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Abstract: Waste rock can contain high concentrations of deleterious trace elements, which upon
oxidation can be released, having a significant impact on water quality. Therefore, knowledge about
their occurrence and overall mobility is crucial to ensure suitable environmental protection measures.
Sulfide-rich waste rock was characterized and quantified using automated mineralogy (QEMSCAN).
Selected pyrite grains were analyzed for trace element occurrence using LA-ICP-MS before, during,
and after leaching the waste rock in 10 L small-scale test cells for two years to assess trace element
occurrence and mobility. Sequential extraction was used to estimate elemental sequestration during
the experiment. The high abundance of pyrite (66%) and scarcity of buffering minerals resulted
in low pH (<1.3) leachate with high concentrations of trace elements such as As (21 mg/L), Cu
(20 mg/L), Hg (13 µg/L, Pb (856 µg/L), Sb (967 µg/L), Tl (317 µg/L ), and Zn (23 mg/L) in solution
with limited retention in secondary minerals, primarily due to these elements’ association with pyrite
either as inclusions or impurities showing an average abundance of 193 ppm As, 15 ppm Cu, 13 ppm
Hg, 20 ppm Pb, 24 ppm Sb, 26 ppm Tl, and 74 ppm Zn in the waste rock. The occurrence of Cu
and Zn as inclusions associated with the pyrite led to their extensive mobilization of 79% and 72%,
respectively, despite their low abundance in the waste rock. Provided the overall leachability of S
(11%) and limited formation of secondary minerals, the average oxidation rate suggests depletion of
the pyrite within approximately 18 years. In conclusion, this study shows the importance of detailed
mineralogical investigations and early preventive measures of waste rock to ensure sustainable mine
waste and water management.

Keywords: LA-ICP-MS; QEMSCAN; sequential extraction; pyrite; trace elements; trace metals;
sulfide oxidation; waste rock

1. Introduction

The oxidation of sulfide minerals with the subsequent generation of acid rock drainage
(ARD), characterized by a low pH and high concentrations of metal(loids), is considered
one of the most challenging environmental consequences of mining [1–3]. ARD develops
in sulfide-bearing mine waste where the neutralization capacity (mainly in the form of
carbonate minerals) is absent, depleted due to ongoing sulfide oxidation, or when carbonate
dissolution is inefficient due to limited contact between the neutralizing and acid-producing
minerals.

Although mining is focused on ore mineral extraction, it is common minerals such
as pyrite, ending up as mine waste, which are mainly responsible for ARD generation.
As the demand for metals and minerals intensifies, ore with increasing complexity is
mined, resulting in increasingly complex mine waste, which risks resulting in problematic
leachate. Storage of reactive mine waste under ambient conditions until remediation results
in the impending risk of accelerated sulfide oxidation and the likelihood of potentially
detrimental elements being released into the environment. Hence, traditional remediation
methods such as dry covers or subaqueous disposal are not suitable for highly reactive
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or complex mine waste because the barrier is usually applied at the end of the mine’s
life. Sulfide passivation or microencapsulation by forming coatings on the sulfide surfaces
capable of protecting the core from O2 and Fe3+ attacks [4] could be a solution during
operation to control ARD formation. Several additives for enhancing coatings have been
explored, both organic and inorganic, in solid or liquid form, sprinkled, mixed, or layers
on top [1]. However, despite promising results, these methods are still only under the
development stage and studies are dominated by batch-type laboratory tests focusing
on single mineral systems such as pure pyrite. However, a single mineral system does
not consider interactions between minerals in more complex mineral systems, such as
waste rock.

A study by Nyström et al. [5] showed that small additions of lime kiln dust (LKD)
(5 wt.%) could limit sulfide oxidation for more than two years in pyritic waste rock,
likely through the passivation of reactive surfaces by the formation of hydrous ferric
oxides (HFO). The treatment resulted in a general improvement of the leachate quality
and decreased concentrations of most elements. However, to understand the effect of
passivation through HFO formation and its potential long-term stability, one must first
understand the geochemical behavior of the waste rock itself.

Pyrite, the most abundant mineral in waste rock [5], can host trace elements that
can be either valuable or toxic to humans and the ecosystem [6], and their release can
have a tremendous impact on the environment. Hence, it is important to study pyrite to
show these elements’ occurrence and potential release from waste rock to determine the
passivation’s potential to trap these elements, or if there is a continuous risk that these
elements are released into the environment. A complete mineralogical and geochemical
characterization is therefore needed to evaluate potential environmental impact. This
study aimed to identify trace elements associated with pyrite and their overall mobility in
waste rock to display the occurrence and mobility of trace elements from pyrite and the
subsequent ARD evolution.

2. Materials and Methods
2.1. Waste Rock

The pyrite-rich waste rock originated from a Boliden Mineral AB-owned Zn–Cu–Au–
Ag open-pit mine in northern Sweden. The ore deposit is a volcanic-associated massive
sulfide deposit hosted in the Skellefte group submarine volcanic rocks with an age of
approximately 1.89 Ga. Ore is hosted in a quartz–feldspar porphyritic rhyolite, which
occurs as discrete occurrences in the mining area. Since mining began in 2000, 9.9 million
tons of waste rock have been generated, with the expectation that 10 million tons of waste
rock will be present at the end of the mine’s life; of which 9.3 million tons is predicted to be
potentially acid-producing.

Alakangas et al. [7] and Nyström et al. [8] have previously described the sampling
of waste rock, which included a screening of waste rock piles with a handheld X-ray
Fluorescence (XRF) device from Olympus Innov-x systems, USA, to select waste rock with
high sulfur content. Alakangas et al. [7] characterized the waste rock for its major and
minor elements, showing an average sulfur content of 30%. Nyström et al. [8] characterized
waste rock by its major mineral content, showing that it was dominated by pyrite and
quartz with lesser amounts of muscovite (sericite), chlorite, and calcite. The waste rock
showed limited neutralizing ability correlating to the abundance of pyrite and scarcity of
buffering minerals such as calcite.

ALS Vancouver, Canada, determined sulfidic sulfur for three samples using 25%
hydrochloric leach followed by leco furnace melt followed by analysis of the samples by
inductively coupled plasma optical emission spectroscopy (ICP-OES).

Polished uncovered thin sections (26 mm × 46 mm) of crushed waste rock (5–30 mm
sieve size) were prepared by Vancouver Petrographics Ltd., Vancouver, BC, Canada, with
special care taken not to dissolve water-soluble phases in the sample. Optical examination
of polished thin sections was performed in reflected and transmitted light using a standard
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Nikon Eclipse E600POL petrographic microscope (Nikon Instruments INC., Tokyo, Japan)
to characterize minerals present in the waste rock optically. Automated quantitative
mineralogical characterization by QEMSCAN® 650 with two Bruker EDX detectors was
performed at Boliden Mineral AB, using their mine site database as a reference. A total
of four carbon-coated thin sections (each holding at least seven waste rock pieces) were
analyzed. QEMSCAN step size was set to 6 µm as a compromise between the number of
analysis points yielded and the time for analysis (approximately 7 h/thin section). The
scan area comprised 29,585 µm × 19,175 µm with 117 field measures/thin section.

2.2. Leaching of Waste Rock

Kinetic testing was conducted in non-saturated small-scale test cells to study pyrite-
rich waste rock oxidation. The experimental setup deviated from standard column testing
and was chosen explicitly to study secondary mineral formation for sulfide oxidation
preventive purposes [5,8]. It has been shown that precipitation of, e.g., hydrous ferric
oxides (HFO) is predominant at the interface between mine waste and alkaline source [9,10];
therefore, it was desirable to have a large cell surface area. The experimental design
consisted of high-density polyethylene cells with surface areas of 513 cm2 and a total
volume of 10 L (Figure 1). The cells were irrigated weekly with 600 mL of MilliQ water
(0.05 µS/cm), corresponding to average annual precipitation in the area and equivalent
to a yearly L/S weight ratio of approximately 4. The bottom of each cell was lined with
geotextile to avoid clogging of the tap. A total of four cells were constructed and filled
with 7.55 kg of crushed waste rock (5–30 mm sieve size). Results from the reference cell’s
long-term leaching (solely waste rock) are presented here to illustrate the extent of trace
elements’ mobility related to their presence and exposure in pyrite. Three of the cells were
used to prevent sulfide oxidation and have been published previously [5,8].
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Figure 1. Experimental design of small-scale test cells filled with sulfidic waste rock.

Solid samples (grab) were taken from the cell after leaching the waste rock for one
and two years (weeks 52 and 103). Samples were taken at approximately 2 cm depth of the
waste rock profile (8 cm in total) and dried at <30 ◦C for a total of five hours before being
subjected to small amounts of pressured air. The treatment was adopted to differentiate
between secondary mineral formation on the pyrite and bulk for inhibition studies [5,8].
For comparison, grab samples from the reference cell were treated similarly.

Leachates were collected from the tap located at the bottom front of the cell weekly
the day after irrigation. The collected leachates’ pH, electrical conductivity (EC), and
temperature were measured in closed containers to avoid air exposure. The pH and EC
were measured using a WTW Multi 3420 multimeter equipped with Sentix® 940 (pH)
and TetraCon® 925 (EC) electrodes. Leachate samples were filtrated through a 0.22 µm
nitrocellulose membrane into high-density polyethylene bottles using vacuum filtration.
The filter equipment was washed with 5% nitric acid and the filters in 5% acetic acid.
Filtrated samples were stored cold (4 ◦C) and in darkness until analysis. Before analysis,
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the samples were acidified with 1 mL nitric acid (suprapur) per 100 mL sample. Selected
samples were analyzed for major and trace element composition using inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Agilent ICP-OES 725) and inductively
coupled plasma sector field mass spectrometry (ICP-SFMS, ELEMENT 1, Finnigan MAT)
at the SVEDAC-accredited laboratory ALS Scandinavia in Luleå. The analysis was per-
formed according to US EPA Method 200.7 (modified) and 200.8 (modified) or quantitative
screening analysis for over 70 elements.

2.3. Trace Element Association

Trace element occurrence and distribution in pyrite grains were performed on thin
sections of the initial waste rock and grab samples after one and two years of leaching
(week 52 and 103). An ESI NWR 193 nm excimer laser microprobe coupled to a Thermo
Scientific iCAP Q quadrupole ICPMS at Luleå University of Technology, Sweden, was
used. Analyses on pyrite were performed by laser-ablating spots of 35 µm in diameter,
repetition rate of 5 Hz, and laser beam energy maintained between 3 and 4 Jcm−2. Analysis
time was restricted to 56 s, comprising 20 s background (laser shutter closed) and 100 laser
bursts/36 s analysis (laser shutter open). Imaging of pyrite was performed by ablating
a set of parallel lines arranged in a grid over the sample where line space corresponded
to beam size. Beam size was 10 µm2 to investigate zoning in pyrites of less than 500 µm2.
The beam was rastered over the lines at half speed of the beam size (i.e., spot = 10 µm2,
speed = 5 µm/s−1), at 5 Hz repetition rate. Acquisition times were as follows: major silicate
elements (i.e., Mg, Al, Si, Ca) and S = 0.005 s; major elements (i.e., Fe, Ni) = 0.005 s; Ag
and Au = 0.5 s; other elements = 0.01 s; with a total sweep time of approximately 0.5 s.
Data reduction was carried out using Iolite4 software [11]. Iron was used as the internal
standard (assuming stoichiometric Fe of pyrite). The primary calibration standard used
was NIST 612 [12], with UQAC FeSb [13], MASS1, USGS [14], and NIST 610 [12] used as
secondary standards. Standards were analyzed every one-and-a-half hours to correct for
instrument drift.

2.4. Secondary Mineral Formation
2.4.1. Solid-Phase Sequential Extraction

Quantitative information on trace element distribution in secondary minerals was gained
by subjecting samples of the initial waste rock and oxidized waste rock (after weeks 52 and
103) to a seven-step sequential extraction at the SGS laboratory (Pittsburgh, PA, USA). The se-
quential extraction by Dold [15] was adapted to the specific primary and secondary mineralogy
associated with copper-sulfide ores but has also been applied to other types of mine waste.
Here, only the first four steps were considered (Table 1). A residual fraction was defined as the
difference between the whole rock element content (NaOH fusion) and the sum of steps I–IV.
Such residual fractions include mainly primary sulfide and silicate minerals [15].

Table 1. Sequential extraction according to Dold (2003) adopted to copper-sulfide mine waste with the minerals preferentially
dissolved in each step.

Fraction Approach Preferentially Dissolved Minerals

I Water soluble fraction Deionized water leach (L/S 50, 1 h) Hydrous metal sulfates, gypsum, etc.

II Exchangeable fraction Ammonium acetate leach (pH 4.5, 2 h) Adsorbed and exchangeable ions, calcite, etc.

III Fe(III) oxyhydroxides Cold ammonium oxalate leach (pH 3, 1 h in
darkness)

Easily reducible Fe–Mn–Al(hydr)oxides and
hydroxysulfates

IV Fe(III) oxides Hot ammonium oxalate leach (pH 3, 2 h, 80 ◦C) Remaining
Fe–Mn–Al(hydr)oxides



Minerals 2021, 11, 495 5 of 19

2.4.2. Geochemical and Mass Calculations

Geochemical calculations, including aqueous species distribution and mineral satu-
ration state, were carried out using PHREEQC version 3.4.0 [16] using the wateq4f.dat
thermodynamic database [17]. Ion imbalance for considered samples was within ±15%. Re-
dox potential (Eh) results were used to estimate the speciation of Fe(II) and Fe(III) reported
suitable at a pH below 4 [18]. Calculations involving Fe(III) minerals, thermodynamic data
for Fe(III) mineral solubility, were calculated as the following: precipitations of gypsum,
ferrihydrite, goethite, and jarosite were considered as reported in the wateq4f database [17].
The solubility constant of more ordered ferrihydrites, namely 2- and 6-line, were used as
reported by [19], while for schwertmannite, the solubility constant from Majzlan et al. [20],
originating from Bigham et al. [21], was used.

3. Results and Discussion
3.1. Waste Rock Characterization

Optical microscopy followed by quantitative automated mineralogy (QEMSCAN®)
revealed that the waste rock was dominated by pyrite (66%) with smaller amounts of quartz
(17%), muscovite (6%), chlorite (4%), and calcite (1%). Other sulfides found at trace amounts
in the waste rock included arsenopyrite (FeAsS, 1.8 × 10−4%), bournonite (PbCuSbS3,
4.1 × 10−4%), chalcopyrite (CuFeS2, 12 × 10−4%), pyrrhotite (Fe1-xS, 2.4 × 10−4%), and
sphalerite (ZnS, 2.6 × 10−4%) resulting in a low overall content of As-, Cu-, Pb-, and
Zn-bearing minerals in the waste rock (Table 2). Under preliminary observation in the
optical microscope, no direct weathering signs were shown, despite storage under ambient
conditions for approximately one year before sampling (Figure 2). However, sequential
extraction tests performed on the material before leaching showed the presence of sec-
ondary minerals with approximately 9% Fe and 7% S associated with steps I–IV (Figure 3).
Assuming that no primary Fe and S minerals occur in steps I–IV, the results show partial
sulfide weathering of the initial waste rock. The occurrence of Al in step II displays the
waste rock’s kaolinite content (Figure 3, Table 2). Primary minerals such as calcite (step II)
can also be found in steps that otherwise would be assumed to display element association
to secondary minerals. The comparably high presence of Ca in steps I and II and S in
step I suggests the formation of gypsum (step I) derived from the weathering of calcite
(step II) and sulfides. Manganese was also found in step II, suggesting its association with
carbonate minerals; in this case, calcite. Figure 3 shows that most elements are associated
with step I compared to steps II–IV, suggesting that the secondary minerals mainly consist
of readily soluble salts such as gypsum, melanterite, and other metal sulfates. A small
amount of Al, Fe, and S were found in steps III–IV, indicating the limited presence of
secondary minerals such as HFO, Al hydroxides, and Al hydroxysulfates.

Table 2. Quantitative mineralogical composition of pyritic waste rock determined by quantitative automated mineralogy
(QEMSCAN) based on a total of 38 waste rock cross-sections mounted onto four thin sections.

Mineral Formula
1 2 3 4 Average Stdv.

% % % % % %

Pyrite FeS2 74 62 63 65 66 5.3
Quartz SiO2 15 17 19 16 17 1.7

Muscovite KAl2(Si3Al)O10(OH)2 2 10 6 7 6 3
Chlorite (Mg,Fe,Li)6AlSi3O10(OH)8 3 3 4 5 4 0.8
Calcite CaCO3 2 1 1 0.1 1 0.9
Dravite NaMg3Al6(Si6O18)(BO3)3(OH)3OH 0.2 0.4 1 0.5 0.4 0.2

Kaolinite Al2Si2O5(OH)4 0.1 0.4 0.3 0.3 0.3 0.1
Albite NaAlSi3O8 0.2 0.3 0.3 0.4 0.3 0.1

Flourite CaF2 0.3 0.01 0.1 0.1 0.1 0.1
Oligoclase (Na,Ca)[Al(Si,Al)Si2O8) 0.04 0.1 0.1 0.2 0.09 0.05

Apatite Ca5(PO4)3(F,Cl,OH) 0.01 0.1 0.01 0.03 0.03 0.02
Anatase TiO2 0.004 0.02 0.01 0.01 0.01 0.009

Clinopyroxene (Mg,Fe,Mn,Li,Ca,Na)(Al,Fe,Ti,Cr,V,Zr,Sc,Zn,Mg,Mn)(Si,Al)2O6 0.01 0.005 0.01 0.005 0.006 0.002
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Table 2. Cont.

Mineral Formula
1 2 3 4 Average Stdv.

% % % % % %

Allanite (Ce,Ca,Y,La)2(Al,Fe+3)3(SiO4)3(OH) 0.005 0.01 0.01 0.005 0.006 0.002
Anorthite CaAl2Si2O8 0.003 0.001 0.004 0.002 0.003 0.001
Sanidine K(AlSi3O8) 0.001 0.002 0.001 0.001 0.001 0.0006

Chalcopyrite CuFeS2 0.001 0.001 0.002 0.0004 0.001 0.0008
Biotite K(Mg,Fe)3(AlSi3O10)(F,OH)2 0.001 0.001 0.001 0.001 0.0009 0.0002

Bournonite PbCuSbS3 0.001 - - 0.00001 0.0004 0.0006
Sphalerite (Zn,Fe)S 0.001 0.0002 0.0001 0.0001 0.0003 0.0003

Arsenopyrite FeAsS 0.001 0.00004 0.0001 - 0.0002 0.0003
Pyrrhotite Fe1−xS (x = 0 to 0.2) 0.0004 0.0003 0.0003 0.00002 0.0002 0.002
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Figure 2. Petrographical microscopic image of pyrite grains in the initial waste rock and after 52 and 103 weeks of leaching.
A: Area selected for mapping (Figure 3); C: Area selected for mapping (Figure 3); 0-a-j, 52-a-j, and 103-a-l: LA-ICPMS
quantitative element analysis with laser spot size 35 µm. Spot analysis of crystalline/massive pyrite (initial) is indicated by
a smooth circle, and porous/fractured pyrite is indicated by a dashed circle.
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(weeks 52 and 103), modified from Nyström et al. [5]. Steps I–IV in sequential extractions after Dold (2003). Water-soluble
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3.2. Sulfide Oxidation and Subsequent Element Mobilization
3.2.1. First Year

Initially, the leachate was characterized by a pH around 3 and high electrical con-
ductivity (EC) around 25 mS/cm [5], and concentrations of Fe, Mn, and S spiked but
slowly decreased, suggesting a wash-out of easily soluble minerals (Figure 4). The pH
increased until week 15 to its highest value at 4.6. During this time, increasing pH and
declining Fe concentrations in the leachate compared to S suggests the precipitation of HFO
such as schwertmannite, 2- and 6-line ferrihydrite, supported by geochemical calculations
(Figure 5a). Despite the high pyrite content and paucity of carbonate minerals in the waste
rock, it took approximately 29 weeks of leaching before signs of accelerated sulfide oxida-
tion occurred, shown by a decreasing pH (<3.5) and increasing EC along with increasing
element content released into the leachate (Figure 4). After 29 weeks, Fe and S’s molar
ratios changed from below 0.05 to around 0.5, indicating that the system was dominated
by pyrite oxidation. The acceleration of sulfide oxidation occurred when the pH was below
3.5, when Fe3+ and acidophilic bacteria usually dominate [22,23]. At this time, Fe and S
concentrations increased to concentrations between 0.24 and 18 g/L and 0.75 and 17 g/L,
respectively [5]. The accelerated sulfide oxidation reached a plateau where the pH, EC,
and most element concentrations in the leachate leveled out (Figure 4), likely due to tem-
perature fluctuation in the laboratory. A decrease in temperature has been shown to slow
down the sulfide oxidation rate [24–26], explaining the changes in element concentrations
at weeks 35–48. During the first 52 weeks of leaching, it is suggested that a non-negligible
fraction of the mobilized Fe and S originated from the dissolution of secondary phases
present in the initial waste rock, such as melanterite (step I). Moreover, the accelerating
sulfide oxidation with declining pH (<1.5) suggests a dissolution of HFO phases from week
29 and onward [27], resulting in the mobilization of Fe and limited increase in steps III–IV
in sequential extraction (Figures 3 and 5). During the first 52 weeks of leaching, Fe and S
were mobilized, corresponding to approximately 3% of their initial content.

When studying waste rock samples in an optical microscope after 52 weeks of leaching,
inferred HFO formation was preferentially occurring, associated with silicate minerals
such as muscovite (Figure 5b), limiting the silicate weathering. The dissolution of silicates
and aluminosilicates provides some neutralization potential. However, even in acid water,
the dissolution of such minerals is usually slow [28] which, together with the inferred
HFO formation, suggests a limited contribution to the buffering capacity. The previous
statement is supported by the behavior of silicate-associated elements such as Al and Si,
which during the first year of leaching were mobilized at 84–253 mg/L and 21–84 mg/L,
respectively [5].

Overall, silicate-associated elements such as Al, Ca, and Mn show variations in content
amongst solid samples (Table 2, Figure 4), suggesting a heterogeneous distribution of these
minerals in the waste rock, which may interfere in interpreting the results. Analysis of Si is
lacking in sequential extraction, but approximately 0.1% was mobilized during the first
years of leaching (Figure 4). The amount of Al mobilized during the first year of leaching
corresponded to approximately 1.5%. Only a small amount of Al was retained in what can
be assumed to be secondary phases. Figure 3 shows an increase in step IV, likely due to
the formation of more crystalline Al-(oxy)hydroxides such as diaspore. During the first
52 weeks of leaching, it is suggested that silicates are only mildly affected by the sulfide
oxidation, resulting in limited ability to buffer the pH.
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with the leachate volume withdrawn. Filled markings are actual measurements in the leachate. In contrast, outlined
markings are estimated as the average between the two most adjacent actual measurements. Weeks 52 and 103 are marked
with dashed vertical lines.



Minerals 2021, 11, 495 10 of 19
Minerals 2021, 11, x FOR PEER REVIEW 11 of 20 
 

 

 

Figure 5. (a) Geochemical calculations of saturation index of Gypsum, Jarosite, Goethite (wateq4f.dat thermodynamic da-

tabase [17]), Schwertmannite [20] originating from [21], and 6-line ferrihydrite [19] in the leaching of pyrite-rich waste 

rock. Dashed lines mark values close to zero (±0.5) which indicate equilibrium between the solution and mineral phase. 

Petrographical microscopic images after leaching the waste rock for 52 weeks. (b) Inferred HFO overgrowing muscovite 

(sericite). (c) Inferred Gypsum and HFO formation in bulk (between mineral grains). 

3.3. Occurrence and Mobility of Trace Elements 

The whole-rock chemical composition showed an elevated abundance of As (217 

ppm), Hg (17 ppm), Sb (38 ppm), and Tl (26 ppm) with smaller Cu (19 ppm), Pb (22 ppm), 

and Zn (68 ppm) content (Table 3). However, neither of the minerals identified occurred 

in sufficiently high quantities to explain the element concentrations observed. Pyrite was 

the most abundant mineral in the waste rock; therefore, knowledge about trace element 

composition and deportment within the pyrite grains are important. Impurities and min-

eral inclusions can lead to physical stress in the crystal structure, making the mineral more 

susceptible to oxidation [30], profoundly affecting the leachate quality. Charting count 

data of spot analyses tracks how trace element content changes during an analysis as 

deeper portions of the grains are sampled by the laser (Figure 6). Observations using 

charting count data show that the pyrite has several types of zonations containing trace 

elements. Changes in pyrite composition from As-rich to Hg- and Tl-rich and an overall 

weak negative covariance could be seen for As and Tl. A quantitative analysis of pyrite 

using LA-ICP-MS (Figure 2) showed that although As was present in all spot analyses, 

there were large variations in concentrations, with the highest observed in crystalline py-

rite. As seen in Figure 2, concentrations of As in the initial pyrite varied between 67 and 

585 ppm, resulting in an average concentration of 272 ppm. Additionally, pyrite oxidized 

for 52 weeks showed higher concentrations of As than the initial pyrite (Figure 2). Varia-

tions in concentrations during the first year are likely the result of internal variations com-

bined with the previously proposed limited oxidation. Similar observations can be made 

for other trace elements such as Cu, Pb, and Tl (Figure 2). Mapping of the pyrite showed 

that As was the most evenly distributed element of those analyzed (Figure 7A), suggesting 

the occurrence of arsenic-bearing pyrite, which can increase the pyrite’s oxidation rate 
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rock. Dashed lines mark values close to zero (±0.5) which indicate equilibrium between the solution and mineral phase.
Petrographical microscopic images after leaching the waste rock for 52 weeks. (b) Inferred HFO overgrowing muscovite
(sericite). (c) Inferred Gypsum and HFO formation in bulk (between mineral grains).

3.2.2. Second Year

During the second year of leaching, both Fe and S concentrations in the leachate
increased by a magnitude of four, resulting in 11% of their initial content being mobilized
(Figure 4). The formation of easily soluble salts such as gypsum and melanterite increased
between the first and second year of leaching due to the low pH and high elemental
concentrations in the leachate [29]. The test-cell was only irrigated once per week; therefore,
precipitation and dissolution of easily soluble minerals such as melanterite or other metal
sulfates are believed to occur weekly. The continuous dissolution of HFO phases and
Al-(oxy)hydroxides (Figure 5a) due to the low pH can be seen as decreasing contents of
Al and Fe in steps III–IV (Figure 3), suggesting that noteworthy decrease of the sulfide
oxidation rate through HFO formation is unlikely.

Overall, silicate weathering was continuously limited during the second year of leach-
ing, resulting in approximately 5% Al and 3% Si being mobilized (Figure 4). Other silicate-
associated elements such as Ca (31%) and Mn (60%) showed extensive weathering and
mobilization. At this time, Ca and Mn concentrations varied between 399 and 566 mg/L
and 6.7 and 36 mg/L, respectively [5]. Throughout leaching, geochemical calculations
showed that gypsum formation and dissolution largely controlled the concentration of
Ca and SO4

2− in the leachate (Figure 5a). Before week 29, calcite dissolution buffered the
system, leading to SO4

2− concentration controlling the gypsum formation, whereas the
opposite was indicated after the accelerated sulfide oxidation with Ca controlling the for-
mation. There is a distinct association of Mn with Ca; therefore, the mobilization variations
are likely due to gypsum precipitation acting as a scavenger for Ca (Figures 3, 5 and 6).
Despite the increased mobilization of silicate-associated elements during the second year,
the effect on the pH and overall mobilization of elements are minimal. Hence, suggesting
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that processes that could substantially affect the sulfide oxidation rate and overall quality
of the leachate are limited. Provided the overall release of S and limited formation of
secondary minerals, an extrapolation of the average oxidation rate suggests depletion of
the pyrite within approximately 18 years.
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3.3. Occurrence and Mobility of Trace Elements

The whole-rock chemical composition showed an elevated abundance of As (217 ppm),
Hg (17 ppm), Sb (38 ppm), and Tl (26 ppm) with smaller Cu (19 ppm), Pb (22 ppm), and
Zn (68 ppm) content (Table 3). However, neither of the minerals identified occurred in
sufficiently high quantities to explain the element concentrations observed. Pyrite was
the most abundant mineral in the waste rock; therefore, knowledge about trace element
composition and deportment within the pyrite grains are important. Impurities and mineral
inclusions can lead to physical stress in the crystal structure, making the mineral more
susceptible to oxidation [30], profoundly affecting the leachate quality. Charting count data
of spot analyses tracks how trace element content changes during an analysis as deeper
portions of the grains are sampled by the laser (Figure 6). Observations using charting
count data show that the pyrite has several types of zonations containing trace elements.
Changes in pyrite composition from As-rich to Hg- and Tl-rich and an overall weak
negative covariance could be seen for As and Tl. A quantitative analysis of pyrite using
LA-ICP-MS (Figure 2) showed that although As was present in all spot analyses, there were
large variations in concentrations, with the highest observed in crystalline pyrite. As seen in
Figure 2, concentrations of As in the initial pyrite varied between 67 and 585 ppm, resulting
in an average concentration of 272 ppm. Additionally, pyrite oxidized for 52 weeks showed
higher concentrations of As than the initial pyrite (Figure 2). Variations in concentrations
during the first year are likely the result of internal variations combined with the previously
proposed limited oxidation. Similar observations can be made for other trace elements such
as Cu, Pb, and Tl (Figure 2). Mapping of the pyrite showed that As was the most evenly
distributed element of those analyzed (Figure 7A), suggesting the occurrence of arsenic-
bearing pyrite, which can increase the pyrite’s oxidation rate extensively [31]. Leaching
mobilized As, resulting in concentrations between 0.2 µg/L and 21 mg/L [5].

During the second year, the leachate’s overall elemental concentrations increased,
following a similar pattern as Fe, and S, with approximately 16% of the initial As content
being released after 103 weeks of leaching (Figure 4). In general, the occurrence of As
in pyrite makes it more susceptible to oxidation [28,30]. The increased susceptibility for
the pyrite to leach could explain why a slightly higher fraction of As was mobilized
compared to Fe or S. Comparing petrographic images of the initial pyrite and pyrite
oxidized for 103 weeks revealed that weathering causes fracturing which likely accelerates
the weathering [32] (Figure 2). The occurrence and overall mobility of As suggest that it
was mainly associated with pyrite, which overrode any impact, e.g., arsenopyrite, had
on the leachate quality. The decrease in As associated with secondary phases follows Fe,
suggesting its adsorption to or co-precipitation with HFO. The correlation implies that As’s
association with secondary phases has a limited effect on its mobilization (Figure 3). In
other words, As in the pyrite affects the pyrite’s overall oxidation and stability. Conversely,
it is shown that the pyrite has a profound effect on the mobilization of As.
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Table 3. Abundance of selected elements in the sulfidic waste rock. The waste rock is presented as
the average of screening and results reported by Alakangas et al. [7] and Nyström et al. [5]. The
waste rock is compared to minimum and maximum concentrations of rock (mainly ore) sampled in
the area and average content in the average earth’s crust [33].

Element Average Mine Area Average

% Waste Rock Min. Max. Earth’s Crust

Al 3 1 16 8
Ca 1 0.01 20 3
Fe 14 0.2 34 5
K 0.4 0.01 6 2.6

Mg 1 0.05 15 2.1
Na 0.3 0.007 4 2.4
P 0.01 0.0004 0.2 0.1

Stotal 27 0.01 39 0.05
Si 13 6 28 27
Ti 0.1 0.02 1 0.5

mg/kg

As 193 1 18,000 2
Ag 1 <0.1 32 0.07
Au <0.01 <0.0005 0.8 0.004
B 5 - - 10

Ba 88 <0.5 1670 430
Be 0.2 - - 3
Bi 0.2 <0.1 42 0.2
Br <5 - - 3
Cd 0.2 <0.1 55 0.18
Ce 13 4 123 45
Co 2 <1 121 25
Cr 51 <5 2513 200
Cs 0.2 <0.1 5 2
Cu 15 2 15,600 60
Dy 1 0.7 16 4.5
Er 1 0.5 11 -
Eu 1 0.2 5 1.2
Ga 5 3 43 17
Gd 1 0.8 12 7
Ge 0.4 <1 4 15
Hf 1 0 10 -
Hg 13 <0.01 >200 0.08
Ho 0.2 0.2 4 -

I <0.5 - - 0.5
In - <0.2 4 0.1
Ir <0.01 - - 0.001
La 6 1 52 6.5–100
Li 14 - - 30
Lu 0.1 0.1 2 0.9
Mn 208 77 7357 900
Mo 3 <0.5 34 2
Nb 0.2 <1 13 20
Nd 6 3 53 25
Ni 1 <0.1 864 80
Os <0.01 - - -
Pb 20 <2 5181 16
Pd <0.1 - - 0.01
Pr 2 0.6 14 -
Pt <0.01 - - 0.005
Rb 6 <0.5 105 120
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Table 3. Cont.

Element Average Mine Area Average

% Waste Rock Min. Max. Earth’s Crust

Re <0.01 - - 0.001
Rh <0.01 - - -
Ru <0.01 - - -
Sb 24 0.2 1327 0.15–1
Sc 6 1 66 5–22
Se <1 <0.5 83 0.09
Sm 1 0.6 12 7
Sn 0.5 <1 29 2.5
Sr 40 <0.5 396 350
Ta <0.01 <0.05 23 2
Tb 0.2 0.1 2 -
Te 0.1 - - 0.00036–0.01
Th 1 0.6 11 10
Tl 26 <0.1 75 1

Tm 0.1 0.1 2 -
U 2 0.5 24 3
V 7 <5 212 150
W 1 0.1 34 1
Y 11 4 125 30

Yb 1 0.4 13 3
Zn 74 7 49,700 70
Zr 65 10 344 160

As seen in Figure 7, Cu is more sporadically distributed in the pyrite than As. Spot
analysis showed large spatial variations of Cu concentrations in the pyrite, varying between
4 and 45 ppm (average 16 ppm). Moreover, chart counting data show that although
Cu was found as impurities in the pyrite, higher concentrations were associated with
mineral inclusions, likely as chalcopyrite (Figure 6). Copper displayed a high mobilization
rate throughout the leaching period, with concentrations between 0.1 and 20 mg/L [5].
The release of Cu was extensive throughout leaching (79%), with the majority being
mobilized during the first year (57%). Despite Cu’s low occurrence in pyrite compared
to As, their release rates were similar. As seen in Figure 4, Cu concentrations increased
in the leachate before the sulfide oxidation rate accelerated (around week 29), suggesting
one or more critical sources of Cu in the waste rock. A large fraction of Cu is assumed to
originate from the pyrite. However, approximately 32% of the Cu content was associated
with minerals such as chalcopyrite and bournonite (Tables 2 and 3), which is expected
to affect the weathering and consequently the build-up of Cu in secondary minerals.
Chalcopyrite is more weathering-resistant than pyrite and arsenopyrite at neutral and
low pH and when Fe3+ is the primary oxidant [29,34]. However, when sulfides are in
contact with each other, electrons move between the sulfides, creating a galvanic cell. As
a result, the mineral with the highest rest potential is protected from oxidation, and the
mineral with the lowest rest potential is weathered more strongly [6,35–38]. In systems
combining pyrite with chalcopyrite, the latter is more prone to oxidize, resulting in Cu
being mobilized [39–41]. In other words, it is likely that the combination of pyrite and
chalcopyrite results in the high mobilization of Cu (Figure 4). Additionally, Cu’s preferential
occurrence in and around fractures and the pyrite’s more porous parts are likely to further
contribute to the mobilization (Figure 7). Figure 3 shows that the accumulation of Cu
associated with secondary phases decreases with time, following the same pattern as Fe,
suggesting capturing in HFO due to its affinity to adsorb to or co-precipitate with the
minerals schwertmannite and goethite [42]. Similar observations can be made for Zn. The
proposed dissolution of HFO with time dissolves Cu, leading to an increase in the leachate.
However, the dissolution of secondary minerals is comparably small compared to the
overall mobilization of Cu. Therefore, it can be concluded that even though pyrite is not
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the direct source of Cu in the waste rock, Cu-rich inclusions in the pyrite are the main
reason for Cu being mobilized.

Similar to Cu, both Pb and Zn concentrations in the pyrite varied substantially between
0and 50 ppm (average 14 ppm) and 1 and 822 ppm (average 105 ppm), respectively
(Figure 2), with impurities matching low concentrations. In contrast, high concentrations
are likely due to the presence of inclusions associated with the pyrite’s more porous parts. A
weak covariance could be seen for Pb and Sb, suggesting that some impurities could consist
of bournonite (Figure 6). Additionally, Pb could occur as inclusions of galena, despite
not showing up during automated quantitative mineralogical analysis. The step size was
slightly smaller than the size for spot analysis, and therefore, surficial inclusions of galena
could have been missed during automated quantitative mineralogy. Correspondingly,
impurities of Zn likely consisted of sphalerite.

Similar to Cu, Pb was mainly found in and around fractures in the more porous
pyrite. However, Pb was mobilized at much lower concentrations, varying between 16
and 856 µg/L [5], corresponding to an approximate mobilization of 7% where the majority
was released during the second year (Figure 4). The overall mobilization pattern of Pb
resembled those of As, Fe, and S, but at a lower degree (Figure 4). The lower amount
of Pb in the leachate could derive from its precipitation into easily soluble salts (step I,
Figure 3) due to elevated concentrations in the leachate [29]. However, it should be noted
that mobilized Pb increased around week 25, four weeks before the proposed sulfide
oxidation acceleration, suggesting at least one other influential Pb source (Figure 4). Lead
and Zn’s weathering behaviors differed notably from each other, with Zn being released at
concentrations varying between 2 and 42 mg/L with a total mobilization resembling Cu
(70%) (Figure 4). Approximately 3% of the Zn content was associated with sphalerite, which
is expected to have impacted Zn’s mobility. Sphalerite is considered more easily weathered
than pyrite, arsenopyrite, and chalcopyrite [43]. Due to problems when mapping using
LA-ICP-MS, the quantification of Zn was inconclusive. However, it is likely that similar
reasons as for Cu, with electrons moving between sulfides, are behind the high mobilization
of Zn.

Antimony, Hg, and Tl were, similarly to Cu, Pb, and Zn, also found in and around
fractures in the more porous pyrite (Figure 2). However, whereas Cu and Zn were mainly
found as inclusions in the pyrite, Hg, Sb, and Tl were predominantly found as impurities
within the pyrite. Antimony content varied between 2 and 102 ppm, and Hg and Tl
varied between 0 and 449 ppm and 0 and 106 ppm, respectively, mainly as outliers with
a weak covariance present (Figures 2 and 7A). Quantification of Hg by LA-ICP-MS is
difficult, and the quantified ppm values here may be subject to higher error than other
elements presented [44]. Leaching of the waste rock resulted in Sb concentrations varying
between 0.9 and 967 µg/L [8], with an overall mobilization of 4% (Figure 4). Although Sb
followed the same mobilization pattern as As, Fe, Pb, and S, the overall release was lower.
Unlike Pb, where a lower degree of mobilization could be explained by the element being
retained in secondary minerals, sequential extraction for Sb was missing due to the high
detection limit (<5 ppm), leading to any possible correlations being missed. Considering
the amount of Sb found in the waste rock, a relatively large amount of secondary minerals
could have precipitated despite the results being below the detection limit (13%). Similar
observations were made for Hg (6%). However, the overall high content of Hg in the waste
rock correlated with a seemingly limited leachability (0.08%) (Figure 4), which is somewhat
misleading because measured concentrations of Hg released into the leachate (13 µg/L)
far exceeded the MCL (maximal contamination level) from USEPA for drinking water
of 2 µg/L [45]. Additionally, extremely high concentrations of Tl were observed in the
leachate (317 µg/L), which can be compared to the MCL of 2 µg/L or the MCLG (maximum
contamination level goals) of 0.5 µg/L [45]. Thallium is often undetected by standard
analytical methods and rarely studied, even though it is considered more toxic to humans
than both Cd and Hg [46]. Under extremely acidic conditions, such as those operating
here, Tl’s adsorption onto surfaces is restricted, suggesting limited retention in secondary
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minerals [47]. Although the correlation between Hg and Tl was observed in pyrite, the
leachability of Hg was substantially lower than for Tl, suggesting an additional source of
Hg not related to and more resilient to weathering than pyrite. Due to the high detection
limit of sequential extraction, it is also possible that the weathered Hg precipitated into
secondary mineral without showing in the results.

There do not seem to be any other correlations between element releases other than that
attributed to sulfide oxidation, suggesting that there are most likely several different minerals
being leached, but these are overridden by the pyrite oxidizing to a large extent. The low pH,
the abundance of Fe3+, and mineral exposure are the main mechanisms responsible.

3.4. Implications

The coupling of mineralogical and geochemical interactions is essential in under-
standing parameters controlling ARD formations and developing effective and sustainable
preventive methods [48]. As previously discussed, most techniques for microencapsulation
study the ability to prevent oxidation in pyritic tailings. When a buffering material is added
to pyrite, oxidation can occur in circumneutral pH, favoring the precipitation of HFO on
the pyrite’s surface, resulting in a limitation of the sulfide oxidation [49]. When pyrite is the
sole mineral, trace element mobilization and attenuation reactions reflect reactions within
the pyrite. However, preventing oxidation in a more complex material, such as waste rock
consisting of numerous minerals, is more complicated because electrochemical processes
most often protect the pyrite, favoring the oxidation of other sulfides [6,35–38]. In other
words, trace element allocation is a vital aspect of the prevention’s success in limiting their
release. It is evident that in the waste rock studied herein, it is not the pyrite itself but rather
inclusions within the pyrite that are most vulnerable to oxidation due to the previously
discussed aspects of electrochemical processes. Therefore, in the event of passivation of
sulfidic surfaces using HFO, there is an imminent risk that the release of trace elements
will not be prevented by remaining in the mineral. Instead, there is a probability of these
elements being preferentially bound in or to secondary minerals. For example, the waste
rock studied herein treated with LKD, Cu, and Zn, mainly present as inclusions, had the
highest attenuation in secondary minerals of the trace elements studied [5]. Therefore,
there is a risk of them being released in changing geochemical environments, such as
when dry-covered. Altogether, this shows a need to understand interactions between
minerals when implementing preventing methods such as microencapsulation to ascertain
the method’s success.

4. Conclusions

• Trace elements found at elevated levels in the waste rock coincide with those found in
pyrite, either as impurities or as inclusions. Hence, trace element content in a single
mineral can have a noticeable impact on the chemistry of the waste rock as a whole,
especially if that mineral has a high abundance in the whole rock;

• Waste rock leachate showed high element concentrations despite relatively low abun-
dance in the solid phase. An estimation showed that approximately 78% Cu, 72% Zn,
and 16% As had been depleted after only two years of leaching;

• The high leachability and low retention in secondary minerals after only two years of
leaching suggest that metals such as Cu and Zn are highly interesting elements to be
recovered by accelerating the sulfide oxidation, despite their overall low abundance in
the waste rock. However, the viability of such measures needs to be further studied;

• Leaching of this waste rock, although selectively sampled, clearly shows that applying
preventive measures to inhibit the sulfide oxidation during the delay time from mining
to remediation is crucial for limiting the overall environmental impact.
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