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Abstract: The usage of bismuth (Bi), a critical and strategic raw material, has increased in the last
10 years. At present, the knowledge of Bi geochemistry is too limited to develop accurate mine waste
and water management strategies to prevent environmental impact. Therefore, its geochemistry
was studied in historical tailings in Yxsjoberg, Sweden. Intact tailings cores and shore samples
were geochemically and mineralogically analyzed. Groundwater was sampled between 2016 and
2021 and analyzed for 71 elements and (SO, F, Cl). The results were correlated with metals and
dissolved organic matter (DOC), which have been previously published. The total concentrations,
sequential extraction and scanning electron microscopy—energy-dispersive X-ray spectroscopy (SEM-
EDS) mapping indicated that Bi had been mobilized from the primary mineral bismuthinite (Bi,S3).
In the oxidized tailings from both the cores and shore, Bi was hypothesized to have adsorbed to
iron (Fe) (hydr)oxides, which prohibited high concentrations of Bi leaching into the groundwater
and surface water. Dissolved Bi in groundwater was significantly correlated with DOC. In surface
water, dissolved Bi was transported more than 5 km from the tailings. This study indicates that
Bi can become mobile from legacy mine waste due to the oxidation of bismuthinite and either be
scavenged by adsorption of Fe (hydr)oxides or kept mobile in groundwater and surface water due to
complexation with DOC.

Keywords: bismuth (Bi) mobility; DOC complexation; Fe (hydr)oxides; bismuthinite; historical tailings

1. Introduction

According to the European Green Deal, net carbon dioxide emissions within the
European Union (EU) should be reduced to zero by 2050. To achieve this, several metals
and materials are needed as components of green technology. The EU is striving for higher
domestic production of these materials to increase resilience for the green transition and
stabilize political security [1]. The supply chain vulnerability and economic importance
of metals and minerals have therefore led to the definition of 34 critical raw materials and
17 strategic raw materials [2].

Bismuth (Bi) is classified as both a critical and a strategic raw material, and its use has
increased steadily over the last decade, mainly in pharmaceutical and cosmetic products
(62%), low-melting alloys (28%) and metallurgical additives (10%), and to a lesser extent in
coatings, pigments and semiconductors [3]. As a result of the increased usage, in Stockholm,
Sweden, for example, the concentration of Bi in wastewater treatment plants has increased
fivefold during the last 10 years [4].

Bismuth occurs naturally in low concentrations in the bedrock, mainly as bismuthinite
(BizS3) [2,5]. Bismuthinite is found in a wide range of mineral deposits but is usually
regarded as a non-economic byproduct [6]. The Critical Raw Materials Act, published in 2023,
highlights the need for a rapid increase in the mining of critical and strategic raw materials
in the EU [1]. Mining and mineral extraction generate large quantities of tailings, and if
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they are not managed adequately, adverse impacts on the water quality and ecosystems
in the vicinity of the mine site can occur [7]. This is due to mine drainage containing high
concentrations of metals and metalloids, usually associated with a low pH due to sulfide
oxidation, also called acid mine drainage (AMD) [8]. Research projects world-wide have
mainly focused on AMD and tailings from sulfide deposits, but recently [9] showed that
metals such as Be, F and W can mobilize in neutral mine drainage from skarn tailings.
The most common sources of Bi are skarn and vein deposits [6]. This raises the question
of whether increased mining and usage could change the geochemical cycle of Bi in the
terrestrial environment, but as of yet, the geochemical knowledge of Bi in near-surface
environments is poor, and studies of natural systems are very limited. Concentrations of
Bi in the terrestrial environment are assumed to be low [10], but this has not been fully
elucidated. In Sweden, Bi is not usually incorporated into standard analyses of groundwater
and surface water [11], nor is it regularly monitored in groundwater programs [12]. No
guideline values exist for surface water [4,13,14] or drinking water [15-18].

Concerns have also been raised that the current ecotoxicological knowledge of Bi
is inadequate [19,20]. For example, there is contradictory evidence regarding Bi toxicity,
with some reports classifying the element as harmless to humans and ecosystems [21,22],
while others have shown that Bi can negatively affect reproduction and/or be acutely toxic
to earthworms [23,24]. Bismuthinite is assumed to be stable under reducing conditions,
similar to galena (PbS), but the weathering rate in an oxic environment has not, as far as
we are aware, been determined. To achieve sustainable mine waste and water management
with low environmental impact in future mining projects, the geochemistry of Bi needs to
be better understood.

The tungsten (W) skarn tailings at the Yxsjoberg legacy mine site in Sweden contain
a complex matrix including calcite (CaCO3), fluorite (CaF;) and sulfides (e.g., pyrrhotite
Fe(1_yS), together with enriched concentrations of beryllium (Be) (284 mg/kg), Bi (496 mg/kg),
copper (Cu) (946 mg/kg) and W (960 mg/kg) [25]. Elevated concentrations of dissolved Bi
have been found in the surface water downstream from Yxsjoberg legacy mine waste [26].
For this reason, the historical mine tailings at Yxsjoberg provided an interesting setting
for studying the mobility and fate of Bi. The aim of this investigation was to elucidate the
stability of Bi minerals in the tailings, the transport of Bi in groundwater, any uptake of
Bi in secondary minerals and Bi association with organic matter. These results were also
compared to the concentrations of Bi released into the surface water downstream from the
mining site.

2. Study Site

The Yxsjoberg legacy mine waste has been described previously in detail by [25].
Here, described briefly: Tailings were generated from mining W, Cu and fluorite (CaF;)
from a skarn ore deposit, and the tailings are stored in the municipality of Ljusnarsberg,
approximately 250 km northwest of Stockholm, Sweden (SWEREF99 TM (N, E): 6655949,
487511) (Figure 1). The region is characterized by winters with four months of snow and
an annual precipitation of 730 mm per year. The monthly average temperatures range
from —5 °C in January to 15 °C in July (data collected between 1901 and 2016 at Stélldalen,
Sweden, 16 km from Yxsjoberg) [27].

2.1. The Ore Minerals and Mining Operations

As summarized by [25], “The skarn-type deposit was formed 1789 + 2 Ma ago in rela-
tion to post-kinematic granitoid intrusions [28]. The main skarn minerals of the ore lenses
were pyroxenes, amphiboles, garnets and fluorite. The ore minerals included scheelite,
chalcopyrite, pyrrhotite, pyrite and smaller amounts of magnetite [29]. Other accessory
minerals were calcite, helvite, molybdenite, wolframite, sphalerite, apatite, titanite, chlorite,
epidote, allanite, zircon and hematite [28].” Underground mining took place over three
periods (1918-1920, 1935-1963 and 1969-1989) [30,31]. The mining of scheelite began in
1918 and was extracted using roasting and gravity separation. Fluorite and chalcopyrite
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were recovered in 1956. Mineral processing, including crushing and grinding, was carried
out on site, and the tailings were pumped through several pipes into two repositories,
Smaltjarnen (1897-1963) and Morkulltjarnen (1969-1989) [30].

Smaltjarnen Repository

(6655949, 487511)

Figure 1. (a) The location of the Yxsjoberg mine, northwest of Stockholm, Sweden. (b) The extent
of the tailings (indicated by the red line) deposited in the Smaltjarnen repository between 1887 and
1963 [9]. (c) Secondary Iron (Fe) (hydr)oxides and gypsum (CaSO4-2H,0O) minerals formed on the
tailings shore [32]. The coordinates for Smaltjarnen Repository are given in SWEREF TM (N, E).

2.2. The Smaltjirnen Tailings Repository

This study focuses on the older repository, Smaltjarnen (Figure 1). The area into which
the tailings were discharged consisted mainly of bogs and swamps [31]. At present, the
Smaltjdrnen repository covers 26 hectares and contains approximately 2.8 million tons of
tailings discharged from 1887 to 1963. The repository descends from the industrial area
to the east, south and southwest. 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. The old repository was not remediated between active periods or directly
after the closure of the mine. In 1994, a thin layer of sewage sludge was used to establish
vegetation cover to suppress dust. At present, the vegetation varies over the repository,
with high trees in the north and northwest areas and grass in the middle. Parts of the
tailings are barren as a result of erosion.

3. Materials and Methods
3.1. Field Sampling and Environmental Mineralogy

Intact tailings cores (P4, P5, P7) were collected and described in detail by [25]. In brief,
tailings core samples were taken from the surface down to the underlying strata using
percussion drilling in 1.2-m Plexiglas tubes. A total of 99 tailings subsamples from all three
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cores, each 10-20 cm, were collected, and the chemical composition of each was analyzed
by ALS Minerals, Pited, Sweden, for 66 elements using the characterization packages
CCP-PKGO1 and F-ELES82, after pulverization with an agate mill (85% passing 75 um).
ALS Minerals classifies the elements into 8 groups, namely: “major elements, carbon,
fluorine, LOI, sulfur, base metals, gold related trace elements, and resistive elements”. A
full description of the methodology and analysis of each group can be found in [33].

Polished, uncovered thin sections of five subsamples from P4 were examined using
point analysis using scanning electron microscopy (SEM) with energy-dispersive X-ray spec-
troscopy (EDS) (Oxford Instruments, High Wycombe, UK), using a high-resolution Zeiss
Merlin™ FE-SEM (10 KeV and 1 pA) system equipped with the Oxford Aztec software.

Additionally, three samples (S1, S2:01, S2:02) were collected from the shore of the
Smaltjarnen Repository in 2021 [32] and 2022. Subsamples of these were sent to ALS
Scandinavia for analysis of the total concentrations of 71 elements using inductively coupled
plasma (ICP) sector field mass spectrometry (SFMS) and fluoride (F~) ion chromatography
(CSNISO 10304-1) [34]. The samples were digested with an aqua regia and HF mixture with
microwave-assisted digestion at 600 W for 60 min, and the concentrations were measured
using ICP-SFMS (ELEMENT XR, ThermoScientific, Bremen, Germany).

The samples were analyzed mineralogically in three dimensions (3D) in low vacuum
with the same instruments and settings as used for the thin sections, i.e., using a high-
resolution Zeiss MerlinTM FE-SEM (10 KeV and 1 pA) system with the AZtec software.

3.2. Sequential Extraction of Tailings Samples

Five subsamples from core P4 were sent to SGS Canada Inc. (Lakefield, ON, Canada)
for a seven-step sequential extraction, following the methodology of [35]; see Figure 2
for details. This procedure aim to extract: (1) water-soluble phases, (2) exchangeable
phases, (3) easily reducible phases/minerals (e.g., Fe and Mn oxyhydroxides) and oxalate-
extractable phases (e.g., Al oxyhydroxides), (4) reducible minerals (e.g., magnetite), (5) easily
oxidizable phases/minerals (e.g., secondary sulfides), (6) resistant oxidizable minerals
(e.g., primary sulfides) and (7) residues and silicates. The same sample was used during
all steps; hence, the residual solid phase from one step was used in the next step.

Step 1 : Step 2: Step 3: Step 4: Step 5 : Step 6 :
Water-soluble phases Exchangable fractions | Easily reducible phases | Reducible minerals Easily oxidizable phases| Oxidizable minerals
50 mL MQ 1 M NH.-acetate 0.2 M NH4-oxalate 0.2 M NHd-oxalate 35% H.0» 1.§ KClOs, HCI
‘ ‘ 23mL ‘ 30 mL ‘ 50 ml ‘ 2. ‘ 4M HNOs
l lpH 4.5 lpHS l pH3 l

4 Blank

Eluate
e
¢ Eluate
_4 |Blank

4

—»

1h

1 gl
Analysis

SGS Canada Inc. ==
ALS Scandinavia ==

35 elements by ICP-OES
71 elements + F by ICP-SFMS and ion chromatography

Figure 2. The sequential extraction methodology [35] carried out on five samples from core P4 and
two shore samples of Smaltjarnen tailings. Black arrows of eluate and residue symbolize analysis
carried out at SGS Canada Inc. with ICP-OES, and gray arrows symbolize analysis carried out at ALS
Scandinavia with ICP-SFMS.

All samples were pulverized until 85% passed 75 um before the sequential extraction.
For each eluate, the concentrations of 35 elements were analyzed with ICP-optical emission
spectrometry (OES). The residue was analyzed after digestion with HNO3, HF and HCIO;.
The detection limit for elements extracted in each step was 10 mg/kg.
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Additionally, samples S2:1 and S2:2 from the shore of Smaltjarnen were extracted
at Luled University of Technology using the first three steps of the seven-step sequential
extraction methodology (Figure 2). The samples were sieved before the sequential extrac-
tion, and the eluates and residues from S2:1 and S2:2 were then sent to ALS Scandinavia
for screening for 71 elements using ICP-SFMS (ELEMENT XR, ThermoScientific, Bremen,
Germany) and F~ ion chromatography (CSN ISO 10304-1) [34].

3.3. Groundwater and Surface Water Sampling

Groundwater from the tailings was collected from wells P5, P6, P7 and P8 (Figure 1)
between 2016 and 2022. Well P4 was dry during all sampling occasions and could therefore
not be sampled. In 2016, the groundwater in P8 was sampled once. In 2018, the groundwater
in P7 was sampled monthly between May and October, while the groundwater in P5 was
sampled two times and the groundwater in P6 was sampled three times. In 2021, wells
P5, P7 and P8 were sampled in October. The groundwater was pumped using a portable
Masterflex® peristaltic pump (Cole—Parmer® International, Chicago, IL, USA) connected
to a silicon tube (9 mm). The water was pumped for 10-15 min to remove stagnant
groundwater before the determination of pH, electrical conductivity (EC) and temperature.
To avoid oxygenation of the groundwater, the tube was connected directly to a vacuum
Sterifil® Aseptic System and Holder from Merck Millipore, with a diameter of 42 mm.
The filters used were 0.22 um cellulose acetate membrane filters that had been washed
with 5% acetic acid for 72 h and rinsed with MilliQ water for 24 h [36]. Screening for
71 elements in the filtered groundwater and surface water (dissolved phases) was carried
out by ALS Scandinavia using ICP-SFMS, while SO4 and F~ were determined using ion
chromatography (CSN ISO 10304-1) [34]. All analyses were carried out in duplicate, with
appropriate blanks and standards for quality control. Particulate phases trapped on the
filters used in surface water filtration were analyzed by ALS Scandinavia following the
same procedure as for the dissolved phases after lithium metaborate and HNO; /HF/HCl
digestion [37]. The filter holders were cleaned with 5% HNO3 between each sampling
occasion, and blanks obtained after the cleaning process were used as controls. Each filter
holder was used solely for samples collected from a specific sampling location, and new
silicon tubes were used each time.

4. Results

The average Bi concentration of the total 99 samples from the tailings cores P4, P5
and P7 was 496 mg/kg, and the concentration of Bi in samples S1, S2:1 and S2:2 was 330,
345 and 385 mg/kg, respectively. These concentrations were between 1650 and 2500 times
higher than the average Bi content of the Earth’s continental crust [38]. Bismuthinite was
the major primary mineral hosting Bi, and in the tailings profile, it appeared mainly as
small inclusions in silicate minerals (Figure 3a—f). Some of the bismuthinite grains had a
porous and fractured structure (Figure 3e). Compared to the bismuthinite grains found
in the tailings, the minerals at the tailings shore were single grains, not incorporated as
inclusions in silicate minerals. These minerals at the shore appeared altered, with smooth
edges and a porous structure (Figure 3g,h).

4.1. Sequential Depth Profile of the Tuilings

The concentrations of water-soluble Bi (Step 1 in Table 1) were low, being below or
close to the detection limit in all samples analyzed. In Step 2, relatively high concentrations
of ‘exchangeable’, NH, acetate-extractable Bi were observed in all five of the P4 samples.
A maximum value of 197 mg/kg exchangeable Bi was found at a depth of 5 m. Lower
concentrations of Bi were exchanged from the shore tailings (samples S2:1 and S2:2; 35
and 71 mg/kg, respectively). In Step 3, Bi was released in elevated concentrations in
the uppermost tailings from P4 (30 cm depth) and in the shore tailings (52:1 and 52:2):
57, 48 and 45 mg/kg, respectively. The highest Bi concentrations were found in Step 6,
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Figure 3. Bismuthinite (Bi,S3) in the P4 tailings profile was observed mainly as small inclusions
in silicate minerals (a—f). In the shore tailings, weathered bismuthinite was observed in three
dimensions (g,h).

Table 1. Bismuth (Bi) concentrations in mg/kg in sequential extraction of five samples from the P4
core tailings and the S2:1 and S2:2 samples from the shore tailings.

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Residue

Core Tailings (P4)

=) -30 5 120 57 5 5 150 17
£ 8 —153 8 156 18 5 5 213 9
5§ —251 5 150 6 5 5 225 26
o —360 5 124 14 5 5 214 34
el ~526 5 197 5 5 5 231 2
Shore tailings
52:1 3 35 48 230

52:2 2 71 45 180
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4.2. Metals in the Groundwater

The pH of the groundwater at Smaltjdrnen varied, with the highest pH found in P5
(6.8-7.0) and the lowest pH found in P7 (6.2-6.5) (Figure 4). The EC was anti-correlated
with the pH, with the highest values found in P7 (maximum 2.8 mS/cm) and the lowest in
P5 (minimum 2.0 mS/cm). Concentrations of the major elements aluminum (Al), calcium
(Ca), iron (Fe), fluorine (F), potassium (K), magnesium (Mg), sodium (Na), sulfur (S) and
silica (Si) in the groundwater are published by [39].

pH EC Bi

7.2, P5 P6 P7 P8 2.9,P5 P6 P7 P8 0.16,P5 P6 P7 P8

7.0 27 0.14

638 25 0.12

6.6 0.10

6.4 i? 0.08

6.2 : 0.06

6.0 H H H H L9 0.04 H

58 17 0.02 H

5.6 L5 0.00 nllllng mm
May Jun Oct Jun Jul Oct May Jun Jul Aug Oct Oct Jul Oct May Jun Oct Jun Jul Oct May Jun Jul Aug Oct Oct Jul Oct May Jun Oct Jun Jul Oct May Jun Jul Aug Oct Oct Jul Oct

-18 -18 —21 -18 -18 —18 —18 —18 —18 —18 —18 —21 -16 21 -18 -18 —21 -18 -18 —18 —18 —18 -18 —18 —18 —21 —16 -21 —18 -18 —21 -18 -18 —18 —18 —18 -18 —18 —18 -21 —16 —21

Figure 4. pH, electrical conductivity (EC) (mS/cm) and Bi (ug/L) levels in the groundwater from
wells P5, P6, P7 and P8, sampled between 2016 and 2021.

The concentrations of Bi were low but still higher than the detection limit (0.005 pg/L)
in all groundwater wells, and the concentrations varied between the different groundwater
wells and over time (Figure 4). The average Bi concentration in the groundwater at P5, P6,
P7 and P8 was 0.04 £ 0.04, 0.11 £ 0.04, 0.03 £ 0.02 and 0.01 & 0.001 pg/L, respectively. The
highest concentration of Bi was found in P6 during July 2018 (maximum 0.15 pg/L).

5. Discussion

Bismuth was found in elevated concentrations in the Smaltjarnen tailings cores and at
the shore of the repository and was more than 1500 times higher than the average levels
found in the continental crust [38]. The dominant mineral hosting Bi was bismuthinite
(BisS,), and the SEM-EDS point analysis of the tailings indicated that it occurred mainly as
inclusions in unweathered silicate minerals. Even so, some inclusions of bismuthinite had
a porous and fractured structure. The fractures could come from mechanical weathering or
sample preparation, while the porous structure is likely to come from chemical weathering.

The Smaltjdrnen tailings have been open to the atmosphere for more than 30 years,
resulting in sulfide oxidation decreasing the pH from 8 to 4 in the upper parts of the tailings,
with a subsequent release of Fe and sulfate (504) [25]. Calcite in the tailings has buffered
the pH, generating neutral mine drainage and formation of Fe (hydr)oxides in the tailings
cores, the tailings shore and in the downstream surface water [26,32,39]. Dissolved Ca,
F and Fe and sulfate (with an average concentration of 588 + 64, 37 &+ 36, 39 + 16 and
510 £ 95 mg/L, respectively) were the dominant ions in the groundwater, controlling the
EC, with an average level of 2.4 mS/cm [39]. The tailings groundwater drained to the shore
of the tailings. It has been hypothesized that the shore at Smaltjarnen Repository acts as a
chemical barrier to metals (e.g., Be and W) released from tailings as a result of adsorption
by secondary gypsum and Fe (hydr)oxides [32].

Only a very few studies are available regarding Bi geochemistry in mining waste
and contaminated soils in the vicinity of mining areas [40,41], and studies regarding the
adsorption of Bi to secondary gypsum or Fe-(hydr)oxides are lacking. Bismuth belongs
to group 15 in the periodic table and exhibits similar geochemical behavior to arsenic (As)
and antimony (Sb) [40]. The electron configuration of Bi®* is similar to Pb%*, and it is well
known that the reactivity of, for example, galena (PbS) is much lower than that of pyrite
and pyrrhotite because of a more stable crystal structure and the lack of ferrous Fe [42].
Environmental mineralogy combined with sequential extraction indicated that Bi has been
mobilized from bismuthinite in the Smaltjédrnen tailings; see discussion below.
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Depth from surface (cm)

5.1. Bismuth Mobility in the Tailings and Transport to Groundwater

A comparison of the relative mobility of silver (Ag), Bismuth (Bi), indium (In), anti-
mony (Sb) and tin (Sn) in column leaching tests using uncontaminated soil showed that Bi
and In had the highest mobility [43]. Until now, Bi has been assumed to be a non-mobile
element, replacing lead (Pb) in ammunition [4]. In the Smaltjarnen repository, previous
studies of Bi concentrations by depth in tailings have indicated that Bi mainly acts as an
immobile element [25], but peaks of Bi were found in P4 at a depth of 1.5 m, in P5 at 2 and
4 m and in P7 at 0.5 m (Figure 5).

pH Bi

3456789 0 200 400 600 800

Bi : pH Bi
0 200 400 600 800

P4

0 200 400 600 800

345678 9

9y
<3

225 225
-300 -300
| N RS FURURTUIR VRN IR o W Vi

-375 =375

450 450 (

525 525

o0 S— N oo N
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- pH<4.5 I:l pH4.5-55 pH5.5-7 pH>7 - Underlying strata Groundwater surface ~ ==-=-- Visual Oxidation Front

0O1d oxidized tailings

Figure 5. pH and solid Bi concentrations (mg/kg) in the tailings profiles from cores P4, P5 and P7,
modified after [25].

In the upper 40 cm of P7, Bi concentrations decreased stepwise and were below the
detection limit at the very top of the tailings. In the top centimeters of the tailings of P7,
all elements were low, except for carbon (C) [25]. Carbon is originally found in calcite
in the tailings (5.7 wt.%) but has been depleted in the upper parts of the tailings when
buffering acidity from sulfide oxidation. The enrichment of C in the upper parts of P7
could have an organic origin; however, the tailings there are not covered by vegetation,
and no measurements of dissolved organic matter (DOC) have been performed there. One
possibility is that Bi has been mobilized due to complexation with organic carbon and later
physically removed from the tailings in P7. Looking at the morphology of the tailings, the
area above P7 was eroded. Large volumes of water from the spring flood and autumn
rain run horizontally in the northern area of the tailings (P4, P5, P6), and, when the slope
flattens out at P7, the water starts to infiltrate the tailings, possibly leaching Bi—organic
complexes from P7.

According to the sequential extraction from P4, higher concentrations of Bi were re-
leased from exchangeable phases throughout the tailings, indicating that either (1) 30%—40%
of all Bi had been released from bismuthinite in the tailings and adsorbed as exchangeable
fractions, or (2) bismuthinite is easily weathered in low-pH environments with high organic
matter, which was the geochemical environment at the leaching step. A newly published
paper by [44] showed that Bi forms exceptionally strong complexes with natural organic
matter and with a wide range of organic acids. This supports alternative two, meaning that
the acetic acid with a pH of 4 added in Step 2 likely affected the results of the sequential
extraction. Hence, strong complexation between the acetic acid and Bi** could explain the
high concentrations of Bi released during Step 2 of the sequential extraction. The results
might not reflect the ‘true” geochemical behavior of the Bi-containing mineral phases in
mining waste unless large amounts of organic matter are present. However, the organic car-
bon concentrations in the tailings of P4 were very low (at or below the detection limit) [45],
which makes it probable that the high acetate-extractable Bi is an artifact of the sequential
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extraction method. Knowledge regarding the importance of Bi-organic complexes is still at
an early stage, and further studies are needed.

We hypothesize that the adsorption of Bi to secondary Fe (hydr)oxides played an
important role in scavenging Bi and prohibiting it from reaching the groundwater (Figure 6).
Thus, Bi was released by oxalate extraction (Step 3) in the upper parts of the tailings, which
suggests the role of the adsorption of Bi to oxyhydroxides. In the upper parts, secondary
gypsum, Fe (hydr)oxides and clay minerals were all present [25,39,45]. The Fe (hydr)oxides
were too small to define specific minerals with the characterization techniques available
in that study, e.g., Raman spectroscopy [39]. Water-soluble concentrations of Bi were only
released in the tailings when the pH was high and also where Fe (hydr)oxides were absent,
as can be seen in Figure 6. This suggests that Bi has been adsorbed to Fe (hydr)oxides in
the upper parts of the tailings profile.

pH Bi (mg/L) Bi (mg/kg)
35 7 9 0 20 40 10 100 1000
0 . . \ \ )
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VOF "1™~
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g 200
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Figure 6. pH and water-soluble Bi concentrations (ng/L) in tailings core P4, modified after [39], Bi
released in core P4 during the seven-step sequential extraction (this study), and goethite presence
determined by Raman spectroscopy in old oxidized tailings [39].

In the lower parts of the tailings, larger crystals of Fe (hydr)oxides were present in
the old oxidized tailings (OOT) [39]. There, concentrations of water-soluble Bi were below
the detection limit, and the easily reducible phase concentrations were higher (10 mg/kg)
(Figure 6), again indicating an adsorption to oxyhydroxides. Raman spectroscopy measure-
ments of the spherical crystal growth structure of Fe (hydr)oxides formed on sulfides and
scheelite in the OOT were identified as goethite (x-FeO(OH)), with Raman bands at 88, 299,
383, 559, 684, 1000 and 1315 cm ! [39]. However, more research is needed, e.g., with the
extended X-ray absorption fine structure (EXAFS) spectroscopy, to confirm whether Bi has
adsorbed to Fe (hydr)oxides.

5.2. Correlation between Dissolved Bi and DOC in Groundwater

Only low concentrations of dissolved Bi (maximum 0.11 pg/L) were detected in the
groundwater of all four wells (Figures 4 and 7). What is notable is that the dissolved
Bi concentrations are very low compared to other trace metals in the tailings (e.g., Be,
W and Zn) [9]. The average concentration of Bi in 1470 samples from 600 groundwater
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wells in Sweden between 2015 and 2021 was 0.04 pg/L [12], making the concentrations in
Smaltjarnen only slightly elevated. Hence, Bi mobilized from bismuthinite in the tailings
profile is assumed to have been adsorbed to Fe (hydr)oxides/goethite, prohibiting Bi
from leaching in high concentrations into the Smaltjarnen groundwater. Looking at the
groundwater trends, the dissolved concentrations of Bi did not behave in a way similar
to the major elements. The lowest concentrations of Bi were detected when the EC was
high. DOC concentrations in the groundwater were published by [45] when determining
the isotopic signature of carbon (C) and oxygen (O) in the groundwater and surface water
of Yxsjoberg and were sampled simultaneously as Bi concentrations.

(a) DOC (b) Bi/ DOC
25 0.16
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0.14 y = 0.0048x + 0.0024
20 — 0.12 O R2=10.4392
—
0.10
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Figure 7. (a) Dissolved organic compounds (DOC) data published by [45], and (b) the correlation
between dissolved organic carbon (DOC) and Bi in the groundwater of wells P5, P6 and P7.

A correlation between dissolved Bi and DOC could be observed in the groundwater,
with an R? value of 0.44 (Figure 7). Regression analysis with a confidence level of 95%
showed that the correlation between DOC and dissolved Bi was significant with a p-value
of 0.04. However, the concentrations are low, and the data points are few. More research
is needed to prove the relationship between Bi and DOC. With that in mind, these data
indicate that low concentrations of Bi were kept in the dissolved phase (<0.22 pm) due to
complexation with DOC in the groundwater. The significant relationship observed between
Bi and DOC in the groundwater agrees with the findings of [44], indicating that Bi forms
very strong complexes with natural organic matter.

5.3. Bismuth Mobility on the Tailings Shore and Transport to Surface Water

At the tailings shore, the average concentration of Bi was lower (353 mg/kg) than in
the core samples (496 mg/kg). The bismuthinite found in the shore tailings was probably
deposited directly from the processing plant rather than having been transported to the
shore by physical movement through the repository. Orthophotos from 1963 show that
there was a spigot point close to the sampling locations of S1 and S2 [25]. The lower
concentrations of Bi at the shore may indicate that Bi was removed from the shore to the
surface water downstream. However, no information is available regarding the contents of
Bi that had been released at different spigot points during the active years of the mining
operations, and the difference in concentrations could also arise from variations in gangue
minerals in the ore. The bismuthinite grains found in the shore tailings showed strong
signs of weathering, with high degrees of freedom, having an amorphous porous structure
with soft edges and a weathered appearance (Figure 3).

Similar to the results from the core tailings profile, Bi was released in elevated con-
centrations from Step 2: exchangeable fractions (35 and 71 mg/kg), and in Step 3: the
oxalate-extractable phases (48 and 45 mg/kg, respectively) of the sequential extraction.
SEM-EDS measurements between each step of the sequential extraction showed that Fe
had been removed after Step 3 [32], with subsequent higher concentrations of Fe in the
eluate. The presence of Fe (hydr)oxides in the tailings, combined with a decrease of Fe in
the SEM-EDS mapping after Step 3 and the increased concentrations of Bi and Fe in the
eluates, indicate that Bi had been adsorbed/co-precipitated with Fe (hydr)oxides on the
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tailings shore. Low-vacuum 3D SEM-EDS pictures of S2 showed Fe (hydr)oxides with the
same structure as seen within the OOT, which were proven to be goethite.

This means that the majority of Bi mobilized from bismuthinite on the tailings shore
was scavenged by adsorption to goethite and transported by erosion to the surface water.
There, a significant correlation (p-value 0.02) between Bi and Fe (hydr)oxides was observed,
with an R2-value of 0.58 between suspended Bi and Fe after removing one outlier from
C7. Including the C7 outlier, the R? value between Bi and Fe was 0.36 (Figure 8). The
surface water was sampled in 2018 for dissolved and suspended matter (see [26] for a
detailed description of the methodology). The suspended matter with Bi adsorbed to Fe
(hyrd)oxides settled to the sediments a few 100 m from the Yxsjoberg mine site. Thus,
the concentrations of suspended Bi and Fe were elevated in the surface water close to
the Yxsjoberg Mine site (average: 0.6 pg/L and 2.8 mg/L, respectively) compared to a
reference (average: 0.1 ug/L and 0.9 mg/L) that was sampled by [26] in a nearby stream
that belonged to another catchment area. After approximately 1 km, at C14, the Bi and Fe
concentrations had decreased to concentrations below the reference value (0.1 pg/L and
0.5mg/L).

Studies of the adsorption of Bi to Fe (hydr)oxides in mine waste are, to the best of our
knowledge, missing. The uptake of Bi in goethite and the presence of other Fe (hydr)oxides
need to be investigated further with more detailed measurements than were possible in
this study, for example, by using synchrotron instruments.
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Figure 8. Relationship between suspended Fe and Bi in the surface water downstream of the
Smaltjérnen repository. The different R? values represent the inclusion/exclusion of the C7 outlier
marked in red. See Figure 9 for sample locations.

5.4. Relationship between Dissolved Bi and Organic Matter in Downstream Surface Water

The small part of Bi that did not adsorb to Fe (hydr)oxides was transported in the
dissolved phase more than 5 km from the Yxsjoberg mine site. When correlating surface
water data regarding DOC [45] and dissolved concentrations of Bi [26], a likely, but not
significant, relationship between the two was observed (p-value 0.08), as can be seen in
Figure 9. The lowest concentrations of Bi were detected when the EC levels were at their
maximum, and the highest concentrations were detected during the spring flood (Figure 9)
when all other elements were diluted by the high water flow [39]. The spring flood
contained elevated concentrations of dissolved organic matter (DOC), and it is likely that
organic matter has formed strong complexes with Bi, keeping it mobile in the downstream
surface water with a neutral pH. Thus, dissolved Bi was transported more than 5 km from
the mine site [26].
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Figure 9. Electrical conductivity (EC) data published by [26], DOC data published by [45] and
dissolved Bi concentrations published by [26] in samples C7, C11, C14 and C16 from May to October.
The coordinates for the sampling points are given in SWEREF TM (N, E).

6. Conclusions

The main bismuth (Bi) mineral present in the tungsten (W)-skarn tailings in the
Smaltjarnen Repository from the Yxsjoberg mine was bismuthinite (Bi3S;). Environmental
mineralogy combined with sequential extraction indicated that Bi had been mobilized
from bismuthinite in the upper parts of the tailings, where the geochemical conditions
were low-pH (minimum pH 4) and oxygenated. There, Bi was released from Step 3 of the
sequential extraction, and iron (Fe) (hydr)oxides were present. Bi was also released from
Step 3 from deeper tailings, where a second layer of old oxidized tailings (OOT) containing
goethite was detected in previous studies. Thus, Bi is likely to have adsorbed to goethite
and other iron (Fe) (hydr)oxides, which acted as a chemical barrier and prevented Bi from
reaching the groundwater in high concentrations. Adsorption of Bi to Fe (hydr)oxides
needs to be studied further. The groundwater contained low concentrations of dissolved Bi
(maximum 0.15 pg/L). A significant correlation (p-value 0.036) between dissolved Bi and
DOC was found in the groundwater, suggesting that Bi was complexed with DOC, which
enhanced the mobility of dissolved Bi that had reached the groundwater.

The same geochemical process of bismuthinite weathering and adsorption to goethite
occurred at the tailings shore, as indicated by strong weathered grains of Bi, formations of
goethite and the release of Bi and Fe during Step 3 of the sequential extraction. A likely, but
not significant, correlation between dissolved Bi and DOC was also observed in the surface
water downstream of the tailings. An increase in organic matter during the spring flood
might have increased the mobility of Bi as a result of complexation, but this needs to be
investigated further.

The ability of Bi to form organic complexes might have influenced Step 2 of the
sequential extraction, as ammonium acetate was used as a reagent. The results, which
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indicated that 30%-40% of the Bi in the tailings was in exchangeable phases, indicate a
problem with the sequential extraction method used, which needs to be studied further.
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