fe7S8) and/or hexagonal pyrrhotite (Fe11S12). The
effects on weathering rates between monoclinic and hexagonal pyr-
rhotite due to the differences in crystallography are not well known

even though it is crucial when evaluating the environmental impact of
pyrrhotite oxidation in mine waste due to differences in acid production
(Harries et al., 2013). From analysis of the tailings at Yxsjöberg, XRD
measurements showed that the dominating pyrrhotite present in the
unaltered tailings had a hexagonal structure and constituted 2–3wt% of
the bulk according to EMC. Studies of thin sections from different
depths of the tailings show the evolution of hexagonal pyrrhotite oxi-
dation. The first stage of weathering was found at 1.7–3.6m depth in P4
where pyrrhotite was pseudomorphed replaced (Fig. 4a) and, at a later
stage, covered by HFO from the surface and down to just above the
visual oxidation front in P4 (Fig. 4d). Low amounts of monoclinic
pyrrhotite were also present in the tailings, but could not be determined
by XRD. The monoclinic pyrrhotite appeared in clusters with euhedral
grains of pyrite and magnetite as replacement products at 3.6 m depth
in P4 (Fig. 4b). The removal of iron from monoclinic pyrrhotite to form
marcasite or pyrite in low temperature environments has been studied

Table 2
Average total concentration analysis by ICP-SFMS of hand-picked minerals from drilled rock cores. Concentrations< 0.001 wt% of the major elements and<1 ppm
of the trace elements are marked with “–“. N=number of samples analyzed.

Pyroxene Plagioclase Amphibole Garnet Helvite Pyrrhotite Scheelite Fluorite Calcite

N: 3 2 3 2 2 1 3 2 2

Major elements (wt%)
Al 0.4 11.6 5.4 8.01 0.3 0.05 0.02 0.01 0.03
Ca 21.3 4.5 8.1 18.7 1.2 0.02 19.1 49.0 50.7
Fe 22.6 0.1 19.9 7.5 35.9 65.0 0.01 0.1 0.4
K 0.02 0.1 1.0 0.3 0.05 0.05 – 0.01 –
Mg 0.7 – 1.7 0.1 0.1 0.01 – – 0.5
Mn 2.0 0.01 0.9 5.3 7.8 – 0.01 – 0.1
Na 0.18 6.5 1.0 0.03 0.02 0.01 0.01 – 0.01
S – – 0.01 – 6.6 35.7 0.01 0.01 –
Si 21.5 28.8 18.2 19.1 13.3 0.2 0.04 0.05 0.2

Trace elements (ppm)
Be 371 266 211 60 39,745 5 25 2 2
Bi 5 2 61 6 14,436 123 – – 2
Co 16 – 15 – 20 472 0 – –
Cu 31 8 22 – 2396 75 – 2 –
Mo – – – – – – 382 – –
Sn 245 1 1497 836 11 – 1 1 –
W 53 67 205 35 395 569 600,000 87 25
Zn 526 11 409 18 42,494 12 7 4 10

Table 3
Minerals present in the tailings with the used abbreviation, their geochemical formulae and the end-member composition determined from drilled rock cores.

Mineral Abbr. Geochemical formulae End-member composition

Diopside Di (Ca0.922Mg0.078)(Fe0.81Ca0.142)Si1.53O6 Hd0.93Di0.07
Hedenbergite Hd
Oligoclase Oli (Na0.71Ca0.28)(Al1.07Si2.56)O8 Oli1
Ferrohornblende Fe2-hbl (Ca2Na0.45)(Mg0.69Fe3.56Mn0.17)(Al2Si6.48)O22(OH)2 Fe2-hbl0.99Ma0.01
Mn-actinolite Ma
Andradite Adr (Ca2.47Mn0.526)(Al1.578Fe0.68)(SiO4)3.57 Grs0.47Adr0.35Sps0.13
Grossular Grs
Spessartine Sps
Danalite Dan Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4 Dan0.76He0.17GHe0.07
Genthelvite GHe
Helvite He
Biotite Bt KMg0.61Fe2.187Al1.44Si2.087O10(OH)2
Clinochlore Chl Mg3.75Fe1.25Si3Al2O10(OH)8
Orthoclase Or KAlSi3O8

Quartz Qtz SiO2

Bismuthinite Bi Bi2S3
Calcite Cal CaCO3

Cassiterite Cst SnO2

Chalcopyrite Ccp CuFeS2
Fluorite Fl CaF2
Magnetite Mag Fe3O4

Pyrite Py FeS2
Pyrrhotite Po Fe(1−x)S
Scheelite Sch CaWO4
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by Fleet (1978), which would explain the formation of magnetite at the
interphase between pyrrhotite and secondary pyrite in these clusters.
Secondary pyrite remained intact through the whole profile but no
remains of monoclinic pyrrhotite were observed above 3.6 m depth
(Fig. 4e). From these observations, it is hypothesized that the weath-
ering rates are in the following order: monoclinic pyrrhotite >
hexagonal pyrrhotite > secondary pyrite. Harries et al. (2013) studied
oxidative dissolution of monoclinic and hexagonal pyrrhotite, and
concluded that monoclinic pyrrhotite dissolved faster than hexagonal
pyrrhotite at pH above 2.7, which supports the findings in Yxsjöberg.

In the Yxsjöberg tailings, both the hexagonal and monoclinic pyr-
rhotite were completely oxidized in the upper parts of P4. A decrease in
the total concentration of sulfur in the upper 0.7 m of all four profiles,
coupled with mineralogical studies of P4, verifies that hexagonal and
monoclinic pyrrhotite have been extensively oxidized in the upper parts
of the tailings and sulfur has been mobilized. Pyrite was not weathered
to the same extent and might therefore slightly have decreased the acid
production in the tailings up to present day.

5.1.2. Buffering capacity in the tailings
The major buffering mineral in the tailings is calcite, which appears

in two different forms. One type consists of rhombohedral calcite, while
the second type has an orthogonal structure. The second type of calcite
is hypothesized to have pseudomorphed replaced an orthogonal mi-
neral, e.g. aragonite (Perdikouri et al., 2011), or transformed from
vaterite (Rodriguez-Blanco et al., 2011; Tai and Chen, 1998). Peaks of C
at 2.5m depth in P4 subsequent with an increase of orthogonal calcite
in the thin section, suggests that it was formed secondary in the tailings.
Siderite (FeCO3) is commonly reported as secondary carbonates in
tailings (Blowes et al., 2003) but was not found in the thin section from
2.5 m depth. The complexity of secondary carbonate formation have
been studied by several researchers, but is still not fully understood
(Berner, 1975; Hanshaw and Back, 1979; Jones, 2017; Perdikouri et al.,
2011 and references therein), and little is known about secondary Ca-
carbonates in skarn tailings.

The reaction formulae of pyrrhotite weathering and calcite buf-
fering can be written as Eqs. (1), (2) and (3), as described by Blowes
et al. (2003).

+ ⎛
⎝

− ⎞
⎠

+ ↔ − + + =−
+ − +Fe S x O xH O x Fe SO xH x2

2
(1 ) 2 0.08x(1 ) 1 2 2

2
4
2

(1)

+ + ↔ ++ +Fe O H O Fe OH H1
4

5
2

( ) 2s
2

2 2 3( ) (2)

+ ↔ ++ + −CaCO H Ca HCO3
2

3 (3)

where X is 0.08 for hexagonal pyrrhotite. For the tailings from Yxsjö-
berg, approximately 6 wt% of calcite was needed to buffer the acidity
produced from pyrrhotite according to calculations based on reactions
(1), (2), and (3). This value is the calcite abundance in the unoxidized
tailings given by EMC (6 wt%). If H+ released from monoclinic pyr-
rhotite, pyrite and chalcopyrite is taken into consideration, the buf-
fering capacity of calcite in the tailings is exceeded. The lack of neu-
tralization capacity generates a decrease in pH upwards in P4, P5, and
P7 (Fig. 3) and the repository has reached late state development as
described by Blowes et al. (1994) with four pH buffering zones. The
buffering zones are based on the dominant buffering mineral and the
pH conditions: 1) calcite dominates above pH 7, 2) secondary carbo-
nates between pH 7 to 5.5, 3) Al hydroxides between pH 5.5 to 4.5, and
4) HFO at pH below 4. In the deep unoxidized tailings of P4 and P5, the
concentrations of C were> 0.5 wt% and calcite was unaltered in the
thin sections from P4. At 3.6 m depth in P4, some pyrrhotite grains
were oxidized and calcite was slightly weathered but the pH had not
decreased. These results indicate that calcite still has the potential to
neutralize the acid produced at this depth. The calcite abundance and CTa
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content decrease upwards from 3.6, 3, and 1.2 m depth in P4, P5, and
P7, in correlation with a decrease in pH. Carbon had accumulated at the
interphase between buffering zones 1 and 2 where pH was between 7
and 8 in P4 and P5 (2.4 and 1.6 m, respectively). The accumulation of C
is probably caused by calcite dissolution in the overlying tailings and
precipitation of secondary carbonates where pH > 7. Primary calcite
was depleted to a great extent in the second buffering zone, while
secondary calcite was still found intact occasionally and is therefore
assumed to buffer pH between 5.5 and 7. The third zone, with Al hy-
droxides acting as a buffering mineral, was found between 1.6 and
0.7 m depth in P4, and at 1.1 and 1m in P5. Al hydroxides have not
been confirmed by mineralogical studies as being present, but were
probably formed when acidity from sulfide oxidation weathered alu-
minium silicates in the tailings. The buffering of acidity later released
Al from the oxyhydroxides and it accumulated at the interphase be-
tween buffering zones 2 and 3 in P4 and P5. Weathering of some sili-
cates was observed in the thin section from P4. The trend for F follows
the same patterns as Al, with decreased concentrations in the upper-
most samples and the peak at the same depth as Al further down in the
tailings. Fluorite is a relatively easily weathered mineral in conditions
where the pH is below 6 (Ozsvath, 2009), and F has a high affinity for
Al, forming strong Al fluorocomplexes that increase the weathering of
aluminium silicates (Petrunic and Al, 2005). Optical microscopy re-
vealed that grains of some silicate minerals were partly weathered in
the tailings (grossular, biotite, oligoclase, orthoclase and hedenbergite),
both in acidic and near neutral tailings. However, most of the silicates
showed no sign of weathering which also explains the small variations
of Al concentration compared to F. Metals in silicates can, therefore, be
considered to be relatively immobile.

At the visual oxidation front, weathering processes were ongoing
and pH dipped below 4 in all four profiles. Above the visual oxidation
front, the oxidation was extensive, with decreasing concentrations of
Al, a strong depletion of C (< 0.01wt%) and a pH below 4.5 in all
profiles. Optical microscopy verified this because 1) pyrrhotite was
completely oxidized, 2) other sulfides such as pyrite and chalcopyrite
were weathered, 3) calcite and aragonite were completely removed, 4)
HFOs had formed around all minerals, and 5) fluorite was weathered.
The buffering minerals left in the uppermost tailings were silicates and
HFOs. Almost the whole profile of P2 had reached the fourth zone with
pH below 4. The upper 1.2 m of P2 showed a lower content of Be, Bi, C,
Ca, Cu and F, compared to the underlying layers. This indicates that the
mineral weathering was extensive and metals had been mobilized in the
upper parts of the tailings. There were slightly higher pH values at the
surface of P2, P4 and P7 which can be explained by HFOs buffering the
acidity (Blowes et al., 2003).

5.1.3. Fluorite abundance in the tailings
The occurrence of fluorite in tailings is unusual and the impact of

the fluorite weathering is not well studied (Petrunic and Al, 2005). The
tailings in the Smaltjärnen repository contained 4 wt% of fluorite which
accounted for 96 wt% of the total F content in the tailings. In the up-
permost samples of P4, P5, P2, and P7, the concentration of F decreased
from>2wt% to below 1wt% correlated with a decrease in pH. Low
concentrations of F above the oxidation front and the accumulations at
the visual oxidation front indicate that F moved downwards in the
profiles. However, the concentration was not large enough to account
for all of the F content released in the profiles, which indicates that F
might have entered the mine drainage. Previous studies has detected up
to 110mg/l F in the groundwater of the tailings (Höglund et al., 2004),
which needs further investigation.

5.2. Stability and quantity of the metal bearing minerals

The geochemical conditions in the tailings have, over time, changed
considerably, and there is now a risk of metal release to the ground-
water. The stability and quantity of the metals with elevated

concentrations (Be, Bi, Cu, Sn, W, Zn) are discussed in the following
section.

5.2.1. Beryllium and zinc
Both Be and Zn were found in ferrohornblende, hedenbergite, oli-

goclase, and danalite. Danalite accounted for approximately 40% of the
total Be content and 40% of the total Zn content in the tailings
(Table 4). At Yxsjöberg, this unusual Be mineral was first identified in
the 1950s. The mineral belongs to the mineral group helvite, which
consists of three end members: helvite (Mn), danalite (Fe2+) and gen-
thelvite (Zn). Helvite is the most common-occurring type worldwide
and genthelvite is by far the most unusual, but these end members are
usually in miscibility (Burt, 1988; Dunn, 1976). The hand-picked spe-
cimens from the drilled rock cores used in this study had a red-brown
color (Fig. 4l), likely due to the presence of Fe, which indicates the
presence of danalite (Fe4Be3(SiO4)3S). The geochemical analysis of the
hand-picked specimens also showed a predominance of danalite
(Da0.76He0.17GHe0.07) with 36 wt% of Fe, 8 wt% of Mn and 4wt% Zn
(Table 2), confirmed with XRD measurement and EMC calculation,
which suggests 0.3 wt% in the tailings. Danalite could not be found by
optical microscopy and SEM-EDS, which might be due to the low
concentrations in the tailings, and/or that the mineral has been
weathered during its long-term storage in the repository. It is not pos-
sible to detect Be with SEM-EDS, but the combination of S and Si in the
mineral is a good tracer. The helvine group is assumed to be more easily
weathered compared to other Be minerals due to the presence of S
(Taylor et al., 2003), and danalite is more unstable than genthelvite and
helvite due to the occurrence of Fe and their associated Gibbs free
energies (Samoilov et al., 2009). Furthermore, Be has a high affinity for
F and competes with Al in the formation of fluorocomplexes (Boschi
and Willenbring, 2016; Veselý et al., 1989), which could enhance the
weathering of danalite. The concentrations of Be varied between 118
and 362 ppm in the tailings. In P2, it can clearly be seen that the con-
centrations decrease from 350 to 250 ppm in buffering zone 4, where
pH < 4.5 (Fig. 3). The 40% of Be in danalite corresponds to approxi-
mately 115 ppm of the average concentration of the tailings, and it is
possible that the changes in concentrations are due to release of Be from
danalite. The same trend can be seen for Zn which changes from 330 to
250 ppm in P2's buffering zone 4. Zinc in danalite accounts for ap-
proximately 130 ppm of the average concentrations in the tailings.
Therefore, danalite constitutes a higher risk of releasing Be and Zn
compared to the silicates. Both Be and Zn have been found in high
concentrations in the groundwater and surface water downstream of
the Smaltjärnen repository (Höglund et al., 2004). Future research is
needed to study the geochemical behavior of Be in the tailings and
groundwater, and also the association of Be and Zn to secondary mi-
nerals.

5.2.2. Bismuth and copper
Bismuth is mainly found in bismuthinite and Cu in chalcopyrite,

with a mineral abundance in the tailings of up to 0.06 and 0.24 wt%,
respectively. Bismuthinite is found mainly as inclusions in silicate mi-
nerals (Fig. 4g). Very little information is available regarding the sta-
bility of bismuth and bismuthinite in mine waste. Bismuth belongs to
group 15 in the periodic table and exhibits similar geochemical beha-
vior to As and Sb (Jung et al., 2002). The electronic configuration of
Bi3+ is similar to Pb2+ (Ball et al., 1982), and it is well known that the
reactivity of e.g. galena (PbS) is much lower than pyrite and pyrrhotite
due to a more stable crystal structure and the lack of released iron
(Lottermoser, 2003). Only a very few studies are available regarding Bi
in contaminated soils in the vicinity of mining areas (Jung et al., 2002;
Wei et al., 2011). Jung et al. (2002) studied Bi in tailings from the
Dalsung Cu-W mine in Korea and elevated concentrations of Bi were
found in the sediments, but low concentrations in the water. They
concluded that particulate movement by wind and water was the
reason for high concentrations in the sediments and that Bi has low
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solubility in moderately acidic and oxidizing conditions. At Yxsjöberg,
the results are contradictory: Bi accumulated at depth in P4, P5, and P7
and is correlated with concentrations of Al and F which indicates that Bi
is moving in the profile.

Chalcopyrite is an easily-weathered sulfide, known to oxidize in
contact with the atmosphere as described in several studies (Blowes
et al., 2003; Gunsinger et al., 2006; Lottermoser, 2003; Plumlee et al.,
1999 and references therein). In the tailings at Yxsjöberg, chalcopyrite
was found mainly as liberated particles. Chalcopyrite is oxidized in the
upper parts of the tailings. Secondary formations of Cu minerals were
found just below the oxidation front in the thin sections from P4, where
pH increased to 5.8 and the concentration of Cu also increased. It is
therefore unclear how much of the released Cu reaches the ground-
water, or if it has been inhibited by secondary precipitation. EMC shows
that 8% of the total Bi content in the tailings and 1% of the total Cu
content were associated with danalite, and potentially released when
this mineral weathers.

5.2.3. Tungsten and tin
Tungsten and Sn are commonly enriched together in skarn deposits

(Kwak, 2012). Tungsten is mainly found in scheelite with an abundance
of 0.1 wt% in the tailings at Yxsjöberg. This accounts for 50% of the
original ore content, which represents the recovery between 1887 and
1956 (Rothelius, 1957). Three different characters of scheelite grains
were found in the tailings with optical microscopy: 1) unaltered grains
(Fig. 4i), 2) grains with yellow rims (Fig. 4j), and 3) grains with rims of
HFO (Fig. 4k). No evidence so far has indicated that W was mobilized in
the altered scheelite grains and, due to the properties of W, it is unlikely
that dissolved W has reached the groundwater. However, previous
studies have found W in the groundwater, sediments and surface water
downstream of the Smaltjärnen Repository; this will be studied in the
future. The peaks of W found in P4, P2, and P7 showed high con-
centrations, and might suggest that W has precipitated secondarily.
Studies of scheelite weathering, secondary capturing of W and identi-
fication of HFO and associated trace elements are of importance when
considering re-mining and its environmental impact, and will therefore
be more extensively studied later in the project. Scheelite is considered
to be a stable mineral (Bokii and Anikin, 1956), but the geochemical
behavior of scheelite in tailings is not well understood. Most published
articles have focused on metallurgy and high recovery rates (Martins,
2014). A few studies have found weathering of scheelite in laboratory
experiments with artificial groundwater under ambient conditions
(Atademir et al., 1979; Marinakis and Kelsall, 1987; Montgomery and
McKibben, 2012). Montgomery and McKibben (2012) found that
scheelite concentrate weathered in distilled water at pHs of 3–10.5 and
temperatures of 8–30 °C. Secondary formation of yellow tungstic acid
was observed around the scheelite grains and in the bottom of the
vessel. In P4, two very strong peaks of W (5060 and 2490 ppm, re-
spectively) were found at 1.5 and 3.6 m depth. Both correlated with
increased concentrations of Fe, S, and Bi. The same correlation was seen
for the W peak in P2 at 0.4m depth. However, the W peak in P7 was
correlated with Al, F, Bi, Cu, and Zn. These accumulation peaks need to
be studied further. The variations might be primary due to varying
recovery or secondary due to precipitation of W. If the latter is true,
changing conditions might release W to the mine water later on.

Tin was found as a trace element in the crystal lattice of grossular,
ferrohornblende, and hedenbergite and, in other studies of skarn mi-
nerals, elevated concentrations of Sn have also been found in garnets,
amphiboles, and pyroxenes (Chen et al., 1992; Kern et al., 2017; Ross
and Hack, 2012). Ferrohornblende is almost completely intact in the
tailings, and should not be a source of Sn release. Some grossular grains
looked altered using the optical microscope, but the low quantity of
grossular in the tailings make the potential release of Sn to the pore
water low. Up to approximately 5 wt% of the total Sn content was re-
lated to grossular (Table 4). The amount of Sn in ferrohornblende,
grossular and hedenbergite represents ≈50% of the total Sn in the

tailings. Few grains of cassiterite were found with SEM-EDS as inclu-
sions in silicates (Fig. 4h). If the remaining Sn is assumed to be in
cassiterite, the mineral abundance is 0.03 wt%. Tin is not considered to
be a metal of concern in the tailings due to its occurrence in weathering
resistant silicates and cassiterite. This can also be confirmed in P2,
where the concentrations of Sn were unaffected by the extensive
weathering of the tailings.

6. Conclusions

The skarn tailings deposited in the Smaltjärnen repository have
reached a late stage development of sulfide oxidation during the long-
term storage (50–100 years). The dominant sulfide mineral in the tail-
ings is pyrrhotite, and weathering of monoclinic and hexagonal pyr-
rhotite was determined by mineralogical and geochemical analysis.
Monoclinic pyrrhotite was depleted in the deeper part of the tailings
compared to hexagonal pyrrhotite and is therefore concluded to have
had a faster oxidation rate. Secondary pyrite, transformed from
monoclinic pyrrhotite, was intact in the tailings. Sulfide oxidation
changed the geochemical conditions in the tailings with pH < 4 in the
uppermost tailings, subsequent with depletion of primary and sec-
ondary calcite, weathering of aluminium silicates, and formations of
hydrous ferric oxides (HFO). Fluorite in the uppermost tailings was
weathered due to the acidity but accumulated further down together
with Al. By using Environmental Mineralogy (EM) combined with
Element to Mineral Conversion (EMC), it was concluded that Be, Cu, F,
S, and Zn were elements that constitute a high potential environmental
risk in the Smaltjärnen repository. The easily-weathered mineral da-
nalite (Fe4Be3(SiO4)3S) contained approximately 40 wt% of the total Be
content and 40wt% of the total Zn content in the tailings, which might
be easily released. Copper in the uppermost tailings was mobilized
through chalcopyrite oxidation and precipitated deeper down in the
tailings. The concentrations of Bi, W, and Sn were also elevated in the
tailings. The concentrations of W varied greatly with depth and rims
formed around a few scheelite grains, indicating alteration of the mi-
neral. Tin is not considered as a metal of potential concern since it is
mainly incorporated in the crystal lattice of silicate minerals or hosted
by cassiterite, occurring as small inclusions in the silicates. Bismuth was
mainly found in bismuthinite as inclusions in silicates, but accumula-
tion peaks of Bi at depth in P4, P5, and P7 indicates that Bi has moved
in the tailings. The risk of Be, Cu, F, and Zn being released to the sur-
rounding environment highlights the importance of remediation, but
the conventional method of covering the tailings might be an in-
appropriate remediation method. The accumulation peaks of Bi, Cu, W
and Zn in the tailings might be due to co-precipitation with secondary
minerals, and these elements might be mobilized if the chemical con-
ditions were to change. Re-mining the tailings at Yxsjöberg could be a
better remediation method, as scheelite was found mainly in unaltered
minerals in the tailings and might have the potential to be extracted.
However, further studies are needed, including the mobility of Be, Bi
and W due to secondary mineral formation and fluorocomplexes, and
the impact on the surrounding environment.
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Appendix A

A list of all scheelite skarns that have been mined worldwide and each ore's average concentration (%WO3). Modified after Kwak (2012), Meinert
(1992) and Werner et al. (1998).

Country Mineral deposits Place Concentration in deposit (% WO3)

Australia Kara Tasmania 0.85
Australia Molyhil N.T 0.2–0.6
Australia King Island 1.00
Australia Bold Head Tasmania 0.85
Brazil Bodo/Barra Verde Rio Grande do Norte 0.36
Canada CanTung 1.53
Canada Burnt Hill New Brunswick 0.88
China Ta'ergou Gansu 0.24
China Shizhuyuan Hunan 0.33
China Yaoganxian Hunan –
France Salau Pyrenees 1.5
Japan Kuga Yamaguchi Prefecture –
Japan Yaguki mine Fukushima Prefecture 0.76
Mexico San Alberto Sonora
Mexico Beltran Baja California 0.70
Mexico Naica Chichuahua 0.12
Portugal Covas Viana do Castelo
Portugal Riba de Alva Mine Barca de Alva 0.51
Russia Tyrnyauz Former Kabardin-Balkar
Russia Vostok-2 Primor'ye Kray 0.58
South Korea Sangdong Gangwon-do 0.86
Sweden Yxsjöberg Örebro Province 0.43
Thailand Doi Mok Chiang Rai Province 0.75
USA Browns Lake Montana 0.57
USA Tem Piute Nevada –
USA Pine Creek Sierra Nevada –
USA Nevada Scheelite Nevada 0.73
USA Pilot Mountain district Nevada –
USA Strawberry California 1
USA Mill City Nevada 0.32
USA Round Valley California –
Uzbekistan Ingichka Samarkand Region 0.43
Zimbabwe Beardmore Bikita District –
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Abstract
More knowledge of the geochemical behavior of tungsten (W) and associated contamination risks is needed. Therefore,
weathering of scheelite (CaWO4) and secondary sequestration and transport of W to groundwater in historical skarn tailings
and surface water downstream of the tailings were studied. The tailings contained 920 mg/kg W, primarily in scheelite.
Mineralogical and geochemical analyses were combined to elucidate the geochemical behavior of W in the tailings, and water
samples were taken monthly during 2018 to monitor its mobility. In the tailings, a large peak of W was found at 1.5 m depth.
There, 30 wt%. of W was present in easily reducible phases, indicating former scheelite weathering. Currently, W is being
released from scheelite to water-soluble phases at 2.5 m depth. The release of WO4

2− is hypothetically attributed to anion
exchange with CO3

2− released from calcite neutralizing acid produced from pyrrhotite oxidation in the upper tailings and
transported downwards to pH conditions > 7. Higher concentrations of dissolved W were found in the groundwater and
particulate W in downstream surface water than in reference water, but they were lower than current contamination thresholds.
Tungsten showed correlations with hydrous ferric oxides (HFO) in both the tailings and surface water.

Keywords Skarn tailings . Scheelite weathering . Tungstenmobility . Carbonate exchange . Hydrous ferric oxides . Goethite

Introduction

In recent decades, concerns regarding elevated concentrations of
tungsten (W) in the terrestrial environment have been raised (Cui
and Johannesson 2017; Datta et al. 2017; Koutsospyros et al.
2006; Lemus and Venezia 2015; Strigul 2010; Zoroddu et al.
2018, and references therein). High concentrations combined
with poor knowledge of its geochemical behavior and toxicity
has led to the US Environmental Protection Agency (2014) clas-
sifyingWas an emerging contaminant of concern, and in Russia
it was classified as a highly dangerous contaminant in aquatic
systems in 2009 (Strigul et al. 2009). Tungsten has previously
been considered an immobile metal and therefore has not been
expected to have adverse environmental or toxicological effects

(Strigul 2010). However, recently published reports describe el-
evated W concentrations in ground and surface water (Candeias
et al. 2015; Gurbanov et al. 2015; Mohajerin et al. 2014;
Johannesson et al. 2013; Seiler et al. 2005), bioaccumulation in
higher trophic levels of ecosystems (Kennedy et al. 2012; Lin
et al. 2014; Lindsay et al. 2017; Wilson and Pyatt 2006; Wilson
and Pyatt 2009), and adverse effects on plants, fishes, and other
organisms (Strigul et al. 2005; Strigul et al. 2010; Strigul 2010).
The geochemical behavior of W is still not fully understood and
research on its mobility is needed. What is known is that W
belongs to group 6 of the periodic table, and has similar behavior
to Mo (Gustafsson 2003; Kashiwabara et al. 2013; Kreissl et al.
2016). It forms monometric tungstate (WO4

2−) in natural waters
with near-neutral or alkaline pH and can form several
polyoxyanionic species in acidic waters (Koutsospyros et al.
2006). Tungsten has high affinity for hydrous ferric oxides
(HFO) at pH conditions below 8 (Gustafsson 2003;
Kashiwabara et al. 2013; Kreissl et al. 2016) and its adsorption
to and/or co-precipitation with ferrihydrite and goethite are be-
lieved to be strong scavenging processes in the environment
(Cui and Johannesson 2017; Kashiwabara et al. 2013).

Elevated concentrations of W have been found down-
stream of W-rich ore deposits and mining areas (Candeias
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et al. 2015; Lin et al. 2014; Gurbanov et al. 2015; Petta et al.
2014; Seiler et al. 2005; Wilson and Pyatt 2006; Wilson and
Pyatt 2009), but associated W releases have been poorly stud-
ied. More than 50% of W in primary minerals is found as
scheelite in skarn ore deposits (Kwak 2012; Ray et al. 1995;
Werner et al. 1998) and in historical times more than thirty
scheelite skarn deposits have been mined at large scale (Kwak
2012; Meinert 1992; Werner et al. 1998). Historical tailings
might pose higher risks ofW contamination than activemines,
due to careless disposal and high W contents resulting from
inefficient extraction techniques (Gao et al. 2016; Hällström
et al. 2018a; Marinakis and Kelsall 1987). Furthermore, re-
lease of W from scheelite may be promoted in skarn tailings
by the high abundance of carbonates. Thus, several laboratory
studies have detected release of W from scheelite in ground-
water with near-neutral pH conditions, and hypothetically at-
tributed it to anion exchange with CO3

2− (Atademir et al.
1979; Marinakis and Kelsall 1987; Montgomery and
McKibben 2012). Accordingly, in historical skarn tailings at
Yxsjöberg in Sweden, Hällström et al. (2018a, 2018b) found
indications of scheelite weathering and W release. Moreover,
monitoring by the local municipality detected W in ground-
water, freshwater, and sediments as far as 5 km from the min-
ing area (Höglund et al. 2004; Höglund et al. 2005). Thus, in
this study, geochemical and mineralogical analyses were com-
bined to seize the opportunity to study the weathering of
scheelite, secondary sequestration of W in the tailings, and
the transport of W to receiving groundwater and downstream
surface waters at Yxsjöberg.

Study area

In the Smaltjärnen repository, 2.8 million tons of tailings from
the closed W, Cu, and fluorite mine at Yxsjöberg, Sweden
(1918–1989) have been stored for more than 50 years.
Detailed information about the site is presented by Hällström
et al. (2018a). The tailings were deposited in the Smaltjärnen
Repository during two active mining periods: 1918–1920 and
1935–1963 (Fig. 1). The Smaltjärnen repository area
consisted of bogs and swamps, and no dams controlled the
deposition of the tailings (Rothelius 1957). Lake Smaltjärnen
is located directly south of the repository and people live in the
vicinity of the tailings. In the repository, average contents of
Be, Bi, Cu, Sn, W, Zn, F, and S in the tailings are 284, 495,
946, 559, 960, and 301 ppm and 1.9 and 1.2 wt%, respective-
ly, according to analyses of 99 samples. Ca-rich silicates con-
stitute 87.5 wt% of the tailings, and minerals including fluo-
rite, calcite, pyrrhotite, pyrite, chalcopyrite, scheelite,
bismuthinite, cassiterite, danalite, and magnetite are also
abundant (Hällström et al. 2018a). Between 1969 and 1989,
tailings were deposited in Morkulltjärnen Repository in the
north (Fig. 1). Unlike Smaltjärnen, Morkulltjärnen is

controlled by dams, covered by vegetation and partly saturat-
ed (Höglund et al. 2004).

Materials and methods

Field sampling

A representative core (P4) of four sampled by Hällström et al.
(2018a) was chosen for a detailed study (Fig. 1). The intact
vertical core reached a depth of 7.5 m and was taken in a
Plexiglas tube (Ø 2″, 1.2 m each) and divided into 36 subsam-
ples, 10–15 cm thick each. The samples were stored in cool
and dark conditions in diffusion-tight bags, then analyzed by
an accredited laboratory (ALS Minerals) for total concentra-
tions of 66 elements. For detailed descriptions of the analytical
methodology, standard reference materials, and detection
limits, see Hällström et al. (2018a). As illustrated in Fig. 1, a
groundwater pipe (P7) was installed in the tailings down-
stream of P4.

Environmental mineralogy

Polished uncovered thin sections of 11 subsamples of P4 were
examined, in duplicate, with transmitted and reflected light
optical microscopy, using an Eclipse LV100POL instrument
(Nikon). A modified alteration index (AI) method similar to
those by Moncur et al. (2009) and Blowes and Jambor (1990)
were used on the minerals in the thin sections of P4 to distin-
guish between oxidized and unoxidized environments in the
tailings core. The AI classified unaltered pyrrhotite and calcite
as 0 and completely altered/depleted minerals as 10. The ex-
tent of secondary formations of HFO was also taken into ac-
count as an indicator of an oxidized environment. The ab-
sences of HFO were classified as 0 and high abundance was
classified as 10.

Mineral grains and rims of interest in the thin sections were
examined by scanning electron microscopy (SEM) with ener-
gy dispersive X-ray spectroscopy (EDS) using a high-
resolution Zeiss MerlinTM FE-SEM (10 KeV and 1 μA) sys-
tem and Aztec Software from Oxford Instruments. Raman
vibrational spectroscopy was used on chosen thin sections
from 3.6 m depth to determine the HFO around scheelite,
pyrrhotite, and magnetite. Measurements with a green laser
(532 nm) were acquired with a Bruker Raman Scope,
Olympus BX51 microscope, and OPUS 7 Senterra software.
Scheelite was measured with 10 mW, 5 s and 5 repetitions,
and HFO around scheelite, magnetite, and pyrrhotite were
measured with 0.2 mW, 1 s and 10 repetitions. Precautions
using low laser power measurements were taken to avoid
mineral transformation.
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7-step sequential extraction

Five samples from P4 were sent to SGS Canada Inc.
(Lakefield, ON, Canada) for 7-step sequential extraction ac-
cording to Dold (2003). This procedure is intended to extract:
(1) water-soluble phase, (2) exchangeable phase, (3) easily
reducible minerals (e.g., oxyhydroxides), (4) resistant reduc-
ible minerals (e.g., magnetite), (5) easily oxidizable minerals
(e.g., secondary sulfides), (6) resistant oxidizable minerals
(e.g., primary sulfides), and (7) residues and silicates. The
concentrations of 35 elements in each eluate were analyzed
with inductively coupled plasma optical emission spectrome-
try (ICP-OES) and converted into mg/kg released from the
tailings. The detection limit for elements extracted in each step

was 10 mg/kg. Total concentrations in the tailings were deter-
mined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) and inductively coupled plasma mass
spectrometry (ICP-MS) after digestion via sodium peroxides
fusion in graphite crucibles.

Groundwater and surface water sampling

Groundwater in the tailings and surface water downstream of
the tailings were sampled monthly during May to October in
2018. Groundwater was pumped using a portable
Masterflex® peristaltic pump (Cole-Parmer® International,
Chicago, IL, USA) connected to a silicon tube (9 mm) at
one pipe (P7) (Fig. 1). The water was pumped for 10–15

Fig. 1 The map shows the
localization of a) Yxsjöberg
mining area in Sweden, b) the
water samples (red dots) taken in
the surface water downstream the
two tailings repositories
(Smaltjärnen and Morkulltjärnen)
and the reference point, and c) the
intact tailings core (grey dot: P4)
and the groundwater samples (red
dot: P7) in Smaltjärnen
Repository. The arrows shows the
water flow direction
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min to remove stagnant groundwater before determination of
pH, electrical conductivity (EC), and temperature. The O2-
concentration was measured during sampling in October with
an O2-meter. To avoid oxygenation of the groundwater, the
tube was connected directly to a vacuum Sterifil® Aseptic
System and Holder from Merck Millipore with a 42-mm di-
ameter. The water was filtered directly in dark conditions to
avoid precipitation of hydrous ferric oxides on the filters.

Surface water was sampled at five sampling points in the
catchment area of Smaltjärnen and Morkulltjärnen (designat-
ed C7, 11, 13, 14, and 16), as well as a reference point (Ref.) in
a neighboring catchment (Fig. 1). Points C7 and C11 were
located downstream of Smaltjärnen, while C13 was down-
stream of Morkulltjärnen. Waters from Smaltjärnen and
Morkulltjärnen comingle upstream before reaching sampling
points C14 and C16. The surface water was pumped on-line
through 142-mm-diameter polycarbonate and acrylic filter
holders supplied by Geoteck Environmental Equipment Inc.
(Denver, CO, USA). Both groundwater and surface water
samples were filtered using 0.22-μm cellulose acetate mem-
brane filters that had been washed with 5% acetic acid for 72 h
and rinsed with milliQ water for 24 h (Odman et al. 1999).
Screening analyses of 71 elements in the filtered groundwater
and surface water (dissolved phase) were carried out by ALS
Scandinavia, using inductively coupled plasma sector field
mass spectrometry (ICP-SFMS), while sulfate and fluoride
were analyzed by ion chromatography (CSN ISO 10304-1,
CSN EN 16192). All analyses were carried out in duplicate,
with appropriate blanks and standards for quality control. In
all cases, the samples were not acidified in the field, which
could enhance insoluble tungstic acid formation (Bednar et al.
2010), and the samples were analyzed as soon as possible to
prevent W from sticking to the vessel walls (Gustafsson
2003). Particulate phases trapped on the filters used in the
surface water filtration were analyzed following the same pro-
cedure as the dissolved phase by ALS Scandinavia after lith-
ium metaborate and HNO3/HF/HCl digestion.

The filter holders were cleaned with 5% HNO3 between
each sampling occasion, and blanks were obtained after the
cleaning process for controls. Each filter holder was used
solely for samples collected from a specific sampling location.
New silicon tubes were used each time, and samples were
taken from lower to higher concentrations to minimize
cross-contamination.

Results

Geochemical conditions in P4

Two distinct sections were found in the P4 core based on the
minerals’ alteration indices and measurements of pH and EC
in the tailings, indicating two periods of deposition (Fig. 2).

The upper section (section 1) extended from the ground sur-
face down to 3.5 m, and the lower section (section 2) from 3.5
to 6 m.

The upper section contained an oxidized acidic zone (pH <
5.5), a transition zone with intermediate pH (5.5–7), and an
unoxidized zone with near-neutral pH (> 7). The oxidized
acidic zone occurred between the ground surface and 1.5 m
depth. The alteration indices indicated a strongly oxidizing
environment in this section, with pyrrhotite completely re-
placed by HFOs (AI = 9), depleted calcite (AI = 10) and
amorphous HFO present, mainly in rims around all grains
(AI = 4–6) (Fig. 2). Scheelite grains with a yellow rim were
occasionally found at this depth. The transition zone was be-
tween 1.5 and 2.5 m depth, with partly oxidized pyrrhotite,
partly weathered calcite, and lower abundance of HFO (AI
values: 2, 2, and 1 respectively). The unoxidized zone was
between 2.5 and 3.5 m, with intact pyrrhotite and calcite,
and low abundance of HFO. At this depth, secondary precip-
itated orthogonal calcite was found frequently (Hällström
et al. 2018a).

In the deeper tailings (section 2), another oxidized environ-
ment was distinguished by the AI values, at 3.6 m depth (Fig.
2). Pyrrhotite and calcite were partly weathered, and crystal-
line HFO was present as rims on pyrrhotite, magnetite, and
scheelite grains (Figs. 2 and 3). Hydrous ferric oxides were not
observed to the same extent on larger scheelite grains. The
rims of HFO around the smaller scheelite grains were up to
30 μm thick and surrounded parts of or the whole grains.
Reflected light optical microscopy and SEM-EDS measure-
ments showed that boundaries between scheelite and HFO
were sharp, while those between HFO and pyrrhotite/
magnetite were inter-grown. Raman spectroscopic analyses
of unweathered scheelite detected clear Raman bands at 82,
112, 207, 333, 367, 388, 430, 694, 803, 832, and 909 cm−1

(Fig. 3), in agreement with other scheelite specimens (Rruff
2018). However, limited Raman spectroscopy data of schee-
lite is available. Raman bands 367 and 694 cm−1 were more
intense for two of the scheelite grains. The spectroscopically
examined HFO had bands at 88, 299, 383, 559, 684, 1000,
and 1315 cm−1, in agreement with those of goethite (Kreissl
et al. 2016).

7-step sequential extraction

Neither Fe nor W was released in concentrations above the
detection limit in the first two steps of the 7-step sequential
extraction, but both elements were released from easily reduc-
ible phases (step 3) through the whole profile of P4 (Fig. 4).
The highest concentration ofW released in step 3 was at 1.5 m
(922 ppm), and the highest concentrations of Fe were at 0.3
and 1.5 m. Tungsten was released in steps 4, 5, 6, and 7 in
various amounts throughout the profile. Iron was released in
step 4 (1.3 wt% on average) and step 6 (2.5 wt% on average)
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originating from magnetite and sulfides. Approximately 60–
70% of the total Fe content in the tailings (8.0 wt% on aver-
age) was in the residues and silicates obtained in step 7.

High amounts of Ca and S were released in step 1 from 0.3
and 1.5 m depth samples (Fig. 4), with an identical molar ratio
to that of gypsum (CaSO4). In step 2, up to 4 wt%. of Ca was

released from samples below 2.5 m depth, originating from
calcite. Iron and W were both released from secondary
oxyhydroxides (step 3) throughout the whole profile. The
highest concentration of W released in step 3 was at 1.5 m
(922 ppm), and the highest concentrations of Fe were at 0.3
and 1.5 m. Aluminum and Mn were mainly found in extracts

Fig. 3 Raman spectra of scheelite with rims of goethite from 3.6 m depth in the tailings

Fig. 2 Alteration indices (AI, for pyrrhotite, calcite, and HFO; see
illustrative microscopic images, and text for methodological details);
pH and EC measurements indicate two distinct sections in the P4 core.

Amorphous HFO around scheelite at 1.5 m depth and goethite around
scheelite at 3.6 m depth are shown to the right

Environ Sci Pollut Res



obtained in steps 4, 6, and 7, indicating that they were in more
stable minerals. Approximately 80, 60–70, 60–70, and 70–
80% of the total Al, Ca, Fe, and Mn contents in the tailings
were in the residues and silicates obtained in step 7, in good
agreement with amounts in silicates calculated by a modified
element to mineral conversion (EMC) in a previous study by
Hällström et al. (2018a).

Element concentrations in groundwater and surface
water

The pH, EC, and O2 concentration of the groundwater at P7
was found to be 6.3 ± 0.1 and 2.6 ± 0.06mS/cm and 6.4 mg/L,
respectively, and its level varied between 0.7 and 1.3 m during
the sampling occasions (Table 1). Dissolved concentrations of
the major elements (Al, Ca, Fe, K, Mg, Mn, Na, S, and Si)
were observed in the groundwater with small variations be-
tween the sampling occasions. Calcium and S were the dom-
inant elements (average concentrations: 512 and 492 mg/L,
respectively). There was larger variation in the concentration
of dissolved W (3 μg/L in May, and ≈ 22 μg/L) from June to
October.

In the surface water downstream of Smaltjärnen (at points
C7 and C11), the average pH and ECwere 5.8 and 300μS/cm,
respectively, while the pH and EC of the reference, C13, C14,
and C16 samples were > 6 and < 40 μS/cm, respectively.
Dissolved concentrations of Al, Ca, Fe, K, Mg, Mn, Na, S,
and Si in C7 and C11 samples were all high (0.2, 45, 1.6, 2.0,
2.9, 1.1, 3.1, 44, 3.2 mg/L on average, respectively) compared
with reference samples (0.1, 3.7, 0.7, 0.3, 0.7, 0.1, 1.5, 0.6,
and 1.9 mg/L, respectively) (Table 1). The concentrations

were lowest in May and increased gradually until
September, coinciding with decreased waterflow. All the ma-
jor elements, except Fe, were mainly present in the dissolved
phase (95%, on average) on all sampling occasions in C7 and
C11 samples. The percentage of Fe present in the dissolved
phase varied between 16 and 73%, with an average of 51%.
The concentrations of particulate Fe decreased between C7
and C11, with the C7/C11-ratio: 1.5, 1.9, 2.0, 10.3, and 1.4
in May, June, July, August, September, and October,
respectively.

Total detected W concentrations were higher in surface
waters at all the sampling points than in the reference samples.
Tungsten was present mainly in the particulate phase (65% on
average) at C7 and C11. The maximum total W concentration
there was 1 μg/L, 98% of which was in the particulate phase.
The concentrations of particulate W decreased between C7
and C11, with the C7/C11-ratio: 1.5, 1.7, 3.3, 1.9, 1.8, and
1.4 in May, June, July, August, September, and October, re-
spectively. Dissolved W concentrations at C7 and C11 were
not elevated compared with the reference samples (< 0.2
μg/L). The highest detected concentrations of W in both dis-
solved and particulate phases were at C13 (1.7 and 1.3 μg/L,
respectively). The total concentrations of W at C14 and C16
were lower than at C13 but significantly higher than at C11.
The concentrations of dissolved and particulate W in all ref-
erence samples were < 0.09 μg/L, except for in one dissolved
sample (August) and one particulate sample (July). The ele-
vated concentrations could have been due to contamination of
the sampling equipment, an analytical error, or naturally oc-
curring W in the water. Measurements from these occasions
are placed in brackets in Table 1 and omitted in Fig. 5. No

Fig. 4. Amounts of Al, Ca, Fe, Mn, S, and Wextracted from samples, at
indicated depths, of the P4 core in the 7-step sequential extraction pro-
cess, yielding (step 1) water-soluble phases, (step 2) exchangeable

phases, (step 3) easily reducible minerals, (step 4) resistant reducible
minerals, (step 5) easily oxidizable minerals, (step 6) resistant oxidizable
minerals, and (step 7) residues and silicates
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other element was found in abnormal concentrations in the
reference sample, and the contamination is therefore assumed
to only include W. No elevated concentrations of W were
detected in blanks obtained after cleaning the filter equipment.

Discussion

Tungsten was primarily found in scheelite (CaWO4) with an
abundance of 0.1 wt% in the tailings at Yxsjöberg. Scheelite is
considered to be a relatively stable mineral (Bokii and Anikin
1956), but little attention has been paid to its stability and the
geochemical behavior of W in tailings. Scheelite grains with
three characteristics were found in the tailings by optical mi-
croscopy: (1) unaltered grains, (2) grains with yellow rims at
1.5 m depth, and (3) grains with HFO rims at 3.6 m depth.
Accordingly, variations in W concentration with depth have
been previously detected at P4 and P7, including clear peaks
at 1.5 and 3.6 m depths at P4 (Hällström et al. 2018a) (Fig. 5).

Section 1: W mobility in the later deposition period

Detailed analysis of the P4 core using the 7-step sequential
extraction procedure showed that 30% of W (922 mg/kg) in
the peak at 1.5 m was associated with easily reducible phases
(Fig. 5). However, the extraction procedure was not developed

for scheelite and some uncertainties and analytical problems
were encountered. For example, it was not clear in which step
scheelite dissolved and amounts of W extracted in the seven
steps are substantially smaller than total amounts detected in
the tailings. Old scheelite concentrate from the processing plant
was analyzed by the sequential extraction in attempt to clarify
in which step scheelite was dissolved, without success. With
that in mind, the 7-step sequential extraction results indicated
that weathering of scheelite and secondary capturing of W in
easily reducible phases had occurred in the upper-parts of the
tailings where pH was > 7. Concentrations of W in the water-
soluble (Hällström et al. 2018b) and exchangeable phases were
below the detection limit, indicating thatWwas strongly bound
to the easily reducible phases. Indications of scheelite alteration
were observed by optical microscopy as formations of a yellow
rim inter-grown on scheelite surfaces, as reportedly formed
through incongruent weathering of scheelite with precipitates
of insoluble tungstic acid (H2WO4) (Marinakis and Kelsall
1987; Montgomery and McKibben 2012). According to
Montogmery and McKibben (Montgomery and McKibben
2012), tungstic acid forms during scheelite dissolution at pH
3 or lower; above this pH, the rate of scheelite dissolution
increases with pH and temperature.

Iron was the dominating oxyhydroxide at this depth and
adsorption/co-precipitation with HFO has been proven to im-
mobilize Wat pH conditions below 8 (Gustafsson 2003). This

Fig. 5 Results of analysis of the P4 core. (a) Total inorganic C content
(wt%), (b) total W content (mg/kg), (c) W concentration in water-soluble
phases, and (d) W and Fe contents in fractions obtained from the 7-step
sequential extraction: (1) water-soluble phases, (2) exchangeable phases,

(3) easily reducible minerals, (4) resistant reducible minerals, (5) easily
oxidizable minerals, (6) resistant oxidizable minerals, and (7) residues
and silicates
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can occur by either W substituting Fe3+ in the crystal lattice of
ferrihydrite (Kreissl et al. 2016) or formation of strong inner-
sphere complexes (Kashiwabara et al. 2013). In the upper
tailings (at depths < 1.5 m), amorphous HFO was present
around all examined mineral grains, it had replaced pyrrhotite
completely, and formed thicker rims around chalcopyrite and
pyrite. Iron originated mainly from oxidation of pyrrhotite
(Eqs. 1 and 2) (Hällström et al. 2018a).

Fe 1−xð ÞSþ 2−
x
2

� �
O2 þ xH2O↔ 1−xð ÞFe2þ þ SO2−

4

þ 2xHþ x ¼ 0:08ð Þ ð1Þ

Fe2þ þ 1

4
O2 þ 5

2
H2O↔Fe OHð Þ3 sð Þ þ 2Hþ ð2Þ

It was not possible to distinguish the type of HFO present in
the oxidized acidic tailings due to the amorphous structure, but
from the literature, 2-line ferrihydrite is known to be the first
phase formed during early stages of Fe2+ oxidation at low tem-
peratures under near-surface conditionswith pH> 4 (Kreissl et al.
2016). Except for HFO, Al and Mn oxyhydroxides have also
been seen to scavenge W (Bauer et al. 2017a; Hur and Reeder
2016). However, Al andMn contents of fractions obtained in step
3 in the extraction of samples from Yxsjöberg were much lower
than the Fe contents, so the adsorption/co-precipitation of W to
their oxyhydroxides is assumed to be insignificant.

At present time, the release of W was ongoing at 2.5 m depth
in unoxidized tailings with near-neutral pH (Fig. 5), and associat-
ed reactions putatively involved (across the profile in the tailings)
are illustrated in Fig. 6. At 2.5m depth, elevated concentrations of
W were released in water-soluble phases correlated with lower
content ofW in the tailings. At the same depth, the pH is above 7
and C has precipitated mainly as secondary orthogonal calcite
(Hällström et al. 2018a). Water-soluble phases of W coinciding
with accumulation of C have also been found in another core
fromYxsjöberg (Salifu et al. 2018). Siderite (FeCO3) is common-
ly reported in secondary carbonates in tailings from sulfidic de-
posits (Blowes et al. 2003), but was not found in the thin section
from 2.5 m depth. The high abundance of Ca released from
fluorite and calcite weathering could favor formation of second-
ary Ca-carbonates rather than Fe-carbonates. The formation of
secondary carbonates is supported by enriched C-isotope ratios
at similar depths in the additional core from theYxsjöberg tailings
(Salifu et al., unpublished data). The accumulated Cwas original-
ly released in the upper acidic oxidized and transition zones due to
calcite neutralizing acid produced from pyrrhotite oxidation
(Eq.3) and transported downwards to conditions where pH > 7.

CaCO3 þ Hþ↔Ca2þ þ HCO−
3 ð3Þ

It is hypothesized that small proportions of CO3
2− have

displaced WO4
2− at the surfaces of scheelite at this depth,

instead of precipitating as calcite, thereby releasing W to the
pore water according to Eq. 4, and as illustrated in Fig. 4.

CaWO4 sð Þ þ HCO−
3 aqð Þ↔CaCO3 sð Þ þWO2−

4 þ Hþ ð4Þ

This has not been mineralogically confirmed, due to the
lack of scheelite in the thin section from this depth, but is in
good agreement with results presented by Atademir et al.
(1979), Marinakis and Kelsall (1987), and Montgomery and
McKibben (2012). At Yxsjöberg, elevated concentrations of
dissolved Wwere found in the groundwater of the tailings (up
to 22 μg/L) and elevated concentrations of total W in the
surface water downstream of the repository (up to 1 μg/L)
compared with the reference water (< 0.2 μg/L). These find-
ings confirm that W is released from scheelite in the tailings
and transported out of the impoundment.Weathering of schee-
lite in the tailings is assumed to be an indirect effect of the
pyrrhotite oxidation. Hence, skarn tailings without sulfide ox-
idation or without contact with atmosphere or limited amount
of calcite might produce mine water drainage with limited
concentrations of W.

Section 2: W mobility in the older deposition period

A similar sequence to the one inferred in section 1 with pyr-
rhotite oxidation → calcite alteration → downward transport
of CO3

2−, → accumulation of C → decrease solid W and
increase water-soluble phases of W occurred in section 2
(Fig. 4). Compared with section 1, the HFO formed in the
older oxidized zone in section 2 with near-neutral pH were
crystalline goethite, and were only present around pyrrhotite,
magnetite, and scheelite (Figs. 2 and 6). The occurrence of
goethite as rims on scheelite has been studied in the laboratory
by Gao et al. (2016) and is due to negatively charged surfaces
of scheelite attracting Fe3+. Low concentrations of W are re-
leased into the water-soluble phase at this depth (Hällström
et al. 2018b). The rims could inhibit scheelite weathering by
limiting the possibility of CO3

2− released from upper layers
interacting with the scheelite surfaces. Released WO4

2− could
also be scavenged in the tailings by adsorption or co-
precipitation processes (Kreissl et al. 2016), which would re-
duce concentrations of W in the water-soluble phases and
reaching the groundwater. Tungstate currently released from
the tailings lying above in section 1 would adsorb to the al-
ready existing goethite, and WO4

2− released during primary
formation of HFO could be co-precipitated in the crystal lat-
tice of goethite (Kreissl et al. 2016).

W mobility in groundwater and surface water

The long-term storage of tailings in ambient conditions with
apparent pyrrhotite oxidation, calcite depletion, silicate, and dis-
solution of secondary gypsum has affected the water quality
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downstream of the Smaltjärnen Repository. A higher rate of
pyrrhotite oxidation than calcite neutralization in the tailings
has resulted in release of acid to the surface water, generating
low pH at C7 and C11 (Fig. 7), although neutralization calcula-
tions showed that calcite should have the potential to neutralize
the acidity produced (Hällström et al. 2018a). The higher rate of
pyrrhotite weathering compared with calcite shows the necessity
of other prediction tools than only static tests. The ECwas ≈ 345
μS/cm downstream Smaltjärnen Lake (C7), indicating a high
release of ions into the water. Calcium and S were the dominat-
ing elements in the surface water, with concentrations up to 94
and 91 mg/L (273 mg/L SO4

2−), respectively, and they were
nearly entirely present in the dissolved phase (> 99%) down-
stream of the repository (C7 and C11). The concentrations were
lower during the spring flood in May and increased gradually
with reductions in water flow until September (Fig. 7). The mo-
lar Ca to S ratio was close to that of gypsum (1:1.2–1.3, molar
ratio of Ca:SO4), showing that some of the secondary gypsum
formed in the upper oxidized acidic tailings has been dissolved

and transported from the repository. The concentrations of re-
leased Ca and SO4

2− are relatively low compared with those
detected in other W mining areas (Candeias et al. 2015) and
the SO4

2− concentration was below the threshold value for taste
in drinkingwater (370mg/L) (WorldHealth Organization 2004).

Iron was present in both dissolved and particulate phases in
the surface water downstream of Smaltjärnen, and the highest
concentrations were detected at C7 on all sampling occasions.
There, Fe was the main particulate element, accounting for
53%, on average, of all elements in fractions > 0.2 μm.
Total concentrations of Fe released from the tailings were
significantly lower than the S concentrations, indicating that
a large proportion of Fe released from pyrrhotite oxidation had
been captured as HFO in the tailings. This is consistent with
results of the 7-step sequential extraction. The Fe concentra-
tions at C11 were similar to those in the reference samples,
suggesting that large proportions of Fe precipitated in the sed-
iments between C7 and C11. The Fe concentrations at C13,
C14, and C16 were similar to the reference values (Fig. 7).

Fig. 6 The hypothesized sequence of (1) pyrrhotite oxidation ➔ (2) cal-
cite depletion➔ release of HCO3

2− and transport downwards➔ (3) anion
exchange between HCO3

2− andWO4
2−➔WO4

2− release to groundwater

or adsorption to goethite, illustrated with depth in sections 1 and 2.
Microscopic images of altered scheelite at 1.5 m and scheelite with goe-
thite rim at 2.6 m are shown in the pictures
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The concentrations of W in the groundwater from
Smaltjärnen Repository and downstream surface waters were
low on all sampling occasions, but still higher than in the
reference sample. Tungsten was mainly present in the partic-
ulate fraction at sampling points C7 and C11, coinciding with
the high concentrations of particulate Fe. Particulate W is
known to have high affinity for particulate Fe in natural rivers
(Bauer et al. 2017b) and a correlation between the sedimenta-
tion of Fe and W between C7 to C11 was found. Thus, it is
hypothesized that tungsten was released as WO4

2− from the
groundwater in the Smaltjärnen tailings and adsorbed to par-
ticulate Fe precipitated in the surface water. The concentra-
tions of W and Fe in groundwater (at P7) were approximately
30 times higher than those at C7 during May, and decreased
similarly with decreasing water flow in the surface water. The
difference may be due to either (co-)precipitation of secondary
minerals or dilution by the water in Smaltjärnen Lake.
However, the differences in concentrations were of the same
order of magnitude as the drop inMg concentration (10- to 30-
fold) between P7 and C7. Magnesium is a good dilution indi-
cator because it does not readily enter secondary minerals or
biota. Thus, these findings suggest that most Fe andW leaving
the repository with the mine drainage are transported away
from the repository by the surface water. Particulate W is
hypothesized to subsequently settle between C7 and C11, with
particulate Fe, thus, the ratio betweenW in C7 and C11 and Fe
was similar in May, June, August, and October.

No environmental regulations or general guideline values
for dissolved W in surface waters have been set in the EU or

USA, due to the lack of knowledge of its mobility and
toxicity (Koutsospyros et al. 2006; Strigul 2010). In
Russia, a maximum allowed concentration of 0.8 μg/L dis-
solved W has been set for aquatic systems used for fishing
(Strigul et al. 2009). The concentrations of W in the dis-
solved phase downstream of Smaltjärnen were all below this
threshold, and thus too low for it to be considered hazardous
according to this guideline. However, dissolved concentra-
tions of W above 0.8 μg/L were detected in surface water
downstream of Morkulltjärnen Repository (at C13) during
June to October. The pH at C13 varied between 6.0 and
7.6, and low concentrations of particulate Fe were present.
Thus, monometric tungstate was probably the dominating
species (Koutsospyros et al. 2006). The W concentrations
in mixed water between Smaltjärnen and Morkulltjärnen at
C14 and C16 were highly affected by the high concentra-
tions of W from C13 and concentrations above 0.8 μg/L
were measured during June, July, August, September, and
October. The W concentrations at C13, C14, and C16 were
still low compared with concentrations reported downstream
of other W mining areas by Candeias et al. (2015),
Gurbanov et al. (2015), and Seiler et al. (2005), but higher
than concentrations detected in rivers downstream of indus-
trial areas, e.g., in Japan (Koutsospyros et al. 2006). This
indicates that the W contamination previously detected by
the municipality originates from Morkulltjärnen Repository.
Further investigations, including geochemical characteriza-
tion of Morkulltjärnen Repository, are needed to understand
the release of W from this source.

Fig. 7 Monthly pH, EC, dissolved (Diss) Ca and S, dissolved and particulate (Par) Fe, and dissolved and particulate Wat C7, C11, C13, C14, and C16.
The arrows indicate times when the sedimentation ratio of Fe between C7 and C11 was similar to that of W
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Conclusion

& Partial dissolution of scheelite releases some W to mine
drainage. The weathering process is hypothesized to be
due to anion exchange with CO3

2− on the surfaces of
scheelite in unoxidized conditions where pH is above 7.
The CO3

2− was released during calcite neutralization of
acidity produced from pyrrhotite oxidation and thereafter
transported downwards in the tailings.

& Some of the W that is released from scheelite can adsorb
to HFO and remain immobilized within the tailings. Some
of the W that is transported away from the tailings appears
to co-precipitate downstream with HFO.

& Elevated concentrations of W were found in the ground-
water of the tailings and in surface water downstream the
tailings confirming weathering of scheelite. However, the
concentrations were not large enough to be classified as a
contaminant according to today’s water regulations.

& ReleasedW from scheelite was co-precipitated with amor-
phous HFO in oxidized acidic tailings, and possibly
adsorbed to goethite in an old oxidized layer in the deep
tailings.
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A B S T R A C T

The speciation, mobility, transport, and fate of beryllium (Be) in the terrestrial environment is poorly studied even though it is considered to be one of the most
hazardous elements in the periodic table. Historical tailings containing the unusual mineral danalite [Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4] together with Fe-sulfides
and fluorite has been stored open to the atmosphere for more than 50y. Environmental mineralogy, which combines geochemical and mineralogical techniques, was
used to elucidate the weathering of danalite and fluorite. Danalite is unstable in oxic conditions due to the occurrence of Fe (II) and S-(II) in the crystal lattice and has
oxidized at the same pace as pyrrhotite in the tailings. The acidic conditions generated from sulfide oxidation and the release of F from fluorite weathering have most
likely enhanced Be mobility in the tailings. Secondary gypsum, hydrous ferric oxides and Al-oxyhydroxides are hypothesized to have played an important role
regarding the mobility of Be in the tailings. The results indicate that Be released from danalite was first scavenged by these secondary minerals through co-
precipitation. However, the dissolution of secondary gypsum due to changing geochemical conditions has also released Be to the groundwater. The groundwater at
the shore of the tailings revealed the highest Be concentrations measured anywhere in the world (average: 4.5mg/L) even though the water has a circumneutral pH.
This extraordinary finding can be explained by high concentrations of F (73mg/L), as F and Be have been shown to form strong complexes. The weathering of
danalite and fluorite will continue for hundreds of years if remediation measures are not taken. Re-mining the tailings could be an appropriate remediation method.

1. Introduction

The fluxes of several EU-critical elements (e.g. Be, Ga, Ge, In, and
W) and minerals (CaF2) in society have increased with increased use
and recycling of high-tech products (Nuss and Blengini, 2018). Many of
these elements that are critical to high-tech products are unusual in the
sense that they have previously not been present in the terrestrial en-
vironment at high concentrations; therefore, the speciation, mobility,
transport and fates of these elements remain poorly studied (Nuss and
Blengini, 2018; Taylor et al., 2003). Beryllium has gained little atten-
tion because of its restricted use and the fact that it commonly occurs in
low, or even undetectable, concentrations in ground- and surface wa-
ters (Taylor et al., 2003). Beryllium occurs at low concentrations in
terrestrial water because this element is usually hosted by highly in-
soluble silicates that are highly resistant to weathering (Nordberg et al.,
2015), coupled with the fact that Be precipitates as insoluble Be-hy-
droxides in aqueous environments with a circumneutral pH (Neal,
2003). Understanding the geochemical behaviour of Be is important
because it is considered to be one of the most hazardous elements in the
period table (Boschi and Willenbring, 2016a; Mederos et al., 2001;
Taylor et al., 2003; Veselý et al., 1989). Inhalation of Be-dust is re-
cognised as the most hazardous exposure pathway (Deubner et al.,
2001; Raymond et al., 2015; Taylor et al., 2003), but research regarding

other pathways, e.g. exposure through groundwater, have not been
sufficiently discussed in the literature. Beryllium hosted by the unusual
mineral group helvine [Be3(Fe, Mn, Zn)4(SiO4)3S] poses a greater risk of
being released to the terrestrial environment than other Be-minerals
when it is exposed to atmospheric conditions, e.g. in mine waste. Hel-
vine weathers through oxidation because it contains S(-II) in the crystal
lattice (Taylor et al., 2003). In the 1980s, a few researchers elucidated
the occurrence, geology, and stability of the mineral group helvine
(Burt, 1980; Burt, 1988; Dunn, 1976; Hassan and Grundy, 1985;
Kingsbury, 1961), but publications concerning this mineral have been
sparse in recent decades. Helvine most commonly occur in skarns
worldwide and comprises three end-members: danalite [Fe2+], helvite
[Mn2+], and gent-helvite [Zn2+] (Dunn, 1976). Helvite (Mn) is the
most common-occurring type and gent-helvite (Zn) is the most unusual
(Burt, 1988; Dunn, 1976). The three end-members are usually in mis-
cibility with each other, and pure danalite is very rare (Hassan and
Grundy, 1985). Danalite is considered to be the most easily weathered
end-member of the helvine group due to the occurrence of Fe(II) (Burt,
1980). Furthermore, the mineral group is commonly associated with
fluorite [CaF2] (Dunn, 1976). Beryllium is known to have high affinity
for F, and can readily form fluorocomplexes in acidic aqueous solutions
(Boschi and Willenbring, 2016a; Veselý et al., 1989). This interaction
might further enhance the weathering of helvine; therefore, mine
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tailings containing helvine, fluorite, and sulfides represent an ideal
setting to study the geochemical behaviour of Be.

Helvine was first identified at Yxsjöberg, Sweden in the 1950s. The
mineral group was found in a W-skarn that was mined across three
different periods between 1918 and 1989 (Höglund et al., 2004). Re-
cently, Hällström et al. (2018) studied the possibility of using re-mining
as a remediation method for the tailings at the Smaltjärnens Repository,
which were generated at the Yxsjöberg mine between 1918 and 1963.
The tailings contain 0.3 wt% of helvine with a close to the danalite end-
member composition (Hällström et al., 2018).

The present research investigated the weathering of danalite in
mine tailings and described the geochemical behaviour of Be in tailings
and groundwater to elucidate how Be is released, mobilized, and
transported from tailings to the terrestrial environment. This study also
evaluated the need for remediation at the site by clarifying the current
weathering state of the Yxsjöberg tailings.

2. Study area

At the Smaltjärnens repository, 2.8 million tons of tailings from the
closed W, Cu, and fluorite mine of Yxsjöberg, Sweden (1918–1989)
have been stored and exposed to the atmosphere for> 50 years. The
tailings were discharged to an area of bogs and swamps without any
dams to control the mine waste (Rothelius, 1957). The tailings were
deposited into the Smaltjärnen repository during periods when the
Yxsjöberg mine was active, i.e. between 1918–1920 and 1935–1963
(Höglund et al., 2004). In 1993, a thin cover of sludge was placed on the
tailings to suppress dust. The average Be, Bi, Cu, Sn, W, Zn contents in
99 samples of the tailings were 284, 495, 946, 559, 960, and 301 ppm,
respectively, with F and S accounting for 1.9 and 1.2 wt%, respectively.
Silicates constitute 87.5 wt% of the tailings, with the minerals fluorite
[CaF2], calcite [CaCO3], pyrrhotite [Fe(1−x)S], pyrite [FeS2], chalco-
pyrite [CuFeS2], scheelite [CaWO4], bismuthinite [Bi2S3], cassiterite
[SnO2], danalite [Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4], and magnetite
[Fe3O4] also abundant (Hällström et al., 2018). Hällström et al. (2019)
found that several geochemical zones have developed within the tail-
ings due to weathering processes (Fig. 1). These geochemical zones –
described from the top to the bottom of the tailings – are:

1) An oxidized zone in the upper-most tailings containing oxidized
pyrrhotite and depleted calcite, along with a pH decrease from 8 to 4
which has led to the formation of gypsum and hydrous ferric oxides,

2) A visual oxidation front (VOF) at depths between 0.7 and 1.5m,
3) A transition zone characterized by the ongoing oxidation of pyr-

rhotite and buffering of calcite,

4) A layer of accumulated carbon where pH is above 7,
5) An old oxidized zone with secondary goethite coatings on sulfides,

magnetite, and scheelite, and
6) Old unoxidized tailings at the bottom-most layer of the repository.

Detailed information about the site can be found in an earlier
publication (Hällström et al., 2018). The long-term storage of tailings in
ambient conditions has resulted in circumneutral mine drainage (NMD)
with pH 5.6 and the release of Ca, SO4, Mn, and Fe to receiving water
downstream from the mining area (Hällström et al., 2019).

3. Materials and methods

3.1. Sampling of mine tailings

In a previous study, four intact vertical cores were sampled from the
Smaltjärnen repository tailings (Hällström et al., 2018). One of these
four representative cores (P4) was chosen for a detailed study (Fig. 2).
The intact vertical core reached a depth of 7.5m and was taken in a
Plexiglas tube (Ø 2″, 1.2 m each). The core was divided into 36 sub-
samples, each representing 10–15 cm of the vertical core. The samples
were stored cool and dark in diffusion tight bags, and analysed by ALS
Minerals (Accredited laboratory) for total concentrations of 66 ele-
ments. A detailed description of the analysing method, quality control,
standard reference materials, and detections limits are described in
Hällström et al. (2018).

3.2. Environmental mineralogy

Polished, uncovered thin sections from 11 P4 subsamples were ex-
amined using transmitted and reflected light optical microscopy (Nikon
Eclipse LV100POL; Nikon, Tokyo, Japan) in duplicates. Mineral grains
of interest from these thin sections were then examined through energy
dispersive X-ray spectroscopy (EDS) using a high-resolution Zeiss
Merlin™ FE-SEM scanning electron microscope (Zeiss, Oberkochen,
Germany) with a 10 keV and 1 μA primary electron beam and Aztec
Software (Oxford Instruments, Abingdon, United Kingdom). The in-
strument was calibrated using copper tape to obtain qualitative and
semi-quantitative element analyses with a backscattered electron (AsB)
detector. Five thin sections from P4 and one sample from the upper-
most tailings of P7 were sent to the Geological Survey of Finland (GTK,
Espoo, Finland) so that the samples could be analysed with SEM-EDS
mapping to detect helvine grains. Beryllium could not be detected due
to the Be-window of the instrument, but the unusual correlation of S
and Si was applied as a marker for the helvine group.

Fig. 1. A conceptual model showing how different geochemical zones have developed in the tailings over time (Hällström et al., 2019).
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3.3. Analysis of the water soluble phase

The water soluble fractions of 14 P4 subsamples representing depths
from 30 to 530 cm depth were analysed according to the first step of the
sequential extraction procedure described by Dold (2003). More spe-
cifically, a 2.5 g sample was mixed with 125mL milliQ water (0.055 μS/
cm) and shaken for 1 h. The eluates were then filtered through 0.22 μm
cellulose acetate membrane filters using a vacuum Sterifil® aseptic
system and holder (Merck Millipore, Burlington, MA, USA). The filters
had been pre-washed with 5% acetic acid for 72 h and left in milliQ
water for 24 h prior to filtration (Ödman et al., 1999). The samples were
sent to ALS Scandinavia for the screening analysis of 71 elements using
an inductively-coupled plasma sector field mass spectrometer (ICP-
SFMS). The analysing method was validated with the certified reference
materials SLEW-2, CASS-2 and NASS-4 for all elements analysed by ALS
Scandinavia (Rodushkin and Ruth, 1997). Anion analyses (sulfate,
fluoride, and chloride) were determined through ion chromatography
(CSN ISO 10304-1, CSN EN 16192). pH measurements were performed
with the pHenomenal MU 6100H (VWR, Radnor, PA, USA) instrument
and pHenomenal 111 (VWR; 662-1157) electrode, which was cali-
brated prior to the measurements with standard buffer solutions (pH 4,
7 and 10). The electrical conductivity (EC) electrode was calibrated
with a KCl-standard (1413 μS/cm) prior to measurements.

3.4. 7-Step sequential extraction

A set of samples from P4 (representing zones 1, 2, 4, 5, and 6; Fig. 1)
was sent to the SGS Canada Inc. Mineral Services (Lakefield, Canada)
for the 7-step sequential extraction procedure first presented by Dold
(2003). This 7-step sequential extraction procedure targeted 1) water
soluble phase, 2) exchangeable phase, 3) easily reducible minerals (e.g.
oxyhydroxides), 4) resistant reducible minerals (e.g. magnetite), 5)
easily oxidizable minerals (e.g. secondary sulfides), 6) resistant oxi-
dizable minerals (e.g. primary sulfides), and 7) residues and silicates.
The concentrations of 35 elements were analysed using inductively
coupled plasma optical emission spectrometry (ICP-OES) and converted
into mg/kg released from the tailings. The detection limit for the dif-
ferent steps was 10mg/kg. The total concentrations in the tailings were
analysed with inductively coupled plasma atomic emission spectro-
scopy (ICP-AES) and inductively coupled plasma mass spectrometry
(ICP-MS) after digestion with sodium peroxides fusion in graphite
crucibles.

3.5. Groundwater sampling

Groundwater samples from the tailings were collected from P5, P6,
and P7 (Fig. 2). Groundwater in P7 was sampled on a monthly basis
between May to October in 2018 as described in detail by Hällström
et al. (2019), while groundwater in P5 and P6 was sampled twice
during 2018. Groundwater was pumped by using a portable Masterflex®
peristaltic pump (Cole-Parmer® International, Chicago, IL, USA) and a
silicon tube. The water was pumped for 10–15min to remove any
stagnant groundwater before pH, EC, and temperature measurements.
O2-concentration was measured with an O2-meter during the sampling
in October 2018. To avoid oxygenation of the groundwater, the tube
was directly connected to a vacuum Sterifil® aseptic system and holder
(Merck Millipore) with a diameter of 42mm. The filters used in this
system were 0.22 μm cellulose acetate membrane filters pre-washed
with 5% acetic acid for 72 h and rinsed with milliQ water for 24 h
(Ödman et al., 1999). The screening analysis (71 elements) of the fil-
tered groundwater was performed by ALS Scandinavia using an in-
ductively-coupled plasma sector field mass spectrometer (ICP-SFMS) as
described in Section 3.3 Analysis of water soluble phases. Total and
dissolved F was analysed with ion chromatography (CSN ISO 10304-1,
CSN EN 16192). All of the analyses were performed in duplicates, with
blanks and standards analysed for quality control. The eluates were
acidified by ALS Scandinavia.

4. Results

4.1. Mineralogical analysis of danalite

The SEM-EDS mapping detected 6 to 13 danalite grains from each
selected thin section. Most of the grains detected during calibration
were small (≈50 μm) and had low degrees of liberation (Fig. 3). A
larger (200 μm) intact grain was found in the unoxidized tailings at a
depth of 180 cm (Fig. 3c), while a danalite grain that appeared to be
strongly weathered was noted in the oxidized tailings of P7 (Fig. 3f).

The SEM-EDS mapping revealed that all of the danalite grains
showed similar chemical compositions irrespective of depth within the
core (Table 1). More specifically, the grains had higher contents of Fe
than Mn and Zn, i.e., the average contents of these three elements were
36, 14, and 4wt%., respectively. Beryllium could not be detected from
the samples with SEM-EDS, and this explains the discrepancies in shares
of major elements in the danalite analysed using ICP-SFMS (Hällström
et al., 2018) and SEM-EDS mapping (GTK, present study).

Fig. 2. a) A map of Smaltjärnen repository, including the locations of tailings and water samples analysed in this study, the tailings samples described in Salifu et al.
(2018), and the tailings samples assessed in Hällström et al. (2019); b) the catchment area of the Yxsjöberg mining area; and c) the location of the Yxsjöberg mining
area within Sweden.
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4.2. Geochemical analysis of the tailings

The concentrations of major elements of the helvine group (Be, Fe,
Mn, S, Si, and Zn), along with pH and F concentration, in water soluble
phase are plotted according to depth in Fig. 4.

As illustrated in Fig. 4, the pH was above 7 in the unoxidized zone
and below 5 in the upper-most layers of the tailings. Furthermore, the
tailings demonstrated relatively constant solid contents of Be, Mn, and

Zn. The highest concentrations of Be, Mn, and Zn in water soluble
fractions of P4 (maximum values of 69, 541, 120 μg/L, respectively)
were detected at, or just above, the VOF. The concentrations of Be, Mn,
and Zn in the water soluble fractions decreased in zones above the VOF,
while these three elements were low or undetectable in the water so-
luble fractions representing zones below the VOF. The Fe concentra-
tions in both the water soluble phase and solid residues varied greatly
with depth. Concentrations of Fe in the water soluble phase fluctuated
from undetectable levels to between 100 and 200 μg/L. The con-
centration of Fe determined at the VOF was 129 μg/L. Water soluble F
showed a similar pattern as Be, Mn, and Zn, yet showed a peak con-
centration (8.7 mg/L) 20 cm below the VOF, where pH was 6.5. The
highest solid F concentrations were observed at the same depth, with F
concentrations lower in the upper zones of the tailings. Concentrations
of S and SO4 showed molar-equivalent concentrations in the water so-
luble phase; thus, all of the S that was released from solid residues was
in the form of SO4, which showed concentrations that were one to
several orders of magnitude greater than was observed for the other
analysed elements in the oxidized tailings. Moreover, SO4 concentra-
tions showed a distinct pattern throughout the tailings relative to other
elements, i.e., the highest SO4 concentration (422mg/L) in the water
soluble phase was found in the upper-most zone of the tailings, with
concentrations decreasing based on depth and undetectable below the
VOF. The solid content of S was anti-correlated with the water soluble

Fig. 3. Danalite, detected by SEM-EDS mapping, in six thin sections of the tailings core.

Table 1
The share of each element (%) in the danalite grains used to calibrate the SEM-
EDS mapping of tailings samples.

Core Depth (cm) Fig. nr Nr. Si S Ca Mn Fe Zn

P4 140 Fig. 3a 6 29 16 15 35 4.1
7 29 16 17 32 4.8

160 Fig. 3b 2 29 16 11 40 3.7
3 29 16 12 40 3.4

180 Fig. 3c 1 30 16 0.30 15 35 3.3
2 30 16 16 34 4.5

320 Fig. 3d 3 29 16 17 33 4.5
4 29 16 18 32 4.4

530 Fig. 3e 1 30 17 0.30 15 35 4.2
2 30 16 0.20 15 35 4.0

Average: 30 16 0.3 14 36 3.8
St.d: 0.6 0.9 1.0 2.9 2.8 0.7
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phase and with lower content in the upper oxidized tailing. The solid Si
concentrations in the tailings were constant throughout the core, while
Si concentrations in the water soluble phase showed small variations
with depth, e.g., one concentration peak in the water soluble phase
occurred just below the VOF.

4.3. Beryllium presence in the primary and secondary phases

In the 7-step sequential extraction, Be was primarily released during
steps 4, 6, and 7 (averages: 29, 39, 164mg/kg, respectively), which
represents release from primary minerals such as oxides, sulfides and
silicates, with the highest Be concentrations throughout the core ob-
served in step 7 (Table 2). The presence of Be in eluates representing
these three steps of the extraction procedure can be attributed to the
fact that danalite behaves similarly to magnetite, pyrrhotite, and sili-
cates (Burt, 1980). The Be concentrations between the eluates re-
presenting these three steps varied noticeably, and depth was found to
influence Be concentrations. Low Be concentrations were found in el-
uates representing steps 1, 2, and 3, with the highest concentrations

occurring in samples from the VOF, e.g. a maximum concentration of
2.2, 6.7, and 6.2mg/kg, respectively. The total concentration across the
eluates representing all seven steps agreed with a previously reported
value for average Be-content in the tailings (Hällström et al., 2018). The
distributions of Al, Mn, Fe, and S across the seven steps were earlier
reported by Hällström et al. (2019).

4.4. Element concentrations in groundwater

The groundwater samples from P5, P6, and P7 showed average pH
values of 6.9, 6.5, and 6.3 and average electric conductivities of 2000,
2530, and 2600 μS/cm, respectively. In 2003, groundwater at the
Smaltjärnen repository had an average pH of 8.1 (Höglund et al., 2004).
Thus, the pH of groundwater in P7 has decreased by 1.8 pH-units over
15 years. Furthermore, P7 showed far higher concentrations of Al, Be,
Ca, F, S, and Zn (32, 4.5, 615, 73, 590, 1.5mg/L, respectively) than
what was measured in P5 or P6 – both of which showed concentrations
of Al, Be, F, and Zn that were low or just above the detection limit
(Fig. 5). The concentrations of the major elements (Ca, Fe, K, Mg, Mn,
Na, and S) varied between the P5, P6, and P7 but the standard devia-
tions in the same point was low.

5. Discussion

The danalite of Yxsjöberg is one of the closest to the end-member
composition worldwide (76%) according to both the SEM-EDS mapping
analysis and the hand-picked mineral analysis by Hällström et al.
(2018). The high concentrations of Fe(II) and S(-II) make the mineral
unstable under oxidizing conditions, which are present within the
tailings. The oxidized tailings in the upper-part of the Smaltjärnen
Repository can be divided into three stages.

In the first stage, Pyrrhotite is starting to oxidize but calcite can
buffer the acid produced from sulfide oxidation, which results in the
formation of secondary gypsum. Additional gypsum can also form from

Fig. 4. The concentrations of Be, F, Fe, Mn, Si, SO4, and Zn in the water soluble phases of P4, plotted together with the corresponding solid concentrations (as per
Hällström et al. (2018)) and according to the different zones described under Section 1.1. of Hällström et al. (2019). The figure also illustrates how pH changes across
the different zones of the tailings core.

Table 2
Be concentrations (mg/kg) in eluates from the 7-step sequential extraction of
core P4 at five depths. The seven steps represent the: 1) water soluble phase; 2)
exchangeable phase; 3) easily reducible minerals; 4) resistant reducible mi-
nerals; 5) easily oxidizable minerals (e.g. secondary sulfides); 6) resistant oxi-
dizable minerals (e.g. primary sulfides); and 7) residues and silicates. The zones
are based on what was presented in Fig. 1.

Zone Depth Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7

1 −30 1.0 3.3 5.4 29 0.80 41 170
2 −150 2.2 6.7 6.2 26 0.50 37 200
4 −250 0.50 5.3 5.1 40 0.90 41 170
5 −360 0.50 2.5 3.9 19 0.50 39 130
6 −530 0.50 2.1 4.3 31 0.70 38 150
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fluorite, as F− can substitute for SO4
2− (Appelo and Postma, 2010).

Currently, the first stage occurs at a depth of 2–2.5m in P4.
In the second stage, pyrrhotite has been partially oxidized and

calcite can no longer completely neutralize the system. Therefore, the
pH has successively decreased from above 7 to 5. As a result, secondary
hydrous ferric oxides (HFO) have formed in the tailings and the fluorite
has weathered due to both SO4

2− substitution and the low pH. This is
supported by previous reports that fluorite is mobile when pH falls
below 6 (Ozsvath, 2009). Carbonate ions released from calcite have
been transported downwards in the tailings, precipitating as secondary
calcite when pH>7 (Hällström et al., 2019). The second stage starts at
a depth of 1.5 m in the tailings.

The final, and third, stage occurs in the upper-most tailings. Here,
sulfide oxidation has been the most pronounced across the three stages,
with most of the sulfides covered with HFO, which means that sulfide
oxidation has recently decreased from earlier levels. Calcite levels have
been completely depleted; for this reason, there are limited base cations
that can neutralize the protons from sulfide oxidation, with pH de-
creasing to values around 4. The partial dissolution of HFO and silicates
provide some buffering capacity to ensure that the pH does not decrease
further. Fluorite continues to weather in this zone, but at a low intensity
– as shown by the decreased total content of F in upper parts of the core
relative to deeper zones (Fig. 4).

5.1. Weathering of danalite in the tailings

The low occurrence and small grain size of danalite made it difficult
to observe weathering using the mineralogy techniques applied in this
study. However, the weathering of danalite across stages 1, 2, and 3 of
the oxidized tailings could be followed based on the results of the
leaching tests. Elevated concentrations of Be, Fe, Mn, and Zn were
identified from the water soluble fractions representing P4 zones above
the VOF, with the highest concentrations of these elements found at the
upper-most layers. The molar proportions of Be, Mn, Si, and Zn at the
VOF matched the stoichiometric formula of danalite
[Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4], which was determined by
Hällström et al. (2018) (Fig. 7). In the zone between the upper-most

tailings and the VOF, Fe concentrations were lower than those of da-
nalite, while S concentrations far surpassed danalite concentrations.
This lack of Fe in the water soluble phase is explained by the formation
of HFO in Stage 2 of the tailings, while the surplus of S is due to dis-
solution of secondary gypsum in Stage 3 of the tailings (Hällström et al.,
2019; Salifu et al., 2019). The weathering of danalite presented in this
paper is supported by two other publications which focused on the
same tailings, but another core (P6). More specifically, the S and Sr
isotope signatures in P6 indicated danalite oxidation in the uppermost
tailings (Salifu et al., 2018; Salifu et al., 2019).

The results of the leaching test suggest that danalite had weathered
at the same pace as pyrrhotite, which implies that danalite weathering
occurs through oxidation in the first stage of weathering (Fig. 6). The
similar paces of oxidation witnessed in danalite and pyrrhotite are
supported by the stability diagram for danalite, which specifies a
narrow stability field that is close to the field boundaries of pyrrhotite
and magnetite (Burt, 1980). The oxidation of danalite has started at
Stage 1, but the highest leachable concentration of Be, Mn, and Zn were
observed at Stage 2 (the VOF). Hence, the weathering of danalite has
most likely been enhanced by the low pH (<6) environment present in
Stages 2 and 3 of the Yxsjöberg tailings, which drive Be hydrolysis
(McCleskey and Scott, 2009), while Be is also mobilized by fluorcom-
plexation (Alderighi et al., 2000; Schmidbaur, 2001).

5.2. Mobility of Be in the tailings

The precipitation of secondary gypsum, HFO, and Al-oxyhydroxides
plays an important role in the mobility of Be in tailings. According to
the results of the 7-step sequential extraction, beryllium that has been
released from danalite has entered secondary phases (Steps 1, 2, and 3).

5.2.1. Beryllium co-precipitation with secondary gypsum
Previous research identified a strong correlation between water

soluble Be, Ca, and S within the tailings of P6 (Salifu et al., 2019), and a
strong correlation between the same elements was also observed in the
surface water downstream of the tailings (Fig. 8; Salifu et al., 2020). A
correlation between Be and SO4 has also been reported in other studies

Fig. 5. The average groundwater concentrations of Al, Be, Fe, F, K, Mg, Mn, Na, and Zn in samples from cores P5, P6, and P7 are presented on the left, while the
average concentrations of Ca and S in samples from cores P5, P6, and P7 are shown on the right. The error bars depict the standard deviation (P5: n= 2, P6: n= 3,
P7: n= 5).
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(Navrátil et al., 2002; Nordstrom, 2008), but the relationship between
the two is not well understood. Based on the results of earlier research
at the Smaltjärnen repository, we hypothesize that secondary gypsum
which has formed in the tailings scavenges mobile Be by co-precipita-
tion. BeSO4 has an activity coefficient that is similar to what has been
calculated for other bivalent metal sulfates (Hao et al., 1996); therefore,

it should be possible for Be2+ to substitute Ca2+ in gypsum. The con-
centration of Be in gypsum would be a ppm-level based on the differ-
ence in concentrations between Be and Ca in the water soluble phases of
P6 (Salifu et al., 2019). This hypothesis was further strengthened by the
isotopic signatures of 87Sr/86Sr and SO4 in the water soluble phase of
the tailings, which showed that SO4 released as a result of danalite

Fig. 6. A conceptual model of the tailings of Yxsjöberg, including the three steps of oxidation, a clay layer that has formed a hydrological barrier, formations of sludge
from percolating water in the groundwater well, along with gypsum precipitation on the shore of the tailings. Cal – calcite, Dan – danalite, Fl – fluorite, Gyp –
gypsum, HFO – hydrous ferric oxides, Po - pyrrhotite, Si – silicates.

Fig. 7. The ratios of molar equivalents of Fe, Mn, Si, and Zn to Be throughout the P4 tailings core.
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oxidation had entered secondary gypsum (Salifu et al., 2019).
Uptake of released Be by secondary gypsum has probably occurred

in the tailings as well as at the shore of the tailings (Fig. 6), with the
reaction driven by equilibrium processes. In the upper-most tailings
(stage 3), calcite has been completely depleted, which decreases con-
centrations of free Ca in the pore water and dissolves gypsum, releasing
Be to the groundwater. The groundwater becomes artesian water at the
shore of the tailings, and secondary gypsum precipitates (white crystals
observed) as the groundwater leaves the tailings, but this has not been
confirmed in this study (Fig. 6). We theorise that Be co-precipitates
with, and is released from, the secondary gypsum based on the fluc-
tuating water levels at the shore, and this hypothesis would explain the
strong correlation between Be, Ca, and S in the surface water of
Smaltjärnen Lake (Fig. 8).

5.2.2. Beryllium co-precipitation with HFO
Parts of the Be that has been released from danalite or secondary

gypsum in the tailings has been immobilized again within the tailings
by adsorption and/or co-precipitation with easily reducible phases.
Thus, the results of the 7-step sequential extraction demonstrated a
release of Be from steps 2 (exchangeable phases) and 3 (easily reducible
phases), with the highest concentrations at the VOF (6.7 and 6.2 ppm,
respectively). Beryllium is known to adsorb to Al-OOH, Mn-OOH, and
HFO (Boschi and Willenbring, 2016b; Åström et al., 2018). At the VOF
of the tailings in Smaltjärnen, HFO is the dominant secondary phase
and occurs in high concentrations (Hällström et al., 2019). Beryllium is
therefore assumed to mainly be associated with HFO in stage 2 and 3 of
the oxidized tailings of P4. Al-OOH may also play an important role of
immobilizing Be. Secondary precipitates of a white sludge containing
Be, Al, F, and Zn were found in the groundwater of the tailings, and are
assumed to act as a Be sink (see discussion below).

5.3. Be occurrence in the groundwater of the tailings

There was remarkable variation in the concentrations of Be, Al, F,

and Zn measured from the groundwater wells of P5, P6, and P7. The
average concentrations in P7 were between 30 and 5000 times higher
than what was measured for the two other groundwater pipes. More
specifically, P7 contained very high concentrations of dissolved Be
(average: 4.5 mg/L), while the average concentrations in P5 and P6
were 35 and 3 μg/L, respectively. There are no Swedish guideline va-
lues for Be in groundwater (SGU, 2013), but the American groundwater
standard is set at 0.004mg/L (Taylor et al., 2003). Hence, all of the P7
water samples showed Be concentrations that were around 1000 times
higher than the American recommended standard for groundwater. In
contrast, the Be concentrations measured in P5 and P6 fell below the
American groundwater standard. The concentrations in P7 are likely to
represent the highest Be groundwater values measured anywhere in the
world. Groundwater in Straight Creek (USA) was previously believed to
show the highest global concentration of Be, with a maximum of
around 0.3 mg/L (Nordstrom, 2008). The P7 groundwater showed an
average pH of 6.3, which exceeds the pH range within which Be is
expected to be highly mobile (pH 4.2–6.0) (Veselý et al., 1989). The
high F concentrations measured in P7 groundwater (average: 73mg/L)
may explain why the dissolved Be concentrations are so much higher
than what is expected for an environment with circumneutral pH, as Be
has been shown to form strong complexes with F (Navrátil, 2000;
Nordstrom, 2008; Veselý et al., 1989). It should be noted that fluoride
concentrations above 4mg/L are considered to be severe according to
Swedish guideline values (SGU, 2013).

The remarkable differences in the Al, Be, F, and Zn concentrations
measured in P5, P6, and P7 can be explained by two factors. The first
factor is the clay layer – which coincides with accumulated C deep in
the tailings - which forms an impermeable hydrological barrier (Fig. 6).
Hence, percolating water from the oxidized tailings flows horizontally
towards P7 instead of vertically to the groundwater in P5 and P6
(Fig. 6). The second reason is precipitation of white sludge in P5 and
P6. An attempt was made to sample the sludge, but no representative
sample was successfully obtained due to the formation of secondary
precipitate in the bottle after sampling. Immediately after sampling, the

Fig. 8. Dissolved Be, Ca, and S (μg/L) in the sampling points C7, C11, C14, and C16 downstream Smaltjärnen Repository (Salifu et al., 2020).
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water column in the sampling bottle was clear and the sludge that had
settled at the bottom was white. Over time, the sludge took on a dark
red colour, probably due to secondary precipitation of the dissolved
Fe3+ in the water column as HFO. It is possible that the sludge formed
after the installation of the groundwater well via water infiltration
along the bore hole and into the well. This would shift the equilibrium
in the water towards the precipitation of secondary Al-F-Be minerals.
The complex interplay between secondary gypsum, Be, F, and Al needs
to be studied further together with the impact of colloidal-sized parti-
cles passing the filters.

6. Conclusion

In the tailings of Yxsjöberg, the unusual mineral danalite
[Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4] is oxidizing at the same rate as
pyrrhotite due to the occurrence of Fe(II), Mn (II) and S(-II) in the
crystal lattice. The danalite weathering has been further enhanced by
the acidic environment, which is a result of sulfide oxidation, and the
abundance of free F-ions, which can form strong complexes with Be.
Fluoride originates from fluorite, which has been weathered both by
SO4

2− substitution and the prevailing acidic conditions - in which F is
mobile.

The mobility of Be in the tailings is strongly regulated by secondary
minerals. Results show that Be has entered secondary gypsum in the
tailings and at the shore of the tailings. Changing geochemical condi-
tions have led to the dissolution of secondary gypsum and, as a result,
release of Be to the groundwater.

Remarkable differences in the concentrations of Be, Al, F, and Zn
measured in three groundwater wells (P5, P6, and P7) were also found.
This difference can be explained by a clay layer - which forms a hy-
draulic barrier in the tailings - that has transported percolating water
horizontally from the oxidized tailings directly to the shore of the
tailings rather than vertically into the groundwater. Consequently, we
report the highest measured groundwater concentration of Be in the
world (average: 4.5mg/L) in samples collected from P7. These con-
centrations are remarkable in groundwater with a circumneutral pH
(average value: 6.3), as Be has been reported to become highly mobile
at pH < 4, but can be explained by the exceptionally high concentra-
tions of F (73mg/L) in the groundwater.

The low Al, Be, F, and Zn concentrations measured in P5 and P6 can
be explained by the mine water not reaching the groundwater (due to
the clay barrier), as well as the formation of Be-Al-F-precipitates when
the hydraulic barrier was broken during the installation of a ground-
water pipe.

Danalite oxidation in the tailings has occurred down to a depth of
1.5 m in the 56 years that the Smaltjärnen repository has been closed.
This means that a large part of the danalite remains unoxidized and that
weathering is still active in the tailings. Thus, the release of Be to
groundwater will probably continue for hundreds of years when con-
sidering that the P4 tailings are 6m deep and the weathering front in
other parts of the tailings is more shallow (0.7m depth). Previous
studies have suggested that re-mining could be a suitable remediation
option for the tailings of Yxsjöberg due to the occurrence of several EU-
critical elements. However, research must consider economic, en-
vironmental and geochemical perspectives to evaluate the feasibility of
re-mining the Yxsjöberg tailings.
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Abstract 

The geochemical knowledge of several critical raw materials (Be, Bi, Ga, Ge, W, herewith called CRM5) is lacking, 

but understanding their mobility and fate in the terrestrial environment is of high importance to ensure a responsible 

mine- and water management. In previous studies of skarn mine tailings in Yxsjöberg, Sweden, mobilization of Be, 

Bi and W was found. The skarn tailings were enriched in all the CRM5 together with significant amounts of 

pyrrhotite, calcite and fluorite. Therefore, surface waters downstream the Yxsjöberg tailings are an interesting system 

to study the mobility and environmental impact of the CRM5 and F. In this study, surface water samples (dissolved 

and particulate fractions) were taken at monthly intervals from May to October in 2018 at seven sampling locations 

downstream of two tailings repositories (Smaltjärnen and Morkulltjärnen) and in one reference point. Epilithic water 

diatoms downstream of the mine site were sampled as a first step to evaluate the impact on ecosystems. Downstream 

Smaltjärnen repository, Be, F and Fe were present in high concentrations compared to the reference sample. 

Beryllium, F and Ga were mainly transported in the dissolved phase, whereas Bi, Ge and W were dominantly 

transported in the particulate phase, probably adsorbed to HFO. In these pH-conditions (<6), Be should form 

insoluble hydroxides and precipitate in the sediments, however, elevated concentrations of Be were transported more 

than 5 km from the mine site, likely due to formations of Be-F-complexes. Bismuth, Fe and W settled in the sediments 

a few 100 meters from the repository. Diatoms downstream both Smaltjärnen and Morkulltjärnen repositories were 

negatively affected by the mine drainages. Downstream Smaltjärnen, dominating metal tolerant species (Brachysira 

neoexilis, 46%) and a decrease of intolerant species (Tabellaria flocculosa), accompanied by decreased taxonomy 

diversity and >1% deformed valves, indicated adverse impact on the diatom community. Downstream 

Morkulltjärnen, near-neutral pH-conditions and elevated concentrations of dissolved W had enriched the presence of 

metal tolerant Achnanthidium minutissimum (58%). The release of Be, F, Fe and W, and resulting negative impact 

on ecosystems will continue for hundreds of years if remediation actions are not undertaken because only a small 

part of the tailings have weathered during the 50-100 years of storage. 
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1. Introduction 
The anthropogenic cycling of critical raw materials (CRM) is increasing with an increased demand for high-
tech products in order to achieve a green and environmentally sustainable society (Nuss and Blengini, 
2018). However, basic research on the geochemical behaviour of many of these elements (e.g. Be, Bi, Ga, 
Ge and W, henceforth called CRM5) is sparse, even though they are well recognized as by-products from 
mining in historical times (Filella and Rodríguez-Murillo, 2017). The mobility, transport and fate of the 
CRM5 need to be studied to ensure a responsible development of mine waste and water management,.  

The grouping of CRMs is based on the economic importance and supply risk of the elements and does not 
reflect similar geochemical behaviour between them (Filella and Rodríguez-Murillo, 2017). However, the 
mobility of all the CRM5 has gained little attention in the past since they usually occur in very low or 
undetectable concentrations in aqueous media in the environment (Filella and Rodríguez-Murillo, 2017; 
Salminen et al., 2005). Beryllium, Ga and Ge are mainly hosted by stable silicate minerals (Nordberg et al., 
2015; Salminen et al., 2005; Rosenberg, 2008). Bismuth is found in bismithinite [Bi2S3], which is 
considered to have a similar stability as galena (PbS) (Ball et al., 1982; Lottermoser, 2003), and more than 
50% of all W is primarily found in scheelite [CaWO4] (Kwak, 2012, Werner et al., 1998), which is 
considered a very stable mineral (Bokii and Anikin, 1956). The transport and fate of the CRM5 in receiving 
waters are largely dependent on the distribution between the dissolved and particulate fractions (Dahlqvist 
et al., 2007). In near-neutral aqueous solutions, Be, Bi and Ge are expected to have low mobility since they 
readily form insoluble hydroxides and/or salts (Neal, 2003; Salminen et al., 2005) or adsorb to Fe and/or 
Mn oxides (Boschi and Willenbring, 2016b; Rosenberg. 2008; Åström et al., 2018; Salminen et al., 2005). 
Adsorption to hydrous ferric oxides (HFO) is also believed to be a strong scavenging process for W in the 
environment (Cui and Johannesson 2017; Kashiwabara et al., 2013).  

In recent decades, concerns has been raised about Be (Boschi and Willenbring, 2016a; Mederos et al., 2001; 
Taylor et al., 2003; Veselý et al., 1989), Bi (Fahey and Tsuji, 2006) and W (Cui and Johannesson, 2017; 
Datta et al., 2017; Koutsospyros et al., 2006; Lemus and Venezia, 2015; Strigul et al., 2009; Strigul, 2010; 
Zoroddu et al., 2018). Beryllium is considered to be one of most toxic elements in the periodic table (Boschi 
and Willenbring, 2016a; Mederos et al., 2001; Taylor et al., 2003; Veselý et al., 1989). Inhalation of Be 
dust is recognised as the most hazardous exposure pathway (Deubner et al., 2001; Raymond et al., 2015; 
Taylor et al., 2003), but as research is scarce, other pathways may also be significant. Both W and Bi have 
been used as non-toxic alternatives in different applications, e.g. ammunition (Fahey and Tsuji, 2006; 
Koutsopyros et al., 2006). However, concerns have been raised that the current ecotoxicological knowledge 
is too sparse for both Bi (Fahey and Tsuji, 2006; Fahey et al., 2008) and W (Cui and Johannesson, 2017; 
Datta et al., 2017; Koutsospyros et al., 2006; Lemus and Venezia, 2015; Strigul, 2010; Zoroddu et al., 
2018). There is contradictory evidence regarding Bi toxicity, with some reports where it is classified as 
harmless to ecosystems (National Research Council, 2005), whereas others have shown that Bi can have 
negative effects on reproduction (Ghaffari and Motlagh, 2011; Omouri et al., 2018). In the U.S.A and 
Russia, alarming reports of elevated W concentrations have classified it as an emerging and highly 
dangerous contaminant of concern (US EPA, 2014; Strigul et al., 2009). In Sweden, no guideline values 
for Be, Bi or W exist. Beryllium concentrations above 1 µg/L are believed to have adverse effects on 
ecosystems in aqueous media (Neal, 2003). In Russia, a maximum allowed concentration of 0.8 µg/L 
dissolved W has been set for aquatic systems used for fishing (Strigul et al., 2009). Gallium and Ge are 
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classified as relatively non-toxic to humans (Salminen et al., 2005). However, the toxicity of these elements 
has also not been sufficiently discussed in the literature either. 

A high release of metals to the surrounding environment may severely impact aquatic life. Diatoms can be 
used as a first bioindicator to study adverse impact on ecosystems, but also recovery, downstream mining 
areas (Cattaneo et al., 2004). At a community level, adverse effects are expressed as changes in species 
composition, and structural changes such as decreased species diversity, evenness and richness 
(Cunningham et al., 2005). Studying the impact of acidity, metals and nutrients on epilithic water diatoms 
is a well-established method in fresh water streams and lakes (Hirst et al., 2002; Khalert et al., 2007; 
Kahlert, 2012; Swedish EPA, 2007). Studies have also been made to monitor the impact of trace elements 
on diatoms in lakes and/or sediment cores downstream mining areas to understand the environmental 
impact from the mine drainage (e.g. Kauppila, 2006; Kihlman and Kauppila, 2010; Ruggiu et al., 1998; 
Cattaneo et al., 2004). 

Several studies by Hällström et al. (2018a; 2018b; 2020a; 2020b) and Salifu et al. (2018; 2019; 2020a; 
2020b) at the Yxsjöberg mine site have shown that a complex interplay between released constituents (SO42-

, CO32- and F-) from the weathering of sulfides, carbonates and fluorite has generated a geochemical 
environment where Be, Bi and W have been mobilized from their primary minerals within the Smaltjärnen 
tailings. The Smaltjärnen tailings are enriched in F (1.9 wt.%) and S (1.2 wt.%) together with the trace 
elements Be, Bi, Ga, Ge and W (284, 496, 24, 16 and 960 ppm, respectively), and have been stored open 
to the atmosphere for more than 50 years (Hällström et al., 2018). These conditions make the surface water 
downstream of the Yxsjöberg mine site an interesting system to study the geochemical behaviour of Be, Bi 
and F mobilization and transport. The source, mobilization, transport and fate of W from the Smaltjärnen 
tailings to sediments in the surface water have been elucidated previously (Hällström et al., 2020a). The 
harsh geochemical environment in the tailings also raises questions about whether Ga and Ge have been 
leached out and transported in the downstream surface waters. 

Therefore, the mobility, transport and fate of the critical raw elements (Be, Bi, F, Ga and Ge) enriched in 
the mine tailings of the Yxsjöberg mine site were studied in the Nittälven River and the release of these 
elements were back-tracked to ongoing geochemical and mineralogical processes in the Smaltjärnen 
tailings. Epilithic water diatoms downstream of the mining area were also studied as a first step to evaluate 
the impact of the water quality on ecosystems. 

2. Study area 

The Nittälven River receives water draining from Yxsjöberg mine site. The Yxsjöberg mine was in 
operation during three different periods from 1918-1989, mining W, Cu and CaF2. Mine tailings were 
discharged into two repositories: named Smaltjärnen (1918-1963) and Morkulltjärnen (1969-1989). The 
Smaltjärnen tailings consist of 88 wt.%. of silicates together with considerable amounts of sulfides 
(pyrrhotite, pyrite, chalcopyrite, danalite, bismuthinite, sphalerite), calcite, fluorite, and oxides (magnetite, 
hematite, scheelite, cassiterite). Detailed information about the Yxsjöberg mine site can be found in 
Hällström et al. (2018a; 2020a; 2020b). 
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The Nittälven River starts ~9 km northwest of the Yxsjöberg mine site. The first few kilometres of the 
Nittälven drains a 47 km2 catchment area (labelled Catchment 1 in Fig. 1) that includes the tailings 
repository Morkulltjärnen. Further south, the Nittälven co-mingles with the stream Pumpbäcken, which 
drains a catchment area of 19 km2 (labelled Catchment 2) including the older tailings repository Smaltjärnen 
(SMHI, 2020). The two catchment areas are separated by a hydraulic barrier (Höglund et al., 2004). The 
region is characterized by winters with four months of snow and an annual precipitation of 730 mm per 
year. The monthly average temperature ranges from -5˚C in January to 15˚C in July1 (SMHI, 2018). The 
waterflow in the Nittälven River during 2018 is shown in Fig. 2.  

 
Figure 1. Catchment areas of the Morkulltjärnen (1) and Smaltjärnen (2) repositories and sampling locations in the tailings and downstream 
of the mining area.  

Previous studies have shown that neutral mine drainage from Smaltjärnen has released high concentrations 
of Ca and SO4 to Pumpbäcken, attributed to dissolution of secondary gypsum. Gypsum has formed by SO42- 
from pyrrhotite weathering and Ca2+ from calcite neutralization in the upper parts of the tailings. Iron from 

                                                            
1 Data collected between 1901 and 2016 at Ställdalen, 16 km from Yxsjöberg, Sweden (SMHI, 2018). 
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pyrrhotite oxidation had formed HFO in the tailings and has likely scavenged W released from scheelite 
weathering (Hällström et al., 2020a). 

3. Materials and Methods 

3.1. Surface water sampling 
Surface water was sampled at six sampling points downstream of the Smaltjärnen and Morkulltjärnen 
repositories and at one reference point (Fig.1). The sampling point C7 was located at the outlet of the 
Smaltjärnen Lake. Sampling point C9 was located in a first order stream south of the Smaltjärnen repository 
and the stream flows into the Pumpbäcken south of C7. C11 was located in the Pumpbäcken downstream 
of the outlet of C9. C13 was located in the Nittälven River downstream of the Morkulltjärnen repository, 
and C14 was located where the Nittälven and Pumpbäcken co-mingled. One sample was taken at 
Brattforsen (C16), 5 km downstream of C14 in the Nittälven. The reference sample was taken from a 
location south-west of the mining area belonging to another catchment area.  

The pH, electrical conductivity (EC) and temperature were measured directly in the surface water. 
Measurements of pH were made with a pHenomenal MU 6100H multi-parameter meter equipped with a 
pHenomenal 111 electrode (662-1157). The electrode was calibrated using standard buffer solutions at pH 
4 and 7 prior to the measurements.  

The surface water was pumped on-line through Geotech polycarbonate and acrylic filter holders (Geoteck 
Environmental Equipment Inc., Denver, Co, USA) with a diameter of 142 mm. The filters used were 0.22 
µm cellulose acetate membrane filters pre-washed with 5% acetic acid for 72 h and rinsed with MilliQ 
water for 24 h (Ödman et al., 1999). Screening analyses (71 elements) of the filtered surface water 
(dissolved phase) were carried out by ALS Scandinavia using an inductively coupled plasma sector field 
mass spectrometer (ICP-SFMS). The analysing method was validated with the certified reference materials 
SLEW-2, CASS-2 and NASS-4 for all elements analysed by ALS Scandinavia (Rodushkin & Ruth, 1997). 
Total and dissolved F, SO4 and Cl were analysed by ion chromatography (CSN ISO 10304-1, CSN EN 
16192) in May and June. There were no differences in the concentrations of 1) total and dissolved F, 2) S 
and SO4, and 3) no elevated concentrations of Cl compared to the reference sample in samples screened 
from May and June. Therefore, for samples taken in July, August, September and October, only dissolved 
F was measured. All analyses were carried out in duplicate. Blanks and standards were used for quality 
control. The eluates were acidified by ALS Scandinavia to avoid formations of insoluble tungstic acid 
formations (Bednar et al., 2010). The filters used for surface water filtration were analysed for the 
particulate phase according to the same procedure as the dissolved phase at ALS Scandinavia after lithium 
metaborate and HNO3/HF/HCl digestion. 

3.2. Diatoms sampling 
Epilithic water diatoms in the Nittälven and Pumpbäcken were sampled at C7, C11, C13, C14 and Ref. in 
October, 2018. The sampling procedure was carried out according to the European/Swedish standard 
protocol (CEN, 2014a). Five rocks of size 10-15 cm in diameter were sampled along a distance of 10 m in 
the water column at each sampling location. The side of the rock facing the sun was brushed and rinsed. 
The eluates from all rocks taken from the same sampling location was collected in two 250 ml plastic bottles 
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and stored under cool and dark conditions during the field day. Later, the particles in each bottle were 
allowed to settle and 2/3 of the clear water was decanted and replaced with 96% pure alcohol for 
preservation. The samples were sent to SLU Uppsala for analysis and were analyzed according to the 
European/Swedish standard protocol (CEN, 2014b) SS-EN 14407. 
 
Valves of 400 diatoms were counted under optical microscope and the species of each valve was identified 
to see the richness and eveness of the diatom taxonomy. Deformed valves were counted, and deformations 
were identified by weak or strong abnormal shapes of the valves and/or abnormal patterns on the valves 
(Kahlert, 2012). The effects of acid stress on diatoms were determined by an Acidity Index for Diatoms 
(ACID-index) according to the procedure described by Andrén and Jarlman (2008). The ACID-index 
indicates the pH in the water recipient in intervals between alkaline (>7.3), near-neutral (6.5-7.3), slightly 
acidic (5.9-6.5), acidic (5.5-5.9), and very acidic (<5.5).   

4. Results  
In 2018, the spring flood from snow melt was larger than normal in both catchment areas of Yxsjöberg due 
to heavy snowfall during the winter of 2017/2018 (SMHI, 2020). The first samples were taken in May at 
the decline of the spring flood (Fig 2). The water flow decreased to very low flows during the summer, 
which was warmer and drier than normal. The water flow increased slightly in September and October but 
remained very low.  

 

Figure 2. Modelled water flow in the Nittälven River during the sampling campaign between May and October. 

In the surface water at C7, the pH ranged between 5.2 in July and 6.2 in October, with an average of 5.7 
(Table 1). The average pH in Ref., C9, C11, C13, and C14 were 6.2, 5.9, 5.9, 6.6, 6.4, respectively.  The 
EC was highest at C7 and C11 (average 346 and 271 µS/cm, respectively), and an order of magnitude lower 
at the reference site (Ref.), C9, C13, C14 and C16. Fluoride was detected in the dissolved phase at C7, C11, 
C14 and C16. The highest concentrations were measured at C7, with an average of (1.7 mg/L) in September. 
The concentrations of F were the lowest in May and increased gradually with decreasing water flow until 
September. The concentrations decreased with increasing distance from the Yxsjöberg mine site. At Ref, 
C9 and C13, the F concentrations were below the detection limit at all sampling occasions (<0.2 mg/L). 
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Table 1. Sampled pH, EC (µS/cm), dissolved F (mg/L) and dissolved/particulate Be, Bi, Ga, Ge (µg/L) at Ref., C7, C9, C11, C13, C14 and 
C16 from May – Oct. 

 Date pH EC F Be Bi Ga Ge 
Dis Dis Par Dis Par Dis Par Dis Par 

Ref. 

May 5.0 18 <0.200 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.00 
Jun 6.4 37 <0.200 0.01 0.01 0.03 0.01 0.00 0.01 0.07 0.00 
Jul 6.6 38 <0.200 0.09 0.06 0.04 0.38 0.00 0.01 0.02 0.00 

Aug 6.3 40 <0.200 0.03 0.00 0.02 0.07 0.01 0.01 0.05 0.00 
Sep 6.5 35 <0.200 0.04 1.50 0.01 0.13 0.01 0.00 0.02 0.01 
Oct 6.5 38 <0.200 0.16 0.00 0.01 0.01 0.02 0.01 0.04 0.00 

C7 

May 5.7 100 0.45 8.72 0.30 0.14 0.23 0.01 0.01 0.01 0.00 
Jun 5.8 256 1.78 35.10 2.39 0.24 1.36 0.00 0.01 0.03 0.00 
Jul 5.2 306 1.35 35.30 2.37 0.25 0.57 0.01 0.01 0.03 0.00 

Aug 5.5 460 2.40 52.19 1.21 0.04 0.45 0.00 0.00 0.09 0.00 
Sep 5.9 555 2.46 72.12 1.60 0.02 0.59 0.00 0.01 0.01 0.02 
Oct 6.2 396 1.50 33.36 6.86 0.03 0.27 0.01 0.02 0.04 0.00 

C9 

May 5.2 18 <0.200 0.09 0.00 0.10 0.00 0.02 0.00 0.01 0.00 
Jun 5.6 33 <0.200 0.08 0.01 0.13 0.10 0.03 0.01 0.03 0.00 
Jul 6.4 41 <0.200 0.11 0.00 0.13 0.00 0.03 0.00 0.04 0.00 

Aug 6.5 45 <0.200 0.07 0.01 0.07 0.11 0.01 0.01 0.07 0.00 
Oct 6.0 37 <0.200 0.18 0.00 0.12 0.04 0.02 0.01 0.04 0.00 

C11 

May 5.6 7 0.31 6.34 0.18 0.24 0.16 0.02 0.01 0.02 0.00 
Jun 5.7 163 0.83 14.90 1.14 0.14 0.59 0.01 0.02 0.06 0.00 
Jul 5.8 259 1.11 26.10 1.64 0.15 0.30 0.00 0.01 0.02 0.00 

Aug 5.8 402 2.00 42.42 0.85 0.02 0.26 0.01 0.00 0.02 0.00 
Sep 6.0 472 2.04 58.46 0.01 0.02 0.04 0.00 0.00 0.03 0.01 
Oct 6.4 322 1.18 26.08 5.57 0.10 0.19 0.01 0.01 0.02 0.01 

C13 

May 6.1 27 <0.200 0.05 0.03 0.01 0.05 0.00 0.01 0.01 0.00 
Jun 6.5 27 <0.200 0.03 0.01 0.11 0.02 0.02 0.01 0.03 0.00 
Jul 7.6 29 <0.200 0.07 0.05 0.07 0.27 0.01 0.01 0.00 0.00 

Aug 6.7 29 <0.200 0.05 0.01 0.07 0.05 0.01 0.00 0.09 0.00 
Sep 6.6 30 <0.200 0.08 0.01 0.05 0.05 0.01 0.01 0.02 0.01 
Oct 6.6 30 <0.200 0.10 0.06 0.07 0.57 0.02 0.02 0.02 0.00 

C14 

Jun 6.6 66 0.27 3.10 0.34 0.15 0.15 0.01 0.01 0.07 0.00 
Jul 6.4 63 0.26 2.11 0.23 0.14 0.17 0.01 0.00 0.01 0.00 

Aug 6.3 107 0.33 2.97 0.42 0.06 0.07 0.01 0.00 0.09 0.00 
Oct 6.2 8 0.30 5.92 0.55 0.08 0.05 0.01 0.00 0.03 0.00 

C16 Jun 6.5 37 0.20 0.90 0.14 0.22 0.16 0.01 0.01 0.01 0.00 

4.1. Trace elements 

Beryllium was detected at elevated concentrations during all sampling occasions compared to the reference 
samples both 1) downstream of the Smaltjärnen repository (C7, C11) and 2) where water from the 
Smaltjärnen and Morkulltjärnen co-mingled (C14) (Table 1). Beryllium concentrations were below the 
detection limit in the reference sample, at the tributary (C9) and downstream of Morkulltjärnen (C13). At 
C7, C11 and C14, Be was mostly transported in the dissolved phase (average 93 wt.%.). The dissolved 
concentrations increased with decreasing water flow from June to September at both C7 and C11, and 
decreased with increasing distance from the Smaltjärnen repository. At C7, the total Be concentration varied 
between 9 and 73 µg/L, with an average of 41 µg/L. At the sampling point 5 km from the repository (C16), 
the Be concentrations were three times larger than in the reference sample.  

Elevated concentrations of total Bi were found at C7 and C11 (average 0.7 and 0.4 µg/L, respectively) 
compared to the reference sample. Bismuth was mainly transported in the particulate phase (average 75 
wt.%.) at these two locations. The total concentration was highest in June (max. 1.6 µg/L) at C7. The 
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dissolved concentrations of Bi were low but steady between 0.1-0.2 µg/L in C7, C9, C11, C14 and C15 
during June and July. The total Bi concentrations decreased with both decreasing water flow and increasing 
distance from the Smaltjärnen repository.  

The total concentrations of Ga downstream of Smaltjärnen (C7, C11), Morkulltjärnen (C13) and after the 
two rivers co-mingled (C14 and C16) were not elevated compared to the reference sample or at the tributary 
(C9). The highest concentrations were found at the tributary (C9) with a maximum total concentration of 
0.04 µg/L. Gallium was transported equally in dissolved and particulate fractions at each sampling location.  

Germanium was mainly found in the dissolved fraction (average 85 wt.%.) at all sampling locations and all 
sampling occasions. The total concentrations of Ge were low (max. 0.09 µg/L) and of the same order of 
magnitude as the reference sample (max: 0.07 µg/L). 

4.2.  Epilithic water diatoms  

4.2.1. Taxonomy diversity, richness and evenness 
The taxonomy showed that the number of different species changed between the sampling sites. At C7, 
only 27 species were found, whereas at C11 and Ref., 35 and 36 species were counted, respectively. At 
C14, 48 species were present, and the highest number of species was found at C13, with 56 different species. 
Three species were dominant in C7: Brachysira neoexilis (46%), Frustulia crassinervia (16%), Fallacia 
(11%), Fig.3. Encyonema neogracile var. Neogracile and Frustulia saxonica were present in lower amounts 
(3%) but showed similar trends as Brachysira neoexilis and Fallacia with the highest abundance in C7 and 
decreased valves in C11 and C14. In C11, Brachysira neoexilis (38%) were still the dominant one, followed 
by Tabellaria flocculosa (12%), Eunotia bilunaris (10%) and Fragilaria gracilis (5%).  

 

Figure 3. Distribution of Epilithic water diatoms in Ref., C7, C11, C13 and C14 samples in October 2018 (selected taxa).  
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Achnanthidium minutissimum group II constituted 58% of all valves in C13, and lower concentrations of 
Brachysira neoexilis (7%) were present. In C14, Brachysira neoexilis (31%) and Achnanthidium 
minutissimum group II (22%) were found in high abundance and Aulacoseria (6%), Tabellaria flocculosa 
(5%), Eunotia implicate (5%) were present in lower amounts. The taxonomy in Ref. had higher evenness 
compared to the other sampels, with several species abundant in-between 20 and 4% in the following order 
Tabellaria flocculosa> Fragilaria> Brachysira intermedia> Peronia fibula> Achnanthidium 
minutissimum group II > Eunotia incisa var. incisa > Eunotia faba > Brachysira neoexilis. 

4.2.2. ACID-index and diatom deformities 
In the surface water downstream the Yxsjöberg mine site the ACID index varied between 1.98 at C7 and 
6.8 at C13 (Table 2). Based on the ACID-index the environments was classified as “very acidic” at C7, 
“acidic” at C11 and Ref., “slightly acidic” at C14 and “near-neutral” at C13 downstream of Morkulltjärnen, 
according to the classification system by Kahlert (2012). The ACID-index and the average of the measured 
pH at each sampling points showed similar results for C11, C13 and C14. The measured pH in Ref., and at 
C7 were slightly higher than the reconstructed pH. 

In the samples from Ref, C7 and C11, more than 1% of the 400 studied diatom valves were deformed. The 
highest amount of deformation was found in the C11 samples, with 1.75% deformed shells. In the C13, no 
shells were deformed, and in the C14, very few deformed shells were found.  

Table 2. The three indices used to evaluate adverse effects on silica algae: ACID (indicated pH), shell deformation and taxonomy were 
studied at the reference point, C7, C11, C13 and C14. The ACID index was classified as 1) very acidic (ACID <2.2), 2) acidic (ACID 2.2-
4.2), slightly acidic (ACID 4.2-5.8), near-neutral (ACID 5.8-7.5) and alkaline (ACID >7.5). The measured pH shows the average pH at 6 
sampling occasions and each sampling point. 

Sampling site  ACID Indicated pH based on ACID Average measured pH Shell  deformation  
(%) 

Ref 3.94 5.5-5.9 6.2 1.25 
C7 1.98 <5.5 5.7 1.5 

C11 2.49 5.5-5.9 5.9 1.75 
C13 6.8 6.5-7.3 6.7 0 
C14 5.04 5.9-6.5 6.4 1 

5. Discussion 
The water quality in the Pumpbäcken was highly affected by the major geochemical processes in the tailings 
of the Smaltjärnen repository, i.e. pyrrhotite oxidation, calcite neutralization, fluorite weathering and 
formation of secondary minerals (Hällström et al., 2020a). The large variations in water flow from the 
strong spring flood during May to the very dry summer during July and August had a high impact on 
concentrations in the surface water in the Pumpbäcken and Nittälven (C7, C11, C14 and C16). The 
dissolved concentrations of several major elements (Ca, K, Mg, Na, S) (Hällström et al., 2020a) had a R2-
correlation higher than 0.9 with F, indicating that the water flow was the controlling parameter of the surface 
water system. A common procedure to eliminate the effect of dilution is to normalize data using a Me/Mg 
ratio. Magnesium does not easily form secondary minerals and is not easily taken up in biota (Ingri et al., 
2005). This ratio may be problematic when considering the mine drainage from Yxsjöberg mine site, since 
Mg and F can form strong complexes (Ozsvath, 2009), and since the Me/Mg ratios between the mine 
drainage from Smaltjärnen and Morkulltjärnen differs. Modelling with PHREEQC (database: wateq4) and 
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the F/Mg ratio downstream of the Smaltjärnen repository, did not supported any substantial formation of 
F-Mg-complexes. According to the Mg ratios, dissolved Ca, F and S were transported in Pumpbäcken, and 
the small decrease in concentrations of Ca, F and S between C7 and C11 was due to dilution of water from 
C9 rather than precipitation to the sediments (Fig.4). The ratios of Ca/Mg, F/Mg and S/Mg decreased 
significantly between C11 and C14. The decrease is likely to be due to dilution from Nittälven since the 
Ca/Mg, F/Mg and S/Mg ratios from C13 were much lower than from C11. Mixing calculations based  

 

Figure 4. Dissolved concentrations of Be together with dissolved Ca, S, F, K, Al, Na (in µg/L) from Hällström et al., 2020a, and data normalized 
by the Mg ratio at C7, C11, C14 and C16 from May to October . 
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on K, Mg, Na concentrations from C13 and C11 to C14, showed that 70-90% of the water in C14 originated 
from C13 during all sampling occasions. Therefore, the decrease in concentrations between C11 and C14 
is probably due to dilution rather than precipitation of Ca, F and S. The mixing calculations and mass 
balance suggested that Al and Mn partly precipitated between C11 and C14.  Potassium continued to be 
transported in the dissolved phase along both Pumpbäcken and Nittälven.  The Mg-ratio of Na increased 
between C11 and C14. The input of Na may have originated from road salts from a nearby road. Aluminium 
had a different pattern than the other major elements. The R2-correlation with F was 0.55 and the highest 
concentrations of dissolved Al was found in C11 during august. The Al/Mg-ratio increased in Pumbäcken 
between C7 and C11. The source of Al in C11 needs to be studied further.  

Iron released from pyrrhotite and danalite oxidation was partly scavenged within the Smaltjärnen tailings 
due to the formation of HFO in the oxidized tailings (Hällström et al., 2020a). Iron released from the tailings 
to the Pumpbäcken partly oxidized and probably formed HFO in the surface water, and was almost equally 
transported in the particulate and dissolved phases. Particulate Fe settled in the sediments of the 
Pumpbäcken between C7 and C11, and between C11 and C14 (Fig. 5). Water discharged into Nittälven did 
not contain elevated concentrations of Fe compared to the reference sample (average of 920 and 740 µg/L 
for particulate and dissolved Fe, respectively). 
 

 

Figure 5. Dissolved and particulate Fe in µg/L at C7, C11, C14 and C16 during sampling from May to October and the average reference 
values from Hällström et al. (2020a). 

5.1. Mobility of Be, Bi, Ga, Ge and W 
The trace elements found in elevated concentrations of concern downstream of the mining area of 
Yxsjöberg were Be and W. Elevated concentrations of Be were found in the Pumpbäcken stream in this 
study (Fig. 6), and Hällström et al. (2020a) found high concentrations of W in the Nittälven River 
downstream of Morkulltjärnen (C13). Beryllium and Ge were mainly transported in the dissolved phase, 
whereas Bi, Ga and W were transported in the particulate phase downstream of the Smaltjärnen repository 
with similar patterns as particulate Fe. Bismuth, Ga and W are known to adsorb readily to HFO (Salminen 
et al., 2005). The concentrations of Ga and Ge were of the same order or lower than those in the reference 
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sample and were therefore assumed not to leach out from the tailings. However, the whole area is a 
mineralized area, and the reference sample may have been affected by another nearby mineralization. The 
concentrations of Ga and Ge at all locations, including Ref., were high compared to pristine waters in 
Sweden (0.0015 µg/L for Ga and 0.015 µg/L for Ge) (Salminen et al., 2005) and elsewhere (Rosenberg, 
2008 and references therein).  

5.1.1. Mobility and transport of Be 
In all surface water samples downstream of the Smaltjärnen tailings, dissolved Be was detected in high 
concentrations (Fig.6). The concentrations of Be were very high (average 41 µg/L in C7) compared to the 
reference sample (average 0.06 µg/L) and Be concentrations detected in other surface water studies (e.g. 
Neal, 2003; Nordstrom, 2008; Salminen et al., 2005; Taylor et al., 2003).  

Beryllium originated from the unusual mineral danalite [Be3(Fe4.4Mn0.95Zn0.4)(SiO4)3.2S1.4] which is 
unstable in oxic and/or acidic conditions (Burt, 1980) and had weathered in the upper parts of the 
Smaltjärnen tailings (Hällström et al., 2020b). Released Be was hypothesized to have entered secondary 
Al(OH)3 and gypsum in the tailings, and later on been released to the ground water by gypsum dissolution 
(Hällström et al., 2020b; Salifu et al., 2019). A strong correlation between Be, Ca and S was also seen in 
the surface water downstream Smaltjärnen (Fig.4). Other studies have seen similar results (Navrátil, 2000; 
Nordstrom, 2008). However, the relationship between these three elements is not fully known.  
 
In the surface water, Be was transported between C7 and C11 without precipitation to the sediments, but 
between C11 and C14, Be partly precipitated and the concentrations decreased three fold in the water 
column. According to the mixing calculations, the decrease in Be concentrations was partly due to 
precipitation to the sediments, possibly together with Mn which decreased in similar molar proportions. 
Precipitation of Be with Mn-oxyhydroxides was not confirmed mineralogically in the Nittälven sediments 
and needs to be studied further. 
 
Even though Be was partly scavenged in the sediments, elevated concentrations of dissolved Be were found 
in the surface water along both Pumpbäcken and Nittälven. The surface water at C7 had an average pH of 
5.6 and was highly oxygenated (O2 = 11 mg/L) (Hällström et al., 2020a). Under these geochemical 
conditions, released Be should precipitate as insoluble Be(OH)2 in the absence of complexing ligands 
(Alderighi et al., 2000). Beryllium tends to form strong complexes with both organic and inorganic ligands 
due to its small atomic size and relatively high charge (Alderighi et al., 2000; Nordberg et al., 2015). 
However, the speciation of Be in water is complex even with simple ligands (Alderighi et al., 2000; Taylor 
et al., 2003) and studies of thermodynamic data in aqueous solution are limited due to the toxicity of Be 
(Alderighi et al., 2000; Mederos et al., 2001; Schmidbaur et al., 2001). A very strong correlation between 
Be and F was found in the surface water downstream of the Smaltjärnen repository. The high affinity of Be 
to complex with F in aqueous solutions at pH < 8 has been seen in other studies (e.g. Navrátil, 2000; 
Nordstrom, 2008; Veselý et al., 1989). Be-fluorocomplexes can transport Be long distances and are small 
enough to pass through 0.2 µm filters (Veselý et al., 1989). Under the pH conditions downstream of 
Smaltjärnen (5.2-6.6), BeF+ should be the dominant species according to Alderighi et al. (2000) and Veselý 
et al. (1989). Aluminium and Be are known to compete for the same fluorocomplexes in water. The two 
have a similar atomic structure and are believed to show similar geochemical behaviour (Nordberg et al., 2015). 
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Figure 6. Dissolved (black) and particulate (grey) fractions of Be, Bi, Ga and Ge (µg/L) during May-Oct at the seven sampling locations 
(Ref., C7, C9, C11, C13, C14 and C16). Red bars of W shows a potential contamination based on the high reference value of part. W.  
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However, in the surface water downstream of Yxsjöberg, Al had a different pattern than both Be and F (Hällström et 

al., 2020a). Both Be and F were transported more than 5 km from the Yxsjöberg mine site. 

5.1.2. Mobility and transport of Bi and W 
Elevated concentrations of Bi were found in the particulate phase of C7 and C11 at all sampling locations 
compared to the reference samples. In contrast to the major elements (Ca, S, Fe) and trace elements (Be, 
W), Bi was found in the highest concentration in June, with lower concentrations in July-October. The high 
release of Bi during June indicates that the element was flushed out by the spring flood. This could either 
be due to 1) the physical movement of Bi particles directly to the Smaltjärnen Lake and C7, or 2) chemical 
weathering of Bi minerals under the snow covered tailings during winter and later on a flush out by 
percolating water through the tailings. Very little information is available regarding the mobility of Bi in 
mine waste and mine drainage (Jung et al., 2002; Hällström et al., 2018). Bismuth is known to have a similar 
geochemical behaviour as As, Sb and Pb and can readily be adsorbed to HFO (Salminen et al., 2005). 
Downstream of the Dalsung Cu-W mine in Korea, Bi was found in high concentrations in sediments but 
low concentrations in surface water (Jung et al., 2002). It was suggested that particulate Bi was moved by 
erosion due to wind and water and settled in sediments and that dissolved Bi had low mobility under acidic 
and oxidizing conditions (Jung et al., 2002). 

In Yxsjöberg, the results leant more towards the chemical weathering of primary minerals from the tailings 
and subsequent adsorption to HFO in the downstream surface water. In the Smaltjärnen tailings, Bi was 
dominantly present in bismuthinite and in a few grains of pure Bi. Both bismuthinite and pure Bi were 
found as inclusions in silicate minerals (Hällström et al., 2018a). None of the major elements in silicates 
(Ca, Al, Mg, K, Si) were found in the highest concentrations in June, suggesting erosion was not the 
dominant transport mechanism of Bi. Furthermore, decreased concentrations of Bi were found in the upper 
parts of the tailings where pH < 5 and accumulated concentrations were deeper down where pH ~ 6 
(Hällström et al., 2018a) (Fig. 6). Water soluble phases of Bi leached out in the deeper tailings where HFO 
were absent (Hällström et al., 2018b). This pattern is similar to that of W in the tailings (Hällström et al., 
2020a), suggesting that Bi was geochemically weathered in the upper parts of the tailings of Yxsjöberg and 
partly adsorbed to HFO there (Fig. 6). 

Bismuth released in the deeper tailings with higher pH leached to Pumpbäcken and there Bi probably 
adsorbed to HFO. Similarly to Fe and W, the particulate concentrations of Bi decreased substantially 
between C7 and C11, indicating settlement into the sediments between the two sampling locations, Fig. 7.  

The dissolved concentrations of Bi in the surface water decreased with increasing water flow from May to 
September, similarly to the major elements in the water. In June and July, the dissolved concentrations of 
Bi were relatively stable (0.25 – 0.15 µg/L) between C7, C11, C14 and C16, indicating that dissolved Bi 
was transported more than 5 km from the site. The release of dissolved Bi strengthens the hypothesis that 
Bi was released due to geochemical weathering rather than physical movement. A detailed study of Bi with 
environmental mineralogy in the tailings profile is needed to fully understand its geochemical behaviour.  
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Figure 7. a) Changes in the concentrations of Bi and W in Smaltjärnen tailings with depth in solid (Hällström et al., 2018a) and water soluble 
(Hällström et al., 2018b) phases, and b) particulate and dissolved concentrations of Bi and W in the surface water at C7 and C11 from May to 
October. 

5.2. Diatom response to the water quality downstream the Yxjöberg mine site 
A high abundance of 1) Brachysira neoexilis in C7, C11 and C14, 2) Achnanthidium minutissimum group 
II in C13 and C14, and 3) the decrease amount of Tabellaria flocculosa in C7, C13 and C14, indicates that 
both water from Morkulltjärnen and Smaltjärnen repositories contributed to decreased water quality in 
Nittälven at least 2 km from the Yxsjöberg mine site. 

5.2.1. Adaptive diatoms downstream Smaltjärnen Repository 
The surface water quality downstream Smaltjärnen had generated an increased abundance of Brachysira 
neoexilis, Frustulia crassinervia and Fallacia at the outlet of Smaltjärnen Lake (C7). The high abundance 
of Brachysira neoexilis was also found in C11 and C14, and Fallacia was present in C11. Brachysira 
neoexilis is an adaptive species which tolerates high metal concentrations and decreased pH (Kahlert, 2012).  

In Pumpbäcken, dissolved Be, Ca, F, Fe, and S were found in high concentrations (average: 0.04, 52, 2, 
1.7, 33 mg/L, respectively) compared to the Ref (Fig. 8). From this study, it is not possible to determine 
which of the elements that had the most negative impact on the diatoms. But, the concentrations of Be and 
F were above threshold limits for aquatic organisms, while Ca and S did not exceed drinking water 
standards (WHO, 2004). Concentrations of Be above 1 µg/L are believed to have adverse effects on 
ecosystems in aqueous media (Neal, 2003). Downstream Smaltjärnen repository, concentrations of Be were 
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well above 1 µg/L in C7, C11 and C14, which could be one of the causes to decreased species diversity 
compared to the Ref, enrichment of Brachysira neoexilis and >1% of deformed valves. Fluorine is known 
to be toxic to algaes, aquatic plants, invertebrates and fishes in aqueous media, especially in soft water 
(Camargo, 2003). Studies has shown that the bioavailability of F decreases with increased ionic strength of 
the water due to F-complexation with Ca (Joy & Balakrihnan, 1989). Therefore, the toxic values for F range 
between 0.5 mg/L in soft water to 1.5 mg/L in marine water (Camargo, 2003; Joy & Balakrihnan, 1989). 
In C7, the average F concentration was above 1.7 mg/L, in C11 the average F concentration was 1.2 mg/L, 
and in C14, it had decreased to 0.3 mg/L, which could be one of the explanations to the higher impact on 
diatoms at C7 compared to C14.  
 

The highest amount of deformed valves (1.75%) was found in C11, where Fragilaria gracilis was present 
in a noteworthy amount compared to Ref., and C7. The geochemical difference between C7 and C11 was 
higher concentrations of dissolved Al in C11 and lower concentrations of dissolved F and Fe. Fragilaria 
gracilis is a metal tolerant species (Kahlert, 2012) and the high abundance in C11 could indicate a higher 
tolerance to Al than other diatom species. 

 

Figure 8. Schematic of the transport and precipitation of Be, Bi, Ca, F, HFO, SO4 and W along the stream Pumpbäcken (C7 and C11) and 
Nittälven River (C13, C14) downstream of the Yxsjöberg mine site, together with dominant adaptive diatom (Brachysira neoexilis and 
Achnanthidium minutissimum).  Note: the depths in the stream Pumpbäcken and Nittälven River are not representative of the actual depth. 
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5.2.2. Adaptive diatoms downstream Morkulltjärnen Repository 
In the surface water downstream Morkulltjärnen (C13), very high abundance of Achnanthidium 
minutissimum group II were found (58%), Fig 8. There, the water had near neutral pH (average 6.6) and 
high concentrations of dissolved W (average: 1.2 µg/L). No other elements were detected in high dissolved 
concentrations in the surface water. A high abundance of Achnanthidium minutissimum group II were also 
found in C14, where the Nittälven River had co-mingled with Pumpbäcken. Achnanthidium minutissimum 
is classified as a circumnutral metal-tolerant diatom (Dixit et al., 1991; Witkowski et al., 2011) and is often 
dominant in streams and lakes oligotroph conditions with elevated concentrations of trace metals (Cattaneo 
et al., 2004; Ivorra et al., 1999; Ruggiu et al., 1998). Achnanthidium minutissimum has been seen to increase 
during active mining periods with increased concentrations of Cu and Ni (Kihlman and Kauppila, 2009) 
and Zn, Cd, and Fe with pH-conditions around 7 (Cattaneo et al., 2004). 

5.2.3. Metal intolerant species affected by mine drainage from Yxsjöberg mine site 
The understanding of the metal-tolerance of Tabellaria flocculosa differs between different researchers. In 
Sweden, it is classified as a metal tolerant species (Khalert, 2012) whereas other studies has seen it 
disappear in sediments polluted by mining activitites with Cu, Zn, Fe, Cd (Austin and Munteanu, 1984; 
Cattaneo et al., 2004; Hirst et al., 2002). In Yxsjöberg, the highest content of Tabellaria flocculosa was 
found in the reference sample (22%). Very low concentrations were found in C7, C13 and C14. Notable is 
that Tabellaria flocculosa was present in 12% in C11. These results indicates that Tabellaria flocculosa is 
sensitive to pH 5.6-6.6 with elevated concentrations of dissolved Be, F, Fe and/or W.  

6. Conclusion 
Mine drainage from Smaltjärnen repository has decreased the water quality in the stream Pumpbäcken with 
slightly acidic pH (5.6-5.9) and elevated concentrations of dissolved Al, Be, F and Fe. In these pH-
conditions (<6), Be should form insoluble hydroxides and precipitate in the sediments, however, elevated 
concentrations of Be were transported more than 5 km from the repository and showed a strong correlation 
with F, likely due to formations of Be-fluorocomplexes. 

Secondary formations of hydrous ferric oxides (HFO) has likely controlled the mobility of Bi and W, and 
settled in the sediment before water from the Pumpbäcken reached the river Nittälven. Both Bi and W has 
previously been considered as an immobile element but had leached to the Pumpbäcken by geochemical 
weathering in the Smaltjärnen tailings. 

After Pumpbäcken and Nittälven had co-mingled, the concentrations of Be, Ca, F and S decreased, likely 
due to dilution rather than precipitation. The water quality in Nittälven was affected by the near-neutral 
mine drainage from Morkulltjärnen repository with elevated concentrations of dissolved W. 

The water quality accompanying elevated concentrations of dissolved Al, Be, F, Fe and W downstream of 
the Yxsjöberg mine site had a negative impact on epilithic water diatoms with decreased taxonomy 
diversity, richness and evenness. The taxonomy showed dominant abundance of metal tolerant species 
downstream Smaltjärnen (Brachysira neoexilis) and Morkulltjärnen (Achnanthidium minutissimum) and 
decreased valves of metal intolerant species (Tabellaria flocculosa) downstream both repositories. More 
than 1% of the diatoms in surface water downstream Smaltjärnen were deformed and the ACID-index 
indicated a very acidic environment, compared to water downstream Morkulltjärnen repository which had 
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low abundance of deformed valves and near-neutral ACID-index. These results of epilithic water diatoms 
shows that the water quality from Smaltjärnen repository contribute to more negative impact on the water 
quality in Nittälven compared to Morkulltjärnen repository. The low water quality and negative impact on 
diatoms, stress the need for remediation. The release of Be, Bi, F, Fe and W from the Smaltjärnen tailings 
will be ongoing for hundreds of years if remediation methods are not undertaken.  

Low concentrations of Be, Bi, Ca, F, Fe and S, accompanied by a near-neutral pH (average pH 6.6) 
downstream Morkulltjärnen, suggested that cover and water saturation could inhibit sulfide and danalite 
oxidation, and indirectly prevent fluorite weathering. However, high concentrations of dissolved W 
downstream Morkulltjärnen showed that cover and water saturation can increase the mobility of W in the 
Smaltjärnen tailings. 
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