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ABSTRACT 

One of the central and most challenging environmental problems related to mining is the gen-
eration of acid rock drainage (ARD). The drainage is characterized by low pH and elevated 
concentrations of sulfate, metals, and metalloids formed when sulfide-bearing minerals are sub-
jected to oxygen and water. Current remediation solutions, including active and passive tech-
niques, have been developed to reduce ARD's negative impact. However, these treatments re-
quire continuous maintenance due to a persistent need for the addition of chemicals, requiring 
a high energy output, and a need for long-term monitoring until sulfide oxidation has ceased. 
Once it has been initiated, ARD formation could last for hundreds to thousands of years, making 
these approaches costly and unsustainable. A more strategic and environmentally sustainable 
approach would focus on preventing sulfide oxidation rather than treating its symptoms.  

This thesis explores five different secondary raw materials (SRM) (denoted below) for their use 
as amendments to prevent pyrite oxidation during storage. A combination of several mineralog-
ical and geochemical methods was used to assess the materials' ability to maintain circumneu-
tral pH when leaching pyritic waste rock (> 60% pyrite) in small-scale test cells (10L) to pro-
mote hydrous ferric oxides precipitation on the pyrite surfaces.  

The oxidation of waste rock resulted in drainage characterized by low pH (<2) and extensive 
element mobilization of up to 80% of the original content during the first two years. The results 
highlight the importance of trace element characterization and the need for early preventive 
measures to hinder or reduce the risk of acid drainage formation that requires active and costly 
long-term treatment. Conversely, adding 1-5 wt.% SRM to the waste rock created drainages 
with circumneutral pH and substantially lower sulfate and metal concentrations. However, not 
all materials could maintain circumneutral pH for an extended time, such as blast furnace slag 
(air-cooled and granulated) and cement kiln dust. These materials either require larger volumes 
of water to dissolve or contain minerals that allowed the material to harden upon contact with 
water which can inhibit its neutralization capacity. Biomass fly ash showed a similar but less 
extensive, hardening effect resulting in a better ability to maintain circumneutral pH for more 
than two years despite its small addition (1-2.5wt.%). A similar ability was observed for lime 
kiln dust (5 wt.%). Conversely, to lime kiln dust, the ash contained high soluble elements of 
potential concern, and its usage should be questioned despite only a temporary increase of ele-
ments through wash-out. However, the correlation between the amount of fly ash added and the 
timespan of circumneutral pH was not linear, resulting in the risk of prematurely declining pH 
if too little is added. Conversely, adding too much fly ash increases the risk of material harden-
ing.  

One major concern with this treatment method is that it can inflate secondary minerals for-
mation, leading to latent acidity and element release through their dissolution in changing geo-
chemical conditions, such as wet or dry coverage measures. However, the addition of small 



amounts of SRM (1-4% of the waste rock's net neutralizing potential) to the waste rock dramat-
ically improves the overall drainage quality without increasing the total amount of secondary 
minerals formed compared to no addition. In general, the type of secondary minerals formed 
on the waste rock without SRM treatment was considered less stable in an oxidizing environ-
ment than those formed through SRM treatment, suggesting that not treating the waste rock is 
inferior to SRM treatment both before and after covering measures. 

In conclusion, this thesis's results show that using small amounts of SRM can prevent oxidation 
during at least two years, likely due to HFO formation on the reactive surfaces. Consequently, 
it can substantially limit the need for treatment measures, both before and after remediation, 
decreasing the overall need and cost for chemicals, energy, and long-term monitoring, stressing 
the need for applying preventive measures during the storage time from mining to remediation. 
However, secondary minerals' long-term stability needs further evaluation and understanding 
before this method can be applied on a larger scale. 
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INTRODUCTION 

Extraction and processing of mineral reserves produce considerable amounts of waste around 
the world. Technological innovation in mining and processing technology has increased extrac-
tion efficiency. However, most of the material mined to reach the coveted ore is still discarded 
as waste, resulting in several Gtons of mine waste annually (Hudson-Edwards et al., 2011). The 
quantities and complexity of mine wastes are expected to increase significantly due to the ex-
ponential increase in demand for innovative critical metals for green technology development. 
Until the day there is a financial incentive or technical ability to reuse, recycle, or re-mine sul-
fide-rich waste rock, it must be stored on-site indefinitely. However, even adequately stored 
waste rock can impact ecological, hydrological, geotechnical, and environmental aspects such 
as ground- and surface water, and soils, to mention a few, and the deterioration often occurs 
gradually, with an example being acid rock drainage formation. The origination of ARD begins 
with the oxidation of sulfide-bearing mine waste and is considered one of the most problematic 
environmental problems related to mining (Kefeni et al., 21017) which may persist for hundreds 
to thousands of years once initiated (INAP, 2021; Höglund et al., 2003). The reactivity of sul-
fidic mine waste limits its ability to be reused and recycled unless the sulfides are exploited. A 
need for alternative methods to reduce the oxidation and reactivity of these waste types is there-
fore needed. Traditional remediation methods include active treatment of drainage water during 
operation followed by dry covering or subaqueous disposal during the decommissioning of the 
mine. However, this strategy is not suitable for reactive waste since the barrier is often applied 
too late at the end of mine life. Therefore, new strategies to limit ARD formation during oper-
ation need to be developed. 

Passivation of sulfide surfaces is a novel inhibition technique for controlling ARD formation 
by creating a coating on the sulfide surface capable of protecting against oxidation (Zhang and 
Evangelou, 1998). Several additives for enhancing surface coatings have been explored, both 
organic and inorganic in solid or liquid form, sprinkled, mixed, or layered on top (Park et al., 
2019). Despite promising results, methods for passivation are still only in the development stage 
as studies are primarily dominated by small-scale laboratory tests focusing on single mineral 
systems. Larger-scale testing on more complex sulfide-rich materials such as waste rock is 
therefore needed to ensure sustainable mine waste and water management. 

Many reagents used for passivation are associated with high costs and could be potentially 
harmful to the environment if not stable in the long term. A way of avoiding this could be the 
use of alkaline secondary raw materials (SRM) to substitute virgin materials. When combined 
with reactive mine waste, they can form hydrous ferric oxides (HFO) on the reactive surface to 
create a semi-permanent solution for preventing sulfides from oxidizing (Pérez-López et al., 
2007). 
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This thesis is based on studies exploring the use of five different SRM (blast furnace slag, gran-
ulated blast furnace slag, cement kiln dust, lime kiln dust, and biomass fly ash) as amendments 
for preventing sulfide oxidation by HFO formation on the reactive surfaces in sulfide-rich waste 
rock. 

Aim and scope of the thesis 

This thesis aims to reduce sulfide oxidation and the subsequent formation of ARD in sulfidic 
waste rock using secondary raw materials to enable precipitation of hydrous ferric oxides on 
the reactive surfaces. The focus was primarily to reduce oxidation during a time frame for the 
mining operations. Furthermore, this thesis aimes to reduce the consumption and transport of 
virgin natural resources and favor secondary raw materials for a circular approach but not ex-
clude aspects such as valorization or green economy. 

The specific objectives of this thesis were to: 

• Geochemically characterize the waste rock and identify minerals hosting selected trace
elements.

• Identify SRM suitable for passivation purposes.
• Investigate the extent of sulfide oxidation decrease by addition of SRM and the geo-

chemical process behind
• Estimate the sequestration of trace elements and their mobilization in changing chemical

conditions.

Outline of the thesis 

This thesis is based on studies brought forward in four appended papers (Papers I-IV). Part I 
relate to the main findings described in the papers to the objectives defined above. Background 
of the waste rock characteristics, ARD generation, and methods for preventing ARD formation 
is provided in Chapter 2. The materials used, along with a summary of methods, are described 
in Chapter 3. The main findings from the studies are summarized in Chapter 4, discussed and 
considered in a broader context in Chapter 5, and concluded in Chapter 6. Part II of the thesis 
consists of the appended papers. 
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CURRENT APPROACHES TO PREVENT AND MITIGATE ACID ROCK 
DRAINAGE FORMATION 

Specific characteristics of waste rock 

Waste is defined as unwanted matter or material of any type, especially what is left after useful 
substances or parts have been removed (Cambridge University Press, 2021). For mine waste, 
this definition means all types of non-economic material produced within the mine workings. 
On a global scale, mine wastes represent one of the largest waste sources by volume (Hudson-
Edwards et al., 2011). On a regional scale, in Sweden, 105 Mton mine waste was generated in 
2018 (Swedish Geological Survey, 2019), comprising approximately 75% of the total amount 
of waste generated in the country (Naturvårdsverket, 2020).  

Regardless of the mineral commodity, deposit type, or extraction method, mine waste primarily 
constitutes tailings and waste rock (Hudson-Edwards et al., 2011) at approximately equal 
amounts (Swedish Geological Survey, 2019). The former is a residue resulting from milling 
and processing the ore into a metal concentrate, and the latter consists of non-valuable rock, 
which needs to be removed to access the profitable ore. Based on its definition, waste rock is 
commonly a very heterogeneous material comprising various rocks, sedimentary, metamorphic, 
or igneous. Due to blasting, the rock contains a large spread of particle sizes, varying from clay 
to boulder size fragments compared to silty tailings (Lottermoser, 2010).  

Storage practices for tailings and waste rock substantially differ from each other, causing 
changes in geochemical processes and transport mechanisms. Tailings slurries are commonly 
pumped into tailings ponds where particulates consolidate, causing limited ambient exposure. 
In contrast, waste rock is commonly stored underground or in stockpiles close to the mine 
workings if backfilled is not possible. The stockpiles are porous and hydraulically unsaturated. 
Therefore, the waste rock is relatively exposed to the atmosphere (Vriens et al., 2020). The fine-
grained characteristics of the tailings results in a larger surface area that (depending on miner-
alogy) can increase geochemical reaction rates, such as sulfide oxidation (Hollings et al., 2001). 
Large variation in waste rock particle size can result in higher permeability causing non-uni-
form hydrodynamic behavior allowing for faster transport of oxygen and water, which can sub-
stantially increase sulfide oxidation (Amos et al., 2015).  

Waste rock from non-ferrous mining often contains a non-negligible fraction of sulfide minerals 
and can generate negative environmental impact through ARD formation, where heterogeneity, 
type, and amount of non-negligible sulfides and storage are a few of the underlying factors 
determining the size of the problem. Although some waste rocks may be highly reactive (Nys-
tröm et al., 2021, 2019a, 2019b; Ragnvaldsson et al., 2014; Alakangas et al., 2012), even low-
sulfidic waste rock can generate ARD. 
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Sulfide oxidation and acid rock drainage formation 

Sulfide-bearing minerals occur in small amounts in the Earth's crust with local enrichment 
through mineralization. These minerals are formed and remain stable in environments in which 
oxygen is absent. When subjected to oxygen and water, sulfide minerals will dissociate and 
form an acidic, metal(loid) and sulfate-rich water denoted as acid rock drainage (ARD). Alt-
hough ARD generation naturally occurs in many sulfide-containing rocks exposed to oxygen, 
the process is often slow. However, anthropogenic activities such as mining can accelerate its 
generation due to displacement and downsizing of material, subjecting an increasing amount of 
sulfides to the atmosphere. The most abundant sulfide mineral is pyrite (Vaughan, 2021), and 
its oxidation is described by Singer and Stumm (1970) through the following reactions: 

FeS2 + 7
2

O2 (aq) + H2O ↔ Fe2+ + 2SO4
2− + 2H+ (1) 

Fe2+ + 1
4

O2 + H+ ↔  Fe3+ + 1
2

H2O  (2) 

Fe3+ + 3H2O ↔ Fe(OH)3 + 3H+ (3) 

The overall reaction is written as: 

FeS2(s) + 15
4

O2(g) + 7
2

H2O(l) ↔ Fe(OH)3(s) + 2SO4(aq)
2− + 4H+ (4) 

At near neutral pH, pyrite's oxidation driven by atmospheric oxygen produces Fe(II), sulfate, 
and acidity (Reaction 1). Ferrous iron (Fe(II)) can, can then be oxidized into Fe(III) (Reaction 
2) followed by its hydrolysis into various forms of Fe (oxy)hydroxides and/or (oxy)hydroxy-
sulfates depending primarily on pH, redox potential, and sulfate content of the solution
(Nordstrom, 1982). These phases can be grouped as hydrous ferric oxides (HFO), but are here
shown as ferrihydrite, Fe(OH)3 (Reaction 3). In reality, pyrite's oxidation is a complex bio-
chemical process involving several redox reactions with a few electrons' moving at a time, cat-
alyzed by microbial activity (Nordstrom and Alpers, 1999; Nordstrom, 1982). Herein the over-
all reaction is described according to reaction 4. At low pH (<3.5), the hydrolysis of Fe(III)
dramatically decreases, leaving Fe(III) as an additional oxidant capable of speeding up the ox-
idation and forming important catalytic feedback (Figure 1, Reaction 5).

FeS2 + 14Fe3+ + 8H2O ↔ 15Fe2+ + 2SO4
2− + 16H+ (5) 

The overall oxidation rate rapidly decreases in the absence of oxygen. Iron(III) oxidation of 
pyrite is much faster than that by oxygen, and chemical conditions favoring Fe3+ should there-
fore be prevented. However, it is also faster than the oxidation of Fe(II) to Fe(III) (Nordstrom, 
1982). Despite Fe(III) 's catalytic effect on sulfide oxidation, the rate of abiotic pyrite oxidation 
is described as slow, especially at low pH connected to the rate-limiting step of Fe(II) oxidiza-
tion (Singer and Stumm, 1970). The presence of organisms can accelerate oxygenation (Singer 
and Stumm, 1970). Consequently, Fe(III) as the main oxidant has a substantial impact on ARD 
generation due to its ability to generate four times the acidity compared to oxygen (Reaction 
5).  
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In general, pyrite oxidation releases Fe, SO4
2-, and acidity into solution. However, trace ele-

ments present in the pyrite such as As, Cu, Hg, Pb, Sb, Tl, and Zn (Abraitis et al. 2004) and 
other weathered minerals will determine the chemistry of the ARD.  

Due to the amount of waste rock produced, its potential sulfide content, and exposure to ambient 
conditions, it may form large volumes of ARD if deposited without applying preventive 
measures. Moreover, new extraction methods and an increasing need for metals and minerals 
lead to the mining of more complex and low-grade ores, resulting in larger volumes of increas-
ingly complex mine waste, further stressing the need for early preventive measures. 

Acid buffering reactions 

Carbonate minerals (e.g., calcite), Al- and Fe-(oxy)hydroxides (e.g., gibbsite and HFO), and 
silicate minerals (e.g., feldspars, chlorites, and micas) can counteract ARD formation through 
their ability to consume acids when dissolving. The combination of neutralizing minerals tends 
to create a buffering sequence describing a specific pH interval within which they are typically 
depleted. Carbonates are consumed around pH 6-7, whereas Al- and Fe- (oxy)hydroxides typi-
cally buffer acidity around pH 4-5 and 3-4, respectively (Vriens et al., 2020; Lottermoser, 2010; 
Salomons, 1995). Silicates are known to buffer acidity over a wide pH range. However, their 
ability to buffer acidity at low pH is highly limited (Plumlee, 1999). Acid-buffering minerals 
can dissolve alongside progressing sulfide oxidation when they are naturally co-located in the 
waste rock matrix, creating neutral drainage with low metal(loid) concentrations (Vriens et al., 
2019). However, that is rarely the case since buffering mineral dissolution is generally faster 
than sulfide oxidation (Lottermoser, 2010), which is one reason why ARD formation can take 
decades to develop. 

Figure 1. Simplified illustration describing the oxidative dissolution of pyrite by oxygen and ferric iron through catalytic 
feedback. Modified from Vriens et al. (2020). 
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Attenuation processes 

Attenuation processes such as adsorption and secondary minerals formation can largely influ-
ence drainage quality through differences between whole-rock elemental composition and ob-
served drainage loads. (Nordstrom, 2011).  

Geochemical adsorption refers to the attachment of aqueous solutes, such as anions, cations, 
and complex ligands, to mineral surfaces. Many minerals have a negatively charged surface 
within normal pH ranges. Therefore, these surfaces can attract cations, rendering the mineral 
"neutralized". However, these attracted ions can bond to the mineral surface in different ways 
by relatively strong covalent bonding (inner-sphere), weaker electrostatic attraction (outer-
sphere), or simply by residing close to the surface (diffusive) (Figure 2). It is important to note 
that whatever ions are adsorbed, they can be substituted. This process is commonly known as 
ion exchange. 

Various approaches have been taken to categorize the types of minerals in mine waste. Herein, 
classification, according to Jamieson et al. (2015), is used by defining primary minerals as those 
existing pre-mining and secondary as those formed post-mining. Secondary minerals often in-
clude water-soluble salts, (oxy)hydroxides, (oxy)hydroxysulfates, (oxy)hydroxycarbonates, 
phosphates or arsenates depending on primary waste rock mineralogy and chemistry, but also 
physical and hydrological conditions of the waste rock piles (size, particle size, hydraulic re-
tention time, etc.) (Vriens et al., 2020). 

Figure 2. A schematic representation of a mineral surface illustrating differences in adsorption types. Modified from 
Zhu and Anderson (2002). 

O

O

Si O

O

Si O

O

Si O

O

Si O

OO
Ca

Ca

O

O O

O

O

O

Ca OO
Inner-sphere

Outer-sphere

Diffusive

Bulk-water



 
 

8 
 

Secondary minerals are often seen as distinct rims or coatings on weathered particles. The het-
erogeneity of waste rock often results in the mobilization of elements at one location followed 
by its subsequent precipitation elsewhere in, or adjacent, or at a distance from the waste rock 
pile. Although secondary precipitates such as HFO are common (Nordstrom et al., 2015), it still 
takes time for them to accumulate into detectable levels, and therefore, they are more commonly 
inferred by geochemical calculations and modeling rather than being analytically identified. 
Nevertheless, even a low abundance of secondary mineral phases, such as HFO, can be im-
portant sinks through their ability to adsorb and co-precipitate with a wide range of metal(loid)s 
acting as an attenuation sink. 

Acid rock drainage treatment 

Acid rock drainage develops when neutralization capacity 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.  

Numerous strategies have been developed to manage ARD, where the most common treatment 
method is through the active addition of chemicals. Alkaline reagents, such as Ca(OH)2, CaO, 
or NaOH, raise the drainage's pH, which together with aeration allows for Fe(II) oxidation and 
precipitation of Me-(oxy)hydroxides removed through settling and filtration systems. Lime 
(CaO) and hydrated lime (Ca(OH)2) are considered the most efficient neutralizing materials, 
and thus, are the most widely used for ARD treatment (Johnson and Hallberg, 2005; Brown et 
al., 2002; Younger et al., 2002). However, most chemicals used are commercially manufactured 

 

Figure 3. A simplified and non balanced schematic figure illustrating the formation of hydrous ferric oxides (HFO) coatings 
on pyrite. I: Oxygen reduction, II: Pyrite dissolution and sulfate oxidation, III: Ferrous oxidation, IV: Formation of HFO 
through the hydration of ferric iron. Modified from Park et al. (2019). 
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and can be rather expensive depending on the type (Acharya and Kharel, 2020; Kefeni et al., 
2017). In recent years, research has been looking into exchanging some of these alkaline chem-
icals for secondary raw materials since their use can promote valorization as cost-effective al-
ternatives. Studied SRMs include, but not limited to, cement kiln dust (Sulaymon et al., 2015; 
Mackie and Walsh, 2012; Doye and Duchesne, 2003), lime kiln dust (Tolonen et al., 2014), 
coal fly ash (Jones and Cetin, 2017; Madzivire et al., 2014), and paper mill residues (Alakangas 
et al., 2013; Pérez-López et al., 2011). However, regardless of the amendment choice, active 
treatment is based on the precipitation of various secondary minerals resulting in the formation 
of a secondary waste in the form of a sludge that needs to be disposed of additional treatment 
and deposition (Acharya and Kharel, 2020).  

Despite its success in limiting overall adverse effects, treatment methods are not long-term so-
lutions since they require continuous maintenance with an incessant addon of chemicals, energy 
consumption, and long-term monitoring until oxidation has ceased. Thus, they do not apply to 
the "walk away principle" in Sweden, which refers to the need for a long-term stable solution 
capable of self-managing before the mine site can be abandoned. 

Methods for acid rock drainage prevention 

During the last decades, numerous methods for preventing sulfide oxidation and subsequent 
ARD formation have been developed (Park et al., 2019). Due to the nature of ARD formation, 
solutions to prevent it lies within methods to control Fe(II) oxidation. Strategies for such control 
resides in either kinetic or thermodynamic control. 

Kinetic control requires the suppression of the catalytic agent responsible for the increased ox-
idation rate of Fe(II), namely bacteria. Bactericides work by disrupting bacteria's contact with 
mineral surfaces or harming their protective cell membrane (Baker-Austin and Dopson, 2007), 
which allow them to function in an acidic environment by using, e.g., anionic surfactants (Evan-
gelou, 1995; Zhang and Wang, 2017) or organic acids (Baker-Austin and Dopson, 2007). How-
ever, bactericides are not permanent solutions as they are commonly water-soluble and easily 
transported away from the sulfide surfaces, making them most applicable when there is an im-
minent need of suppressing the sulfide oxidation since repetitive treatments are needed (Klein-
mann, 1999). Moreover, Sand et al. (2007) reported that bactericides do not kill the bacteria 
completely, it only reduces their activity and numbers. On a final note, since bactericides are 
harmful to bacteria, they can also be harmful to other living organisms (Hodges et al., 2006; 
Liwarska et al., 2005). 

Thermodynamic control is based on the total elimination of oxygen and creating reducing con-
ditions in the mine waste. One of the most commonly used techniques is applying oxygen bar-
riers such as dry covers or subaqueous disposal. Oxygen has a lower solubility and diffusion in 
water than in the air, resulting in that mine waste underwater can reduce redox conditions. 
Backfilling of waste rock is commonly performed during the decommissioning of a mine where 
flooding of and sealing above the waste rock is a common approach in Sweden (Villain, 2014). 
On the other hand, dry covers are commonly constructed by till of varying quality, which can 
have large discrepancies in its construction, but the common denominator is creating a high 
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degree of saturation in the sealing layer above the mine waste to reduce water percolation and 
O2 influx. Recent studies have examined the potential to exchange virgin natural resources with 
SRM such as green liquor dregs (Sirén et al., 2016; Mäkitalo et al., 2015, 2016), fly ash (Demers 
et al., 2017; Lu et al., 2013; Hallberg et al., 2005) and cement kiln dust (Duchesne and Doye, 
2005).  

Passivation of sulfidic surfaces 

Whereas physical oxygen barriers have been adopted for centuries in various types and man-
ners, a more recent approach is inhibition, passivation, and microencapsulation, which are more 
or less synonymously used in the literature and involve creating a chemical barrier particle 
surface to prevent oxidation. 

There are several types of passivation methods, each utilizing different amendments for creating 
coatings ranging from organic to inorganic or a combination of the two. Coatings for pas-
sivation can consist of different type of ferric minerals such as ferric phosphates (Kollidas et 
al., 2019; Evangelou 2001, 1995; Fytas and Evangelou, 1998; Vandiviere and Evangelou, 1998; 
Nyanvor and Egiebor, 1995; Huang and Evangelou, 1992) or ferric hydroxide-silica (Kollidas 
et al., 2018, 2015; Fan et al., 2017; Kang et al., 2016; Evangelou 2001; Vandiviere and Evan-
gelou, 1998; Zhang and Evangelou, 1998; Evangelou, 1996).  

Unfortunately, most of these methods require pre-oxidation with H2O2 resulting in high costs 
and difficulty to use in practice (Ouyang et al. 2015). Also, amendments such as phosphate and 
organics can be potentially harmful to the environment when entering water bodies, leading to 
eutrophication (Khummalai and Boonamnuayvitaya, 2005). 

Other methods such as permanganate (Ji et al., 2012; Misra et al., 2006; De Vries. 1996) and 
organic coatings have been proposed where the latter renders the reactive surfaces hydrophobic, 
which limits the water-mineral interactions and reduce the amount of area exposed to oxidation 
(Ačai et al., 2009; Kargbo et al., 2004; Elsetinow et al., 2003; Zhang et al., 2003; Jiang et al., 
2000; Belzile et al., 1997; Lalvani et al., 1990). However, the stability of organic coating has 
been questioned since microorganisms can degrade these complex organic compounds, render-
ing the coating inefficient. 

Silane-based coating combines an inorganic and organic component to enhance durability and 
adhesion but remains flexible and crack resistant (Ouyang et al., 2015; Diao et al., 2013; You 
et al., 2013; Khummalai and Boonamnuayvitaya, 2005). Unfortunately, relatively large 
amounts of these amendments must be used to avoid cracking. Therefore, recent studies include 
mixing with nano- or microparticles (Gong et al., 2021; Li et al., 2021; Liu et al., 2017) 

A technique called carrier microencapsulation was developed to target sulfides in complex min-
eral systems specifically. The method combines a redox-sensitive organic compound with 
metal(loid) ions into a soluble metal(loid) and organic complex capable of selectively decom-
posing on sulfide minerals and precipitate as metal(loid) oxyhydroxides (Li et al., 2019; Park 
et al., 2021, 2020, 2018a, 2018b; Tabelin et al., 2019; Yuniati et al., 2015a, 2015b; Jha et al., 
2008, 2011, 2012; Satur et al., 2007). Due to its ability to selectively target sulfides, it has been 
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suggested that it could treat low sulfide mine waste without the excess use of reagents (Park et 
al., 2019).  

However, despite promising results, methods for passivation often rely on the complete sub-
mersion of the reactive mineral in the solute in question. These studies are still under the devel-
opment stage. However, if applied on waste rock at a larger scale, a new strategy for waste rock 
deposition would likely need to be adopted, including milling and processing the material. 

An alternative method is the co-disposal and blending of either acid-consuming or alkaline 
generating materials with reactive mine waste to enhance HFO formation on the reactive sur-
faces. Various SRM have shown promising results in inhibiting the sulfide oxidation and cost-
effective alternatives to virgin materials such as limestone or lime (Alakangas et al., 2013; Sa-
hoo et al., 2013; Pérez-López et al., 2007, 2009). 

Hydrous ferric oxides 

Pyrite oxidation in a wide pH range can form various HFO minerals. If the oxidation occurs at 
near-neutral pH and in the presence of enough alkalinity, HFO formation is intensified and can 
develop coatings on the surface, synonymous with rims (Figure 3). If these conditions are up-
held for a more extended period, these coatings will grow thicker, densify and eventually reduce 
the rate of pyrite oxidation.  When pyrite oxidizes under these conditions, acidity is neutralized 
near the mineral surface. Simultaneously, the rapid oxidation of Fe(II) to Fe(III) followed by 
hydration allows for speedy precipitation into poorly crystalline HFO colloids. Huminicki and 
Rimstidt (2009) suggested that the process of HFO coating formation on pyrite surfaces consists 
of two stages (Figure 4). 

At operating conditions (near-neutral pH with sufficient alkalinity), the HFO colloid is oppo-
sitely charged to the pyrite surfaces, which allow for attraction and attachment of the HFO 
colloid on the pyrite surface forming a thin, porous, and permeable layer (Stage I, Figure 4). At 
this stage, the coating is still relatively ineffective in preventing further oxidation. However, 
with time, the coating grows thicker with the continuous release of Fe(II) by pyrite oxidation 
and subsequent precipitation of HFO colloids between previously attached HFO colloids, de-
creasing not only the porosity but also permeability, lowering the oxidation rate (Stage II, Fig-
ure 4). 

The creation of HFO on reactive sulfide surfaces has been demonstrated by, e.g., Nicholson et 
al. (1990), who showed that the HFO layer accumulates in carbonate solution with near-neutral 
pH, which substantially lowered the oxidation rate. The effectiveness of the approach is sup-
ported by Holmström et al. (1999), using humidity cell testing. An advantage to other methods, 
not relying on HFO formation for preventing purposes, is that, given the right conditions, HFO 
will form naturally, are self-healing, and become more effective with time, decreasing the need 
for alkalinity supply (Huminicki et al., 2009). 
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Figure 4. Schematic diagram showing the steps of hydrous ferric oxide (HFO) coating formation on pyrite. Stage I shows 
the initial deposition of a porous and permeable HFO coating by the attachment of HFO colloidal particles. Stage II shows 
the transition from reaction-limited to diffusion-limited rates as the coating becomes denser and thicker resulting from 
the HFO precipitation in space between HFO colloids. Modified from Huminicki and Rimstidt (2009). 

 

O2

Fe2+ O2

Fe3+ HCO3
-

HFO colloid

HFO

≡

HFO

R
ea

ct
io

n-
lim

ite
d 

ox
id

at
io

n
C

ol
lo

id
 fo

rm
at

io
n 

an
d 

at
ta

ch
m

en
t

ST
AG

E 
I

HFO

HFO

HFO

HFO

ST
AG

E 
II

Fe2+ O2

Fe3+ HCO3
- colloid

overgrowth

HFO

HFO

HFO

HFO

C
ol

lo
id

 c
em

en
ta

tio
n 

an
d 

ov
er

gr
ow

th
G

ro
w

th
 o

f c
oa

tin
g 

in
w

ar
d

O2 diffusion-limited oxidation





14 

STUDY MATERIALS 

Sulfidic waste rock 

The sulfidic waste rock originated from a Boliden Mineral AB-owned base- and precious metal 
(copper, gold, silver, and zink) open-pit mine in northern Sweden. The ore deposit is a volcanic-
associated massive sulfide (VMS) deposit hosted in the Skellefte group with an approximate 
age of 1.89 Ga (Montelius, 2005). Production began in the year 2000, after which 9.9 Mtons of 
waste rock have been generated with the expectation that 10 Mtons of waste rock will be present 
at the end of the mine's life. In total, 9.3 Mtons is predicted to be potentially acid-producing. 
Alakangas et al. (2014) previously described the waste rock sampling, which included the 
screening of waste rock piles with a handheld X-ray Fluorescence (XRF) from Olympus Innov-
x systems, USA, to select waste rock with high sulfur content. Alakangas et al. (2014) also 
characterized the waste rock for its major and minor element content showing an average sulfur 
content of ca. 30%, and Nyström et al. (2017) showed that the waste rock was "potentially acid-
producing" with an average net neutralization potential (NNP) of -946 kg CaCO3/ton waste 
rock. 

Alkaline secondary raw materials 

SRMs range from wastes to commercially established (by)-products with the common denom-
inator of being salvaged materials that can be substituted for virgin raw materials. Their use can 
promote valorization and be cost-effective alternatives. 

Blast furnace slag 

Blast furnace slag (BFS) originates from the manufacturing of crude iron, whereby iron ore is 
added to a blast furnace with coke (reduction agent) and limestone (slag former) to remove 
impurities. The residues, mainly coke ash and non-metallic components, are removed by chem-
ically combining them into a liquid slag. The slag can be air-cooled (BFS), resulting in a pre-
dominantly crystalline material, or water granulated (GBFS), resulting in amorphous sand-like 
material (0-4 mm). Both BFS and GBFS are known to have excellent geotechnical properties. 
For these reasons, BFS is often used in road construction. In contrast, ground GBFS is mainly 
used as a supplementary cementing material blended with cement for concrete production. The 
BFS has been crushed to sizes 0-4 mm before testing. MEROX AB supplied both the BFS 
(Luleå) and GBFS (Oxelösund).  

Cement kiln dust 

Cement kiln dust (CKD) originates from the manufacturing of cement, whereby CaCO3 and 
Si-, Al- and Fe-oxides are added to a rotary kiln and heated to a temperature of 1450 oC to form 
alite (main mineral in Portland cement) (Hökfors, 2014). During the heating, flue gasses are 
emitted, generating CKD from stripping the gasses from dust. CKD is primarily used as a com-
ponent in cement. Cementa AB supplied the CKD used in this study. 
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Lime kiln dust 

Lime kiln dust (LKD) originates from lime (CaO) manufacturing, whereby limestone is added 
to a rotary kiln and heated to temperatures up to 1200-1300 oC. During the heating, flue gasses 
are emitted, generating LKD from stripping the gasses from dust. Some quicklime manufactur-
ers make briquettes out of LKD, whereas others deposit it in piles/silos on-site. LKD can also 
be mixed with varying amounts of crushed limestone to produce niche products. Nordkalk sup-
plied the LKD, a mixture of partially calcined material and finely crushed limestone (too fine 
for the kiln). The LKD had been stored in piles outside. 

Biomass fly ash 

Biomass fly ash (BA) originates from wood pulp manufacturing, one of the principal compo-
nents in paper. Wood is washed and debarked before being chopped into wood chips and di-
gested in the Kraft production. The bark is combusted for energy, resulting in an ash material 
from stripping the flue gases from dust during the incineration. BillerudKorsnäs supplied the 
BA used in this study, which is usually landfilled. The BA was fresh and dry. 
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METHODS 

The experimental design, sampling, analytical, and data interpretation methods are described 
briefly in this section. Detailed information can be found in the respective article denoted for 
each specific method.  

Geochemical characterization of the waste rock 

Automated mineralogy 
(Paper I) 

Polished uncovered thin sections 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. An optical mineral examination was performed on polished 
thin sections in reflected and transmitted light using a standard Nikon Eclipse E600POL petro-
graphic microscope (Nikon Instruments INC., Tokyo, Japan).  

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 refer-
ence. A minimum of 28 waste rock pieces (5-30 mm sieve size) 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 seven hours/thin section).  

Whole-rock analysis 
(Papers I-IV) 

The total element content of the waste rock was determined using a combination of methods 
due to apprehension regarding the overall low Cu content in the waste rock. The results were 
compared with those of Alakangas et al. (2014), showing a similar spread in element concen-
trations. 

i. Screening of more than 70 elements performed by using Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS) by the SVEDAC-accredited ALS Scandinavia laboratory
in Luleå, Sweden. Total element concentrations were analyzed after lithium borate fu-
sion and three acid digestion (nitric acid, hydrochloric acid, and hydrofluoric acid).

ii. ALS Brisbane, Australia, analyzed the three waste rock samples. Two waste rock sam-
ples were analyzed with XRF after lithium borate fusion containing 20% sodium nitrate
as an oxidizing agent. One sample was analyzed by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) after being fused with sodium peroxide and dis-
solved in diluted hydrochloric acid.

iii. ALS Loughrea, Ireland, analyzed waste rock samples using ICP-MS or ICP-AES. Total
element concentrations were analyzed after lithium borate fusion and two acid digestion
(nitric acid and hydrochloric acid).
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iv. Sulfidic sulfur was determined using 25% HCl leach followed by leco furnace melt.
ALS Vancouver, Canada, analyzed the samples by inductively coupled plasma optical
emission spectroscopy (ICP-OES).

Geochemical characterization of secondary raw materials 

XRD 
(Papers II, III, and IV) 

Mineralogical analysis of the BA, CDK, and LKD was performed using X-ray powder diffrac-
tion (XRD) and recorded with a PANalytical Empyrean diffractometer run in Bragg-Brentano 
geometry with CuKα radiation (λ=1.5406Å). The samples were scanned over the 2Ɵ range of 
5-90° with a step size of 0.0130°. The scan time was set to 47 minutes.

Thermogravimetric analysis 
(Paper III) 

Due to the relative pureness of LKD, minerals present in the material were quantified using 
thermogravimetric measurements by heating the material to 1000 °C in an inert argon gas using 
a NETZSCH STA 409 C/CD. Mineral content was calculated by coupling XRD results with 
thermogravimetric curves for each mineral (Földvári, 2011).  

SEM-EDS 
(Paper IV) 

For the BA, minerals were confirmed using a ZEISS Sigma 300 VP scanning electron micro-
scope (SEM) with two Bruker XFlash 6160 energy-dispersive spectroscopy detectors (EDX). 
Due to the material's fine-grained character, the primary electron beam's acceleration voltage 
was set to 10-15 kV to reduce the interaction volume. The aperture was set to 30 µm to avoid 
image distortion.  

High vacuum can alter minerals such as ettringite, commonly present in materials such as BA. 
Therefore, a sample of wet leached BA was investigated in low vacuum (25Pa) using Scanning 
Electron microscope, type Jeol JSM-IT100 combined with EDS analyzer, type Bruker (JEOL 
Nordic AB, Sollentuna, Sweden).  The acceleration voltage was set to 18kW. 

Batch testing 
(Paper II) 

The SRM were subjected to batch testing modified from Swedish standard SS-EN 12457-2 
(SIS, 2003) for prediction of neutralization potential and determination of the readily soluble 
elements. No downsizing of the materials was performed, and blank tests did not exceed 20% 
of the concentrations determined in the eluate of the tested wastes. According to the standard, 
conducting a batch test for 24 h is needed to dissolve all water-soluble fractions in a material. 
However, there is a risk that the solution may reach an equilibrium that prevents dissolution 
(SIS, 2003). Therefore, more complete dissolution was investigated by extending the batch test 
to 72 h (3 days, L/S 12) and 600 h (25 days, L/S 14), preferentially to conducting a two-stage 
batch test (L/S 2 and 10). After 24 h rotation on an end-over-end rotating device, the samples 
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were decanted, and 20% of the volume was replaced with MilliQ water. The procedure was 
repeated at 72 h (L/S 12) and 600 h (L/S 14).  

Kinetic testing 

Experimental setup 
(Papers I-IV) 

Kinetic testing was conducted in small-scale test cells to reproduce the oxidation conditions of 
waste rock and promote secondary mineral formation for passivation of the sulfidic surfaces. 
The experimental design consisted of eight high-density polyethylene cells with surface areas 
of 513 cm2 and a total volume of 10 L (Figure 5). The cells were filled with crushed waste rock 
(5-30 or 30-60 mm) and irrigated weekly with 600 mL of MQ water (0.05 μS/cm), correspond-
ing to average annual precipitation in the area a yearly L/S ratio of approximately 4. The bottom 
of each cell was lined with geotextile to avoid clogging of the tap. The waste rock in all cells 
was leached for up to eight weeks before adding SRM (Table 1).  A geotextile liner was used 
between the larger waste rock (30-60 mm) and SRM to avoid downward movement of the SRM. 
Mixing of CKD with BFS and GBFS respectively was performed by hand where the CKD's 
hydrophilic character enabled a more homogenous mixture without any obvious layering of the 
materials. Cell A was a control cell filled with solely waste rock (7.55 kg) and acted as a refer-
ence displaying the evolution of ARD production without any preventive measures for pas-
sivation.  

Table 1. Differences in leaching conditions in the eight small-scale test cells filled with high sulfidic waste rock and varying 
additions of lime kiln dust (LKD), blast furnace slag (BFS), granulated blast furnace slag (GBFS), and biomass fly ash (BA) 

Cell Waste rock LKD BFS GBFS CKD BA 

5-30 mm 30-60 mm wt.% wt.% wt.% wt.% wt.% 

A 7.75 kg Reference 

B 7.75 kg 5 

C 7.75 kg 4 1 

D 7.75 kg 4 1 

E 11 kg 5 

F 11 kg 1+1.5 

G 11 kg 2.5 

H 11 kg 5 
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Sampling of leachates 

Leachates were collected from the tap located at the bottom front of the cell weekly the day 
after irrigation. The collected leachates were measured for pH, electrical conductivity (EC), and 
temperature connected with the sampling in closed containers to avoid exposure to air. 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 nitro-
cellulose membrane into high-density polyethylene bottles using vacuum filtration. Washing of 
filters and filter equipment was performed in 5% acetic acid and 5% nitric acid, respectively. 
Filtrated samples were stored cold (4 °C) and in darkness until analysis.  

Analysis of dissolved elements and chloride 

Before analysis, 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) and inductively coupled plasma sec-
tor field mass spectrometry (ICP-SFMS) at the SVEDAC accredited laboratory ALS Scandina-
via in Luleå. The analysis was performed according to US EPA Method 200.7 (modified) and 
200.8 (modified) or by quantitative screening analysis for over 70 elements. Chloride and flu-
oride concentrations were determined using ion-selective electrodes. 

Trace element detection in pyrite 

LA-ICP-MS 
(Paper I) 

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 NWR193-nm excimer laser microprobe coupled to a Thermo Scientific iCAP Q quad-
rupole ICPMS at Luleå University of Technology, Sweden, was used. Analyses on pyrite were 
performed by laser-ablating spots of 35 μm in diameter, a repetition rate of 5 Hz, and laser beam 

Figure 5. Experimental design of small-scale test cells filled with (A) sulfidic waste rock, (B-H) sulfidic waste rock with 1-5 
wt.% secondary raw material. 
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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). Im-
aging 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 approxi-
mately 0.5 s. Data reduction was carried out using Iolite4 software (Paton et al., 2011). Iron 
was used as the internal standard (assuming stoichiometric Fe of pyrite). The primary calibra-
tion standard used was NIST 612 (Pearce et al., 1997) with UQAC FeSb (Savard et al., 2018), 
MASS1, USGS (Wilson et al., 2002), and NIST 610 (Pearce et al., 1997) used as secondary 
standards. Standards were analyzed every one and a half hours to correct for instrument drift. 

Geochemical characterization of secondary minerals formation 

Sequential extraction 
(Papers I, III, and IV) 

Sequential extraction by Dold (2003) was used to gain quantitative information on trace element 
association to secondary minerals. Grab samples of leached and non-leached waste rock were 
subjected to the seven-step sequential extraction at the SGS laboratory (Pittsburgh, USA). The 
method is adapted to the specific primary and secondary mineralogy associated with Cu-sulfide 
ores but has also been applied to other types of mine waste and was chosen due to its ability to 
differentiate various HFO phases. Whole-rock analysis of the samples was performed by NaOH 
fusion for comparison with Σ seven-step sequential extraction. 

Geochemical calculation 
(Papers I, III, and IV) 

Geochemical calculations, including aqueous species distribution, and mineral saturation state, 
were carried out using PHREEQC version 3.4.0 (Parkhurst and Appelo, 1999) using the 
wateq4f.dat thermodynamic database (Ball and Nordstrom, 1991). Ion imbalance for consid-
ered samples was within ± 14%. The solubility constants of more ordered ferrihydrites, 2- and 
6-line, were used as reported by Stefánsson (2007). For schwertmannite, the solubility constant
from Majzlan et al. (2004), originating from Bigham et al. (1996), was considered.

Raman analysis 
(Paper III) 

Mineral identification was performed with Raman analysis (532-nm laser excitation) using a 
Senterra Raman spectrometer connected to an Olympus BX microscope. For primary minerals, 
the laser power was set to 2 mW with an exposure time of 1 s with five scans and a pixel size 
of 1 μm. For secondary minerals, the laser power was set to 0.2 mW with an exposure time of 
60 s with three scans and a pixel size of 1 μm. Raman analysis was coupled with surface optical 
imaging using a ZEISS SteREO V.8 stereomicroscope followed by a ZEISS Gemini Merlin 
scanning electron microscope (SEM). 
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SUMMARY OF THE FINDINGS 

Mineralogy of the waste rock 

Mineralogical investigation of the waste rock revealed that it was dominated by pyrite (66%) 
with smaller amounts of quartz (17%), muscovite/sericite (6%), chlorite (4%), and calcite (1%). 
Other sulfides found at trace amounts in the waste rock included arsenopyrite (FeAsS, 1.8x10-

4 %), bournonite (PbCuSbS3, 4.1x10-4%), chalcopyrite (CuFeS2, 12x10-4%), pyrrhotite (Fe1-xS, 
2.4x10-4%), and sphalerite (ZnS, 2.6x10-4%), resulting in a low overall content of As-, Cu-, 
Pb-, and Zn-bearing minerals in the waste rock (Table 2). An overall high abundance of Fe and 
S was observed to correlate with pyrite content. Despite an overall low abundance of sulfides 
other than pyrite, elevated concentrations of As, Hg, Sb, and Tl were observed (Table 3), sug-
gesting their preferential occurrence as trace elements in other minerals. 

Table 2. Mineralogy of waste rock and secondary raw materials. The quantitative mineralogical composition of sulfide-rich 
waste rock was determined by quantitative automated mineralogy (QEMSCAN).  Cement kiln dust (CKD), biomass fly ash (BA), 
and lime kiln dust (LKD) were obtained from X-ray powder diffraction (XRD). Quantitative mineralogy of lime kiln dust (LKD) 
was determined by combining XRD results with thermogravimetry. Lime content of the LKD was determined using the "sugar 
rapid" method (ASTM 2011). Anhydrite and sylvine content were estimated based on S and Cl concentrations, respectively. 
The mineralogy of the blast furnace slag (BFS) and granulated blast furnace slag (GBFS) was obtained from Merox (2015). 

Waste rock % LKD % BFS GBFS CKD BA 
Pyrite 66 Calcite 85 Monticellite Glass Akermanite Albite 
Quartz 17 Mg-rich calcite 8 Akermanite Hercynite Alite Anorthite 
Muscovite 6 Anhydrite 2 Anhydrite Arcanite 
Chlorite 4 Gypsum 2 Anorthite Calcite 
Calcite 1 Lime 1 Arcanite Gehlenite 
Dravite 0.4 Slaked lime 2 Calcite Halite 
Kaolinite 0.3 Sylvine <0.2 Gehlenite Lime 
Albite 0.3 Gypsum Orthoclase 
Flourite 0.1 Larnite Perovskite 
Oligoclase 0.09 Lime Quartz 
Apatite 0.03 Portlandite Slaked lime 
Anatase 0.01 Quartz Sylvine 
Clinopyroxene 0.006 Sylvine 
Allanite 0.006 
Anorthite 0.003 
Sanidine 0.001 
Chalcopyrite 0.001 
Biotite 0.0009 
Bournonite 0.0004 
Sphalerite 0.0003 
Arsenopyrite 0.0002 
Pyrrhotite 0.0002 
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Table 3 Abundance of selected elements in sulfidic waste rock, lime kiln dust (LKD), blast furnace slag (BFS), granulated blast furnace slag (GBFS), 
cement kiln dust (CKD), and biomass fly ash (BA). Elements in the secondary raw materials are marked according to their enrichment relative to 
the waste rock. Elements presented in bold are enriched >3 times the average Earth’s crust (Krauskopf and Bird, 1995). 

Waste 
LKD BFS GBFS CKD BA 

Average Waste 
LKD BFS GBFS CKD BA 

Average 

% rock earth's crust mg/kg rock earth's crust 

Al 2 0.3 7 7 2 4 8 Li 15 3 71 73 22 13 30 

Ca 0.8 46 28 25 38 15 3 Lu 0.1 0.05 1 1 0.2 0.08 0.9 

Cl 0.01 <0.1 <0.1 <0.1 5 0.4 0.05 Mn 189 178 3426 4961 454 8123 900 

F 0.1 0.01 0.07 0.04 0.07 0.03 0.05 Mo 3 0.2 0.5 0.9 6 13 2 

Fe 32 0.4 1 1 2 2 5 Nb 1 1 28 15 4 5 20 

K 0.4 0.02 0.5 0.6 7 4 2.6 Nd 6 4 66 59 13 8 25 

Mg 0.5 0.7 10 11 1 2 2.1 Ni 3 3 4 5 16 75 80 

Na 0.3 0.02 0.5 0.5 0.5 2 2.4 Pb 22 3 0.2 0.8 861 51 16 

P 0.005 0.003 0.004 0.002 0.02 1 0.1 Pd <0.1 0.1 <0.9 <0.9 <0.3 0.07 0.01 

Stotal 30 0.04 1 2 4 1 0.05 Pr 2 0.9 17 15 3 834 - 

Si 9 0.7 15 16 7 21 27 Rb 8 2 17 24 475 177 120 

Ti 0.03 0.02 2 2 0.2 0.2 0.5 Re <0.01 0.001 0.0001 0.001 0.2 0.002 0.001 

mg/kg Rh <0.01 0.01 0.001 0.01 0.02 0.004 - 

As 217 0.8 0.3 0.7 9 3 2 Sb 38 0.09 0.1 0.2 5 2 0.15-1 

Ag 1 0.02 0.1 0.1 12 0.5 0.07 Sc 5 0.8 30 32 4 4 5-22 

Au <0.01 0.01 0.01 0.02 0.2 0.005 0.004 Se <1 0.5 5 6 19 0.9 0.09 

B 5 18 83 80 72 202 10 Sm 1 0.8 12 11 3 1 7 

Ba 65 22 495 524 179 1398 430 Sn 0.5 0.3 0.4 0.9 5 2 2.5 

Be 0.2 0.1 6 7 0.7 1 3 Sr 29 168 496 425 249 583 350 

Bi 0.2 0.03 0.001 0.01 7 3 0.2 Ta <0.01 0.05 0.6 0.5 0.3 0.6 2 

Br <5 - - - - 19 3 Tb 0.2 0.1 2 2 0.4 0.2 - 

Cd 0.3 0.1 0.01 0.01 46 7 0.2 Te 0.1 <0.05 0.1 0.1 1 0.07 0.00036-0.01 

Ce 12 7 155 139 26 21 45 Th 1 0.8 65 66 4 3 10 

Co 2 0.9 0.7 0.9 6 10 25 Tl 26 0.1 0.002 0.004 8 4 1 

Cr 51 7 43 74 41 176 200 Tm 0.1 0.1 0.8 0.8 0.2 0.08 - 

Cs 0.2 0.1 0.1 1 46 2 2 U 1 1 13 14 2 1 3 

Cu 19 2.008 7 12 54 80 60 V 15 0.1 0.3 0.2 1 46 150 

Dy 1 0.7 9 10 2 1 4.5 W 2 31 654 560 71 5 1 

Er 0.9 0.4 6 6 1 0.6 - Y 8 5 56 59 14 7 30 

Eu 0.7 0.2 2 2 0.5 0.2 1.2 Yb 0.9 0.4 5 6 1 0.5 3 

Ga 5 1 0.6 0.3 5 11 17 Zn 68 25 16 13 568 1257 70 

Gd 1 0.8 10 10 3 1 7 Zr 50 9 280 294 65 38 160 

Ge 0.4 0.1 0.2 0.2 0.6 1 15 >0 No increased concentration compared to waste rock 

Hf 2 0.2 7 7 2 1 - >1 Increased concentration compared to waste rock 

Hg 17 0.1 0.1 0.1 0.1 0.2 0.08 >20 Enriched when 5wt.% is added to waste rock 

Ho 0.3 0.1 2 2 0.4 0.2 - >25 Enriched when 4wt.% is added to waste rock 

La 6 4 85 78 14 11 6.5-100 >100 Enriched when 1wt.% is added to waste rock 
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Trace element occurrence in pyrite 

As pyrite is the most abundant mineral in the waste rock, knowledge about trace element com-
position and deportment within the pyrite grains is essential. Impurities and mineral inclusions 
can lead to physical stress in the crystal structure, making the mineral more susceptible to oxi-
dation (Hutchinson and Ellison, 1992), profoundly affecting the leaching behavior and its qual-
ity. A combination of spot analyses and mapping of the pyrite using LA-ICP-MS was performed 
to display trace element allocation. Chart counting data of spot analyses were used to track 
changes in trace element content during the analysis as deeper portions of the grains are ana-
lyzed by the laser. Observations using charting count data show that the pyrite has several types 
of zonations containing trace elements.  

Figure 6. Quantified LA-ICP-MS element distribution maps of an area of pyrite grains in the initial sulfidic waste rock (A) 
showing the spatial distribution of As, Cu, Pb, Sb, Tl, and Zn. Non-pyrite minerals are shaded. 
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Studies on trace element occurrence in the pyrite revealed that trace elements such as As, Cu, 
Hg, Pb, Sb, Tl, and Zn were associated with the pyrite, either as impurities or inclusions (Figure 
6). Arsenic is seemingly the most evenly distributed trace element in the pyrite, varying between 
67-585 ppm (average 272 ppm). However, mapping the pyrite infers concentrations of around
1000 ppm, where the highest concentrations were observed in the more crystalline parts of the
pyrite. Arsenic mainly occurs as an impurity, suggesting the occurrence of arsenic-bearing py-
rite. Calculations regarding the mineral association of As suggest that the majority is associated
with pyrite.

Compared to As, Cu, Pb, and Zn are more sporadically distributed in the pyrite, and spot anal-
yses show spatial variations of 4-45 ppm (average 16 ppm), 0-50 ppm (average 14 ppm), and 
1-882 ppm (average 105 ppm) respectively. Impurities of Cu, Pb, and Zn within the pyrite
match low concentrations, whereas high concentrations are likely due to their presence as in-
clusions associated with the pyrite's more porous parts. Although a substantial portion of these
elements are associated with pyrite, approximately 32% Cu can be explained by its association
with chalcopyrite and bournonite. The corresponding amount for Zn was approximately 3%
associated with sphalerite (Table 2 and 3).

Similarly, Hg, Sb, and Tl are also found in the more porous parts. However, predominantly 
located in and around fractures. Whereas Cu and Zn were mainly found as inclusions in the 
pyrite, Hg, Sb, and Tl were mainly found as impurities within the pyrite. Concentrations of Hg, 
Sb, and Tl varied at 0-449 (average 61 ppm), 2-102 (average 50 ppm), and 0-106 (average 14 
ppm), respectively.  Elevated concentrations of As, Hg, Sb, and Tl were observed compared to 
the average Earth's crust (Krauskopf and Bird, 1995) (Table 3). Elevated concentrations agree 
with trace element impurities in the pyrite showing the importance of detailed mineralogical 
studies. 

Geochemical characterization of secondary raw materials 

The different secondary raw materials used herein differ noticeably from each other regarding 
mineralogy (Table 2). The two slags BFS and GBFS, had similar chemical compositions (Table 
3) as they originate from the same liquid slag. However, differences in cooling techniques result
in different degrees of crystallization. The air-cooled BFS mainly consists of monticellite
(Ca(Mg, Fe)SiO4) and akermanite (Ca2Mg(Si2O7)), and the water granulated GBFS constitutes
a glass phase (amorphous) and hercynite (Fe(II)Al2O4). Batch testing shows that both slags can
generate alkaline leachates. The two slags BFS and GBFS, generated pH of 11.5 and 9.9. Ex-
tending the batch test revealed that the pH of the GBFS (11.7) increased with time and water
amount, whereas no increase was seen for the BFS (Figure 7). This is likely an effect of GBFS
dissolution at alkaline pH (Hooton, 2000), whereas BFS is more likely to dissolve with decreas-
ing pH (Engström et al., 2013). This difference implies that the chemical conditions can have a
major impact on the dissolution of BFS and GBFS. A limited dissolution of easily water-soluble
minerals was seen from both slags during batch testing (Table 4). The results imply that the two
slags, despite their limited dissolution, can effectively prevent ARD formation but could benefit
from mixing with more reactive materials. Although silicates can contribute to the overall buff-
ering capacity of a material, other minerals such as lime (CaO) and portlandite (Ca(OH)2) are
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more reactive but soon exhausted, resulting in an increased buffering capacity in the short-term 
perspective. Conversely, silicates are perhaps too slow to give that initial increase in pH re-
quired. For long-term neutralization of reactive waste rock, a mixture of reactive, intermediate, 
and more slowly buffering minerals would be preferred. 

Comparable to the slags, both BA and CKD contained silicates but similar to the LKD, they 
also contained calcite (CaCO3), lime (CaO), and portlandite (Ca(OH)2). Both BA and CKD 
contained various salts such as anhydrite (CaSO4), arcanite (K2SO4), and sylvine (Na,KCl), 
whereas the LKD only contained sylvine (Na, KCl) (Table 2). The slightly higher pH observed 
for BA and CKD (12.9, respectively) compared to LKD (12) is likely related to variations in 
lime and portlandite content, whereas extensive salt dissolution can explain the substantially 
higher EC (27.9 and 31.2 mS/cm, respectively) (Duchesne and Reardon, 1998) (Table 4). The 
presence of a wide range of neutralizing minerals, both short and long-term dissolution, sug-
gests that both BA and CKD can be more effective in preventing ARD formation than the slags. 
However, if the lime content is high, its hydration can result in the hardening of the material 
(Bulusu et al., 2007).  

Moreover, a comparison to recommended levels for materials use above sealing layer in landfill 
construction (SEPA, 2010) showed that the use of SRM such as CKD and BA should be mini-
mized. The soluble fraction of CKD and BA during batch testing showed that they both ex-
ceeded concentrations for Cr and Pb (Table 4). Moreover,  the  CKD also exceeded recom-
mended values for Cl and S and the BA for Zn. The enrichment and leachability of Pb in the 

 

Figure 7. Correlation between the electrical conductivity (EC) and pH of granulated blast furnace slag (GBFS), granulated 
blast furnace slag (BFS), lime kiln dust (LKD), cement kiln dust (CKD) and biomass fly ash (BA) during an extended batch 
test (L/S 10, 12, 14). Results from kinetic leaching of sulfide-rich waste rock during two years is used as for reference 
(WR). Arrows indicate variations with time. 
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CKD and Cr and Zn in the BA (Table 3) suggest the presence of elements of potential concern 
that could limit the use of the materials. 

Table 4. Concentrations of selected elements in leachate from batch testing (L/S 10) the secondary raw materials (SIS, 2003). 
Element concentrations are classified according to whether they exceed recommended levels for the use of waste materials in 
landfill construction above a sealing layer (SEPA, 2010). The classification for the soluble fraction includes elements As, Cl, Cr, 
Cu, Hg, Ni, Pb, S and Zn. 

LKD BFS GBFS CKD BA 
Concn. 
(mg/L) 

Concn. 
(mg/L) 

Concn. 
(mg/L) 

Concn. 
(mg/L) 

Concn. 
(mg/L) 

Al 4 4 0.1 0.04 0.04 
Ca 338 110 9 1562 299 
Cl 0.5 0.1 0.1 8737 728 
Fe <0.002 <0.002 <0.002 0.004 0.01 
K 5 16 2 5738 3354 
Mg 0.02 0.1 3 0.1 <.010 
Mn 0.0005 0.002 0.001 0.0002 0.001 
Na 0.3 4 0.002 377 465 
P 0.01 0.01 0.004 0.1 <0.005 
S 2 271 5 892 26 
Si 1 3 7 1 0.4 
Ti <0.02 <0.002 <0.002 0.002 <0.002 

µg/L µg/L µg/L µg/L µg/L 
As 0.08 <0.05 0.1 0.1 0.07 
Ba 34 355 2 585 2250 
Cd <0.025 <0.025 <0.025 0.5 0.3 
Co <0.05 <0.05 <0.05 0.1 <0.05 
Cr 6 1 <0.5 145 477 
Cu <0.5 <0.5 <0.2 2 1.5 
F <200 229 233 2600 <200 
Hg <0.05 <0.05 <0.05 0.8 0.1 
Ni <0.5 <0.5 <0.5 <0.5 <0.5 
Pb 0.1 <0.05 <0.05 986 102 
Sb 0.08 0.05 <0.05 0.5 0.1 
Sr 438 275 24 7535 5904 
U 0.01 <0.01 0.01 0.1 0.01 
V 2 156 25 1 <0.5 
Y <0.02 <0.02 <0.02 <0.05 0.03 
Zn <2 <2 <2 10 897 
Zr <0.05 <0.05 <0.05 <0.05 0.1 

Exceed recommended values for landfill above a sealing layer (SEPA, 2010) 
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Sulfide oxidation and subsequent acid rock drainage formation 

The leachate from the waste rock was initially characterized by a pH around 3 and an EC of 
approximately 25 mS/cm simultaneously as concentrations of Fe, Mn, and S spiked but slowly 
decreased alongside the EC (Figure 8). In contrast to examinations of the waste rock using 
optical microscopy, sequential extraction on the waste rock revealed that the waste rock was 
partially weathered with approximately 9% Fe and 7% S associated with what is herein assumed 
to be secondary phases. The majority of the secondary phases in the initial waste rock associated 
with steps I and II in sequential extraction, suggesting the presence of, e.g., hydrous soluble salt 
and adsorbed and exchangeable ions and limited occurrence of HFO, Al hydroxides, and Al 
hydroxysulfates. 

During the initiation of kinetic testing, these readily soluble minerals were released into the 
leachate resulting in the spiking EC. In tandem with declining EC, the pH rose to levels of 
4.6.with comparably low concentrations of Fe (4.4 mg/L), whereas S remained stable around 
500-600 mg/L enables the precipitation of HFO such as schwertmannite, 2-, and 6-line ferrihy-
drite but also gypsum which was supported by geochemical modeling (Figure 9).

Figure 8. Correlation between the electrical conductivity (EC) and pH from kinetic leaching of solely waste rock (A) and 
waste rock covered with 5 wt.% lime kiln dust (B), 4wt.% blast furnace slag and 1 wt.% cement kiln dust (C), 4 wt.% 
granulated blast furnace slag and 1 wt.% cement kiln dust (D), 5 wt.% granulated blast furnace slag (E), 1+1.5 wt.% bio-
mass fly ash (F), 2.5 wt.% biomass fly ash (G), and 5 wt.% biomass fly ash (H) during up to two years of leaching. Arrows 
indicate changes with time 
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Despite the high pyrite content and low abundance of buffering minerals, it took approxi-
mately 29 weeks of leaching before the waste rock any signs of accelerated sulfide oxidation 
and declining pH (<3.5). Rapid increasing concentrations peaked around week 62-71 with 
concentrations of Fe (18 g/L) and S (17 g/L) and As (21 mg/L), Hg (13 µg/L), Sb (967 µg/L), 
and Tl (317µg/L). Elements such as Cu (20 mg/L) and Zn (23 mg/L) peaked earlier, around 
week 31, whereas Pb (856 µg/L) displayed the highest concentrations much later, after 86 
weeks. During the first 52 weeks of leaching, Fe and S were released, corresponding to ap-
proximately 3% of their initial content. 

At 103 weeks of leaching, the mobilization of Fe and S had increased by a magnitude of four 
to around 11%, and elements such as As (16%), Pb (7%), and Sb (4%) followed similar release 
patterns as Fe and S suggesting their occurrence in pyrite. In general, chalcopyrite is more 
weathering resistant than pyrite and arsenopyrite at both neutral and low pH and when Fe(III) 
is the primary oxidant (Plumlee, 1999; Rimstidt et al. 1994). However, when sulfides are in 
contact with each other, such as inclusions embedded in pyrite, electrons move between the 
sulfides, creating a galvanic cell where the mineral with higher rest potential acts as a cathode 
and the one with lower as an anode. As a result, the mineral with lower rest potential is prefer-
entially weathered (Abraitis et al., 2004; Kwong et al., 2003; Nordstrom and Alpers, 1999; 
Evangelou, 1995; Evangelou and Zhang, 1995). In systems combining pyrite with chalcopyrite, 
the latter is more prone to oxidize (Chopard et al., 2017; Mehta and Murr, 1982; Majima, 1969), 
resulting in the extensive mobilization of Cu (79%). Similar reasoning could explain the exten-
sive weathering of Zn (70%). In other words, it is likely that the combination of pyrite and 
inclusions within results in the high mobilization of Cu and Zn. Also, Cu's and Zn's preferential 
occurrence in and around fractures and the pyrite's more porous parts is likely to further con-
tribute to the mobilization.  

Figure 9. Geochemical calculations using PHREEQC version 3.4.0 (Parkhurst and Appelo, 1999) of saturation index of gyp-
sum, jarosite, goethite (wateq4f.dat thermodynamic database (Ball and Nordstrom, 1991)), schwertmannite (Majzlan et 
al., 2004) originating from (Bigham et al., 1996) and 6-line ferrihydrite (Stefánsson, 2007) in the leaching of the sulfidic 
waste rock. 
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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. 
However, the high mobilization of metals such as Cu and Zn after only two years of leaching 
suggests that they, despite the low abundance, could be recovered by accelerating the sulfide 
oxidation. 

Preventing acid rock drainage formation 

Mixtures of (granulated) blast furnace slag and cement kiln dust 

CKD (1 wt.%) was mixed with BFS (4 wt.%) or GBFS (4 wt.%) and added to the waste rock 
(5-30 mm) under the assumption that the quicklime content in the CKD would enable hydration 
of the slag and enable stabilization/solidification of the waste rock similar to as described by 
Tariq and Yanful (2013). However, minerals with cementing properties present in the CKD led 
to a smaller proportion of CKD compared to (G)BFS than reported by Chaunsali and Peetham-
paran (2013). 

Both mixtures barely managed to increase pH to near neutral (6.5 and 6.1, respectively), and 
neither could sustain it for a more extended time (Figure 8). The mixtures showed signs of 
hardening in addition to the waste rock, likely resulting from the CKD since the cementation 
rate of slag is generally slower (Tariq and Yanful, 2013). Moreover, Merox (2015) reported that 
cementation of BFS only occurs when the amount of fine particles is high, which was not the 
case, although the BFS had been crushed to a size of 0-4 mm before the study. Furthermore, 
the GBFS was not ground, which limits mineral hydration. The inability to maintain near-neu-
tral pH is assumed to result from the hardening of the mixture. However, it should be noted that 
adding either of the mixtures to the waste rock had a positive effect on metal(loid) mobilization 
such as As and Zn. The decrease suggests that the use of CKD can have a positive effect on 
leachate chemistry. However, as the pH was not upheld, this may only occur in the short-term 
perspective. The cells were terminated 14 weeks post additions when the leachate pH had 
dropped below 4, respectively.  

Granulated blast furnace slag 

The addition of GBFS (5 wt.%) to the waste rock (30-60 mm) showed a similar trend as the 
GBFS and CKD mixture with a leachate pH barely increasing to near-neutral (6.2) and inability 
to maintain it for an extended period (Figure 8). A secondary mineral precipitate similar to 
carbonate was observed at the GBFS's surface a few weeks of leaching. No analysis was per-
formed for confirmation. However, Huijgen and Comans (2005) reported that ground GBFS 
under ambient conditions could sequestrate CO2 through CaCO3 formation at a rate determined 
by Ca release. Altogether, the addition of GBFS to the waste rock decreased metal(loid) mobi-
lization. However, the inability of GBFS dissolution resulting from low water content and sec-
ondary mineral formation likely resulted in the inability to maintain near-neutral pH. The test 
cell was terminated ten weeks post the addition when the leachate had dropped below 4. 
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Lime kiln dust 

The addition of LKD to the waste rock increased the pH to slightly above near-neutral without 
substantially increasing the EC (Figure 8). The pH was maintained for more than three years 
(only two years are presented for consistency) of leaching, and by creating a near-neutral pH 
environment, metals were immobilized through precipitation as or associated with secondary 
minerals. As seen in Figure 10, the addition of LKD to the waste rock was associated with 
significantly lower mobilization of elements by several orders of magnitude. For comparison, 
Cu mobilization when treating the waste rock with LKD was <0.01%, whereas it without treat-
ment was 80%, illustrating the substantial improvement in water quality seen through the addi-
tion of LKD to the waste rock.  

The first four steps in sequential extraction were assumed to mainly consist of secondary min-
erals and showed that the addition of LKD to the waste rock changed the behavior of the ele-
ments studied. The waste rock in cell A was dominated by water-soluble phases such as gypsum 
and melanterite, whereas the geochemical environment in cell B promoted precipitation of and 
co-precipitation with secondary minerals such as HFO (Figure 11). 

Gypsum is one of the most common and abundant sulfate minerals in mining environments 
(Jambor et al., 2013; Lottermoser, 2010), resulting from the oxidation and weathering products 
of pyrite and calcite (Plumlee et al., 2009). During extensive sulfide oxidation, Ca is often the 
rate-limiting element in gypsum formation since sulfide oxidation is faster than calcite dissolu-
tion (Salmon and Malmström, 2002) which was seen in cell A. However, due to gypsum's high 
solubility, it is challenging to lower SO4 concentrations in the leachate since the mechanism 
that removes SO4 from the solution also causes the elevated concentrations (Lottermoser, 
2010). 

Geochemical calculation on gypsum saturation was used to indicate the sulfide oxidation rate 
in the waste rock. In cell B, the molar ratio of Ca/S was initially dominated by S. However, 
after 44 weeks of leaching, the ratio had increased to one simultaneously as gypsum saturation 
started to decrease. At the end of leaching, gypsum was suggested to be undersaturated, whereas 
the molar ratio of Ca/S remained around one (Figure 12), suggesting that S concentrations could 
originate from gypsum dissolution rather than sulfide oxidation. In general, the results suggest 
a decreasing sulfide oxidation rate due to the formation of potentially long-term stable second-
ary minerals such as goethite and ferrihydrite (Figure 13). 

The addition of 5 wt.% LKD to the waste rock corresponds to less than 4% of the total neutral-
ization potential required to reach a positive net neutralization potential in the waste rock, which 
substantially limits the amount of material required to neutralize the ARD. The results suggest 
that the addition of LKD successfully limits sulfide oxidation and subsequent release of metals 
and metalloids into the leachate. 
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Figure 10. Estimated accumulated content of selected elements released into the leachate during the leaching of sulfidic 
waste rock (A), sulfidic waste rock and 5 wt.% lime kiln dust (B), sulfidic waste rock and 1+1.5 wt.% biomass fly ash (F), 
sulfidic waste rock and 2.5 wt.% biomass fly ash (G). The element release is calculated based on element concentrations 
multiplied with leachate volume withdrawn. Filled markings are actual measurements in the leachate. In contrast, out-
lined markings are estimated as the average between the two most adjacent actual measurements.  
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Biomass fly ash 

The addition of BA to waste rock in cells F (1 wt.%), G (2.5 wt.%), and H (5 wt.%) resulted in 
alkaline leachate with pH levels around 12 and elevated EC of 6-8 mS/cm (Figure 8) resulting 
from the dissolution of minerals such as lime and portlandite. The addition of BA resulted in 
spiking concentrations of elements such as As, Cl, Cr, Mo, S, and Sb, likely due to their affinity 
of being condensed on the BA's particle surface (Kukier et al., 2003; Jones, 1995), resulting in 
their mobilization. However, the increased concentrations were temporary and soon declined 
to stable levels (Figure 10).  

Figure 11. Extracted element content of the total element content in the waste rock (5-30 mm) before leaching (A0) and 
from cell A and B (waste rock and 5 wt.% lime kiln dust) on separate occations after 52 and 103 weeks or leaching. 
Comparison with larger waste rock size (30-60 mm) before leaching (Initial) and from cell F (waste rock and 1 wt.% bio-
mass fly ash) and G (waste rock and 2.5 wt.% biomass fly ash).Step I-IV in sequential extraction after Dold (2003). Water-
soluble fraction (I), exchangeable fraction (II), Fe(III)oxyhydroxides (III), and Fe(III)oxides (IV). Concentrations below de-
tection limit are not presented.  
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Quickly after adding BA to cells G (2.5 wt.%) and  H (5 wt.%), the BA started showing signs 
of hardening resulting from the BA's ability to spontaneously react with moisture, water, and 
CO2 in the air to form hydroxides, carbonates, and sulfate minerals such as gypsum and ettring-
ite. The hardening results in decreased solubility of the BA with limited ability to buffer the pH 
(Karltun et al., 2008), which can be seen as decreased leaching rate of Ca and lower alkalinity 
and pH (Etíegni and Campbell, 1990). In the case of cell H (5 wt.%), the extensive hardening 
led to the inability to maintain a near-neutral pH, and the test cell was terminated ten weeks 
post addition of the BA. However, the hardening is not synonymous with depleted neutraliza-
tion potential; it is rather an effect of the inability of buffering minerals to dissolve. The BA in 
test cell G (2.5 wt.%) showed similar but less extensive hardening and a brittleness test of the 
BA after 14 weeks of leaching led to spiking concentrations of As, Ba, Ca, Cl, Cr, K, Mg, Mo, 
Na, P, S, Sb, Sr and V correlating with elements spiking when the BA was first added suggest-
ing that the hardening of the BA limited the mobilization of these elements. 

After 61 weeks of leaching the waste rock in cell F (1 wt.%), the pH had dropped below 4.6 
due to sulfide oxidation. An increase of elements such as Al, Cu, Mn, and Pb in secondary 
phases was seen after leaching the waste rock for 69 weeks. Owing to the abundance of these 
elements in the BA and the amount of BA added to the waste rock, their increase in secondary 
phases is more likely to originate from sulfide oxidation, where the favorable pH allowed for 
their immobilization in secondary phases. The only element whose association with secondary 
phases can be explained by the BA addition is Zn in cell G. 

After 69 weeks of leaching the waste rock with BA in cell F (1 wt.%), an additional 1.5 wt.% 
was added, resulting in a similar flush of elements as previously described. In general, a higher 
mobilization was seen for cell G (2.5 wt.%) (Figure 10). However, these are approximations, 
and the disturbance of the BA in cell 2 likely contributed to the increasing element mobilization. 
Overall, this concludes that it does not matter substantially whether one or multiple BA 
additions are made concerning easily mobilized elements from the BA. 

Figure 12. Molar ratio of Ca/S and saturation index of gypsum during the leaching of sulfidic waste rock covered with 5 
wt.% lime kiln dust. Solid line illustrate the 1:1 relationship between Ca and SO4. Dashed lines mark values close to zero 
(±0.5) which indicate equilibrium between the solution and mineral phase. 
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There is no linear correlation between the amount of BA added and the time with which the BA 
can uphold a near-neutral pH. Hardening seems to have a substantial impact partially due to 
decreased dissolution rate seen through extensive hardening in cell H and the comparable higher 
dissolution rate seen in cell F through less extensive hardening. 

Despite the lack of reference cell (30-60 mm) for direct comparison, it can be concluded that 
the BA has an overall positive effect on the mobilization of elements from the waste rock. As 
seen in Figure 10, the addition of BA resulted in a mobilization of elements corresponding to 
<0.5%. Assuming the BA has approximately 1/3 of the buffering capacity of BA, an addition 
of 2.5 wt.% BA to the waste rock would correspond to <1% of the total neutralization potential 
required to reach a positive net neutralization potential in the waste rock, which substantially 
limits the amount of material required to neutralize the ARD. However, it is essential to add 
enough BA to maintain pH for a more extended period. 

Figure 13. Stereomicroscope images (A-C) and secondary electron images (D-F) of waste rock samples before leaching 
(initial) and after 52 and 103 weeks of leaching the waste rock with 5wt.% lime kiln dust (LKD). G. Raman spectrum of 
one representative point in the initial waste rock showing the presence of pyrite and gypsum/anhydrite. H. Representa-
tive Raman spectrum of the waste rock with 5 wt.% lime kiln dust after 52 and 103 weeks of leaching showing the pres-
ence of goethite and ferrihydrite. Reference spectras were taken from Monnier et al. (2011). 
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Secondary minerals formation 

One apprehension with adding neutralizing minerals is that an excess of secondary minerals 
could form. If secondary minerals are built up, elements are stored and may be released in 
changing geochemical conditions by applying a dry cover or when backfilled into an open pit 
followed by flooding, causing drainage from pit lake or heap in need of treatment for an ex-
tended time before released into the recipient.  

While secondary minerals formation may look extensive through intense, sometimes vibrant, 
coloring, they often consist of very thin rims, making their identification difficult, not to men-
tion their quantification. Although sequential extraction cannot identify the individual mineral, 
it can be a valuable tool to estimate the extent of secondary mineral formation and how elements 
associate with mineral characteristics. 

Figure 11 shows both similarities and differences in leaching the waste rock with and without 
additions of SRM. Although no direct comparison for the extent of secondary minerals for-
mation can be made between the different waste rock fractions due to no information about the 
onset of sulfide oxidation, some comparisons can still be made. 

For instance, it could be seen that whereas the leaching of the reference waste rock (cell A) 
accumulated secondary minerals associated with a wide range of steps (I-IV), the addition of 
both cells with BA (G and F) and LKD (B) accumulated elements mainly associated to steps 
III-IV suggesting an accumulation of HFO with the association of elements such as As, Cr, Cu,
Pb, and Zn. It is also likely that Cr, Cu, Pb, and Zn were adsorbed to these HFO minerals in
cells G and F, whereas Cr, Pb, and Zn were more likely in cell B.

It was also noticed that elements such as Cu, Pb, and Zn were higher in cell G than in F, likely 
resulting from the increased mobilization of these elements before the second addition of BA 
to the waste rock in this cell. As seen in Figure 11, a generally lower amount of secondary 
minerals was formed by adding LKD to the waste rock (cell B) compared to no addition (cell 
A). Whereas secondary minerals in cell B were generally associated with steps III and IV, sug-
gesting their association to or co-precipitation with HFO, secondary phases in cell A were pri-
marily associated with steps I and II in the presence of water-soluble minerals or adsorbed/ex-
changeable ions.  
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DISCUSSION 

Challenges with using secondary raw materials for preventive purposes 

When attempting to prevent the formation of ARD from sulfidic waste rock using SRM for 
HFO precipitation on reactive surfaces, some aspects are vital to the success: 

1. The sulfide oxidation rate and subsequent release of Fe.
2. The dissolution rate of the SRM and its overall buffering capacity to maintain near-

neutral pH in a long-term perspective.
3. Matching 1 and 2 physically on a time-scale perspective to enable HFO precipitation.

In other words, the alkaline material must dissolve close to and simultaneously as sulfides are 
oxidizing.  The supply of alkalinity must therefore be as fast as or faster than the generation of 
acids by sulfide oxidation. The weathering mechanisms for sulfides and SRM are different (ox-
ygen compared to water and/or acid), meaning that if the SRM is added before the onset of 
sulfide oxidation, its neutralization capacity may be exhausted. It is necessary to determine 
when the SRM must be added to the waste rock after it has been deposited to treat the waste 
rock in the most efficient and economic manner. 

Considering the logistics of SRM being generated in Sweden, problems can arise from adopting 
this approach on a larger scale. As greater volumes of SRM are needed, they may be required 
to accumulate over time or be combined from competing producers. One of the fundamentals 
with secondary raw materials is that it is secondarily produced, resulting in small to large vari-
ations in the material's characteristics. These variations can occur with time for the same pro-
ducer as a result of differences in feeding material, storing of the material, or changes in the 
production process. Variations in SRM characteristics can also occur between producers due to 
differing manufacturing practices (Alakangas et al., 2014). 

A problem related to the requirement of larger volumes of SRM is that if the material needs to 
be stored on-site, it must be stored suitably, or else reactive SRM such as BA and LKD risk 
being altered. Lime kiln dust typically contains a substantial amount of lime (Bulusu et al., 
2007; Miller and Callaghan, 2004). However, the LKD used within this thesis showed approx-
imately 1/10th of the lime content reported by the producer. Contrary to these findings, calcite 
was highly abundant in the material, suggesting an alteration of the material, by the hydration 
and re-carbonation of lime, during the storage of LKD in piles under ambient conditions. This 
problem of alternation may have actually had a positive effect as it has caused the material to 
accumulate into porous aggregates. This aggregation suggests that the carbonate-rich LKD can 
be superior to coarser crushed calcite through its increased specific surface area, which would 
increase its ability to dissolve. 

Biomass fly ash is an attractive SRM as it is highly accessible and generated in numerous loca-
tions around Sweden. The depletion of reactive minerals such as lime and calcite can result in 
a substantial loss of short-term neutralizing capacity. Provided that not all reactive minerals are 
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depleted during storing of the BA, then the storing can positively affect the hardening and wash 
out of easily soluble salts and other readily soluble minerals to create a "cleaner" material in-
creasing its suitability for preventive purposes. However, other SRM may behave differently. 

The importance of knowing the material 

Characterization for predicting a materials' behavior and, more importantly, how these materi-
als behave together is essential for the outcome of preventing ARD formation and requires 
research and a strategic approach to maximize the output. The choice of method for character-
ization of an SRM largely influences the type of information which is generated.  

National guidelines regarding material characterization for landfilling include two-stage batch 
testing and upward percolation testing (NFS 2010:4). However, this approach cannot give a 
comprehensive view of the material's harmfulness. Batch-testing of the BA studied in this thesis 
did not show elevated P concentration which was later shown when adding the SRM to the 
waste rock. Instead, it was knowledge about the production process and detailed mineralogical 
studies, such as those performed by Kukier et al. (2003), that revealed the preferential conden-
sation of P on the BA's particle surface. 

The waste rock similarly needs to be studied since the truth behind a behavior often lies within 
the details. Small-scale mineral features are generally unknown in practice since their determi-
nation requires more advanced and sometimes costly techniques (Parbhakar-Fox and Lotter-
moser, 2015). However, these factors could explain the error seen between predictive testing 
and field results (Maest and Nordstrom, 2017). A solution could be the use of automated min-
eralogy, which allows for relatively rapid analysis of thousands of particles by grain size, 
mineralogy, morphology, and degree of liberation from other minerals (Brough et al., 
2013). Although, the question remains whether or not it is detailed enough. 

By doing research and being strategic in the choices for material characterization, the output of 
information to the amount of effort spent can be maximized. However, despite doing detailed 
mineralogical studies and suitable geochemical investigations, standard analytical methods can 
largely diminish the output. An example being Tl which is considered more toxic to humans 
than both Cd and Hg (Peter and Viraraghavan, 2005). However, Tl is rarely studied and 
often undetected or deselected when choosing which parameters to analyze despite its 
association to sulfide minerals like pyrite (Abraitis et al. 2004). By adopting the strategy of 
screening, elements like Tl do not go undetected. Thus, detailed geochemical and 
mineralogical characteri-zation is clearly essential for improving the prediction of and long-
term performance of pre-vention measures at mine sites. 

Lessons learned and opportunities for improving ARD prevention approach 

The main objective of this thesis was to reduce sulfide oxidation and the subsequent 
formation of ARD in sulfidic waste rock. Although the long-term stability of this 
techniques could be debated, it has some advantages. A significant finding was that a highly 
limited amount of SRM could effectively decrease the sulfide oxidation rate. The overall 
benefits are that a smaller 
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amount of SRM was used for preventive purposes than required to treat ARD generated without 
preventive measures.  

Encapsulation by HFO can take decades to be considered a "final solution" (Park et al., 2019). 
However, this type of technique has some clear advantages without being complete by pushing 
back the time of onset accelerated sulfide oxidation and can substantially limit the overall en-
vironmental impact. Even though it has been shown that the physical contact between the acid-
producing and neutralizing minerals is crucial for secondary mineral formation for passivation 
of the sulfide surface, for example, by mixing the materials (Pérez-López et al. 2007) applying 
the neutralizing material on top, or in layers in between, the acid-producing material can be 
advantageous due to costs and operational issues. 

However, one needs to adopt a holistic approach before commencing this type of preventive 
strategy, such as starting at the exploration stage, building on the information from characteri-
zation and prediction with mine planning design and waste management strategies, just to men-
tion a few. Concerning national legislation, would a successfully passivated mine waste be al-
lowed, or would there still be requirements for additional remediation methods such as back-
filling followed by flooding at mine closure, which jeopardizes the effect of the preventive 
method? Such questions must be answered before committing to preventive methods relying 
on HFO formation. 

The peer-reviewed literature related to ARD prevention techniques, especially passivation ap-
proaches, has shown promising results. However, the studies are still primarily dominated 
by laboratory studies focusing on pure pyrite samples. Moreover, they often rely on the 
complete submersion of the waste in the solution in question for successful passivation, 
which, due to current methods of mine waste handling, make these methods 
questionable. Whether they could be successfully applied on large-scale tailings with more 
complex miner-alogy under complex environmental conditions is still unknown. Moreover, for 
their application to waste rock, an alternative approach to the current traditional deposition 
strategy of placing the material in tall stockpiles may need to be adopted. Regardless, there is 
an impending need for preventative methods, stressing the need for these types of studies. 
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CONCLUSIONS 

 

Geochemical characterization of the waste rock identified As, Cu, Hg, Pb, Sb, and Tl as trace 
elements associated with the pyrite, either as impurities or inclusions, and that their association 
with the pyrite resulted in their weathering where Cu (79%) and Zn (72%) was most extensive. 
These results suggest that these elements can be recovered from the leachate rather than stored 
in the sludge. 

When comparing to a single addition of BA, the addition of BA in sequences does not seem to 
result in a higher mobilization of elements. The apparent advantage of the sequential addition 
is that it can be balanced with the sulfide oxidation rate without risking using an excess of 
material. However, since there is no linear correlation between the amount of BA added and 
the time with which it can maintain near-neutral pH, one must ensure that enough material is 
added in each sequence.  

The timely addition of small amounts of SRM such as BA or LKD, corresponding to <1-4% of 
the waste rock's net neutralizing potential, can push back the onset of accelerated sulfide oxi-
dation and significantly lessen the overall negative environmental impact that no addition of 
SRM would result in. 

The fear of an excess amount of minerals forming will dissolve once the material has been 
covered and the environment becomes reduced is still relevant. However, the amount of sec-
ondary minerals accumulated when treating the waste rock with BA or LKD is low compared 
to the amount formed without these measures. The type of minerals formed without the addition 
of SRM are likely to dissolve regardless of a changing geochemical environment since they are 
dissolved by water or adsorbed to other minerals.  
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