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ABSTRACT 

One of the main and most challenging environmental problems related to mining is the generation of 
acid rock drainage (ARD), a leachate characterized by low pH and elevated concentrations of sulfate, 
metals, and metalloids formed when sulfide-bearing minerals are subjected to oxygen and water. 
During the operation of a mine, waste rock is often deposited in heaps and usually left under ambient 
conditions, enabling sulfides to oxidize. Generated ARD is commonly treated actively with alkaline 
material in an attempt to raise the pH and precipitate metals, with subsequent formation of sludge, 
which requires additional treatment. To focus on the treatment of waste rock rather than the ARD 
could prevent the generation of ARD; reduce the lime consumption, costs, and sludge treatment. This 
thesis aims to identify and evaluate the potential of different industrial residues to maintain 
circumneutral pH in a sulfide oxidation environment, allowing secondary minerals to form on the 
reactive sulfide surface to prevent sulfide oxidation and generation of ARD.  

Five different industrial residues (blast furnace slag, granulated blast furnace slag, cement kiln dust, bark 
ash, and lime kiln dust) were selected in a feasibility study performed prior to this study. The selection 
was based primarily on their alkaline properties, availability, and early yield.  The waste rock was 
selected due to its high content of sulfides (>50%) and potential to generate ARD. Initial 
characterization of the industrial residues included combining mineralogical and chemical composition 
with batch testing (L/S 10). Sulfide oxidation in the leaching of the waste rock accelerated after week 
29 resulting in high concentrations of major elements such as Al, Fe and S but also extremely high 
concentrations of e.g. As, Cu, Mn, Pb, Sb and Zn despite their relatively low content in the waste 
rock. Leaching was conducted during 14-153 weeks. The initial characterization implied that all of 
the studied industrial residues has the potential to prevent ARD generation. However, the enrichment 
and leachability of Pb in the cement kiln dust, as well as Cr and Zn in the bark ash, suggested the 
presence of elements of potential concern that could limit the use of the materials. When the industrial 
residues were added to the waste rock surface in small-scale laboratory test cells, blast furnace slag, 
granulated blast furnace slag, and cement kiln dust self-cemented and failed to maintain circumneutral 
pH, whereas bark ash (1wt.%) prevented acidity, metal and metalloid leaching. However, the use of 
bark ash may prove problematic due to the release of Cl, K, and Na likely related to salt dissolution. 
Lime kiln dust (5wt.%), the most promising of the industrial residues, maintained a circumneutral pH 
throughout the time of leaching, with an overall decrease of metal and metalloid concentrations by 
more than 99.9%. Results from investigations of secondary minerals formed combined with element 
release during the leaching period suggest that the addition of LKD to the waste rock led to decreasing 
concentrations of S in the leachate due to decreased sulfide oxidation, which subsequently led to 
gypsum dissolution. Moreover, the addition of LKD to the waste rock generated a lower amount of 
secondary minerals compared to when no addition was made. 

The results from these studies increase the understanding of advantages and limitations of using selected 
industrial residues in the treatment of mine waste. Moreover, it shows that a rather small amount of 
alkaline material, corresponding to 4% of the net neutralizing potential of waste rock, can prevent the 
acceleration of sulfide oxidation and subsequent release of sulfate, metals, and metalloids. However, 
the quantity and long-term stability of the formed secondary minerals need to be evaluated and 
understood before this method can be applied at larger scale.
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Thesis in outline: 

Chapter 1 gives an introduction along with the aims of this thesis. Chapter 2 presents the 
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proposed to prevent its formation. Materials used in this thesis are presented in chapter 3, and the 
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1. INTRODUCTION 

Sweden has a long history of mining that goes back to the beginning of the 11th century. Since then, 
up to 3000 mines existed in the country of which 15 metal mines are active. New technology and the 
growing need for metals and minerals have led to that larger volumes of mine waste is generated with 
increasing complexity. In Sweden alone, the waste rock amounts up to 38 million tons annually from 
non-ferrous mining of which a substantial part is sulfide bearing (SGU, 2017). In today’s Sweden, 
waste rock is commonly stored underground or in heaps close to the mine workings, thus becoming 
a part of the hydrological system with water being transported to, through and from the storage (Amos 
et al., 2015). The waste rock is thereby left under ambient condition until remediation is initiated 
which usually occur during decommissioning of the mine which means that the waste rock can be 
stored for tens of years before any measures are taken to prevent sulfides from oxidizing. The 
generation of acid rock drainage (ARD) is characterized by a low pH and elevated concentrations of 
metals and metalloids as a result of sulfide oxidation. The generation of ARD can have detrimental 
effects on the receiving environment and endanger water resources as well as organisms. If preventive 
measures were initiated during the operation of a mine, there would be no or limited need for treating 
ARD which is not only a costly procedure that requires large volumes of virgin natural resources, such 
as lime, but also creates a gypsum and metal-rich sludge in need of further treatment. 

This thesis is a result of investigations within the StopOx project (Utilization of Industrial Residuals 
for Prevention of Sulfide Oxidation in Mine Wastes) as a part of the Strategic Innovation Programme 
for the Swedish Mining and Metal Producing Industry (SIP-STRIM) of Vinnova, Formas and the 
Swedish Energy Agency, with additional financial support from Boliden Minerals AB and Centre of 
Advanced Mining and Metallurgy (CAMM2) at Luleå University of Technology. 

1.1. Aim and scope of the thesis 

The overall aim of this thesis was to reduce sulfide oxidation and the subsequent generation of ARD 
in waste rock using industrial residues for the inhibition of sulfide oxidation. Furthermore, the thesis 
aimed at reducing the consumption and transportation of virgin natural resources favoring industrial 
residues and increasing not only valorization but also green and circular economy. 

The specific objective of the studies that this thesis is comprised of was to: 

I. Identify promising industrial residues capable of maintaining a circumneutral pH to promote 
secondary mineral formation on sulfide surfaces, and thereby prevent ARD generation and the 
release of metals and metalloids from the sulfide-rich waste rock. 

II. Decrease sulfide oxidation through the formation of secondary minerals for passivation of 
reactive sulfide surfaces by adding small amounts of lime kiln dust (most promising industrial 
residue in I). 

 

 



 
 



5 
 

 

 

2. BACKGROUND 

2.1. Sulfide oxidation and production of acid rock drainage 

Sulfide minerals occur in small amounts in the Earth’s crust and are locally enriched through 
mineralization. Sulfide minerals are stable in reduced environments where oxygen is absent. Acid rock 
drainage (ARD) refers to the acidic, metal and metalloid rich water generated when sulfide minerals 
are subjected to oxygen and water. Although ARD can form naturally, anthropogenic activities such 
as mining can accelerate its generation due to crushing which exposes a larger surface area of sulfides 
to the atmosphere. Pyrite is the most abundant sulfide, and its oxidation can be described by the 
following reactions (Singer and Stumm, 1970): 

FeS + 7/2 O (aq) + H O  Fe + 2 SO + 2 H        (2.1) 

Fe + 1/4 O + H   Fe +  1/2 H O         (2.2) 

Fe + 2H O  Fe(OH) + 4H            (2.3) 

The overall reaction is written: 

FeS ( ) + 15/4 O ( ) + 7/2 H O( ) Fe(OH) ( ) + 2 SO ( ) + 4 H     (2.4) 

At neutral to alkaline pH, the oxidation rate of Fe2+ into Fe3+ (reaction 2.2) followed by hydrolysis and 
precipitation of Fe(III)hydroxides (reaction 2.3)  increases, leaving O2 as the essential oxidant. One 
mole of pyrite produces one mole of Fe(III)hydroxide and four moles of proton acidity (reaction 2.4). 
In reality, the oxidation of pyrite consists of many reactions occurring in separate steps with the 
movement of a few electrons at a time and oxygen is not the only oxidant capable of oxidizing pyrite 
but also ferric iron (reaction 2.5) (Nordstrom and Alpers, 1999). 

FeS + 14 Fe + 8 H O  15 Fe + 2 SO + 16 H        (2.5) 

However, at low pH (<3.5), the hydrolysis of Fe3+ is dramatically decreased, and the abundance of Fe-
oxidizing bacteria, which accelerate the catalyze the oxidation of Fe2+ into Fe3+ is increased by a factor 
of 106 times, resulting in Fe3+ as the most important oxidant at low pH which is of great importance 
for the generation of ARD (Singer and Stumm, 1970). Pyrite oxidation mainly releases Fe, SO4

2, and 
acidity into solution, but also trace elements such as As present in the pyrite. Other minerals, such as 
silicate, will dissolve due to the low pH which together with the oxidation of sulfides determine the 
chemistry of the ARD. The formation of acid rock drainage (ARD) is one of the most significant 
potential long-term environmental consequences from mining activities and can continue for hundreds 
or thousands of years (Lottermoser 2010; Younger et al. 2006). 
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2.2. Specific characteristics of waste rock  

The two most common types of mine wastes are tailings and waste rock. Tailings are waste residues 
resulting from milling and processing the ore into a metal concentrate whereas waste rock is geological 
material, such as wall rock, that needs to be removed to access the ore. Based on its definition, waste 
rock, in general, is a very heterogeneous material that can consist of various types of geological 
materials, sedimentary, metamorphic or igneous, resulting in large variations in particle size, which can 
vary from clay to boulder size fragments due to blasting (Lottermoser, 2010). Waste rock is commonly 
stored underground or in heaps close to the mine workings if backfilling into mined-out voids is not 
possible. Waste rock from non-ferrous mining often contains a non-negligible fraction of sulfide 
minerals. In 2016, a total amount of 80.9 million tons was mined from non-ferrous ores out of which 
52.2% tailings, 46.6% waste rock and 1.2% metal concentrate (SGU, 2017). Owing to the amount of 
waste rock produced, sulfide content and exposed mineral area, waste rock may generate large volumes 
of ARD if deposited without applying preventive methods.  

New extraction methods and an increasing need for metals and minerals lead to mining of more 
complex and low-grade ore which results in larger volumes and more complex mine waste. 

2.3. Acid rock drainage treatment 

Numerous strategies have been developed to manage ARD where the most common method of 
treatment is actively through the addition of alkaline material which involves neutralization of the 
drainage by addition of, e.g., hydrated lime (Ca(OH)2). The dissolution of hydrated lime generates 
hydroxide ions which are capable of combining dissolved metal ions in the drainage, precipitating 
them metal hydroxides which later can be removed through settling and filtration systems (Brown et 
al., 2002; Younger et al., 2002). This type of approach forms a sludge often characterized by high 
content of gypsum and Me-hydroxides, requiring further treatment. 

Quicklime and hydrated lime are considered as the most efficient neutralizing materials, and thus the 
most widely used, for ARD treatment (Johnson and Hallberg 2005; Brown et al., 2002; Younger et 
al., 2002). Utilization of industrial residues, which range from by-products to wastes, instead of virgin 
materials, is an essential part of the circular economy strategy.  Laboratory studies of substitution of 
virgin natural resources with industrial residues such as 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), blast furnace slag (Golab et al., 2006; ) and paper mill residues 
(Alakangas et al., 2013; Pérez-López et al., 2011) have shown promising results but their sustainability 
and efficiency needs to be further evaluated at larger scale before applied in field. 
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2.4. Acid rock drainage control 

Liming of ARD is an attempt to treat a problem instead of preventing it. A more viable and 
environmentally sustainable solution would be to stop the ARD generation by preventing sulfide 
oxidation at the source (Johnson and Hallberg, 2005; Evangelou 1995). In the past, several strategies 
have been developed to prevent sulfide oxidation and its subsequent formation of ARD which, 
according to Sahoo et al., 2013a can be classified into five groups; bacterial inhibition, desulfurization, 
electrochemical cover, physical and chemical barrier (Figure 2.1). 

 

Figure 2.1. Overview of methodologies to prevent acid rock drainage (ARD) modified from Sahoo et al., (2013a). 

Bacteria inhibition uses bactericides to inhibit Fe- and S oxidizing bacteria by either removing the 
protective coating that allows them to function in an acidic environment or by disrupting their contact 
with the mineral surface. Since bactericides are harmful to bacteria, they can also be harmful to other 
living organisms.  

Desulfurization separates sulfide minerals from gangue minerals. The method uses froth flotation, 
commonly used to separate valuable minerals from tailings. The success of the method partly relies on 
how well the sulfide minerals are isolated from the non-sulfidic ones. One advantage of desulfurization 
is that it, if successful, can limit the amount of mine waste that needs treatment. 

Electrochemical covers introduce an electrical current which polarizes the tailings-electrolyte interface 
and overburden making them into cathode and anode which reduces dissolved oxygen at the tailings 
surface. 

Physical barriers 

Physical barriers are the most common approach in Sweden for controlling ARD generation and are 
comprised of either a wet or a dry cover over the mine waste to limit oxygen ingress and thus sulfide 
oxidation. Tailings are commonly deposited under water during the operation of a mine whereas waste 
rock is often stored in heaps close to the mine workings. Oxygen has lower solubility in water than in 
air resulting in that mine waste underwater can reduce the redox conditions, which decrease the sulfide 
oxidation. Backfilling of waste rock is performed during the decommissioning of a mine, where the 
flooding of and a sealing above the waste rock is the most common approach in Sweden. Dry covers, 
on the other hand, are commonly constructed by till of varying quality. The sealing layer, which is 
intended to limit both oxygen and water ingress is commonly constructed from clayey till and 
characterized by low hydraulic conductivity. The sealing layer is covered with a protective layer 
consisting of a coarser till protecting the sealing layer from frost, root penetration, etc. Recent studies 
have examined the potential to exchange virgin natural resources with industrial residues such as green 
liquor dregs (Sirén et al., 2016; Mäkitalo et al., 2015, 2016), fly ash (Lu et al., 2013; Hallberg et al., 
2005) and sewage sludge (Nason et al., 2013).  
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Chemical barriers 

Sulfide passivation or microencapsulation is an alternative inhibition technique (compare to cover 
systems, desulfurization, bacteria inhibition, etc.) for controlling ARD formation. Sulfide passivation 
is described as a chemically inert coating on the sulfidic surface, capable of protecting the sulfidic core 
from attacks of O2 and Fe3+. Several additives have been studied, that could enhance surface coatings, 
both organic and inorganic of which the most common ones ought to be silica (Fan et al., 2017; Kang 
et al., 2016; Kollias et al., 2015; Bessho et al., 2011; Evangelou, 1996), phosphate (Kang et al., 2016; 
Kollias et al., 2015; Evangelou, 1995) or permanganate solutions (Ji et al., 2012; Misra et al., 2006; De 
Vries, 1996). If successful, passivation is considered as a low-cost prevention technique, especially 
compared to traditional mine drainage treatments using alkaline additives (Sahoo et al., 2013a). 
However, most of the materials studied for passivation are either too expensive or potentially harmful 
to the environment (Sahoo et al., 2013b). Thus, there is a need to find cost-effective materials able to 
passivate sulfide surfaces in a long-term perspective. 

During the last decade, alternative materials such as alkaline industrial residues have been studied based 
on the assumption that passivation can be achieved by maintaining near-neutral pH in the sulfidic mine 
waste. The theory is based on studies performed by Huminicki and Rimstidt (2009) that sulfide 
oxidation at near-neutral pH, in the presence of sufficient alkalinity will promote precipitation of 
secondary minerals such as hydrous ferric oxides (HFO) on the sulfide surface, growing thicker with 
time, when thick enough, will prevent the sulfides from further oxidation. Unlike other methods, this 
creates a self-healing system, independent of additives in the long term. One of the most extensively 
studied materials is fly ash from coal combustion (Sahoo et al., 2013b; Yeheyis et al., 2009; Pérez-
López et al., 2007, 2009). However, these studies are based on relatively high fraction of alkaline 
industrial residues compared to mine waste. Therefore, most applicable when the alkaline industrial 
residue is generated near the mine (or the mine can use its own residue).  The possibility for this design 
is, however, currently limited in Sweden due to transport costs, which account for the majority of 
such treatment design. Furthermore, the goal for the mining industry is to limit the total amount of 
wastes to be stored at the mine sites. There is thus a need for alternative materials, with properties that 

pective. 
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3. STUDY MATERIALS 

3.1. Sulfidic waste rock 

The sulfidic waste rock originated from one of Boliden Mineral AB’s currently operating Zn-Cu-Au-
Ag in northern Sweden. The mine is a volcanic-associated massive sulfide ore belonging to the so-
called Skellefte group, a collection of volcanic rocks in the Skellefte field (northern Sweden) deposited 
at the bottom of the sea approximately 1.89 billion years ago. The host rock is quartz-feldspar 
porphyritic rhyolite, which also occurs as isolated bodies scattered throughout greater parts of the 
mining area (Montelius, 2005). The mine has since its start in 2000 generated 9.9 million tons of waste 
rock with the expectation of having generated 10 million tons waste rock at the end of the mine’s life 
of which 9.3 million ton is predicted as potentially acid producing. At the end of mine life, the waste 
rock will be backfilled into the open pit followed by flooding. The remaining waste rock will be 
covered with a till and bentonite mixture. Collection and treatment of leachate from the waste rock 
heap and pit lake is estimated to at least 20-30 years before it can be diverted to the recipient (Löfgren 
and Karlsson, 2018). 

For this study, the waste rock was selectively chosen based on sulfur content. Partially oxidized waste 
rock of varying size (<30cm) was screened using a handheld X-ray Fluorescence (XRF) of the brand 
Olympus Innov-x systems, USA and waste rock from a pile at the site which had high sulfur content 
was selected. Alakangas et al. (2013) characterized the waste rock for its major and minor elements 
showing that it had an average sulfur content of 30%.  

3.1. Industrial residues 

Industrial residue is used as a collective name for materials whose common denominator is that their 
origin is not the primary objective of the industry within which they are produced. Therefore, 
industrial residues can range from wastes to commercially established (by)-products. 

An industrial residue is unique for each plant due to differences in process layout, raw material, and 
fuel. Changes in primarily chemical composition, but also the mineralogy, of all industrial residues are 
expected to occur with time. Smaller variations should be seen for the commercially established (by)-
products than for the wastes. 

A pre-study by Alakangas et al. (2014) was the basis for material selection and mapped the presence of 
various industrial residues in Sweden for their availability, characteristics and yearly yield. The industrial 
residues presented in this thesis are divided into two groups: 

Slag 

Blast furnace slag (BFS) originates from the manufacturing of crude iron in a blast furnace. Iron ore is 
added to the furnace together with coke as a reduction agent and limestone as a slag former with the 
aim of removing impurities. Residues, mainly coke ash and non-metallic components, are removed 
from the crude iron by chemically combining them into a liquid slag which can be either air cooled 
which results in a predominantly crystalline material (BFS) or water granulated resulting in an 
amorphous sand-like material (0-4mm) known as Granulated Blast Furnace Slag (GBFS). The air-
cooled BFS may need further crushing to achieve desired particle size. The BFS used had been crushed 
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down to a size of 0-4mm. Both BFS and GBFS are known to have excellent geotechnical properties 
such as low density and cementing properties. For these reasons, BFS is often used in road construction 
while ground GBFS is more often used in the manufacturing of slag cement as a blending material and 
for concrete as an additive. MEROX AB distributed both the BFS and the GBFS, which are 
commercially established (by)-products, REACH registered and CE-classified as ballast. 

Fly ash 

Fly ashes are defined as residues arisen from the collection of dust from flue gasses during the 
combustion of material. 

Cement Kiln Dust (CKD) originates from the manufacturing of cement where CaCO3 and Si-, Al- 
and Fe oxides are added to a rotary kiln and heated to a temperature of 1450  to form alite (main 
mineral in Portland cement) (Hökfors, 2014). Cement kiln dust is primarily used as a component in 
cement. Cementa AB distributed the CKD.     

Bark Ash (BA) originates from the manufacturing of wood pulp, one of the principal components in 
paper. Wood is washed and debarked before chopped into wood chips and digested in the Kraft 
production. The bark is combusted for energy, leaving a residue in the form of fly ash. BillerudKorsnäs 
distributed the BA which is usually landfilled. The BA used in this study was fresh and dry.  

Lime Kiln Dust (LKD) originates from the manufacturing of quicklime (CaO) where limestone is 
added to a rotary kiln and heated to temperatures up to 1200-1300 . Some quicklime manufacturers 
make briquettes out of the LKD while others deposit it in piles/silos on site. Sometimes the LKD is 
mixed with varying amounts of crushed limestone to produce niche products. Nordkalk distributed 
the LKD which was a mixture of partially calcined material and finely crushed limestone (too fine for 
the kiln). The LKD had been stored in piles outside.  
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4. METHODS 

4.1. Geochemical characterization of materials 

Mineralogy 

Different methods were used for mineralogical investigations of the waste rock and industrial residues. 

The waste rock mineralogy was determined using: 

Optical examination of polished thin sections was performed in reflected and transmitted light 
using a conventional petrographic microscope (Nikon Eclipse E600POL) to increase the 
knowledge of the waste rock before automated quantitative mineralogical characterization by 
QEMSCAN® 650 with two Bruker EDX detectors was performed. Step size was set to 6 μm 
as a compromise between the number of analysis points yielded and the time for analysis 
(approximately 7 h/thin section). Four thin sections were analyzed where each thin section 
held a minimum of seven waste rock samples. 

The mineralogy of the industrial residues was determined using: 

X-ray powder diffraction (XRPD) and recorded with a PANalytical Empyrean diffractometer 
run in Bragg-Brentano geometry with CuK  radiation ( =1.5406Å). The samples were 
scanned over the 2  range of 5-90° with a step size of 0.0130°. The scan time was set to 47 
min.  
Quantitative mineralogical characterization of the LKD was performed with 
thermogravimetric measurements using a NETZSCH STA 409 C/CD with heating up to 
1000°C in inert Ar gas. The quicklime content was estimated using the “sugar rapid method” 
in ASTM C25-11. 

Chemical composition 

The waste rock was characterized for its total chemical composition by several laboratories: 

One sample was screened of more than 70 elements by using Inductively Coupled Plasma Mass 
Spectroscopy (ICP-MS) by the SWEDAC-accredited ALS Scandinavia laboratory in Luleå, 
Sweden. Total element concentrations were analyzed after lithium borate fusion and three acid 
digestion (nitric acid, hydrochloric acid and hydrofluoric acid) (Paper II).  
ALS Brisbane, Australia analyzed the three waste rock samples of which two 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 dissolved in diluted hydrochloric acid 
(Paper II).  
ALS Loughrea, Ireland analyzed one waste rock sample using ICP-MS or ICP-AES. Total 
element concentrations were analyzed after lithium borate fusion and two acid digestion (nitric 
acid and hydrochloric acid) (Paper II). 
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Sulfidic sulfur was determined on three samples using 25% HCl leach followed by leco furnace 
melt. ALS Vancouver, Canada analyzed the samples by inductively coupled plasma optical 
emission spectroscopy (ICP-OES). 

The industrial residues were characterized for their total chemical composition. The results were 
compared to results reported by the companies. 

Two samples of each industrial residue were screened of more than 70 elements performed by 
using ICP-MS by the SWEDAC-accredited ALS Scandinavia laboratory in Luleå, Sweden. 
Total element concentrations were analyzed after lithium borate fusion and three acid digestion 
(nitric acid, hydrochloric acid, and hydrofluoric acid).  

Readily soluble elements in the industrial residues 

The industrial residues were subjected to batch testing modified from SIS (2003) for determination of 
the readily soluble elements. The batch test was extended 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 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). A more detailed 
description is given in “2.3 Geochemical characterization of materials” in appended paper I. Leachates 
were analyzed for their chemical composition according to “Analysis of dissolved elements in 
leachates”. 

4.2. Leaching of waste rock covered with industrial residues 

Kinetic testing was conducted in high-density polyethylene small-scale test cells with a surface area of 
513 cm2 (total volume of 10 L) lined with geotextile in the bottom to avoid clogging of the tap system 
at the bottom front of the cell (Figure 4.1). Four cells were set up with 5-30 mm and 30-60 mm size 
fractions (Table 4.1).  

The waste rock was irrigated with 600 ml of MilliQ water 
on a weekly basis, corresponding to average annual 
precipitation in the mine area. Waste rock from all eight test 
cells was leached for 4-8 weeks before addition of industrial 
residues on top of the waste rock. The smallest waste rock 
fraction (5-30 mm) was re-sieved after three weeks of 
leaching due to clogging in the system. Industrial residues at 
varying amounts were added on top of the waste rock (Table 
4.1). Geotextile liner was used between the larger waste 
rock (30-60 mm) and industrial residue to avoid downward 
movement of the industrial residue. Leachates from the test 
cells were collected on a weekly basis.  

   

 

Figure 4.1 Experimental design of small-scale 
test cells filled with A: sulfidic waste rock, B: 
sulfidic waste rock with 1-5wt.% industrial 
residue. 
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All water samples were measured for pH and electrical conductivity (EC) in closed containers to avoid 
exposure to air by using a WTW Multi 3420 multimeter equipped with either Sentix® 940 (pH) or 
TetraCon® 925 (EC) electrodes. Water samples were filtrated (0.22 μm, nitrocellulose membrane 
filter) into high-density polyethylene bottles using vacuum filtration. Samples were acidified with 1 ml 
nitric acid (suprapur) per 100 ml sample and stored cold (4°C) and in darkness until analysis.  

Analysis of dissolved elements in leachates 

Selected samples were analyzed for major and trace element composition using ICP-AES and 
Inductively Coupled Plasma Sector Field Mass Spectrometry (ICP-SFMS) at the SVEDAC-accredited 
laboratory ALS Scandinavia in Luleå. The analysis was either performed according to US EPA Method 
200.7 (modified) and 200.8 (modified) or by quantitative screening analysis for over 70 elements. 
Analysis of Cl was performed by GBA, Germany using ion chromatography. 

4.3. Solid phases 

Solid waste rock samples were taken before leaching (initially) and from cells A and B (Table 4.1) on 
separate occasions year 1 and 2 (weeks 52 and 103). The samples were taken approximately halfway 
down into the waste rock profile and were oven dried in <40°C for a total of five hours before 
subjected to small amounts of high pressured air to rid the samples of any excess material. Sequential 
extraction was performed by SGS Canada Inc. Mineral Services, in accordance with Dold (2003) to 
evaluate element distribution in the different phases as leaching prolonged. 

 
 

Table 4.1 Differences in leaching conditions in the eight small-scale test cells with varying additions of lime kiln dust 
(LKD), blast furnace slag (BFS), granulated blast furnace slag (GBFS), cement kiln dust (CKD) and bark ash (BA). 

 

Cell
5-30 mm 30-60 mm
7.75 kg 8

B 7.75 kg 8 5
C 7.75 kg 8 4 1
D 7.75 kg 8 4 1
E 11 kg 4 5
F 11 kg 6 1
G 11 kg
H 11 kg

Only background leaching measured

No addition of industrial residues

Waste rock Addition 
week

LKD 
wt.%

BFS  
wt.%

GBFS 
wt.%

CKD 
wt.%

BA   
wt.%
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5. SUMMARY OF FINDINGS 

5.1. Sulfide oxidation and acid rock drainage generation  

When sulfidic waste rock is deposited in heaps, the large variations in material size can lead to high 
porosity (compared to tailings impoundments) which exposes the sulfide surfaces. ARD develops in 
waste rock heaps where the neutralizing capacity, mainly in the form of carbonates, is depleted due to 
ongoing oxidation of the sulfide minerals or when the carbonate dissolution is inefficient, due to 
limited contact between the neutralizing and acid producing minerals.  

Waste rock characteristics 

Quantitative mineralogical studies of the waste rock showed that it mainly consisted of sulfides with 
an average pyrite content of 66% (Table 5.1). Other sulfide minerals such as arsenopyrite, chalcopyrite, 
and sphalerite were found but at much lower concentrations. The complex sulfide (sulfosalt) 
bournonite was found in the waste rock, and the presence of other complex sulfides such as 
tetrahedrite, gudmundite, pyrargyrite and various Pb-Sb-sulfosalts has been suggested (Paper II). 

The waste rock showed low content of carbonate minerals (1% calcite) and other buffering minerals 
suggesting limited neutralizing capacity. Indeed, static tests such as acid-base accounting indicated that 
the waste rock would require nearly 1:1 addition of calcite to neutralize the total acid production 
(Paper I). Aside from the high content of S, because of the pyrite content, the waste rock exhibited an 
overall low abundance of elements (Table 5.2). Altogether, the characteristics of the waste rock 
suggested that it had potential to generate highly acidic leachate with elevated concentrations of Fe 
and S but with comparable low concentrations of trace elements due to their limited abundance in the 
waste rock. 

Table 5.1 Quantitative mineralogical composition of waste rock and lime kiln dust (LKD) determined by QEMSCAN 
and thermogravimetry respectively. Mineralogical composition of cement kiln dust (CKD) and bark ash (BA) was 
determined using X-Ray powder diffraction (XRPD) and similar method was used for the blast furnace slag (BFS) 
and granulated blast furnace slag (GBFS) but these results were supplied by MEROX (2015). 

 

Waste rock % LKD % BFS GBFS CKD BA
Calcite 1 Anhydrite 1Monticellite 1Glass Akermanite Anhydrite
Chlorite 4 Calcite 73 1Akermanite 1Hercynite Alite Anorthite
Dravite 0.4 Gypsum 2 Anhydrite Arcanite
Kaolinite 0.3 Mg-rich calcite 7 Anorthite Calcite
Muscovite 6 Quicklime 1 Arcanite Ettringite
Pyrite 66 Slaked lime 2 Calcite Gehlenite
Quartz 20 Sylvine Gehlenite Halite

Gypsum Quartz
Larnite Quicklime
Quartz Slaked lime
Quicklime Sylvine
Slaked lime
Sylvine

1unpublished results, MEROX (2015)
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Table 5.2 Abundance of selected elements in lime kiln dust (LKD), blast furnace slag (BFS), granulated blast furnace 
slag (GBFS), cement kiln dust (CKD), bark ash (BA) and waste rock. Waste rock data obtained from Alakangas et al. 
(2013). Elements in the industrial residues are classified according to their enrichment relative to the waste rock and 
whether they exceed recommended levels for the use of waste materials in landfill constructions above sealing layer 
(SEPA, 2010). The SEPA classification for solids include elements As, Cr, Cu, Hg, Ni, Pb and Zn. Elements in the 
waste rock presented in bold are enriched >3 times the average Earth’s crust (Krauskopf and Bird, 1995). 

 

LKD BFS GBFS CKD BA Waste rocka

0.3 7 7 2 4 3
46 28 25 38 15 0.9

<0.1 <0.1 <0.1 5 0.4 0.009
0.4 1 1 2 3 12

0.02 0.5 0.6 7 4 0.5
0.7 10 11 1 2 0.6

0.02 0.3 0.5 0.05 0.8 0.02
0.02 0.5 0.5 0.5 2 0.3

0.003 0.004 0.002 0.02 1 0.01
0.4 1 2 4 1 31
0.7 15 16 7 21 13

0.02 2 2 0.2 0.2 0.1

0.8 0.3 0.7 9 3 191
22 495 524 179 1398 91
0.1 0.01 0.01 46 7 0.1
0.9 0.7 0.9 6 10 2

7 43 74 41 176 57
2 7 12 54 80 15

70 675 440 730 285 1320
0.1 0.1 0.1 0.1 0.2 12

3 4 5.3 16 75 1
3 0.2 0.8 861 51 20

0.1 0.1 0.2 5 1.6 21
0.8 30 32 4 4 6
168 496 425 249 583 42

1 13 14 2 1 2
31 654 560 71 46 8
5 56 59 14 7 11

25 16 13 568 1257 75
9 280 294 65 38 67

Ti

As
Ba
Cd
Co

Element

Al
Ca
Cl
Fe
K
Mg
Mn
Na
P
S
Si

Cr
Cu
F
Hg
Ni

Enriched when 1 wt.% is added to waste rock.

Exceed levels for landfill above a sealing layer (SEPA, 2010)

> 1 times
> 20 times
> 25 times

Enriched when 5 wt.% is added to waste rock.
Enriched when 4 wt.% is added to waste rock.

%

mg/kg

Increased concentration compared to waste rock.

> 100 times

V
Y
Zn
Zr

aAlakangas et al. (2013)

Pb
Sb
Sc
Sr
U
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Quality of the acid rock drainage  

Leaching of the waste rock in small-scale laboratory test cells showed that the leachate was initially 
dominated by high concentrations of Al, Ca, Fe, Mg, S consistent with the observations of the water-
soluble phase in the sequential extraction (Figure 5.1). Elevated element concentrations during the 
early stages of leaching are often called “initial flush” to describe the dissolution of soluble salts similar 
to heavy rain following a period of drought (Nordstrom, 2009). The dissolution of soluble salts causes 
an increase in acid solutes (Maest and Nordstrom, 2017) and when the waste rock was re-sieved after 
three weeks of leaching the pH started to increase, most likely due to the removal of water-soluble 
phases and acid solutes (Paper I). It took approximately 29 weeks of leaching before the leachate started 
showing signs of accelerated sulfide oxidation in the waste rock, which is a long time of leaching 
considering the high sulfide content in the waste rock. Once the sulfide oxidation was established, the 
leachate was characterized by a low pH (around 1.5), high EC and elevated concentrations of metals 
and metalloids. Despite the overall low content of trace elements in the waste rock, the leachate 
exhibited high concentrations of elements such as As, Cu, Mn, Pb, Sb and Zn and surprisingly high 
leachability with up to 80% of element depletion after only three years of leaching. The reason behind 
the high leachability is due to a combination of low pH, high concentrations of ferric iron and large 
exposure of the sulfide surfaces (Paper II). Instead of treating the waste rock and trying to prevent the 
sulfide oxidation, an alternative could be to force the oxidation and extract valuable metals and 
metalloids. 

5.2. Characteristics of the industrial residues 

As previously described in section 3.1, the treatment strategy of the waste rock includes covering some 
of the waste rock with a till and bentonite mixture to prevent oxidation. That means that during the 
operation of the mine, the waste rock is left under ambient conditions allowing sulfide oxidation to 
accelerate which can have negative long-term environmental effects. 

An alternative method is to treat the waste rock with industrial residues for reducing the sulfide 
oxidation and subsequent generation of ARD from the waste rock. Based on the mineralogy, chemistry 
and leaching behavior of the waste rock (see section 5.1 above) it is evident that attempts to prevent 
the sulfide oxidation acceleration, and in the long-term passivate the sulfide surface, places high 
demands on the neutralizing capacity of the industrial residue. A geochemical investigation of the 
behavior of the selected industrial residues was performed to identify promising residues. 

Slags 

The two slags BFS and GBFS used in the study had similar chemical composition because they come 
from the same liquid slag. Both slags mainly consist of silicates, but by adopting different ways of 
cooling the liquid slag, the degree of crystallization will change, resulting in that the GBFS contains a 
large fraction of glass (amorphous) (Table 5.1). Batch testing of the two slags showed that they both 
can generate alkaline pH but that their content of easily water-soluble minerals is low suggesting that 
their solubility is limited (Table 5.3). By extending the batch test, the pH from the GBFS increased 
simultaneously with increasing amount of water (Figure 5.2). This is probably an effect of GBFS 
dissolution at alkaline pH (Hooton, 2000) whereas the dissolution of BFS is increasing with decreasing 
pH (Engström et al., 2013). The results imply that the two slags, despite their limited dissolution, can 
be effective in preventing ARD generation but their differences suggest that the chemical conditions 
can have a major impact on the dissolution rate which needs to be taken into account when choosing 
material (Paper I). 
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Figure 5.1 Extracted element content of the total element content in waste rock before leaching (initially) and from 
cells A (waste rock) and B (waste rock with 5wt.% lime kiln dust) on separate occasions year 1 and 2 (weeks 52 and 
103). Step I-IV in sequential extractions after Dold (2003). Water soluble fraction (I), exchangeable fraction (II), Fe(III) 
oxyhydroxides (III) and Fe(III) oxides (IV). Concentrations below detection limit are not presented. 
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Fly ashes 

Similar to the slags, both the BA and CKD contained silicates whereas the LKD mainly consisted of 
carbonates. All fly ashes included various amounts of easily soluble minerals such as quicklime and 
slaked lime. The BA and CKD contained various salts such as anhydrite, arcanite, and sylvine (Table 
5.1) whereas the LKD only contained sylvine. Minerals such as quicklime and slaked lime are more 
reactive than natural silicates which coincide with observations from batch testing as the fly ashes, 
when mixed with water, generated higher pH than the slags. Slightly higher pH and much higher EC 
was observed for the BA and CKD compared to the LKD suggesting a higher degree of easily water-
soluble minerals which can be a result of salt dissolution (Duchesne and Reardon, 1998). Whereas the 
CKD showed highest concentrations of easily soluble elements, such as Cl, Na, and K, the LKD 
showed no substantial dissolution of the only salt identified in the material, namely sylvine, which also 
explains the low EC (Paper I). The presence of neutralizing minerals, both in short and long-term, 
suggest that the fly ashes can be more effective in preventing ARD generation than the slags. If the 
quicklime content is high, the material’s dissolution can be limited through hardening of the material 
(Bulusu et al., 2007). Moreover, the dissolution of salts can generate an “initial flush” similar to the 
one seen in the waste rock but with other elements such as Cl, which can complex with metals and 
make them difficult to remove from the drainage but also be potentially harmful to the receiving 
environment (Paper I). 
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Table 5.3 Concentrations of selected elements in leachate from batch testing (L/S 10) the industrial residues (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. 

 

pH
EC 

mS/cm
pH

EC 
mS/cm

pH
EC 

mS/cm
pH

EC 
mS/cm

pH
EC 

mS/cm

24 h 11.5 0.896 9.88 0.125 12.9 31.2 12.9 27.9 12 12
72 h 11.4 0.87 10.3 0.13 12.8 27.5 12.9 25.7 11.9 11.9
600 h 11.6 1.36 11.7 1.09 12.7 25.5 12.8 24 11.9 11.9

Al
Ca
Cl
Fe
K
Mg
Mn
Na
P
S
Si
Ti

As
Ba
Cd
Co
Cr
Cu
F
Hg
Ni
Pb
Sb
Sc
Sr
U
V
Y
Zn
Zr

BFS GBFS CKD BA LKD

mg/L
4 0.1 0.04 0.04 4

110 9 1562 299 338
0.1 0.1 8737 728 0.5

<0.002 <0.002 0.004 0.01 <0.002
16 2 5738 3354 5.4
0.1 3 0.1 <0.01 0.02

0.002 0.001 0.0002 0.001 0.0005
4 0.002 377 465 0.3

0.01 0.004 0.1 <0.005 0.01
271 5 891.6 26 2
3 7 1 0.4 1

<0.002 <0.002 0.002 <0.002 <0.02

<0.05 0.1 0.1 0.07 0.08
355 2 585 2250 34

<0.025 <0.025 0.5 0.3 <0.025
<0.05 <0.05 0.1 <0.05 <0.05

1 <0.5 145 477 6
<0.5 <0.2 2 2 <0.5
229 233 2600 <200 <200

<0.05 <0.05 0.8 0.1 <0.05
<0.5 <0.5 <0.5 <0.5 <0.5
<0.05 <0.05 986 102 0.1
<0.05 <0.05 0.5 0.1 0.08
<0.02 <0.02 0.3 <0.02 0.03
275 24 7535 5904 438

<0.01 0.01 0.1 0.01 0.01
156 25 1 <0.5 2

<0.05 <0.05 <0.05 0.1 <0.05

Exceed recommended values for landfill above a sealing layer (SEPA, 2010)

<0.02 <0.02 <0.05 0.03 <0.02
<2 <2 10 897 <2
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Quality of the leachates from industrial residues 

Industrial residues, as well as waste rock, can contain a larger variety of elements that can be released 
from the material. The release of elements from the leaching of the waste rock was previously discussed 
in section 5.1. The most suitable way of assessing industrial residues potential to release specific 
elements would be to compare it to the waste rock used. Comparison between the chemical 
composition of each industrial residue relative to the waste rock (Table 5.2) shows that the addition of 
small amounts (<5wt.%) of an industrial residue to the waste rock can increase the amount of 
potentially harmful elements and that all of the industrial residues were enriched in trace elements. 
Both BFS and GBFS were highly enriched in V, the CKD in Cd, Cl and Pb, and the BA in Cd, Cl, 
and Ni.  

Because the industrial residues vary from wastes to commercially established (by)-products a 
comparison to environmental quality standards (or similar) is difficult, and comparison of 
concentrations without considering the receiving environment is often unsuitable. The element 
content in the solid phase (Table 5.2) and leachate from batch testing (Table 5.3) was compared to 
recommended values for the use of wastes in landfill constructions above sealing layer (SEPA, 2010). 
The recommendations were chosen based on the most critical material (waste). 

Based on the recommended values by SEPA (2010) in the solid phase (Table 5.2), the LKD appeared 
to be the purest of the studied materials, whereas the other fly ashes, CKD and BA, had elevated 
concentrations of trace elements. The SEPA recommendations only apply to elements As, Cr, Cu, 
Hg, Ni, Pb, and Zn. However, an exceeded value does not necessarily prevent the use of a material. 
Instead, a “case-to-case” suitability assessment has to be established (Paper I).  

Comparison of concentrations from batch testing (L/S 10) relative to recommended values by SEPA 
(2010) for the soluble fraction showed that the GBFS displayed the lowest element concentrations but 
not consistently lower than the LKD. The CKD and BA exceeded concentrations for Cr and Pb (Table 
5.3). The CKD also exceeded recommended values for Cl and S and the BA for Zn. It should be 
noted that S concentrations from the BFS were slightly below the values recommended by SEPA 
(2010). The enrichment and leachability of Pb in the CKD, as well as Cr and Zn in the BA, suggest 
the presence of elements of potential concern that could limit the use of the materials. 

Whether the addition of an industrial residue is potentially harmful or not, has to be decided with 
respect to the appropriate environment where the industrial residues are used together with the waste 
rock in question. 

Storing of industrial residues 

Due to the calcination process, LKD typically contains a substantial amount of quicklime (Bulusu et 
al., 2007; Miller and Callaghan, 2004) but the LKD used contained only small amounts of quicklime 
corresponding to less than 1/10 of the quicklime content reported by the supplying company. 
Conversely, calcite is highly abundant in the material (Table 5.1) suggesting an alteration of the material 
during storing in piles under ambient conditions. Hydration and re-carbonation during storing can 
explain the scarcity of quicklime and abundance of calcite in the LKD due to depletion of water-
soluble minerals, i.e., quicklime and slaked lime. Storing may also have depleted the salt content in the 
LKD, which would explain why only small amount of sylvine was found in the residue. 

Compared to the other industrial residues, the LKD showed notable differences between samples 
analyzed for chemical composition and in the batch test leachates, suggesting that the LKD may be 
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more heterogeneous compared to the other residues studied. A possible explanation for this may be 
that the storage did not affect the bulk material in the same way and to the same extent between 
samples (Paper I). Based on these observations, it cannot be discarded that storing residues such as fly 
ashes before applying them to waste rock can have positive effects on the geochemistry of the residue, 
providing that not all reactive minerals such as quicklime is depleted which would result in a substantial 
loss of short-term neutralizing capacity. The use of industrial residues for treating mine waste would 
regardless of the application, require large amounts of material that would need storing and possibly 
result in the alteration of the material. 

5.3. Industrial residues ability to prevent acid rock drainage generation 

Geochemical tests alone cannot determine the suitability of an industrial residue. Although batch tests 
can provide valuable information about the amount of easily water-soluble phases in a residue, it does 
not consider the long-term dissolution rate of minerals under ambient conditions. For a more 
comprehensive understanding of a material’s potential to prevent ARD generation from high sulfidic 
waste rock, it is vital to perform kinetic leaching under ambient conditions.  

The amount of industrial residues used was limited to a maximum of 5wt.% due to costs and amount 
associated with, e.g., transport, as reported by Alakangas et al. (2014). Active treatment of ARD 
generated from the waste rock would require almost a 1:1 ratio of carbonate material to waste rock. 
As a comparison an addition of 5wt.% industrial residue such as LKD correspond to approximately 4% 
of the total neutralizing potential needed for active treatment (assuming all pyrite oxidize). 

Leaching of waste rock with small amounts of industrial residues added on top showed that all of the 
materials could raise the pH in the leachate (Figure 5.2). However, not all of the residues were capable 
of maintaining circumneutral pH throughout the entire leaching period.  

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

CKD (1wt.%) was added to BFS (4wt.%) and GBFS (4wt.%) respectively, with the assumption that 
the quicklime content would hydrate the slag and enable stabilization/solidification of the waste rock 
similar to as what has been described by Tariq and Yanful (2013). The materials, especially the CKD, 
contains minerals with cementing properties which is why a lower amount of CKD, than reported by 
Chaunsali and Peethamparan (2013), was used and the GBFS was not ground, all to avoid cementation 
of the materials. 

Both mixtures were able to increase the pH to circumneutral, but none of them maintained the pH 
for a longer period. Rather promptly after addition of the industrial residue to waste rock, the mixtures 
showed signs of cementation, probably due to the CKD because 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. Furthermore, the GBFS was not ground, which 
would have limited hydration. The cementation is assumed to be the reason why the mixtures failed 
in maintaining a circumneutral pH and the test-cells were terminated after 22 weeks of leaching (Paper 
I). However, it should be noted that addition of the mixtures to waste rock had a positive effect on 
the metal and metalloid release since elements such as Cr and Pb were elevated in the leachate from 
batch testing of the CKD but not in the test cell leachate. Moreover, the addition of the BFS/CKD 
and GBFS/CKD mixtures led to a decrease in the concentrations of metals and metalloids such as As 
and Zn in the test cell leachate. This decrease suggests that addition of CKD can have a positive effect 
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on leachate chemistry, although this may only occur in the short-term because the pH was not 
maintained due to cementation.  

Granulated blast furnace slag 

Addition of solely GBFS (5wt.%) showed a similar trend in the leachates as for the GBFS/CKD 
mixture, with a pH increasing to circumneutral after which it decreased below circumneutral. Huijgen 
and Comans (2005) reported that ground GBFS under ambient conditions has the potential to 
sequestrate CO2 through the formation of CaCO3 and that the rate is determined by the release of Ca 
during leaching of GBFS. It is uncertain whether the slightly higher pH when adding GBFS instead 
of the GBFS/CKD mixture was due to cementation of the CKD, dissolution of CaCO3 as an effect 
of carbonation of the GBFS or a combination of both. Another explanation is that carbonation to 
some extent hindered dissolution of the GBFS or the setup for leaching was not optimal for dissolution 
of the material. Even if carbonation had a positive effect on the leachate, GBFS was not able to maintain 
a circumneutral pH throughout the leaching period, and these tests were therefore terminated after 14 
weeks of leaching.  

Addition of GBFS decreased the metal and metalloid concentrations in the leachate compared to the 
waste rock. However, despite initially lower concentrations of, e.g., As and Zn, in the cells with larger 
waste rock sizes, the addition of GBFS resulted in higher concentrations in the leachate than when 
LKD or the mixture of GBFS/CKD was added (paper I).  

Bark ash 

Addition of BA to the waste rock resulted in a circumneutral pH that was maintained during 38 weeks 
of leaching. The leaching of waste rock covered with BA or GBFS could not be directly compared to 
the leaching of waste rock alone due to differences in the particle size. Moreover, the limited number 
of leachate samples analyzed made comparison even more difficult.  

Addition of BA resulted in an increased concentration of Cr in the leachate that declined with time, 
suggesting that the increased concentration could be an effect of dissolution of easily water-soluble 
minerals. The leachability of Cr (2.7%) during the batch testing supports this suggestion. Pb and Zn 
concentrations in the leachate were lower when BA was applied on top of the waste rock despite the 
elevated concentrations found during batch testing. BA from Kraft production is generated all over 
Sweden and at higher amounts than, e.g., CKD and LKD. Therefore, the test cell with BA was not 
terminated despite the uncertain potential of BA in maintaining a circumneutral pH over the long-
term. Since only 1wt.% BA was added, use of a higher amount of BA may improve the long-term 
neutralization capacity (paper I).  
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Figure 5.2 Changes in the pH and EC in leachate from leaching high sulfidic waste rock covered with industrial residues: 
A: waste rock (reference), B: lime kiln dust (5 wt.%), C: blast furnace slag (4 wt.%) and cement kiln dust (1 wt.%), D: 
granulated blast furnace slag (4 wt.%) and cement kiln dust (1 wt.%), E: granulated blast furnace slag (5 wt.%), F: bark 
ash (1 wt.%). Circumneutral pH as defined by Moses and Herman (1991) is marked by a horizontal band. Time of 
addition of the industrial residues is marked by a vertical band. 
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Lime kiln dust 

Addition of LKD (5wt.%) on top of the waste rock increased the pH to slightly above circumneutral 
but without increasing the EC (Figure 5.2). The pH was maintained for more than three years of 
leaching (still ongoing). By creating a neutral pH environment during sulfide oxidation, metals were 
able to precipitate as, or associated with, secondary minerals, which largely immobilized their transport. 
Secondary minerals can precipitate either on the reactive mineral surface or in between minerals. To 
prevent sulfide oxidation, the secondary minerals such as HFO need to grow on the sulfide surface for 
an extended period to be thick enough to hinder oxygen ingress (Huminicki and Rimstidt, 2009). 
Therefore, it is not sure that low metal and metalloid concentrations in the leachate are an effect of 
decreased sulfide oxidation.  

The first four steps in the sequential extraction were assumed to correspond to dominating secondary 
phases in the waste rock. The sequential extraction showed that the addition of LKD to the waste rock 
changed the sulfide oxidation rate and promoted precipitation of secondary minerals on the sulfide 
surfaces. The waste rock (cell A) dominated by water-soluble phases such as melanterite. The first 
fraction not only contain dissolved water-soluble minerals but also oxidation products stored in the 
pore water (Figure 5.1) which can explain the increase with time. Conversely, the addition of LKD in 
cell B resulted in stable secondary phases such as precipitation of, and co-precipitation with, HFO. 

Sequential extraction on samples from cell A suggests an increasing formation of gypsum compared to 
cell B. Saturation index suggest that gypsum formation in cell A is controlled by Ca concentration 
whereas, in cell B, S is the controlling element. The saturation index suggest dissolution of gypsum 
after one year of leaching in cell B which together with decreasing S concentrations suggest that the 
release of S from sulfide oxidation was prevented in cell B. Time-series of element leaching show 
overall decreasing concentrations of Ca, Mg, and Si, which may be a result from the suggested 
decreased sulfide oxidation. One element of potential concern is As which is higher in cell B than in 
cell A despite the formation of HFO was lower in cell B indicating that As, in cell B, is associated with 
other phases. This suggests that if chemical conditions are changed to more reducing condition for 
example during remediated the secondary phases can be dissolved releasing accumulated As.   

One apprehension with adding neutralizing minerals is that an excess of secondary minerals can form. 
In Sweden, regardless if inhibition and passivation of the sulfide surfaces are achieved or not, the waste 
rock will either be backfilled and flooded in an open pit or dry covered. If an excess of secondary 
minerals is built up, a latent acidity is stored over time, which may be released if the chemical condition 
changes to more reducing condition for example during remediation. This can cause a drainage from 
pit lake or heap in need of treatment for an extended time before released into the recipient. The 
results obtained suggest that the addition of LKD successfully prevents the sulfide oxidation and 
subsequent release of metals and metalloids into the leachate. Moreover, the study suggests that a 
relatively low amount of secondary minerals have precipitated because of the LKD addition. However, 
it cannot be excluded that there might be secondary phases forming inside the test-cell such as on the 
geotextile located at the bottom of the test cell. Future research will focus on identification of 
secondary minerals and trace element distribution in these. 
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6. CONCLUSION 

All of the industrial residues were able to create circumneutral pH when applied on top of the 
waste rock, but only LKD and BA were able to maintain it for more than 15 weeks of leaching.  
 
BA is a highly interesting material to use for the prevention of ARD generation, partially due 
to its availability but also promising results in maintaining a circumneutral leachate pH when 
added on top of the waste rock. However, a higher amount of BA should be studied in order 
to fully evaluate its potential. 

 
All of the industrial residues studied managed to decrease the metal concentrations in the 
leachates. However, not all of the metals and metalloids, such as As and Cr, were reduced upon 
addition of BA. The mechanism of retention needs to be further study  

 
An increased amount of industrial residue does not necessarily increase the quality of the 
leachate. The dissolution of, e.g., salts in BA, gave a negative effect on the leachate. Release 
of, e.g., Cl, can result in chloride complexation, which may have an adverse effect on the 
environment downstream. The presence of salts necessitates that the amount of BA should be 
restricted to a minimum or that it should be pre-treated (e.g., during storing) to remove 
undesirable easily water-soluble elements. One concern with storing is that it may decrease the 
neutralization potential. 

 
Out of the industrial residues tested in paper I, LKD showed the most promising results in 
maintaining a long-term stable pH and creating an optimal environment for precipitation of 
Me-carbonates and hydroxides. 
 
The amount of LKD added corresponded to approximately 4% of the amount CaCO3 required 
to neutralize the sulfide content in the waste rock. 

 
The addition of LKD to the waste rock led to decreasing S concentrations in the leachate due 
to decreased sulfide oxidation, which subsequently led to gypsum dissolution. 
 
The addition of LKD to the waste rock led to precipitation of more stable secondary phases 
than without addition.  
 
The addition of LKD seemingly generated a lower amount of secondary minerals compared to 
no addition. However, since the leaching is still ongoing, it cannot be excluded that formation 
of secondary minerals occurred at other places in the test-cell such as in the geotextile at the 
bottom of the cell. 
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7. FUTURE PERSPECTIVE 

The leaching of LKD added to waste rock will continue to see if the neutralization capacity is exhausted 
in the near foreseen future. Future investigations will focus on identifying and characterizing as well 
as assessing the stability of secondary minerals formed on the sulfide surface due to the addition of 
LKD. These studies will aim to estimate the long-term stability due to changes in chemical conditions 
(such as when backfilled or covered). Moreover, future studies will include identification of trace 
element association in the waste rock minerals as well as secondary minerals formed during leaching 
of the waste rock with the addition of LKD. 
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Abstract 

Prevention and mitigation of acid rock drainage (ARD) from mine wastes are crucial for limiting 
environmental impact. However, preventive measures are often too expensive, potentially 
harmful to the environment or not applied early enough. This study aimed to test the potential 
of different industrial residues for maintaining a circumneutral pH in a sulfide oxidation 
environment, allowing secondary minerals to form on reactive sulfide surfaces to prevent the 
release of acid, metals and metalloids, and thereby ARD generation. Five industrial remnants 
(blast furnace slag, granulated blast furnace slag, cement kiln dust, bark ash, lime kiln dust) were 
selected based on their alkaline properties, availability and yearly yield. High sulfidic (>50wt.%, 
sulfide) waste rock from an active Cu-Zn-Au-Ag open pit mine in northern Sweden was leached 
in small-scale laboratory test cells under ambient condition for 4-8 weeks before adding industrial 
residues on the surface in an attempt to prevent ARD generation. During 52 subsequent weeks 
of leaching, the pH and electrical conductivity in the leachate from the waste rock varied 
between 1.7-4.6 and 2.1-22.8, respectively. Blast furnace slag, granulated blast furnace slag and 
cement kiln dust were not able to maintain a circumneutral pH for an extended time due to self-
cementation, whereas bark ash (1wt.%) and lime kiln dust (5wt.%) prevented acidity, metal and 
metalloid leaching. Industrial remnants such as cement kiln dust and bark ash contained elevated 
concentrations of, e.g., Cd and Zn, but the release of metals and metalloids was generally low 
for most elements, except for Cl, K and Na, most likely due to salt dissolution. 

1. Introduction 

Mining operations generate large amounts of waste rock, and in Sweden alone, waste rock 
amounts to 38 million tons/year from non-ferrous mines (SGU, 2017). During operation of a 
mine, waste rock heaps are usually left under ambient conditions, which enables oxidation of 
sulfides present in the waste rock. As a consequence, acid rock drainage (ARD), characterized 
by a pH below 6 and high concentrations of sulfate, metals and metalloids, may be generated 
(INAP, 2014). In Sweden today, the most common way of treating ARD generated from waste 
rock heaps during operation is active treatment through the addition of alkaline material to 
drainage waters in an attempt to raise the pH and attenuate the metal content. Active treatment 
often includes virgin materials, e.g., lime, with subsequent sludge formation containing, e.g., 
Me-oxides and gypsum, in need of further treatment. An alternative to active ARD-treatment 
is treatment of the waste rock itself to mitigate ARD generation. A rather new technology called 
microencapsulation reduces sulfide oxidation by coating the sulfides, which blocks the oxidant 
transport (Evangelou, 2001). However, so far, most of the materials studied for this purpose, 
e.g., ferric phosphate (Evangelou, 1995), ferric hydroxide-silica (Zhang and Evangelou, 1998) 
and phospholipids (Kargbo et al., 2004), have been found to be either too expensive or 
potentially harmful to the environment (Sahoo et al., 2013; Huminicki and Rimstidt, 2009). In 
contrast, Huminicki and Rimstidt (2009) showed that self-healing coatings could be achieved 
through sulfide oxidation at near neutral pH, which enables precipitation of secondary minerals 
such as Fe-(oxy)hydroxides. 

Industrial residues can, depending on their physical and chemical properties, be used in various 
applications, from road construction to neutralization of ARD (Mackie and Walsh, 2012; Motz 
and Gieseler, 2001) Use of industrial residues can promote valorization and be cost-effective 
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alternatives to virgin materials. In recent years, industrial residues, mainly coal fly ash (Sahoo et 
al., 2013; Pérez-López et al., 2007a; 2007b), have been shown to offer promising results in 
inhibiting sulfide oxidation. However, in Sweden, use of industrial residues is largely limited by 
costs associated with different applications, e.g., logistics and variations in material. 

This study aimed to identify promising industrial residues capable of maintaining a circumneutral 
pH (6-7 as defined by Moses and Hermann, 1991) to promote secondary mineral formation on 
sulfide surfaces, and thereby prevent ARD generation and the release of metal and metalloid 
from sulfidic waste rock. Candidates for the industrial residues were selected from a feasibility 
study (Alakangas et al., 2014) based on availability in northern Sweden (where most of the 
mining occurs), material characteristics, such as alkalinity, and yearly yield. The maximum 
quantity of each industrial residue was limited to 5 wt.% owing to costs associated with, e.g., 
transport, as reported by Alakangas et al. (2014). Five different industrial residues were evaluated: 
blast furnace slag (BFS), granulated blast furnace slag (GBFS), cement kiln dust (CKD), bark ash 
(BA) and lime kiln dust (LKD). To evaluate the suitability of using industrial residues for 
prevention of ARD generation from sulfidic waste rock, it is essential to estimate the capacity of 
the material to maintain long-term pH buffering, potential to release and capture elements, and 
the behavior of the material when applied on top of waste rock. 

2. Materials and methods 

2.1.Waste rock selection 

The waste rock used originated from a Cu-Zn-Au-Ag open pit mine in northern Sweden that 
had been in operation since 2000 and was operated by Boliden Mineral AB. The ore was a 
volcanic-associated massive sulfide (VMS) ore belonging to the “Skellefte group,” a collection 
of volcanic rocks in the Skellefte field deposited at the bottom of the sea approximately 1.89 
billion years ago (Montelius, 2005). Partially oxidized waste rock of varying size (< 30 cm) was 
selected based on its high S content using a handheld X-ray Fluorescence (XRF) (Olympus 
Innov-x systems, USA). During sampling, the waste rock was manually sorted into fraction sizes 
of 0-5, 5-10, 10-20 and 20-30 cm. Two subsamples from each size fraction were crushed and 
analyzed for their chemical composition (Alakangas et al., 2013). The waste rock was considered 
potentially acid producing with an average net neutralization potential (NNP) of -946 kg 
CaCO3/ton waste rock (Nyström et al., 2017). Mineral characterization showed that pyrite and 
quartz were the dominant in the waste rock, with a minor content of muscovite, chlorite and 
calcite. Other sulfide minerals present were chalcopyrite, bournonite, sphalerite and arsenopyrite 
(Nyström et al., 2017). 

2.2.Industrial residues 

Industrial residue is a collective name used for materials ranging from wastes to commercially 
established (by)-products whose generation is not the primary objective of the industry within 
which they are produced. A pre-study performed by Alakangas et al. (2014) was used as a basis 
for material selection according to availability, characteristics and yearly yield. The industrial 
residues used could be divided into two groups; slags and fly ashes.  
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Slags 

BFS originates from the manufacturing of crude iron in a blast furnace. Iron ore is added to the 
furnace together with coke as a reduction agent and limestone as a slag former with the aim of 
removing impurities from the crude iron. Residues, mainly coke ash and non-metallic 
components, are removed from the crude irop by chemically combining them into liquid slag 
can be either air cooled, which results in a predominantly crystalline material (BFS), or water 
granulated, resulting in an amorphous sand-like material (0-4 mm) known as GBFS. The air-
cooled BFS may need further crushing to achieve the desired particle size. The BFS used herein 
was crushed down to a size of 0-4 mm. Both BFS and GBFS are known to have excellent 
geotechnical properties, such as low density and cementing properties. For these reasons, BFS is 
often used in road construction, whereas ground GBFS is mostly used in the manufacturing of 
cement. MEROX AB supplied both the BFS and GBFS, which are commercially established 
(by)-products, REACH registered and CE-classified as ballast. 

Fly ashes  

Fly ashes are defined as residues obtained by collection of dust from flue gasses during combustion 
of a material. 

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  to form alite (main mineral in 
Portland cement) (Hökfors, 2014). CKD is primarily used as a component in cement. Cementa 
AB supplied the CKD used in this study. 

BA originates from the manufacturing of wood pulp, one of the principal components in paper. 
Wood is washed and debarked before being chopped into wood chips and digested in the Kraft 
production. The bark is combusted for energy, leaving a residue in the form of fly ash. 
BillerudKorsnäs supplied the BA used in this study, which is usually landfilled. The BA was fresh 
and dry.  

LKD originates from the manufacturing of quicklime (CaO), whereby limestone is added to a 
rotary kiln and heated to temperatures up to 1200-1300 . The CaO can afterwards be slaked 
with water, forming Ca(OH)2. Some quicklime manufacturers make briquettes out of LKD, 
whereas others deposit it in piles/silos on site. Sometimes LKD is mixed with varying amounts 
of crushed limestone to produce niche products. Nordkalk supplied the LKD, which was a 
mixture of partially calcined material and finely crushed limestone (too fine for the kiln). The 
LKD had been stored in piles outside.  

The characteristics of industrial residues are unique to each plant owing to differences in the 
process layout, raw material and fuel. Changes in primarily the chemical composition, but also 
the mineralogy, of all industrial residues studied herein (mainly the CKD, BA and LKD) is 
expected to occur with time. 
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2.3.Geochemical characterization of materials 

To evaluate the industrial residues’ geochemical behavior, analysis of the chemical composition 
was combined with mineralogical studies using XRPD and batch testing (L/S 10), which 
characterize and assess the potential of elements to be released from a material upon contact with 
water. 

The industrial residues were characterized for their total chemical composition by the SVEDAC-
accredited ALS Scandinavia laboratory in Luleå, Sweden. Total element concentrations were 
analyzed after lithium borate fusion and three acid digestion (nitric acid, hydrochloric acid and 
hydrofluoric acid). The concentration of Cl was determined using an ion selective electrode. 

Mineralogical analysis of the CKD, BA and LKD was performed using X-ray powder diffraction 
(XRPD) and recorded with a PANalytical Empyrean diffractometer run in Bragg-Brentano 

geometry with CuK  radiation ( = 1.5406Å). The samples were scanned over the 2  range of 

5-90° with a step size of 0.0130°. The scan time was set to 47 min.  

The industrial residues were subjected to batch testing modified from SIS (2003) for 
determination of the readily soluble elements. According to the standard, conducting a batch test 
during 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 (Swedish standard SS-
EN 12457-2). 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 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). For analysis, see section 2.5 entitled “Analysis 
of leachates”. 

2.4.Leaching of waste rock covered with industrial residues 

Kinetic testing was conducted in high-density polyethylene small-scale test cells with a surface 
area of 513 cm2 (total volume of 10 L) lined with geotextile in the bottom to avoid clogging of 
the tap system at the bottom front of the cell 
(Figure 1). Four cells were set up with 5-30 
mm and 30-60 mm size fractions (Table 1). 
The waste rock was irrigated with 600 ml of 
MilliQ water on a weekly basis, 
corresponding to average annual 
precipitation in the mine area. Waste rock 
from all eight test cells was leached for 4-8 
weeks before addition of industrial residues 
on top of the waste rock. The smallest waste 
rock fraction (5-30 mm) was re-sieved after 
three weeks of leaching due to clogging in 
the system. Industrial residues at varying 
amounts were added on top of the waste 
rock (Table 1). Geotextile liner was used 

 

Figure 1 Experimental design of small-scale test cells 
filled with A: sulfidic waste rock, B: sulfidic waste rock 
with 1-5wt.% industrial residue. 
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between the larger waste rock (30-60 mm) and industrial residue to avoid downward movement 
of the industrial residue. Leachates from the test cells were collected on a weekly basis. 

2.5.Analysis of leachates 

All water samples were measured for pH and electrical conductivity (EC) in closed containers to 
avoid exposure to air by using a WTW Multi 3420 multimeter equipped with either Sentix® 
940 (pH) or TetraCon® 925 (EC) electrodes. Water samples were filtrated (0.22 μm, 
nitrocellulose membrane filter) into high-density polyethylene bottles using vacuum filtration. 
Samples were stored cold (4°C) and in darkness until analysis. Prior to 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 sector field mass spectrometry (ICP-
SFMS) at the SVEDAC-accredited laboratory ALS Scandinavia in Luleå. The analysis was either 
performed according to US EPA Method 200.7 (modified) and 200.8 (modified) or by 
quantitative screening analysis for over 70 elements. Analysis of Cl was performed by GBA, 
Germany using ion chromatography.  

3. Results and discussion 

3.1.Geochemical characteristics of materials 

Mineralogical and chemical investigations are commonly used for the characterization of 
industrial residues. However, studies combining these two methods to describe the geochemical 
behavior are so far scarce. The chemical composition or mineralogy alone can improve the 
understanding of how a material varies due to changes in processes and injection material, storage 
as well as between manufacturers. However, the solubility and reactivity, determined mainly by 
the mineralogy of the respective material, critically affect a material’s ability to buffer pH and 
influence mobilization of elements to the environment. 

  

Table 1 Differences in leaching conditions in the eight small-scale test cells with varying additions of lime kiln dust 
(LKD), blast furnace slag (BFS), granulated blast furnace slag (GBFS), cement kiln dust (CKD) and bark ash (BA). 

 

Cell
5-30 mm 30-60 mm
7.75 kg 8

B 7.75 kg 8 5
C 7.75 kg 8 4 1
D 7.75 kg 8 4 1
E 11 kg 4 5
F 11 kg 6 1
G 11 kg
H 11 kg

Only background leaching measured

No addition of industrial residues

Waste rock Addition 
week

LKD 
wt.%

BFS  
wt.%

GBFS 
wt.%

CKD 
wt.%

BA   
wt.%
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The two slags used in this study, BFS and GBFS, both originated from a blast furnace, but owing 
to different methods used for cooling, the degree of crystallization differed, and thereby also their 
reactivity. The chemical composition and observed mineralogy of the BFS and GBFS are shown 
in Tables 2 and 3, respectively. BFS mainly consists of melilite minerals (akermanite-gehlenite), 
which react with water in a similar way to cement-forming minerals, but it also contains natural 
silicates, such as monticellite and spinel (Tossavainen and Forssberg, 2000). The BFS used in this 
study contained two Ca-rich silicates, i.e., monticellite and akermanite, whereas the GBFS 
consisted of mainly a glass phase (amorphous) and hercynite (Table 3). In general, the mineral 
dissolution of BFS increases with decreasing pH and is considered low at pH >10 (Engström et 
al., 2013). The opposite trend has been observed for GBFS, where the glass phase dissolves at 
alkaline pH (Hooton, 2000). This difference implies that the chemical conditions can have a 
major impact on the dissolution of BFS and GBFS. In agreement with this, the results from the 
batch testing (L/S 10) showed that the BFS displayed a higher pH (11.5) and EC (0.9 mS/cm) 
after 24 h than the GBFS. However, the pH of GBFS increased with time from 9.9 to 11.7, 
whereas the EC started low but increased from 0.1 to 1.1 mS/cm (Figure 2). The batch test 
solutions for both BFS and GBFS were dominated by associated silicate elements. Major 
elements in the solution of the BFS were Ca (110 mg/L) and S (271 mg/L) with lower 
concentrations of Al (4.3 mg/L), K (15.8 mg/L), Na (3.6 mg/L) and Si (3.1 mg/L). The GBFS 
showed overall lower concentrations of Al (0.1 mg/L), Ca (8.8 mg/L), K (2.3 mg/L), Na (0.002 
mg/L) and S (4.6 mg/L), whereas elements such as Mg (3.2 mg/L) and Si (6.8 mg/L) were 
found at higher concentration than in the BFS (Table 4). The observed pH increase of the GBFS 
solution suggests that element concentrations of, e.g., Si, increased with time due to the 
dissolution of the glass phase. These results imply that either of the slags can be used for 
prevention of ARD generation but that the chemical conditions have to be taken into account 
when choosing which one to use (low pH for BFS and high pH for GBFS).  

Table 2 Mineralogy of the industrial residues. The mineralogy of the CKD, BA and LKD was obtained from X-
ray powder diffraction (XRPD). The mineralogy of the BFS and GBFS was obtained from MEROX (2015). 

Waste rock % LKD % BFS GBFS CKD BA
Calcite 1 Anhydrite 1Monticellite 1Glass Akermanite Anhydrite
Chlorite 4 Calcite 73 1Akermanite 1Hercynite Alite Anorthite
Dravite 0.4 Gypsum 2 Anhydrite Arcanite
Kaolinite 0.3 Mg-rich calcite 7 Anorthite Calcite
Muscovite 6 Quicklime 1 Arcanite Ettringite
Pyrite 66 Slaked lime 2 Calcite Gehlenite
Quartz 20 Sylvine Gehlenite Halite

Gypsum Quartz
Larnite Quicklime
Quartz Slaked lime
Quicklime Sylvine
Slaked lime
Sylvine

1unpublished results, MEROX (2015)
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Table 3 Abundance of selected elements in lime kiln dust (LKD), blast furnace slag (BFS), granulated blast furnace slag 
(GBFS), cement kiln dust (CKD), bark ash (BA) and waste rock. Waste rock data obtained from Alakangas et al. (2013). 
Elements in the industrial residues are classified according to their enrichment relative to the waste rock and whether 
they exceed recommended levels for the use of waste materials in landfill constructions above sealing layer (SEPA, 
2010). The SEPA classification for solids include elements As, Cr, Cu, Hg, Ni, Pb and Zn. Elements in the waste rock 
presented in bold are enriched >3 times the average Earth’s crust (Krauskopf and Bird, 1995). 

LKD BFS GBFS CKD BA Waste rocka

0.3 7 7 2 4 3
46 28 25 38 15 0.9

<0.1 <0.1 <0.1 5 0.4 0.009
0.4 1 1 2 3 12

0.02 0.5 0.6 7 4 0.5
0.7 10 11 1 2 0.6

0.02 0.3 0.5 0.05 0.8 0.02
0.02 0.5 0.5 0.5 2 0.3

0.003 0.004 0.002 0.02 1 0.01
0.4 1 2 4 1 31
0.7 15 16 7 21 13

0.02 2 2 0.2 0.2 0.1

0.8 0.3 0.7 9 3 191
22 495 524 179 1398 91
0.1 0.01 0.01 46 7 0.1
0.9 0.7 0.9 6 10 2

7 43 74 41 176 57
2 7 12 54 80 15

70 675 440 730 285 1320
0.1 0.1 0.1 0.1 0.2 12

3 4 5.3 16 75 1
3 0.2 0.8 861 51 20

0.1 0.1 0.2 5 1.6 21
0.8 30 32 4 4 6
168 496 425 249 583 42

1 13 14 2 1 2
31 654 560 71 46 8
5 56 59 14 7 11

25 16 13 568 1257 75
9 280 294 65 38 67

Ti

As
Ba
Cd
Co

Element

Al
Ca
Cl
Fe
K
Mg
Mn
Na
P
S
Si

Cr
Cu
F
Hg
Ni

Enriched when 1 wt.% is added to waste rock.

> 1 times
> 20 times
> 25 times

Enriched when 5 wt.% is added to waste rock.
Enriched when 4 wt.% is added to waste rock.

%

mg/kg

Increased concentration compared to waste rock.

> 100 times

V
Y
Zn
Zr

aAlakangas et al. (2013)

Pb
Sb
Sc
Sr
U
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The three fly ashes studied showed variations as well as similarities in chemical composition 
(Table 2), mineralogy (Table 3) and element release during batch testing (L/S 10). The CKD 
contained various Ca-rich silicates, such as akermanite (also found in the BFS), alite and larnite. 
The BA and CKD both included gehlenite (melilite mineral similar to the akermanite found in 
the BFS and CKD) and anorthite (Table 3). All of the Ca-rich silicates found in the BA and 
CKD are commonly found in Portland cement (Snellings et al., 2012). The hydration and 
dissolution of Ca-rich silicates contribute to the setting and strength of cement, especially the 
cement forming mineral alite. In comparison to the other Ca-rich silicates, alite is more easily 
hydrated and is the primary mineral responsible for early cementation (Bullard et al., 2011; 
Scrivener et al., 2015). The rapid cementation of alite implies that, if its content is high, there is 
a risk that the material may rapidly cement, which in turn limits the material’s ability to dissolve 
and prevent ARD generation from high sulfidic waste rock. 

Whereas the BA and CKD were rich in silicates, the LKD was dominated by calcite. All of the 
fly ashes contained anhydrite, quicklime, slaked lime and sylvine (Table 3). LKD typically 
includes a substantial amount of quicklime due to the calcination process (Miller and Callaghan, 
2004). However, the LKD used here contained only a low amount of quicklime. A possible 
explanation for the decreased quicklime content in the LKD is discussed below. Both quicklime 
and slaked lime are more reactive than natural silicates and carbonates. The reactiveness of 
quicklime and slaked lime is in agreement with the results from the batch testing (L/S 10), where 
a higher pH was observed for the BA (12.9), CKD (12.9) and LKD (12.0) than of the BFS and 
GBFS. Moreover, the initial ECs of the BA (27.9 mS/cm) and CKD (31.2 mS/cm) were high 
but decreased with time, whereas the pH remained high (Figure 2), which agrees with the high 
degree of water-soluble minerals present, such as anhydrite, arcanite, quicklime, slaked lime and 
sylvine. The EC of the LKD varied between the samples but was much lower than for the BA 
and CKD, indicating a lesser amount of water-soluble minerals. The dissolution of quicklime 
and slaked lime explains the high Ca concentration observed in the batch tests of the CKD (1.6 
g/L), BA (229 mg/L) and LKD (338 mg/L) as well as the high pH due to the high dissolution 
rate. The dissolution of quicklime and slaked lime is expected to contribute to neutralization in 
the short-term. Dissolution of salts such as arcanite, halite and sylvine may explain the high EC 
from the CKD due to high concentrations of Cl (8.7 g/L), K (5.7 g/L) and Na (377 mg/L) 
(Duchesne and Reardon, 1998). Compared to the CKD, the BA showed lower, but still high, 
concentrations of Cl (728 mg/L), K (3.4 g/L) and Na (465 mg/L). Conversely, the LKD showed 
no substantial dissolution of sylvine, which explains its low EC and the lower concentrations of 
Cl (514 μg/L), K (5.4 mg/L) and Na (0.3 mg/L) than the CKD and BA.  
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As discussed above, the amount of quicklime in the LKD was lower than expected for a typical 
LKD, whereas calcite was highly abundant. The likely reason for these observations is the storing 
of the LKD prior to use. Hydration and re-carbonation during storing can explain the scarcity 
of quicklime and abundance of calcite in residues due to the depletion of water-soluble minerals, 
i.e., quicklime and slaked lime. Storing may also have affected the salt content in the LKD. 
Compared to the other materials, the batch test solution of the LKD showed notable differences 
in pH between the tested samples (Figure 2), suggesting that the LKD may also be more 
heterogeneous compared to the other residues studied. A possible explanation for this may be 
that storage did not affect the bulk material in the same way and to the same extent between 
samples. Similarly to the LKD, the BFS and GBFS had been stored outside, but it is not clear 
how these materials might have been affected by the storage conditions. 

Minerals detected in the individual materials cannot alone explain the chemical composition, 
suggesting the presence of unidentified minerals or elements associated with the identified 
minerals. It is well known that several trace elements are commonly incorporated in major 
minerals instead of forming phases of their own, but these have not been determined for the 
different industrial residues used in this study. Moreover, detection of mineral phases present at 
a low amounts in complex mixtures is challenging. For instance, XRD has a detection limit of 
about 5%. 

Industrial residues, as well as waste rock, can contain a large variety of elements that can be 
released from the materials. The most duitable way ofassessing industrial residues potential to 
release specific elements would be to compare it to the waste rock used. Comparison between 
the chemical composition of each industrial residue relative to the waste rock (Table 2) showed 
that addition of small amounts (< 5 wt.%) of an industrial residue to the waste can increase 
potentially harmful elements. All of the industrial residues were enriched in trace elements. Both 

 

Figure 2 Changes in the pH and EC in leachate from batch testing of lime kiln dust (LKD), blast furnace slag (BFS), 
granulated blast furnace slag (GBFS), cement kiln dust (CKD) and bark ash (BA). Exchange of 20% water after sampling 
at 24 h (L/S 10), 72 h (L/S 12) and 600 h (L/S 14).  
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the BFS and GBFS were highly enriched in V, the CKD in Cd, Cl and Pb, and the BA in Cd, 
Cl and Ni. 

Because the industrial residues vary from wastes to commercially established (by)-products a 
comparison to environmental quality standards (or similar) is difficult and comparison of 
concentrations without considering the receiving environment is often unsuitable. The element 
content in the solid phase (Table 2) and leachate from batch testing (Table 4) was compared to 
recommended values for the use of wastes in landfill constructions above sealing layer (SEPA, 
2010). The recommendations were chosen based on the most critical material (waste). 

Based on the recommended values by SEPA (2010) in the solid phase (Table 2), the LKD 
appeared to be the purest of the studied materials, whereas the other fly ashes, CKD and BA, 
may be considered potentially problematic due to their elevated concentrations of trace elements. 
The SEPA recommendations only apply to the elements As, Cr, Cu, Hg, Ni, Pb and Zn, which 
means that use of a material may be problematic even if none of the SEPA element values are 
exceeded. However, an exceeded value does not necessarily prevent the use of a material. Instead 
a “case-to-case” suitability assessment has to be established.  

Comparison of concentrations from batch testing (L/S 10) relative to recommended values by 
SEPA (2010) for the soluble fraction showed that the GBFS displayed the lowest element 
concentrations but not consistently lower than the LKD. The CKD and BA exceeded 
concentrations for Cr and Pb (Table 4). The CKD also exceeded recommended values for Cl 
and S and the BA for Zn. It should be noted that S concentrations from the BFS were 
considerably below the values recommended by SEPA (2010). The enrichment and leachability 
of Pb in the CKD, as well as Cr and Zn in the BA, suggest the presence of elements of potential 
concern that could limit the use of the materials.  

The observed enrichment and solubility of elements in the CKD and BA mean that their use 
may be problematic and that the geochemical behavior and potential release of these elements 
need to be evaluated before the material can be applied to waste rock
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3.2.Leaching of waste rock 

When the waste rock was leached for 4-8 weeks without the addition of industrial residues 
(Figure 3), it produced ARD with pH around 3.5 and EC between 1-3 mS/cm (Figure 3). 
Leachates from waste rock with a similar size fraction showed similar trends but differed with 
particle size. Re-sieving and washing of the cells with smaller size fraction removed a lot of the 
fine particles together with readily soluble elements, resulting in decreased EC and increased pH 
by week 3. In the reference cell with no industrial residues, the pH continued to rise until week 
15, when it reached its highest level at 4.6 and then declined to pH < 2 by the end of leaching 
period. The EC, which was stable after the re-sieving, increased from around 2.6 at week 29 to 
14.4 mS/cm during the subsequent eight weeks (Figure 4). The decrease in pH and simultaneous 
increase in EC suggest intensification of sulfide oxidation consistent with the increased sulfur, 
metal and metalloid concentrations in the leachate. Regardless of the similar trends in pH and 
EC before the addition of industrial residues, it is important to consider how differences in 
particle size might affect leaching and sulfide oxidation of the waste rock in the long-term. 
Lapakko et al. (2006) suggested that when column leaching a material dominated by acid 
generating minerals, use of a smaller particle size can lead to overestimation of the acid 
production. In the present study, the LKD, BFS/CKD and GBF/CKD mixtures were added to 
a potentially more reactive waste rock due to smaller particle sizes compared to the GBFS and 
BA, making direct comparison of the industrial materials’ potential to neutralize leachates 
difficult. 

3.3.Leaching of waste rock after addition of industrial residues 

Batch tests can provide valuable information about the amount of water solubility phases in a 
material but not of the long-term dissolution rate of minerals under ambient conditions. For a 
more comprehensive understanding of a material’s potential to prevent ARD generation from 
high sulfidic waste rock, it is vital to perform kinetic leaching under ambient conditions. 
Leaching of waste rock with industrial residues added on top showed that all of the materials 
could raise the pH in the leachate (Figure 4). However, not all of the residues were capable of 
maintaining circumneutral pH throughout the entire leaching period.  

The two slags, BFS and GBFS, were mixed with CKD under the hypothesis that the CKD 
would hydrate the slag and enable stabilization/solidification of the waste rock, as described in 
Tariq and Yanful (2013). Both ground GBFS and CKD are commonly used as additives in 
cement owing to their excellent cementing properties (Tariq and Yanful, 2013). Therefore, to 
avoid cementation, a lower amount of CKD than reported by Chaunsali and Peethamparan 
(2013) was used and the GBFS was not ground. Both the mixtures of BFS/CKD and 
GBFS/CKD increased the leachate pH to circumneutral (Figure 4) and the EC from 
approximately 3 mS/cm to >15 mS/cm. In both cases, the pH decreased to < 4 within 14 weeks 
after the addition (Figure 4). The element concentrations in the leachates after addition of the 
industrial residue were Ca (754-788 mg/L), Cl (1.3-1.8 g/L) and K (2.6-2.7 g/L), which 
together with Na (181-200 mg/L) coincide with the composition from the batch leaching of 
CKD. None of these elements were found in the batch testing of BFS and GBFS, which suggests 
that dissolution of minerals such as arcanite, slaked lime, quicklime and sylvine in the CKD was 
responsible for the increase in pH and EC rather than from the BFS or GBFS.  
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Rather promptly after addition of the industrial residue to waste rock, the mixtures showed signs 
of cementation, probably due to the CKD (Figure 5) because the cementation rate of slag is 
generally slower (Tariq and Yanful, 2013). Moreover, it has been reported by Merox (2015) that 
cementation of BFS only occurs when the amount of fine particles is high. Furthermore, the 
GBFS was not ground, which would have limited hydration. The cementation was assumed to 
be the reason why the mixtures failed in maintaining a circumneutral pH. Both test cells 
containing mixtures of CKD and GBFS or BFS were terminated after 22 weeks of leaching. 
However, it should be noted that addition of the mixtures to waste rock had a positive effect on 
the metal and metalloid release since elements such as Cr and Pb were elevated in the leachate 
from batch testing of the CKD but not from the test cell leachate. Moreover, addition of the 
BFS/CKD and GBFS/CKD mixtures led to a decrease in the concentrations of metals and 
metalloids such as As and Zn in the test cell leachate (Figure 6). This decrease suggests that 
addition of CKD can have a positive effect on leachate chemistry, although this may only apply 
in the short-term (Figure 6) because the pH cannot be maintained high due to cementation. The 
decrease of elements may indicate reduced sulfide oxidation or that released metals and metalloids 
are retained in secondary minerals due to the increased pH. Addition of solely GBFS showed a 
similar trend in the leachates as for the GBFS/CKD mixture, with an increase of leachate pH to 
circumneutral immediately following addition. However, no increase was seen for the EC with 
GBFS alone, which was maintained at around 0.8 mS/cm throughout the leaching period 
(Figure 4). Despite the low initial pH in the test cells prior to addition of GBFS or the 
GBFS/CKD mixture, the pH with solely GBFS did not decline as rapidly following addition of 
the residue as for the mixture. Huijgen and Comans (2005) reported that ground GBFS under 
ambient conditions has the potential to sequestrate CO2 through the formation of CaCO3 and 
that its rate is determined by the release of Ca during leaching of GBFS. It is uncertain whether 
the slightly higher pH when adding GBFS instead of the GBFS/CKD mixture was due to 
cementation of the CKD, dissolution of CaCO3 as an effect of carbonation of the GBFS or a 
combination of both. Another explanation is that carbonation to some extent hindered 
dissolution of the GBFS or the setup for leaching was not optimal for dissolution of the material. 
Even if carbonation had a positive effect on the leachate, GBFS was not able to maintain a 
circumneutral pH throughout the leaching period and these tests were therefore terminated after 
14 weeks of leaching. Addition of GBFS decreased the metal and metalloid concentrations in 
the leachate compared to the waste rock (Figure 6). However, despite initially lower 
concentrations of, e.g., As and Zn, in the cells with larger waste rock sizes, addition of GBFS 
resulted in higher concentrations in the leachate than when LKD or the mixture of GBFS/CKD 
was added. The BA showed similar behavior to the BFS/CKD and GBFS/CKD mixtures, i.e., 
both the pH and EC rapidly increased and then decreased to a more stable level (Figure 4). Both 
the BA and CKD showed similar behavior during batch testing by generating alkaline pH >12, 
suggesting hydration of quicklime and dissolution of slaked lime. However, although the same 
amount of industrial residue (1 wt.%) was added, only the BA produced an initially alkaline pH 
when applied on top of the waste rock. The lower pH for CKD suggests that cementation may 
have already started at the beginning of the leaching period, possibly through the hydration of 
alite, implying that increasing the ratio of BFS or GBFS to CKD would not achieve a higher 
leachate pH. Addition of BA to the waste rock resulted in a circumneutral pH that was 
maintained during 38 weeks of leaching. The leaching of waste rock covered with BA or GBFS 
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could not be directly compared to the leaching of waste rock alone due to differences in the 
particle size. Moreover, the limited number of leachate samples used made comparison even 
more difficult. Addition of BA resulted in an increased concentration of Cr in the leachate that 
declined with time, suggesting that the increased concentration could be an effect of dissolution 
of water-soluble minerals. The leachability of Cr (2.7%) during the batch testing supports this 
suggestion. Pb and Zn concentrations in the leachate were lower when BA was applied on top 
of the waste rock despite the elevated concentrations found during batch testing. BA from Kraft 
production is generated all over Sweden and at higher amounts than, e.g., CKD and LKD. 
Therefore, the test cell with BA was not terminated despite the uncertain potential of BA in 
maintaining a circumneutral pH over the long-term. Since only 1 wt.% BA was added, use of a 
higher amount of BA may improve the long-term neutralization capacity. Investigation into 
whether CKD and GBFS can dissolve in the long-term might also be of interest. Addition of 
LKD on top of the waste rock increased the pH to slightly above circumneutral (7.3) but with 
no increase in EC (Figure 4), showing similar behavior as for GBFS except that LKD was able 
to maintain a pH around circumneutral. Further, although no cementation of LKD was 
observed, the risk of it occurring may increase with a higher amount of quicklime in LKD 
(Bulusu et al., 2007; Latif et al., 2015). It is possible that LKD particles may have physically 
migrated downward in the test cells, resulting in mixing with the waste rock rather than forming 
a layer on the top. The results presented here are site specific for the waste rock and industrial 
residues used. It is of great importance that acid generation of the waste rock is matched by 
neutralization from the industrial residues. If too little industrial residue is added, it will fail in 
preventing ARD generation. Conversely, if an excess of industrial residue is added, its dissolution 
may have a negative effect on the leachate. Similar effects can be expected if the industrial residue 
is added prior to sulfide oxidation. The amount of industrial residues used herein was limited to 
a maximum of 5 wt.% due to costs associated with, e.g., transport, as reported by Alakangas et 
al. (2014). In comparison, active treatment of ARD generated from the waste rock would have 
required almost a 1:1 ratio of alkaline material to waste rock since the average NNP of the waste 
rock was -946 kg CaCO3/ton waste rock (Nyström et al. 2017). The promising results obtained 
in this study for LKD and BA in terms of prevention of ARD generation from sulfidic waste 
rock suggest there may be a value in continuing the leaching experiments of these test cells. 
However, a laboratory-scale study under ambient conditions cannot be up-scaled to field scale 
and conditions. Therefore, the potential of industrial residues to maintain a long-term pH under 
actual field conditions remains to be determined. Moreover, before any long-term experiments 
under field conditions can be performed, it is essential to continue the laboratory testing for a 
longer period and characterize secondary mineral formation as well as their stability. 
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4. Conclusions 

Out of the industrial residues tested, LKD showed the most promising results in 
maintaining a long-term stable pH and at the same time generating leachate with low 
concentrations of metals and metalloids. 
BA is a highly interesting material to use for the prevention of ARD generation, partially 
due to its availability but also promising results in maintaining a circumneutral leachate 
pH when added on top of waste rock. However, a higher amount of BA than used here 
needs to be added to the waste rock and further studies are needed to evaluate its potential 
fully. 
All of the industrial residues studied managed to decrease the metal concentrations in the 
leachates. However, not all of the metals and metalloids, such as As and Cr, were reduced 
upon addition of BA. The reason why some metals and metalloids were retained whereas 
others were not needs further study to understand the suitability for prevention of ARD 
generation. 
Increasing the amount of industrial residue used does not necessarily increase the quality 
of the leachate. The presence of, e.g., salts in BA, can have a negative effect on the 
leachate through dissolution. Release of, e.g., Cl, can result in chloride complexation, 
which may not increase leaching of the waste rock but may have an adverse effect on the 
environment downstream of where the BA was applied. The presence of salts necessitates 
that the amount of BA should be restricted to a minimum. 
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Abstract 

One of the main and most challenging environmental problems related to mining is the 
generation of acid rock drainage (ARD). During the operation of a mine, waste rock is often 
deposited in heaps and usually left under ambient conditions allowing sulfides to oxidize. To 
focus on the treatment of waste rock rather than the ARD could prevent the generation of 
ARD, reduce the lime consumption, the costs, and subsequent treatment of the sludge. This 
study aimed to evaluate the long term (153 weeks) leaching of waste rock with small amount of 
lime kiln dust (LKD) to maintain circumneutral pH in the long term perspective to reduce the 
sulfide oxidation. Sulfide-rich (>60% pyrite) waste rock from an active Cu-Zn-Au-Ag open pit 
mine in northern Sweden was leached in small-scale laboratory test cells under ambient 
conditions with and without addition LKD (5wt.%) on top. Sulfide oxidation in the leaching of 
the waste rock accelerated after week 29 resulting in low pH (<1.5), high concentrations of 
major elements such as Al, Fe and S and extremely high concentrations of e.g. As, Cu, Mn, Pb, 
Sb and Zn despite their relatively low content in the waste rock. An addition of 5wt.% LKD 
successfully maintained a circumneutral pH throughout the time of leaching with an overall 
decrease of metal and metalloid concentrations by more than 99.9%. Results from investigations 
of secondary minerals formed combined with element release during the leaching period suggest 
that the addition of LKD to the waste rock led to decreasing concentrations of S in the leachate 
due to decreased sulfide oxidation, which subsequently led to gypsum dissolution. Moreover, 
the addition of LKD to the waste rock generated a lower amount of secondary minerals 
compared to without addition. The result from this study show that a rather small amount of 
alkaline material, corresponding to 4% of the net neutralizing potential of waste rock, can prevent 
the acceleration of sulfide oxidation and subsequent release of sulfate, metals, and metalloids. 
However, the quantity and long-term stability of the formed secondary minerals need to be 
evaluated and understood before this method can be applied at larger scale. 

1. Introduction 

Sulfide-bearing minerals oxidizing and forming acid rock drainage (ARD) is one of the main 
and most challenging environmental problems faced by the mining industry. ARD is an 
extensively studied problem (Lottermoser, 2010; INAP, 2014; Kefeni et al., 2017). In today’s 
Sweden, waste rock is stored in heaps close to the pit or underground, thus becoming a part of 
the hydrological system with water being transported to, through and from the storage (Amos 
et al., 2015). The waste rock stored in heaps is thereby left to oxidize under ambient condition 
until remediation is initiated during the mine’s decommissioning phase. However, during the 
operation of a mine, ARD is conventionally treated actively with alkaline material in an attempt 
to raise the pH and precipitate metals, allowing sludge formation (Brown et al., 2002; Younger 
et al., 2002). Active treatments do not attempt to prevent ARD formation. If focus was on 
treatment of waste rock rather than to treat ARD could mitigate or at least limit the generation 
of ARD, reduce the alkaline material consumption, costs and subsequent treatment of the sludge 
formed.  
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Sulfide passivation or microencapsulation is an alternative inhibition technique (compare to 
cover systems, desulfurization, bacteria inhibition, etc.) for controlling ARD formation. Sulfide 
passivation is described as a chemically inert coating on the sulfidic surface, capable of protecting 
the sulfidic core from attacks of O2 and Fe3+. Several additives have been studied, that could 
enhance surface coatings, both organic and inorganic of which the most common ones ought to 
be silica (Evangelou, 1996; Bessho et al., 2011; Kollias et al., 2015; Kang et al., 2016; Fan et al., 
2017), phosphate (Evangelou, 1995; Kollias et al., 2015; Kang et al., 2016) or permanganate 
solutions (De Vries, 1996; Misra et al., 2006; Ji et al., 2012). If successful, passivation is considered 
as a low-cost prevention technique, especially compared to traditional mine drainage treatments 
using alkaline additives (Sahoo et al., 2013a). However, most of the materials studied for 
passivation are either too expensive or potentially harmful to the environment (Sahoo et al., 
2013b). Thus, there is a need to find cost-effective materials able to passivate sulfide surfaces in 
a long-term perspective. 

During the last decade, alternative materials such as alkaline industrial residues have been studied 
based on the assumption that passivation can be achieved by maintaining near-neutral pH in the 
sulfidic mine waste. The theory is based on studies performed by Huminicki and Rimstidt (2009) 
who found that sulfide oxidation at near-neutral pH, in the presence of sufficient alkalinity will 
promote precipitation of secondary minerals such as hydrous ferric oxides (HFO) on the sulfide 
surface, growing thicker with time, when thick enough, will prevent the sulfides from further 
oxidation. Unlike other methods, this creates a self-healing system, independent of additives in 
the long term. One of the most extensively studied materials is fly ash from coal combustion 
(Pérez-López et al., 2007, 2009; Yeheyis et al., 2009; Sahoo et al., 2013b). However, these 
studies are based on relatively high fraction of alkaline industrial residues compared to mine 
waste. Therefore, most applicable when the alkaline industrial residue origin in the vicinity of 
the mine (or the mine can use its own residue).  The possibility for this design is, however, 
currently limited in Sweden due to transport costs, which account for the majority of such 
treatment design. Furthermore, the goal for the mining industry is to limit the total amount of 
wastes stored at the mine sites. There is thus need for alternative materials, with properties that 

e. Earlier tests of 
different industrial residues suitable for passivation purpose resulted in the selection of lime kiln 
dust (LKD) (Nyström et al., in prep). Results from 52 weeks of leaching of sulfide-rich waste 
rock covered with a thin layer of LKD (5wt.%) showed a significantly decrease in acid, metals 
and metalloids. However, in this study the aim was to evaluate the long term (153 weeks) 
leaching of waste rock and LKD, since it is crucial to determine the capacity of the residue to 
maintain circumneutral pH in the long-term perspective in order to reduce the sulfide oxidation. 

2. Materials and methods 

2.1.Waste rock 

The sulfidic waste rock originated from one of Boliden Mineral AB’s currently operating Zn-
Cu-Au-Ag mine in northern Sweden. The mine is a volcanic-associated massive sulfide ore 
belonging to the so-called Skellefte group, a collection of volcanic rocks in the Skellefte field 
(northern Sweden) deposited at the bottom of the sea approximately 1.89 billion years ago. The 
host rock is quartz-feldspar porphyritic rhyolite, which also occurs as isolated bodies scattered 
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throughout greater parts of the mining area (Montelius, 2005). The mine has since its start in 
2000 generated 9.9 Mton waste rock with the expectation of having generated 10 Mton waste 
rock at the end of the mine’s life of which 9.3 Mton is predicted as potentially acid producing. 
At the end of mine life, waste rock will be backfilled into the open pit followed by flooding. 
The remaining waste rock will be covered with a till and bentonite mixture. Collection and 
treatment of leachate from the waste rock heap and pit lake is estimated to at least 20-30 years 
before it can be diverted to the recipient (Löfgren and Karlsson, 2018). 

For this study, the waste rock was selectively chosen based on sulfur content. Partially oxidized 
waste rock of varying size (<30cm) was screened using a handheld X-ray Fluorescence (XRF) 
of the brand Olympus Innov-x systems, USA and waste rock from a pile at the site which had 
high sulfur content was selected. Alakangas et al. (2013) characterized the waste rock for its major 
and minor elements showing that it had an average sulfur content of 30%. A study by Nyström 
et al. (2017) showed that the waste rock was considered potentially acid producing with an 
average net neutralization potential (NNP) of -946 kg CaCO3/ton waste rock. 

The waste rock was characterized for its total chemical composition by several laboratories 

One samples was screened of more than 70 element and was 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 fusion and three acid digestion (nitric acid, hydrochloric 
acid and hydrofluoric acid).  
 
ALS Brisbane, Australia analyzed the three waste rock samples. Two waste rock samples 
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 dissolved 
in diluted hydrochloric acid.  
 
ALS Loughrea, Ireland analyzed one waste rock sample using ICP-MS or ICP-AES. 
Total element concentrations were analyzed after lithium borate fusion and two acid 
digestion (nitric acid and hydrochloric acid). 
 
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). 

Vancouver Petrographics Ltd in Canada prepared polished thin sections of waste rock samples. 
Optical examination of polished thin sections was performed in reflected and transmitted light 
using a standard Nikon Eclipse E600POL petrographic microscope (Nikon Instruments INC., 
Tokyo, Japan) to increase the knowledge of the waste rock before automated quantitative 
mineralogical characterization by QEMSCAN® 650 with two Bruker EDX detectors. Step size 
was set to 6 μm as a compromise between the number of analysis points yielded and the time for 
analysis (approximately 7 h/thin section). Four thin sections were analyzed where each thin 
section held a minimum of seven waste rock samples. 
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2.2.Lime kiln dust 

Lime kiln dust (LKD) is an industrial residue generated from the manufacturing of quicklime 
where limestone is added to a rotary kiln and heated to temperatures up to 1200-1300 . During 
the combustion of the limestone, flue gasses are collected and stripped of dust in an electrostatic 
precipitator. Lime kiln dust is essentially dust but can contain various amounts of crushed calcite 
for making niche products. Nordkalk supplied the LKD, which was a mixture of partially 
calcined material and finely crushed limestone (too fine for the kiln). The LKD has been stored 
in piles outside which likely hydrated and re-carbonated the quicklime in the LKD (Nyström et 
al., in prep.). 

A previous study by Nyström et al. (in prep.) showed that the LKD consisted of anhydrite, 
calcite, gypsum, Mg-rich calcite, Na-rich sylvine, portlandite and quicklime and that it, 
compared to other industrial residues, was a rather pure material with low content of easily 
water-soluble minerals and low leachability of trace metals and metalloids such as As (0.08 μg/L), 
Cu (<0.5 μg/L), Mn (0.5 μg/L), Pb (0.1 μg/L), Sb (0.08 μg/L), and Zn (<2 μg/L). 

Quantitative mineralogical characterization was performed with thermogravimetric 
measurements using a NETZSCH STA 409 C/CD with heating up to 1000°C in inert Ar gas. 
The quicklime content was estimated using the “sugar rapid method” in ASTM C25-11. 

2.3.Experimental setup 

Kinetic testing was conducted in non-saturated small-scale test cells with the aim to reproduce 
the oxidation conditions of waste rock and promote secondary mineral formation for passivation 
of the sulfidic surfaces. The experimental design deviated from standard column testing and 
chosen explicitly due to previously mentioned desire to study secondary mineral formation. It 
has been shown that precipitation of e.g. hydrous ferric oxides (HFO) and gypsum are 
predominant in the interface between the mine waste and alkaline source (Pérez-López et al., 
2007; Sahoo et al., 2013b) and for this reason, it was desirable to increase the cells’ surface area. 
The experimental design consisted of high-
density polyethylene cells with surface areas 
of 513 cm2 and a total volume of 10 L 
(Figure 1). Four cells were constructed, of 
which two are presented. The cells were 
irrigated on a weekly basis with 600 ml of 
MQ water (0.05 μS/cm) corresponding to 
average annual precipitation in the area and 
equivalent to a yearly L/S ratio of 
approximately 4. The bottom of each cell was 
lined with geotextile to avoid clogging of the 
tap. Cell 1 was a control cell filled with solely 
waste rock (7.55 kg). The conditions in cell 
1 acted as a reference displaying the evolution 
of ARD production without any preventive 
measures for passivation. Cell 2 was filled with waste rock (7.55 kg), and after eight weeks of 
leaching, a layer of LKD (377 g), corresponding to 5wt.%, was added on top. The waste rock 

 

Figure 1 Experimental design of small-scale test cells 
filled with A: sulfidic waste rock, B: sulfidic waste rock 
and 5wt.% lime kiln dust 
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was re-sieved after three weeks of leaching due to clogging in the system, which removed most 
of the fines (Nyström et al., in prep.). 

2.4.Sampling and analysis of leachates 

Leachates were collected from the tap located at the bottom front of the cell on a weekly basis 
the day after irrigation. The collected leachates were measured for pH, electrical conductivity 
(EC) and temperature in connection with the sampling and 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 0.22μm nitrocellulose membrane into high-density polyethylene bottles using vacuum 
filtration. The filter equipment was washed with 5% nitric acid and the filters in 5% acetic acid. 
Filtrated samples were stored cold (4oC) and in darkness until analysis. 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 sector field mass spectrometry (ICP-
SFMS) at the SVEDAC-accredited laboratory ALS Scandinavia in Luleå. The analysis was either 
performed according to US EPA Method 200.7 (modified) and 200.8 (modified) or by 
quantitative screening analysis for over 70 elements.  

2.5.Solid phases 

Grab solid samples were taken before leaching (initially) and from the two cells on two separate 
occasions year 1 and 2 (week 52, 103). The samples were taken approximately halfway down 
into the waste rock profile and were oven dried in <40°C for a total of five hours before 
subjected to small amounts of high pressured air to rid the samples of any excess material. 
Sequential extraction (Dold, 2003) was used to evaluate elements distribution in different phases 
as leaching prolonged.  

3. Results 

3.1.Waste rock characteristics 

The waste rock dominated by pyrite (>60%) with smaller amounts of quartz, muscovite (sericite), 
chlorite, and calcite (Table 1). Other sulfides found in the waste rock include chalcopyrite, 
bournonite, sphalerite, arsenopyrite, and pyrrhotite. 

Results from mineralogical and chemical characterization (Table 1 and 2) suggest pyrite as the 
dominant mineral and subsequently also the dominant sulfide mineral corresponding to 
approximately 99% of the total sulfur content in the waste rock samples. Previously performed 
mineralogical investigations in the area (mainly ore), from which the waste rock originates, 
suggest the potential presence of other sulfide minerals (Montelius, 2005; Löfgren and Karlsson, 
2018). Various Pb-Sb-sulfosalts, Tetrahedrite (CuAgSbS), Gudmundite (FeSbS), Pyrargyrite 
(AgSbS) are found in the area but not identified in the mineralogical characterization of the waste 
rock. The reason for this could be; 1: The mineral is not present in the selectively chosen waste 
rock sample. 2: The mineral is small and not detected by QEMSCAN due to selected step size 
being too large. 3: Mineral was not present in selected thin sections.   
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Table 2 Abundance of selected elements in the waste rock 
and lime kiln dust. 1Analyzed with ICP-MS after lithium 
borate fusion followed by digestion by nitric, hydrochloric 
and hydrofluoric acid. 2Analysed with XRF after lithium 
borate and sodium nitrate fusion. 3Analyzed with ICP-AES 
after fusion with sodium peroxide and dissolution by 
hydrochloric acid. 4Analyzed with ICP-MS or ICP-AES 
after lithium borate fusion and digestion by nitric and 
hydrochloric acid. Lime kiln dust analyzed with ICP-MS 
after lithium borate fusion followed by digestion by nitric, 
hydrochloric and hydrofluoric acid. 

% WR1 WR2 WR3 WR4 WR5 LKD mg/kg WR1 WR2 WR3 WR4 WR5 LKD

Al 3 2 2 5 3 0.3 Lu 0.1 0.25 0.05
Ca 0.6 0.9 0.9 0.6 0.9 46 Mn 150 250 232 200 178
Fe 32 30 31 19 12 0.4 Mo 3 100 1 0.2
K 0.3 0.6 0.7 0.9 0.5 0.02 Nb 0.2 125 4 1
Mg 0.6 0.6 0.5 0.6 0.6 0.7 Nd 6 8 4
Na 0.3 0.6 0.3 0.02 Ni 0.9 100 <1 1.3 3
P 0.005 0.02 0.02 0.01 0.003 Os <0.01 0.001
Stotal 30 34 36 27 31 0.04 Pb 21 130 200 24 20 3
Si 7 11 11 16 13 0.7 Pd <0.1 0.1
Ti 0.006 0.05 0.05 0.1 0.1 0.02 Pr 2 2 0.9
mg/kg Pt <0.01 0.0026
Ag 1 0.8 0.02 Rb 6 25 17 2
As 212 450 200 218 191 0.8 Re <0.01 0.001 0.0005
Au <0.01 0.01 Rh <0.01 0.009
B 5 18 Ru <0.01 <0.00002
Ba 58 290 178 91 22 Sb 51 22 21 0.09
Be 0.2 0.1 Sc 5 10 6 0.8
Bi 0.2 100 0.21 0.03 Se <1 0.6 0.5
Br <5 Sm 1 2 0.8
Cd 0.3 1 0.1 0.09 Sn 0.5 1 0.3
Ce 13 81 16 7 Sr 27 50 72 42 168
Co 2 100 5 2 0.9 Ta <0.01 50 <0.1 0.05
Cr 2 68.4 10 57 6.9 Tb 0.2 0.4 0.1
Cs 0.2 0.5 0.098 Te 0.1 0.2 <0.00005
Cu 19 170 100 17 15 2 Th 1 2.5 0.8
Dy 1 3 1 Tl 26 22 0.05
Er 0.7 2 0.4 Tm 0.10 0.3 0.05
Eu 0.6 1 0.2 U 1 3 2 1
Ga 5 12 1.0 V 6 100 19 8 0.1
Gd 1 2 0.8 W 0.6 70 12 31
Ge 0.4 <5 0.1 Y 6 13 11 5
Hf 1 84.8 3 0.2 Yb 0.8 2 0.4
Hg 17 16 12 0.05 Zn 65 150 100 58 75 25
Ho 0.2 0.5 0.1 Zr 49 300 111 67 9

I <0.5

In 0.03

Ir <0.01 0.0005

La 6.1 85.3 7 4

Li 14 30 3 5Alakangas et al. (2013)

2ALS Brisbane
3ALS Brisbane
4ALS Loughrea

1ALS Luleå

Table 1 Quantitative mineralogical composition 
of sulfidic waste rock and lime kiln dust (LKD) 
determined by QEMSCAN and 
thermigravimetry respectively. 

 

Waste rock % LKD %
Pyrite 66 Calcite 73
Quartz 17 Mg-rich calcite 7
Muscovite 6 Gypsum 2
Chlorite 4 Portlandite 2
Calcite 3 Quicklime 1

Anhydrite 
Na-rich sylvine
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3.2.Lime kiln dust characteristics 

Complemented mineralogical studies performed attempted to quantify the mineralogical 
content. Results from mineralogical studies using thermogravimetry can be seen in Table 1 and 
confirm that the LKD primarily consisted of Calcite with smaller amounts of Mg-rich calcite, 
slaked lime, gypsum, and quicklime. The Ca-rich minerals identified explain about 98% of the 
Ca content of the LKD suggesting that there might still be other key minerals in the LKD, which 
have yet not been identified but it can also be a direct result of the heterogeneity of the material 
previously reported by Nyström et al. (in prep.). 

3.3.Leachate quality 

The evolution in pH and electrical conductivity in the leachates as a function of time are shown 
in Figure 2. A comparison of the behavior of four cells with the waste rock was performed by 
Nyström et al. (in prep.) and revealed important similarities in pH and EC behavior amongst the 
cells before any addition of other material was made on top of the waste rock. It was assumed 
that the two cells were comparable when LKD was added on top of the waste rock in cell 2.  

Leachates from cell 1 was characterized by a 
low pH, decreasing with time, and a high EC, 
increasing with time. After approximately 29 
weeks of leaching, the EC started to increase 
simultaneously as the pH decreased below 3.5. 
After 153 weeks of leaching the waste rock, 
the leachate from cell 1 had a pH <1.5 and an 
EC >30 mS/cm. Before the addition of LKD 
to cell 2, the leachate was characterized by a 
pH<4 which was increased to circumneutral 
by the addition of LKD. The leachate pH was 
maintained around circumneutral, and no 
increase in EC was observed in the leachate 
from cell 2 due to the addition of LKD. 
Instead, it declined throughout the time of 
leaching down to 0.6 mS/cm at the end of 
leaching.  

Concentrations of major and minor elements 
in the leachates from cell 1 and 2 are shown in 
Figure 3.  In cell 1, after approximately 29 
weeks of leaching, concentrations of Fe and S increased and after that varied between 0.24-17.6 
g/L and 0.75-17.2 g/L respectively. The addition of LKD to cell 2, after eight weeks of leaching, 
significantly decreased the Fe concentrations to 0.2-28 μg/L. Sulfur concentrations decreased 
more slowly from 490 mg/L directly after the addition of LKD down to 71 mg/L at the end of 
leaching period (153 weeks), showing no signs of reaching equilibrium. 

In the leaching of waste rock in cell 1, Al, Mg and Si decreased until approximately week 29 
when they started to increase and remained high, at 84-892 mg/L, 34-1080 mg/L, and 21-98 
mg/L, respectively throughout the time of leaching. In cell 2, concentrations of Al and Si 

Figure 2 Variations in (a) pH, and (b) EC, as a function of 
time in the leaching of waste rock (cell 1) and waste rock 
covered with 5wt.% lime kiln dust (cell 2) 
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decreased down to 2.9-50 μg/L and  0.9 mg/L, respectively, when the LKD was applied whereas 
Mg increased due to the addition but decreased over time. In cell 1, Ca was stable around 399-
566 mg/L throughout the time of leaching whereas it in cell 2 behaved similar to Mg, decreasing 
down to 3.8 mg/L after 153 weeks of leaching.  

In cell 1, leaching concentrations of As, and Sb show similar behavior as S throughout the time 
of leaching with decreasing concentrations until approximately 29 weeks and after that 
increasing, likely due to the accelerated sulfide oxidation (Figure 3). After week 29, As varied 
0.02-20.6 mg/L and Sb 6.5-967 μg/L. The addition of LKD to cell 2 increased the 
concentrations of Sb in the leachate while As was maintained at similar levels as the leachate 
from cell 1 before week 29. In the leachate from cell 2, As and Sb showed only small variations 
throughout the time of leaching. 

Concentrations of Cu, Mn, Pb, and Zn decreased in cell 2 compared to cell 1 when LKD was 
added. In cell 1, concentrations of Mn, Pb, and Zn increased simultaneously as As, Fe, S and S 
with increasing concentrations around 29 weeks of leaching. Concentrations of Cu in cell 1 
increased around week 13 (Figure 3). 
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3.4.Solid phase fractionation 

Results from the first four steps of sequential extraction according to Dold (2003) are shown in 
Figure 4. 

Water-soluble fraction 

The water-soluble fraction was initially dominated by Ca (0.6%), Fe (1.96%), and S (2.16%), with 
lower amounts of Mn (138mg/kg) and Zn (18 mg/kg) coinciding with the first weeks of leaching 
in the form of an initial flush of elements from waste rock in both cells. It is assumed that the re-
sieving, explained by Nyström et al. (in prep.), removed a substantial amount of the water-soluble 
fraction. In cell 1, in year 1 and 2, Ca (0.39-0.41%), Fe (0.17-0.42%) and S (0.61-0.94%) were the 
dominating elements whereas Ca (0.1-0.12%) and S (0.06-0.08%) dominated in cell 2 but were 
found at much lower concentrations than in cell 1.  

Exchangeable fraction  

The amount of extracted fraction was lower for the exchangeable fraction than for the water-soluble 
fraction. Cell 1 was initially dominated by Al (0.02-0.05%), Ca (0.02-0.06%), Fe (0.18-0.22%), and 
S (0.06-0.08%) but was lower with time, year 1 and 2, whereas in cell 2 higher amounts of Ca 
(0.31-0.47%), Fe (0.09-0.11%) and S (0.04-0.05%) were observed year 1 and 2.  Trace element 
dominating in this fraction year 1 and 2, was Mn with much lower content in cell 1 (3-8 mg/kg) 
than in cell 2 (69-93 mg/kg). 

Fe(III)oxyhydroxides 

Fe was the primary element extracted in this step, regardless of cell and time of leaching. For cell 1 
there was an accumulation of Fe in the solid phase the first year of leaching and after that lower 
(0.18-0.22%). The opposite was observed in cell 2 where Fe was lower initially but higher in year 
1 and 2 (0.09-0.11%). As, Cu and Pb had the highest content in this fraction. The content of As 
and Mn was lower year 2 compared with year 1 and initially in cell 1 whereas t in cell 2 they were 
higher. Cu was lower year 2 than before, and Pb was highest year 2. Overall, higher element content 
was found in cell 2 than in cell 1. 

Fe(III)oxides 

The extracted amounts of elements were lowest in this fraction for both cells. In this sequence, cell 
1 was dominated by Al (0.03-0.06%), Fe (0.03-0.06%), Mg (0.0.2-0.05%) and S (0.02%). In cell 2 
Fe (0.05%) was found in a higher content than in cell 1 whereas Al (0.02-0.03%) and Mg (0.02-
0.03%) were lower and S (0.02%) was similar. Extracted trace elements were lower, compared to 
the previous sequence, and dominated by Mn and Zn with lower concentrations of Cu.  
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Figure 4 Extracted element content of the total element content in waste rock before leaching (initially) and from cells 
1 (waste rock) and 2 (waste rock with 5wt.% lime kiln dust) on separate occasions year 1 and 2 (weeks 52 and 103). 
Step I-IV in sequential extractions after Dold (2003). Water soluble fraction (I), exchangeable fraction (II), Fe(III) 
oxyhydroxides (III) and Fe(III) oxides (IV). Concentrations below detection limit are not presented. 
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4. Discussion  

4.1.Sulfide oxidation in waste rock 

ARD develops in waste rock heaps where the neutralization capacity, in the form of mainly 
carbonate minerals, is depleted due to ongoing oxidation of sulfide minerals or when the carbonate 
dissolution is inefficient, due to limited contact between the neutralizing and acid producing 
minerals. Pyrite oxidation is a complex process since at low pH (<3.5) ferric iron dominates which 
together with the presence of Acidithiobacillus ferrooxidans 
accelerates the oxidation of pyrite and subsequent generation of 
ARD (Nordstrom, 2011; Singer and Stumm, 1970). The studied 
waste rock dominated by sulfides (>60% pyrite) with low content 
of neutralizing minerals suggesting that it would generate ARD 
immediately after the leaching was initiated followed by an 
acceleration of the sulfide oxidation by ferric iron and bacteria. 
Leaching of the waste rock generated ARD (pH around 3) from 
the start, but the leachate showed no signs of accelerated sulfide 
oxidation. Instead, pH increased first after three weeks of leaching 
suggesting low buffering capacity. It is possible that the sieving of 
the waste rock (described by Nyström et al. (in prep.)) not only 
removed most of the more reactive fines but also removed some 
of the bacteria and ferric iron despite that the waste rock was not 
washed with excess water during the sieving. It required 29 weeks 
of leaching before the sulfide oxidation accelerated which was 
seen as decreasing pH (below 3), increasing EC, metal and 
metalloid concentrations. Around weeks 29, the molar ratio 
changed from below 0.05 to around 0.5 indicating domination of 
pyrite oxidation. The low Fe/S ratio and pH around 4 at the beginning of leaching suggest that Fe 
was precipitating forming HFO. The statement is supported by saturation index of, e.g., jarosite. 
The accelerated sulfide oxidation was followed by a plateau where the pH, EC, and most element 
concentrations leveled out, probably due to a decrease in temperature, which has been shown to 
slow down sulfide oxidation rate (Wilson et al., 2018; Amos et al., 2015; Langman et al., 2014). 
After week 29, the sulfide oxidation resulted in high concentrations of major elements such as Al, 
Fe, and S but also extremely high concentrations of, e.g., As, Cu, Mn, Pb, Sb, and Zn despite their 
relatively low content in the waste rock (Table 2). Similar observations were made by Alakangas et 
al. (2013) which explained the observation as a combination of low pH, high content of ferric iron 
and large exposure of sulfides.  

The mass of elements released compared to the content of the waste rock was estimated based on 
the element concentrations and withdrawn volume of the leachate. Weeks without elemental 
analysis were estimated to be average of the two adjacent weeks. The results are shown in Table 3 
and suggest that elements such as Cu and Zn were released at an extensively high level compared to 
other elements in the waste rock.  

Cell 1 % leached 

Al 6.8 

Ca 42 

Fe 47 

Mg 39 

S 20 

Si 0.32 

As 28 

Cu 114 

Mn 60 

Pb 16 

Sb 9.6 

Zn 79 

Table 3 Estimated amount of
elements released during 153 weeks
of leaching of sulfide-rich waste rock
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Quantification of the minerals present in the waste rock indicated only limited amounts of 
chalcopyrite that cannot alone explain the content of Cu in the waste rock. A similar observation 
was made for As suggesting that part of the Cu and As content was hosted by another mineral such 
as pyrite which has been shown to contain high concentrations of trace elements such as As, Cu, 
Pb, Sb and Zn (Abraitis et al., 2004). If trace elements are present in one or more minerals, can 
explain the large variations of the estimated amount of released element (Table 3). Concentrations 
of Cu in the leachate was at the end of leaching 181 μg/L suggesting that all of the Cu was depleted. 
The reason for this contradiction can be a result of homogeneity of the waste rock or due to 
difficulties in proper analysis of sulfide-rich materials. Analysis with lithium borate containing 20% 
Na nitrate followed by XRF analysis reported a Cu content in the waste rock of approximately 140 
mg/kg resulting in estimated Cu release of 11%. Regardless of the explanation of the variations, 
elements such as Cu, Pb, and Zn were released at very high degree after only three years of leaching. 
Instead of treating the waste rock and trying to prevent the sulfide oxidation, an alternative could 
be to force the oxidation and extract valuable metals and metalloids. 

4.2.Sulfide oxidation in waste rock covered with lime kiln dust 

The treatment method of the waste rock includes, as described in section 2.1, to cover the waste 
rock, which is not backfilled into the open pit, with a till and bentonite mixture to prevent 
oxidation. During operation of the mine, the waste rock is left under ambient conditions allowing 
sulfide oxidation to accelerate which can have negative long-term effects. An addition of 5wt.% 
LKD correspond to less than 4% of the total neutralization potential required to reach a positive 
NNP in the waste rock (Nyström et al., in prep.). The 5wt.% LKD was successful to maintain 
circumneutral pH in the leachate for three years. In general, the addition of LKD reduces the 
element concertation in the leachates significantly. By creating a neutral pH environment, metals 
were able to precipitate as or associated with secondary minerals, which largely immobilize transport 
of metals and metalloid. Secondary minerals such as HFO are well known as important sinks for 
several metals and metalloids including As, Cu, Sb and Zn (Essilfie-Dughan et al., 2012; Lalinska-
Volekova et al., 2012; Parviainen, 2009; Alakangas and Öhlander, 2006; Gunsinger et al., 2006; 
Foster et al., 1998). The secondary minerals can precipitate in between the minerals or on mineral 
surfaces. To prevent sulfide oxidation, the secondary minerals, such as HFO need to grow on the 
sulfide surface into a thick rim to hinder oxygen intrusion, which requires time (Huminicki and 
Rimstidt, 2009). Therefore, it is not sure that low concentrations of metals and metalloids in the 
leachates are due to decreased sulfide oxidation since it can reflect that they are captured into or as 
secondary minerals. The higher pH in cell 2 compared to cell 1 is likely a result of lower sulfide 
oxidation rate due to the lack of acidophilic bacteria,  ferric iron in the system but also of a growing 
rim on the sulfide surface. 

Elements such as As and Sb often form (hydr)oxyanions whose mobility is increased in circumneutral 
to alkaline waters due to decreased sorption on mineral surfaces such as HFO (Dzombak and Morel 
1990). When LKD was added to waste rock (cell 2), the concentrations of Sb was higher in the 
leachate compared to cell 1 despite low content in the waste rock and low leachability of Sb from 
LKD. It is possible that some of the Sb was adsorbed to HFO during the first weeks of leaching and 
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desorbed when LKD was added to cell 2, resulting in that the concentrations of Sb increased in cell 
2 (Figure 3).  

A laboratory study by Strömberg and Banwart (1999) showed the importance of grain size, i.e., 
specific surface area, on the controls on acid neutralization due to carbonate dissolution. The 
favorable increase in the specific surface area suggests that carbonate rich LKD can be advantageously 
compared to e.g. coarser crushed calcite (normally 100% <2mm, Nordkalk, 2012) Another 
advantage is to apply the neutralizing material on top of the acid producing in order to limit calcite 
surface passivation (Jurjovec et al., 2002) which can occur when calcite is mixed with waste rock as 
a result by precipitation of Al, Fe or Mn  (oxy)hydroxides on carbonate grains (Booth et al., 1997; 
Al et al., 2000). Surface passivation decrease carbonate dissolution rates and, therefore, inhibit the 
acid neutralization capacity. Even though it has been shown that the physical connection between 
the acid producing and neutralizing minerals is crucial for secondary mineral formation for 
passivation of the sulfide surface (i.e., mixing) (Pérez-López et al., 2007) surface passivation of 
carbonates, as described above, can limit passivation of sulfides.  

4.3.Element distribution in solids 

Secondary minerals are important for the capture of trace elements (Jamieson et al., 2005; Petrunic 
et al., 2009). The first four step in the sequential extraction is suggested in this study to be the 
dominating secondary phase formed during oxidation of sulfides but also as LKD was added to the 
waste rock. Water-soluble compounds are well known to precipitates in mine wastes and easy 
dissolve during for example heavy rainfall. In the waste rock (cell 1) the secondary phases dominated 
by water-soluble minerals such as melanterite etc. The first fraction not only contain dissolved water-
soluble minerals but also oxidation products stored in the pore water. Elements origin from sulfide 
oxidation and neutralization processes such as Fe, Mn, and S were released during the first weeks of 
leaching, corresponding to an initial flush of weathering products. Sequential extraction had a higher 
amount of elements such as Ca, Fe, Mn, S and Zn in the water-soluble phases than was released 
during the first flush. This is probably due to the re-sieving of the waste rock, which not only 
removed the fines but probably also a major part of water-soluble compounds (Nyström et al., in 
prep.). After the re-sieving after week 3 of leaching of waste rock, the amount of water-soluble 
compounds decreased but was always present on the waste rock. In Dold (2003), the water-soluble 
phase is determined by shaking the sample for one hour in L/S 50. The weakly irrigation of the 
waste rock corresponded to an L/S of approximately 0.08, which was not enough to dissolve all 
water-soluble compounds during the first week, which is in line with observations made by Maest 
and Nordstrom (2017). Only approximately 75% of the added water volume was withdrawn on a 
weekly basis because of saturation of the waste rock, which dried in between leaching cycles. If 
metal concentrations in the leachate were high, such as in cell 1, the water-soluble compounds 
might build up over time in the form of oxidation products in pore water as suggested in Figure 4. 

Elements such as Al, Fe, S, and Zn associated with more crystalline phases compared to cell 1 and 
an overall lower amount of secondary phases were observed in cell 2 than in cell 1. The higher 
content of Ca and Mn in cell 2 likely origin from LKD. Cu is difficult to interpret due to 
uncertainties in element analysis but is, in both cells, associated to secondary phases that need 
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reductant to dissolve. The build-up of As in step III suggest in sequential extraction a co-
precipitation with HFO Content of As were higher in cell 2 than in cell 1 despite that formation of 
HFO was lower in cell 2, indicating that As is probably associated to other phases. This suggests that 
if the chemical condition was changed to more reducing condition for example during remediation, 
the secondary phases could be dissolved releasing accumulated As.   

Sequential extraction of samples from cell 1 suggests an increasing formation of gypsum compared 
to cell 2. Saturation index suggests that gypsum formation in cell 1 is controlled by Ca concentration 
whereas, in cell 2, S is the controlling element. Instead, calculations of gypsum’s saturation index 
suggest that gypsum is dissolving after one year of leaching in cell 2 (Figure 5) which together with 
decreasing S concentrations suggest that the release of S from sulfide oxidation is prevented in cell 
2. Time-series of element leaching show overall decreasing concentrations of Ca, Mg, and Si, which 
may be a result of the suggested decreasing sulfide oxidation. 

One concern with adding neutralizing minerals is that an excess of secondary minerals will form. In 
Sweden, regardless if inhibition and passivation of the sulfide surfaces are achieved or not, the waste 
rock will either be backfilled into an open pit or dry covered. If an excess of secondary minerals is 
built up, latent acidity is stored over time, which may dissolve if the chemical condition changes to 
more reducing condition for example during remediation. This can cause a drainage from pit lake 
or heap that will need treatment for an extended time before released into the recipient. The results 
obtained from this study suggest that the addition of LKD successfully prevents the sulfide oxidation 
and subsequent release of metals and metalloids into the leachate. Moreover, the study suggests that 
a relatively low amount of 
secondary minerals have 
precipitated after LKD was 
added. However, it cannot be 
excluded that there might be 
secondary phases forming 
inside the test-cell such as on 
the geotextile located at the 
bottom of the test cell. Future 
research will focus on 
identification of secondary 
minerals and trace element 
distribution in these  

  
Figure 5 Saturation index of gypsum in leaching of waste rock covered 
with lime kiln dust (cell 2) 
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5. Conclusions 

The addition of LKD resulted in:  

The decrease in sulfide oxidation was probably due to passivation of the reactive surfaces. 
However, characterization and stability of the coating (secondary minerals) needs to be 
determined 
Effectively increase of the pH to circumneutral, creating an optimal environment for 
precipitation of Me-carbonates and hydroxides 
A significant decrease of As, Cu, Pb, and Zn concentration in the leachate by 99.9%. 
Concentrations of S in the leachate decreased due to decreased sulfide oxidation leading to 
the dissolution of gypsum  
If the coatings on the reactive surfaces are not long-term stable, the formation of secondary 
minerals will continue which can lead to a latent acidity which can dissolve if the chemical 
condition changes 
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