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Abstract 
 
This study is focused on two industrial by-products, Blast Furnace Slags (BFS) and Pyrite cinders (PC). 
The BFS which comes from the north of Sweden has been suspected to be the source of occasional 
occurences of acidity observed in leachates emerging from the material when disposed in road 
basement. Acid leachates polluted with high concentrations of As and Cu were collected at the base of a 
provisory landfill containing PC in the vicinity of the old factories.  
In the BFS, chemical analyses indicated that reduced S are present and, if oxidised, could be a potential 
source of acidity. However, the sequential chemical extraction showed large amounts of Ca and Mg in 
BFS which are assumingly linked to instable alcalic oxides and silicates. They can be dissolved in water 
and neutralise any acidity produced. Hence, the material in itself cannot be judged to be acid-producing. 
Acid assessment (Acid Base Account) is not applicable to BFS unless it is adapted to silicate buffering 
materials. . 
In the PC, pyrite was observed by XRD and other sulfides linked with Zn and Cu were indicated using 
sequential chemical extraction. Jarosite was observed by XRD and confirmed by the extraction. In PC, 
As seems to be associated with the reducible fraction (oxides) and Cu with the oxidizable fraction 
(sulfides). Acid assessment indicated a high acid producing capacity for PC but the method has to be 
adapted to sulphates which were shown to constitute an important fraction of the S present in the 
material. The sequential extraction procedure has to be adapted to a high amount of crystallized hematite 
present in PC. A longer extraction time in oxalic acid is recommended. 
  
 
Key-words  Blast furnace slags, Pyrite cinders, Acid leachates, Sulfide oxidation, Sulphates, 
Sequential extraction, Acid assessment methods, Acid Base Account. 
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 1. Introduction  
 
Since the beginning of the industrialisation during the 18th century, the increasing number of mills and 
plants has been followed by an increasing quantity of by-products and wastes. They have often been put 
in dumps in the past, but now, industries try to reuse them in function of their chemical and physical 
properties as raw material, neutralizing material, in cement, in road or for other constructions.  
 
In this report, two of these industrial by-products are studied. The first one, residue of the old Swedish 
acid sulfuric industry, is called Pyrite Cinders (PC). The name of this industrial waste comes from the 
pyrite roasting process used to produce sulfuric acid (H2SO4) common in the pulp industry (Appendix 
1). Each year, the world production of H2SO4 is estimated at 65 million tons (Tveit, 2003). In Sweden, 
this industry is no more active. The PC were produced and disposed in dumps at the beginning of the 
20th century. They constitute small amounts of waste dispersed in the country in the proximity of former 
industries (e.g. 400 m3 in Svartvik, Sundsvall, Sweden). 
 
The second material is contemporary and produced by the iron industry. More than one billion tonnes of 
steel was produced in 2008 (Iron & Steel Statistics Bureau) and one third of this volume represents the 
annual quantity of associated by-products. The industry is very active in Sweden and produces by-
products called Blast Furnace Slags (BFS) (Appendix 2). They are characterized by low density and 
high porosity and, therefore, they are used as road-based material in the area of Norrbotten to favor the 
road drainage.  
 
With approximately the same content of S, the common point between these two by-products is that 
they have been suspected to generate acidic leachates under some circumstances.  
 
PC disposed in dumps are known to decrease the pH of leachates and release some metals such as As 
and Cu (Nordbäck, 2004). According to studies based on leaching tests (Eriksson, 2008), even though 
the measured pH was low but the risk of pollution was considered low as the pollutant concentrations in 
the leachate was low. However, these results are not in concordance with analyses of field leachate 
sample where As and Cu pollution was higher than leaching test predictions.  
 
In laboratory leaching tests (Lindgren, 1998, Fällman, 1997 and Hiltunen et al., 2004), BFS leachates 
are alkaline. A first change was observed by Fällman (1997) when the pH of leachates collected from an 
outdoor lysimeter filled with BFS started to decrease to acid levels. It was interpreted by Fällman as ‘the 
result of the oxidation of the reduced sulfides and other sulfur species in the BFS’. In a field study 
(Lidelöw, 2008 and Anonymous, 2002) where BFS was used in a road basement, an acid pH was 
observed in a few samples of leachates collected from the construction.  
 
A goal of this report is to try to understand possible causes of the observed pH decreases. In addition, 
different methods are applied to assess the risk of decreases in pH of leachates from PC and BFS and 
their efficiency are discussed.  
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Aim 
 
The aim of the report is to understand possible origins of acidities and pollutions in leachates from two 
industrial sulphur-bearing materials and to evaluate the efficiency of using methods currently applied for 
mine waste characterisation for the assessment.  
 
Specific objectives are to: 
 

•  Evaluate the possible origin of acid leachate from PC and BFS materials. 
Define the source of element pollution (As, Cu) in PC leachates. 

 
•  Test some complementary methods for characterization and assessment of the potential risk of 

acid leachate formation from these by-products. 
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2. Hypotheses 
 
According to previous studies on BFS (Fällman, 1997) and PC (Eriksson, 2008), reduced sulfides or 
other sulfur species could be the origin of acid leachates from the studied materials. In this chapter, 
these hypotheses are explored. 
 
Role of iron sulfides and sulphates in the acidification 
 
1. Pyrite in the acidification 
 

In PC, the presence of iron sulfides such as pyrite (FeS2) may lead to similar oxidation reactions well 
known in acid mine drainage (AMD). For mine tailings, Panagopoulos et al. (2009) and Lottermoser 
(2003) describe pyrite oxidation by the following reactions: 
 

 
 
Firstly, pyrite is oxidized in the presence of water and oxygen (reaction 1). This reaction produces Fe 
ions, sulphates and acid protons. Then, Fe2+ formed during this reaction can stay soluble, precipitate in 
hydroxide or oxyhydroxide, or be transformed to Fe3+ naturally or catalysed by bacteria like 
Thiobacillus ferooxidans (reaction 2). This step can also be followed by the precipitation of Fe 
hydroxides (reaction 3), which is an acid generating reaction. 
Reaction (2) is important in the sense that Fe3+ autocatalyze the oxidation of pyrite by an indirect 
reaction (reaction 4). Protons are produced also during this reaction. Even if the pyrite is the major actor 
of acidification, other sulfides (e.g chalcopyrite, sphalerite) can also promote the formation of AMD 
(reaction 5 and 6). 
So, different kinds of elements are formed during pyrite oxidation: Fe ions, Fe hydroxides and a high 
quantity of protons which causes the pH decrease. Sulphates are a common product of all these 
reactions. 
 
2. Sulphates in the acidification 
 
Similar to sulfides, some iron-sulphates can also play a rule in acid leaching. Dissolution of iron-bearing 
sulphates release iron ions that could generate acidity when they precipitate as Fe hydroxides (reaction 
3). Jarosite (KFe3(SO4)2(OH)6), for example, commonly issued of Fe sulfides oxidation can liberate 
protons during its precipitation (reaction 7) (Bigham, 1994). This reaction can occur at pH between 1.5 
and 3 and sulphate concentration higher than 3 µg/ml-1. Lapakko (2002) has shown that protons can 
also be liberated when jarosite transforms into goethite (reaction 8). According to this author, jarosite 
could buffer an alkaline leachate at pH 1.5 to 3 by dissolution due to the inversion of reaction (7), but as 
Fe3+ is released it produces acid when oxidised (reaction 3).  
 
 

(1)  2FeS2 (s) + 7O2 (aq) + 2H2O �2Fe 2+ (aq) + 4H + (aq) +SO4
2- (aq) 

(2)  4Fe 2+ + O2 (aq) + 4H + � 4Fe 3+ + 2H2O 
(3)  Fe 3++ 3H2O (l) � Fe(OH)3 (s) + 3 H+ 
(4)  FeS2 (s) + 14Fe 3+ + 8H2O � 15Fe 2+ +2SO4

2- + 16H + (aq) 
(5) MeS(s) + 2O2 (aq) � Me 2+ + SO4

2- (4) 
(6) MeS(s) + 2Fe 3+ +3/2O2 (aq) + H2O � Me 2+ + 2Fe 2+ + 2H+ + SO4

2- 
       Me = Fe, Zn, Cd, Pb, Cu, Ni.  
 

(7) 2 Fe3+ + 2 SO42-+ K+ + 6 H2O � KFe3(SO4)2(OH)6 (s)+ 6 H+ 
(8) KFe3(SO4)2(OH)6 (s) � K+ + 3FeOOH(s) + 2SO42-(aq) + 3H+ 
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Role of calcium sulfides in the acidification 
 
In BFS, the possible origin of acid leachates seems to be more delicate. The pH decreases were observed 
in samples of leachate collected from BFS placed in an oxidized and well-drained environment 
(Fällman, 1997, Lidelöw, 2008, Anonymous, 2002). When the BFS is water saturated, like in leaching 
tests such as batch and column leaching tests (Lindgren, 1998, Fällman, 1997 and Hiltunen et al., 2004), 
the pH is systematically alkaline.  
What may, in the composition of BFS, explain this particular phenomenon? Because of an 
incompatibility with the process, BFS does not seem to contain a representative amount of pyrite and its 
presence is not described in the literature about BFS. Another possibility has to be envisaged to explain 
the reported decreases of pH in the leachates. A bad odor of rotten eggs linked with the production of 
hydrogen sulphide (H2S) has been reported near BFS piles (Kanschat, 1996). The presence of Ca 
sulfide, oldhamite (CaS), has been observed by Watanabe et al (1981) in japanese BFS and by Schwab 
et al. (2006) in american BFS. One hypothesis is that the oxidation of oldhamite is the origin of H2S 
formation, which can then be oxidised to form sulfuric acid. 
Alvarez-Rodriguez et al. (2008) described the reactions related to the formation of CaS produced by the 
absorption of H2S on CaO at high temperature in the process of coal gasification. This reaction happens 
at very high temperatures in reduced conditions. For this reason, if CaS is present in the BFS, it has been 
precipitated in blast furnace. The inverse reactions related to the dissolution of CaS, studied by Garcia et 
al. (2000) (reactions 9 to 12), can occur when CaS is in contact with atmospheric water vapor of the 
superficial water at normal temperatures. 
 

 
 
Reaction 9 describes the oxidation of CaS by H2O to form hydrogen sulfide without oxygen. When H2S 
is formed, it can be oxidized to SO2 and finally form a diacide, H2SO4 (reaction 10, 11, 12 and the 
general equation). Another possible reaction that could happen is the dissolution of H2S (reaction 13 
and 14). In both types of equations, two protons are liberated by H2S and so by CaS after some 
intermediate steps. 
 
  

 

(9) CaS + H2O(g) ↔ H2S + CaO 
(10) 2 H2S(g) + 3 O2(g)  ---> 2 SO2(g) + 2 H2O(g) 
(11) SO2 + ½ O2 ↔ SO3 
(12) SO3 + H2O ↔ H2SO4 
 

CaS + 2O2 + H2O ↔ CaO + H2SO4 
 
(13) H2S ↔ HS- + H+ 
(14) HS- ↔ S2- + H+ 
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3. Materials and methods 
 
 
3.1 Materials  
   
3.1.1 Pyrite cinder (PC) 
 
Pyrite cinders (PC) are a waste of the sulfuric acid production which was common in the pulp industry 
(Appendix 1). Pyrite was burned in an oven to generate sulfuric acid and the rest, oxidized pyrite, was 
landfilled. PCs are no more produced in Sweden but many dumps originating from the beginning of the 
20th century can still be found in the neighborhood of the former industries. The material looks like a 
red-brown sand. It is often mixed with rock aggregates and soil at the surface. The studied samples 
contained more than 100 mg/kg of As, 800 mg/kg of Cu and 17000 mg/kg of S (Eriksson, 2008). No 
detailed mineralogical study has been done previously except the major minerals reported by Norbäck et 
al. (2004).  
 
Samples of two different PC dumps are studied (Appendix 1). In Hörnefors, the dump size is not known 
exactly and is generally covered with a thin layer of soil with dispersed trees. The dump as been 
exposed to atmospheric conditions for about one century. The 1.5 kg of studied sample comes from the 
surface of a non covered area. The sampling was done when the soil surface was frozen, in February 
2009.  
In Svartvik, sampling was realized by Martin Eriksson from Rämboll in March 2009. The dump, 
exposed to air during a long time, was removed few years ago in favor of a covered concrete structure 
(Figure 1) used to isolate PC and to collect percolating leachates. Samples were taken in the middle of 
this structure in the PC layer and mixed to obtain a representative sample. In the study, 0.6 kg of sample 
were used. 
 
Samples collected at Svartvik (near Sundsvall) and Hörnefors (near Umeå) have been supplied by 
Ramböll and chosen for their high difference between usual leaching tests and natural leachates 
percolating these dumps. 
 

 
Figure 1 Section of the dump containing Pyrite Cinder in Svartvik (Eriksson, 2008). 

  

50 m 

Blind soil 
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3.1.2 Blast furnace slag (BFS) 
 
Blast furnace slag (BFS) is a well known product of the pig iron industry in the north of Sweden. The 
studied samples originate from SSAB, Luleå. During the process, iron ore is mixed with coke at high 
temperature in the blast furnace (Appendix 2). After iron recovery and air-cooling, the grey porous by-
product, called BFS can be used as for example road base material. Constituted in majority of Si and Ca, 
previous mineralogical studies indicate the presence of Ca-Al-silicates such as the akermanite-gehlenite 
solid solution, monticellite and spinel (Bäverman, 1997; Tossavainen, 2000).  
Two different samples have been used in this study (Appendix 2): The first one originates from slag 
heaps at SSAB crushing plant which has been exposed to atmospheric conditions for about one year. 
The sample is constituted of 2.7 kg of material and is here referred to as “fresh BFS”. The second 
sample originates from a road basement constructed in autumn 1997 and is therefore more weathered 
than the first sample. The sample is constituted of 10 kg of material and was collected on the side of the 
Björsbyn road, Luleå, from the surface to a depth of 30 cm. This sample is referred to as the “Björsbyn 
BFS”. 
 
 
3.2 Methods 

 
3.2.1 Granulometry 
 
Granulometry constitutes the first step of the sample characterization. After drying, the four samples 
were placed on a granulometic column and sieved (10 min at a frequency of 80 Hz with a Retsch siever) 
to obtain the different fractions.  
  
Representative portions of the BFS samples were crushed by a hammer and a Retsch Agath ball mill 
(ten minutes with a frequency of 90 rounds/min) to a particle size of <0.125 mm. These portions were 
used for total composition, XRD and sequential extraction analyses. For the PC, a non-milled fraction 
<0.4 mm was used for the tests. 
 
 
3.2.2 X-ray diffraction (XRD) 
 
X-Ray Diffraction (XRD) is a non-destructive technique used to find the structure of an unknown 
material. With a comparison with standards, it is possible to define minerals of a crystalline texture. The 
X-ray diffractometer used is a Siemens D 5000. The diffractogram is presented graphically (Intensity 
function of 2θ). Each combination of peaks will correspond to a mineral known in the standard table. 
The analysis was done for angles 2θ situated between 10 and 90 degrees, with a step of 0.02 degrees. 
The EVA software was used to analyze the results and define the primary minerals present in the 
samples. Each sample was analysed for 2h, except for the sample of fresh BFS which was analysed for 
4h.
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3.2.3 Chemical composition 
 
The total composition of the materials was determined by the laboratory ALS Scandinavia AB (Luleå). 
The lab accuracy of the analyses is estimated at 10-15%. 
 
Solid samples 
The determination of total solids was performed according to the Swedish standard SS 028113-1.  
For the analysis of As, Cd Cu, Co, Hg, Ni, Pb, B, Sb, S, Se, Sn and Zn the samples were dried at 50°C. 
The weight was corrected with a sample dried at 105°C. The digestion was done in a microwave in a 
teflon tube with nitric acid and water (1:1). For the other elements, 0.125g of sample was mixed with 
0.375g of LiBO2 and dissolved in nitric acid. The analysis was done using ICP-SFMS (As, Cd, Co, Cu, 
Hg, Ni, Pb, Sn, Zn) and ICP-AES for the other elements.  
LOI (Loss of ignition) was defined by ignition at 1000°C. 
 
Liquid samples 
The liquid samples were analysed by ICP-AES (Inductively Coupled Plasma-atomic emission 
spectrometer) after dissolution in nitric acid (1:100). For analyses of S, the samples were stabilised with 
H2O2. 
 
 
3.2.4 Acid Base Account (ABA) 
 
Acid Base accounting (ABA) is a method used to estimate the maximum acid generation potential of 
mining waste samples. The method is based on a balance between the neutralization potential (NP) and 
the acid production potential (AP) of a material.  

NNP (Net Neutralization Potential) = NP (Neutralization Potential) - AP (Acid Production Potential) 

 
ABA is based on a fundamental hypothesis: the S amount is linked to pyrite and the acidity is due to 
pyrite oxidation. AP can be calculated from the S content obtained by total composition analysis. For 
NP, the neutralization is based on buffering by carbonates. NP is estimated by titration of the 
neutralization capacity adapted to carbonate system. Details are given in Appendix 4. 
The net neutralization potential (NNP) has the potential, for mining studies, to give a good assessment 
of the risk of acidification due to pyrite oxidation. Sobek (1978) considers a material to be potentially 
acid producing if the NNP is lower than -20 kg of CaCO3 necessary to neutralize one ton of material.    
 
 
3.2.5 Sequential chemical extraction 
 
Sequential chemical extraction is a successive extraction which is expected to assess the element 
association with different operationally defined fractions. The fractions correspond to changes in 
environmental conditions that could affect element availability in materials, e.g. reduction (as may occur 
following disposal under impermeable barriers) and oxidation (as might occur following exposure to 
air).  
A sequential extraction of 3 steps was used in this study (Table 1). Details about the choice of 
procedure, exact protocol and preparation of reagents are given in Appendix 3. The extraction was done 
in triplicates with 1 g of material in teflon tubes. The residual fraction of the sequential extraction was 
analyzed by total composition analysis (see Chapter 3.2.3). 
The protocol was chosen to separate elements between the soluble fraction (adsorbed elements or 
elements associated to soluble minerals), reducible fraction (associated to oxides and less soluble 
sulphates), oxidizable fraction (associated to sulfides) and residual fraction (associated to stable 
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minerals such as silicates or spinel). For PC, the main goal was to define the partitioning of As, Cu and 
S between each fraction. For this material, an important point was to dissolve the hematite in the 
reducible step. For BFS, the main issue was to separate sulfides and silicates in order to see the 
association of elements, in particular Ca, Fe and S, to oxidisable and residual fractions. 
 
After the second step, one of the PC triplicate residues was analyzed by XRF (Thermo scientific Niton 
Analyzers, Niton XL3t Analyzer). With this tube, a longer time in the water bath (15h instead of 4h) 
was tested in order to evaluate the hematite dissolution capacity of this step. 
 
 
Table 1 3-step sequential extraction used in the experiments 

Fraction Reagents References 
Soluble fraction 
Exchangeable and adsorbed 
elements 

20 ml of 1M CH3COONa adjusted to pH 5 
by  (agitated during 6h at 20°C) 
 
 

Hall et al. (1996) 

Reducible fraction 
Crystalline Fe oxides  
and sulphates 

40ml of 0.2 M NH4-oxalate adjusted to pH 3 
by 0.2M oxalic acid (agitated during 4h at 
80°C) 
 

Dold (2003 & 2009) 

Oxidizable fraction 
Sulfides 

3 ml of 0.02M HNO3 - 5 ml of 30% H2O2 at 
pH 2 (2h at 85°C) 
3 ml of 30% H2O2 (3h at 65°C) 
5 ml of 3.2 M NH4OAc in 20 % HNO3 
(agitated during 30mn) 
 

Tessier (1979) 

Residual fraction 
Silicates and Spinel 

Determined after dissolution of residues in 
nitric acid during total composition analysis 

 

 
 
The sequential extraction was performed on two samples, PC from Hörnefors and BFS from Björsbyn, 
to test the applicability of the chosen protocol to these materials. 
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4. Results   
 
4.1 Granulometry  
 
4.1.1 Pyrite Cinder 
 
For the Hörnefors sample, the particle size distribution has a median of 0.24 mm (Figure 2). More than 
60% of PC consists of red and matt silts with a size less than 0.60mm. The sample from Svartvik is finer 
with a median of less than 0.20 mm and a fraction of silt over 75 %. The second part of both samples is 
constituted of fine and medium sand with the presence of brilliant minerals. In general, PC can be 
considered as a silt material with a fraction of very fine sand or as a sandy silt material. 
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Figure 2 Granulometric curve of Pyrite cinder from  Hörnefors and Svartvik PC 

 
 
4.1.2 Blast Furnace Slag 
 
The sample of BFS from Björsbyn has less than 3% of sand (<2 mm) and is composed in majority of 
gravel (Figure 3). The presence of cobbles (>64 mm) is low. 
The distribution of the sample of fresh BFS is broader with about 10% sand. The sample is considered 
as gravel. 
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Figure 3 Granulometric curves of the Blast Furnace Slag samples used in the experiments. 
4.2 X Ray Diffractogram analysis 
 
Due to the presence of a high background noise and some missing peaks, the analyses of the 
diffractograms has to be considered as an interpretation and in no case as a definitive conclusion. 
Appendix 5 presents the interpretation of the X-ray diffractograms. The possible presence of sulphur-
bearing minerals in the samples is of particular interest in this study.  
 
 
4.2.1 Pyrite cinder 
 
Pyrite Cinder from Hörnefors 
The diffractogram of a PC sample (<400 µm) reveals the presence of magnetite, hematite and quartz 
(Table 2Erreur ! Source du renvoi introuvable.). 
For sulfides, some peaks seem to correspond to pyrite. Arsenic present in a large amount in PC may 
occur in oxides such as claudetite or arsenolite (As2O3). The presence of sulfides like arsenopyrite was 
excluded by comparison of peaks. For Cu, because of the background noise, it is difficult to identify the 
peaks, but Cu seems to occur in oxides like cuprite (Cu2O) or paramelacconite (Cu4O3). Ca chlorite and 
K-jarosite were also recognized.  
 
Table 2 X-Ray Diffractogram of Pyrite cinder from Hörnefors. P:Pyrite A: Arsenolite C: Claudetite Q:Quartz 

 
 
 
 
 
 

 
 
Pyrite cinder from Svartvik 
The diffractogram analysis (Table 3Erreur ! Source du renvoi introuvable.) reveals a high 
background noise. Hematite, magnetite and quartz constitute the major minerals. Gypsum and a solid 
solution of anorthite-albite were also clearly defined. The presence of pyrite, natrojarosite and sphalerite 
were indicated. It was not possible to define the speciation of As and Cu in this sample. However 
arsenolite and claudelite were excluded by comparison of peaks. 

 
Table 3 X-Ray Diffractogram of Pyrite cinder from Svartvik. P:Pyrite N :Natrojarosite G :Gypsum 

 
 
 
 
 
 

 
 

Principal minerals Suggested minerals 
Magnetite (Fe3O4) 
Hematite (Fe2O3) 
Quartz(SiO2) 

Pyrite (FeS2) 
Ca chlorite hydrate (Ca3Cl2O4.2H2O/3CaO.Cl2O.2H2O) 
Claudetite, Arsenolite (As2O3) 
Jarosite (KFe3(SO4)2(OH)6) 

Principal minerals Suggested minerals 
Magnetite (Fe3O4) 
Hematite (Fe2O3) 
Quartz (SiO2) 
Gypsum (CaSO4.2H2O) 

Pyrite (FeS2) 
Sphalerite (ZnS) 
Natrojarosite (NaFe3(SO4)2(OH)6) 
Anorthite-Albite ((Na,Ca)(Si,Al)4O8) 
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4.2.2 Blast Furnace Slag 
 
Blast Furnace Slag from Björsbyn 
XRD analysis of Björsbyn BFS (Erreur ! Source du renvoi introuvable.Table 4) reveals the presence 
of a solid solution of gehlenite (Ca2Al2SiO7) and monticellite (CaMgSiO4). Variations in the 
composition of the solid solution explain why the peaks of gehlenite and monticellite are not exactly in 
concordance with the peaks proposed as standards by the software. Some spinels (MgAl2O4) are also 
observed. Iron (Fe) is indicated but cannot be confirmed. Two kinds of sulfides were proposed by the 
software (Table 4Erreur ! Source du renvoi introuvable.): oldhamite (CaS) and pyrite (FeS2). 
However, their peaks are in the same place as the peaks of the major minerals which make it impossible 
to confirm their presence.  
 
Table 4 X-ray diffractogram of Björsbyn Blast Furnace Slag.  

 
 
 
 
 
 

 
Fresh Blast Furnace Slag 
The analysis of fresh BFS (Table 5) shows a solid solution of gehlenite-monticellite as major minerals 
but also some spinel. The presence of gypsum, oldhamite and pyrite was suggested by the software but 
their presence cannot be confirmed. Calcite, lime and manganese sulfide were also proposed but a 
longer time of analysis is necessary to be able to confirm their presence. 
 
Table 5 X-ray diffractogram of fresh Blast Furnace Slag.  

 
 
 
 
 
 
 

 
 
 
4.3 Total chemical composition  
 
The complete chemical compositions analyses are available in appendix 7. Limits described in Table 6 
and Table 7 correspond to the Swedish guideline values for contaminated soils with less sensitive use 
(Swedish Environmental Protection Agency (SEPA), 2008).  
 

4.3.1 Pyrite cinder 
 

Hörnefors Pyrite cinder 
In this material (Table 6), Fe2O3 dominates at 80% followed by SiO2 and Al2O3 representing 
respectively 14.5 and 2.6 % of the total composition. The last 20 % of the composition are constituted of 
CaO, K2O, MgO and Na2O. 
Loss of ignition represents 4.2 %TS and can be linked to the amount of organic matter mixed with PC 
due to the presence of surface soil used for the dump rehabilitation. 

Principal minerals Suggested minerals 
Gehlenite (Ca2Al2SiO7) 
Monticellite (CaMgSiO4) 
Spinel (MgAl2O4)  

Oldhamite (CaS) 
Pyrite (FeS2) 
Iron (Fe) 

Principal minerals Suggested minerals 
Gehlenite (Ca2Al2SiO7) 
Monticellite (CaMgSiO4) 
Spinel (MgAl2O4)  
 

Gypsum (CaSO4-2H20) 
Oldhamite (CaS) 
Pyrite (FeS2) 
Calcite (CaCO3) 
Thenardite (Na2SO4) 
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Concentrations higher than guideline values for contaminated soil are found for As (289 mg/kg), Co 
(143 mg/kg), Cu (250 mg/kg) and Zn (634 mg/kg). Barium (169 mg/kg), S (5530 mg/kg) and Pb (360 
mg/kg) are also present in high amount. 
 
Svartvik Pyrite cinder 
The Svartvik sample has a composition close to the samples from Hörnefors (Table 6). With the same 
main components, elements like Cu (1160 mg/kg), S (25700 mg/kg), Zn (1910 mg/kg) and Ca (24142 
mg/kg) are present in higher amounts. Copper limit is 200 mg/kg, Svartvik PC contains six times this 
value. In opposite, As (204 mg/kg for a limit at 30 mg/kg) has a lower value in Svartvik than in 
Hörnefors. 
 
Table 6 Chemical composition of Hörnefors and Svartvik Pyrite cinder and cover soil. Limits correspond to Swedish 
guideline values for contaminated soil with less sensitive use (SEPA, 2008).  
 

Element 
PC 
Hörnefors 

PC 
Svartvik 

Cover Soil - 
Svartvik Limits 

% TS 
TS 98,2 98,6   

Al2O3 2,59 2,95   

CaO 0,44 3,38   

Fe2O3 79,1 72,7 3,4  

K2O 0,82 0,66   

MgO 0,61 0,49   

MnO 0,015 0,03   

Na2O 0,55 0,4   

P2O5 0,07 0,09   

SiO2 14,5 18,5   

TiO2 0,11 0,08    
mg/kg TS 

As 289 204 
 
40 30 

Ba 167 169  300 

Cd 1,31 6,01 2 15 

Co 143 227  35 

Cr 31,3 37,3  150 

Cu 250 1160 301 200 

Hg 0,41 1,45  2,25 

Mo 71,3 20,9  100 

Ni 12,8 33,3  120 

Pb 360 236 260 400 

S 5530 25700 10000  

V <2 21,1  200 

Zn 634 1910 539 500 

LOI % TS 4,2 8    
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4.3.2 Blast Furnace Slag 
 
In Table 7, averages of triplicate samples and their variability represented by the standard deviation are 
presented. Compared to the guideline values for contaminated land (limits), the amount of most trace 
elements are low in BFS samples.  
 

Blast Furnace Slag from Björsbyn road 
Standard deviation shows a good homogeneity of the sample. With less than 1% of LOI, the content of 
organic matter is low. The major components are SiO2 (32 %), CaO (30%), MgO (17 %) and Al2O3 
(12.5 %). Iron oxide occurs at very low amount (less than 1 %). With a non negligible amount, Ba (1137 
mg/kg), Sr (394 mg/kg), V (426 mg/kg) and Zr (344 mg/kg) constitute the minor elements. Sulfur is 
present at 0.5%. Two elements are present in higher amounts than the guideline values: Ba and V. 
 
Table 7 Chemical composition of the Blast Furnace Slag samples. 
 

 Björbyn BFS Fresh BFS Limits 
Main elements: % TS    
TS 99.4 ±0.00 99.23 ±0.06  

Al2O3 12.5 ±0.00 12.3 ±0.4  

CaO 30.2 ±0.00 32.9 ±1.0  

Fe2O3 0.74 ±0.07 0.87 ±0.3  

K2O 0.57 ±0.004 0.71 ±0.03  

MgO 17.2 ±0.06 17.7 ±0.5  

MnO 0.5 ±0.002 0.31 ±0.01  

Na2O 0.58 ±0.01 0.49 ±0.01  

P2O5 0.005 ±0.00 0.007 ±0.00  

SiO2 32.5 ±0.10 33.6 ±1  

TiO2 2.22 ±0.01 2.43 ±0.08   
Trace elements: mg/kg TS    
As 6.84 ±0.5 0.27 ±0.07 25 

Ba 1137 ±6 739.7 ±20 300 

Cd 0.09 ±0.01 0.03 ±0.003 15 

Co 0.65 ±0.10 0.68 ±0.22 35 

Cr 30.4 ±0.6 35.7 ±3.9 150 

Cu 8.6 ±2.1 156.7 ±28 200 

Hg <0.04 <0.04 2.5 

Mo <6 <6 100 

Ni 3.9 ±1.1 3.8 ±1.40 120 

Pb 1.59 ±0.06 5.5 ±1.3 400 

S 5497 ±112 9080 ±312  

Sr 394.6 ±0.6 481.3 ±13.6  

Zr 343.6 ±3.5 372 ±14.8  

V 425.7 ±1.5 361.7 ±13.5 200 

Zn 16.1 ±2.5 74.2 ±18.6 50 

LOI 0.7 ±0.06 0 ±0.17   
 

Fresh Blast Furnace Slag  
With a global composition similar to the Björsbyn BFS, the sample of fresh BFS are characterized by a 
higher quantity of Cu (156.6 mg/kg), S (9080 mg/kg), Sr (481 mg/kg), Pb (5.54 mg/kg) and Zn (74.2 
mg/kg). The much higher content for example Cu and Zn in the fresh BFS indicates that pollution of the 
sample occurred, possibly during the crushing and grinding procedure. Iron and Ca are also present in 
higher amounts in the fresh slag (respectively 6351 and 235000 mg/kg). On the other hand, As and Ba 
are present in a lower amounts (respectively 0.27 and 740 mg/kg) and V is equivalent to Björsbyn BFS. 
LOI is zero. The amounts of Ba, V and Zn are higher than the guideline values. 
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4.4 Acid Base Account (ABA) 
 
Pyrite Cinder 
The total amount of S is 0.55% and 2.57% in Hörnefors and Svartvik PC, respectively. According to 
Sobek (1978), this corresponds to an AP of respectively -17.3 and -80.3 kg of CaCO3 for 1 ton of 
Hörnefors and Svartvik PC . 
 
Blast Furnace Slag 
Sulfur is present at 0.55% and 0.91% in Björsbyn BFS and fresh BFS, respectively. It gives an AP 
equivalent to respectively -17.1 and -28.4 kg of CaCO3 necessary to neutralize the acid produced in 1 t 
of material.  
 
The NP of the PC and BFS was not determined because the neutralization titration in the ABA method 
developed by Sobek (1978) is only adapted to carbonates, which are almost absent in the studied 
materials. 
 
 
4.5 Sequential chemical extraction 
 
In the presentation of sequential extraction values, the first step is called “soluble fraction” since 
adsorbed and exchangeable elements are expected to be mobilized. The second step should correspond 
to the extraction of oxides like hematite and less soluble sulphates like jarosite and is called “reducible 
fraction”. The third step supposed to be linked to sulfide extraction is referred to as “oxidizable 
fraction”. The last step corresponds to hardly soluble fraction such as silicates or spinel and is referred to 
as “residual fraction”. 
 
From the result of triplicates, average and standard deviation are calculated and presented in Table 8. 
Initially, results were given in mg/L by the laboratory, but due to the difference of chemical volumes 
used in each step (30ml in step 1, 20ml in step 2 and 50ml in step 3) for one gram of material, values 
were recalculated in mg of element by kg of initial material. By doing so, values for different steps can 
be compared. 
 
The results of the first step are dominated by Na (> 420 g/kg) for both materials. It is explained by the 
use of CH3COONa as chemical and so, Na does not originate from the materials. In the interpretation, 
blank values are subtracted from the results in order to eliminate the elemental fraction not dependant of 
the material. Extraction analyses present high levels of detection. For this reason, when the lab results 
are below the detection limit, half of this limit will be considered in the substraction. 
 
Values higher than detection limits are observed in blanks, indicating elements added by chemicals or 
pollutions. Zinc, P, Na and S are principally concerned.  Known to be a common source of pollution, Zn 
is present at high values in blanks (between 600 and 1000 µg/l), which indicates a strong contamination. 
Source of pollution could be water, syringes used in the protocol or a contaminated acid used to wash 
the syringes. A contamination of S is also indicated with a pollution amount between 1 and 21%. 
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Table 8 Results of the 3 step sequential extraction presented as averages and standard deviation for each element (n=3). 
Values are given in mg of element per kg of material. 
 
  Pyrite Cinder Hörnefors 

 mg/kg Step 1 blank step 1 Step 2 blank step 2 Step 3 blank step 3 Residual fraction 

Main elements                
Al <30 <30 715 ±0.5 <50 100 ±0.06 10.14 16174 ±786 

Ca <60 <60 103 ±0.04 <100 55 ±0.05 6.24 3868 ±338 

Fe 215.5 ±0.2 <6 96995 ±147 <10 7700 ±85 1.88 516600 ±17819 

K 242.7 ±0.8 <150 1500 ±0.5 <250 <60 <10 5887 ±18 

Mg <27 <27 157 ±0.5 <45 118.6 ±0.1 <1.8 3735 ±38 

Mn <3 <3 <5 <5 7.03 ±0.03 <0.2 90 ±14 

Na 426000 ±529 429000 1600 ±15 1690 322 ±0.6 416 5438 ±157 

P <50 42.6 351 ±2 <50 404 ±1 301 214 ±23 

Si 35.8 ±0.03 <12 2065 ±3 <20 206 ±0.4 3.4 85633 ±990 

Trace elements                                   

As <30 <30 171 ±0.2 <50 <10 <20 104 ±15 

Ba <3 3.18 44.8 ±0.008 <5 3.19 ±0 <0.2 144 ±6 

Co <6 <6 <10 <10 29.7 ±0.06 <0.4 98 ±12 

Cr <6 <6 <10 <10 <0.4 <0.4 19 ±3 

Cu <3 <3 <5 <5 101.6 ±0.3 0.29 133 ±18 

Mo <6 <6 24 ±0.009 <10 4.02 ±0.05 1.046 42 ±12 

Pb <30 <30 170 ±34 <50 44.9 ±0.1 <2 28 ±4 

S 784 ±1 89.4 4770 ±3 <100 261 ±0.07 40.4 337 ±21 

Sr 13.53 ±0.02 14.175 <5 <5 <1 <0.2 58 ±3 

V <3 <3 13 ±0.004 <5 <1 <0.2 16 ±2 

Zn 33.15 ±0.2 24.33 <5 47.275 185.2 ±0.8 17 434 ±64 

  Blast Furnace Slag  Björsbyn 

 mg/kg Step 1 blank step 1 Step 2 blank step 2 Step 3 blank step 3 Residual fraction 

Main elements                 
Al 691 ±1 <30 7083 ±5 <50 25133 ±38 10.14 69618 ±1123 

Ca 30160 ±22 <60 <100 <100 124327 ±276 6.24 121071 ±2525 

Fe 261.7 ±0.3 <6 520 ±0.1 <10 553 ±1 1.88 2433 ±25 

K 534 ±0.2 <150 1728 ±0.9 <250 2447 ±3 <10 1041 ±65  

Mg 10660 ±8 <27 13250 ±5 <45 51467 ±90 <1.8 62408 ±1279 

Mn 1748 ±0.9 <3 370 ±0.1 <5 1403 ±2 <0.2 1115 ±11 

Na 432000 ±153 429000 1748 ±2 1690 2840 ±3 416 1380 ±10 

P <3 42.6 <50 <50 270 ±1 301 80.5 ±5 

Si 6944 ±20 <12 19833 ±13 <20 85800 ±191 3.4 117833 ±330 

Trace elements                                   

As <3 <30 <50 <50 <20 <20 1.55 ±2 

Ba 70 ±0.05 3.18 104 ±0.1 <5 439 ±1 <0.2 1110 ±0 

Co <6 <6 <10 <10 <4 <0.4 0.39 ±0.1 

Cr <6 <6 <10 <10 <4 <0.4 45.1 ±3 

Cu <3 <3 <5 <5 <2 0.29 4.13 ±0.6 

Mo <6 <6 <10 <10 0.95 ±0 1.046 <6 

Pb <30 <30 <50 <50 <4 <2 1.54 ±0.1 

S 2099 ±1 89.4 477 ±1 <100 2580 ±8 40.4 1500 ±113 

Sr 41 ±0.02 14.175 <5 <5 229 ±0.5 <0.2 232 ±1 

V 17 ±0.01 <3 47 ±0.04 <5 58 ±0.09 <0.2 687 ±20 

Zn 
  
<3 24.33 42.43 ±0.2 47.275 25 ±0.1 17 14.4 ±9 
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5. Discussion 
 
5.1 Possible origin of acid leachates  
 
5.1.1 Pyrite cinders 
 
The PC from Svartvik and Hörnefors has been studied by the consultans Ramböll. Table 9Erreur ! 
Source du renvoi introuvable. shows the elemental composition of Svartvik dump leachates and the 
results of column and L/S 10 batch leaching tests (Eriksson, 2008). The limits correspond to acceptance 
criteria for waste to be landfilled (1999/31/EC). 
 
 
Table 9 Elemental concentration of leachates from Svartvik PC dump and L/S 10 laboratory test on pyrite cinders (Eriksson, 
2008) and acceptance criteria for waste to be landfilled are given.  
 

  Svartvik PC Landfilled directives 

limit hazardous material 
Element Dump 

leachate 
Lab test 
L/S=10 

Column test 
1st leachate 

L/S 10 

  mg/L mg/kg mg/L mg/kg 

Ca 433    
Fe 2420    
K <8    
Mg 396    
Na 24.6    
S 5190    
Si 85.6    
 µg/L  µg/L  
Al 1180000    
As 7400 <0.01 3000 25 

Ba <2 0.809 60000 300 

Cd 5730 0.009 1700 5 

Co 37700    

Cr 451 <0.008 15000 70 

Cu 284000 1.16 60000 100 

Hg 1.25 0.06 300 2 

Mo <10 <0.005 10000 30 

Ni 5 210 0.01 12000 40 

P 7900    

Pb <2 0.05 15000 50 

Sr 1040    

Zn 678000 2.21 60000 200 

pH 2.4 3.5   
SO4   463     

 
Comparing the chemical composition of the field leachate sampled at the base of the Svartvik structure 
with L/S 10 laboratory tests done with PC from the same dump enlightens a significant difference. For 
example, the laboratory test showed low Cd concentrations (0.009 mg/kg) while it reaches 5730 µg/L in 
the field leachates. This concentration could be compared to the acceptance criteria for waste to be 
landfilled which gives a maximum of 1700 µg/L for Cd in the first leachate from a column test. Similar 
results are observed for As, Cu and Zn. 
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The origin of the acidity (and the consequent release of metal) was subject to many discussions. 
According to Macsik (personal communication, 2009) the soil used to cover the pyrite cinder heap was a 
mixture of different materials collected at the site containing pyrite. The predominant hypothesis is the 
oxidation of the overlaying pyrite leading the generation of an acid leachate that percolated through the 
cover mobilising elements such as As and Cd. The information available about the cover soil is however 
limited. The analysis of the cover material showed high concentrations of S which could be a sign of the 
presence of pyrite.  
 
The mineralogical composition of the PC is not well known. Beside the total composition of the 
classical metals, few results are available. Batch leaching tests were done with material. However, the 
relevance of such tests to simulate the real leaching conditions is limited as the redox conditions are not 
controlled. Under reduced conditions, oxides such as Fe-oxides, are unstable and release elements non 
observed in oxidised condition test. The time frame of the tests is also an important aspect, as sulphide 
oxidation is slow and does not have the time to happen in short term test. 
The redox conditions in the PC layers are unclear. The soil cover would enhance the establishment of 
reduced conditions while the drainage layer would favours oxidised conditions. Under reduced 
conditions, the leaching of As is enhanced while it is inhibited under oxidised conditions; conditions 
that are not taken inte account during the test.  
 
This study focused on investigating the phases or minerals controlling the release of As and Cu and the 
presence of minerals in the PC that could lead to the generation of an acid leachate. The study focused 
on the characterisation of the geochemical properties of PC looking at different techniques to define PC 
composition. 
 
XRD and the total chemical composition are the two first methods that are used to compare the samples. 
Such results are useful to characterize Hörnefors and Svartvik PC in detail and to propose a first 
hypothesis about the origin of acidity in PC. 
 
The interpretation of XRD shows the presence of hematite, magnetite and quartz for Svartvik and 
Hörnefors PC which is in concordance with the general analysis reported by Nordbäck (2004). The 
presence of pyrite was also indicated in the two diffractograms. Refined XRD is however necessary to 
better assess the pyrite occurrence i.e. to precise the peak position and size. According to Nordbäck 
(2004), Ca chlorite hydrate was observed in the surface for the Hörnefors PC dump whereas gypsum, 
feldspaths (albite-anorthite) and sphalerite were visible only in covered Svartvik PC. The mineralogy is 
believed to vary depending on the type of PC, the red-ox conditions and the degree of weathering. 
Minerals such as sulphates (jarosite and natrojarosite) were indicated by XRD in the PC, but this result 
has to be taken with precaution because these minerals have never been described in literature and their 
small peaks are sometimes mixed with noise in diffractograms. XRD was also used to identify possible 
As bearing minerals. Presence of As sulfides such as arsenopyrite was excluded in favor of As oxides 
(arsenolite and claudelite). The presence of those minerals has not been reported earlier and their 
occurrence should therefore be confirmed combining XRD results with other analysis methods, to 
establish the partition of As between mineral phases e.g. arsenolite or claudelite and iron oxides.  
 
Total chemical composition is a complementary method capable of giving a quantitative analysis of the 
elements and minerals proposed by XRD. With more than 70% of Fe2O3 and an intensive red color, PC 
are dominated by hematite and magnetite. Sulfides and sulphates correspond to 0.5- 2.5 % of the S, but 
these results do not permit to establish their respective proportions.  
 
A comparison of the total composition of Hörnefors and Svartvik PC was used to illustrate the element 
content variability. For example, Ca is present in Svartvik at an amount six times higher than Hörnefors. 
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The other main elements seem to occur at relatively equal amounts in the two samples. The trace 
elements, Cu S and Zn present higher concentration in Svartvik than in Hörnefors. One hypothesis is 
that the trace element concentration depends on the sampling location. Hörnefors is a surface sample 
while Svartvik comes from a deeper layer (Figure 1). Due to this difference of sampling location, 
Hörnefors PC is considered as more oxidized, weathered and leached than Svartvik sample. Mixture 
with surface soil may also contribute to lower concentration for a majority of trace elements in 
Hörnefors PC (Co, Cu, Zn). However the opposite was observed for As, 289 mg/kg in Hörnefors PC 
compared to 204 mg/kg in Svartvik PC. The same trend is observed for Fe and Pb.  
 
 
A study of this kind schould concider the variations of the waste composition. Total composition gives a 
first idea of the presence of potential elements but have to be complemented by mineralogical analyses. 
In our case, As Cu and Zn were higher than the legal limit for hazardous material. In addition, the 
analysis of the S content could also be useful to study the potential action of sulfides and sulphates in 
the acidification.  
 
Based on the total S amount, the acid generation model ABA used to assess mining waste may be 
applied to the PC. An acid producing material is defined by the limit of 20 kg CaCO3/ton of material 
proposed by Sobek (1978). Assuming no carbonate neutralization, Svartvik PC (-80 kg/t) presents a 
high risk of acidification. On the other hand, Hörnefors PC is in the uncertainty interval. Kinetic tests, 
such as humidity cells, may be more appropriate to assess the neutralisation potential of the PC. In spite 
of the difference between the two types of PC, this material may be acid producing if according to the 
ABA calculations, with an acidification potential for Svartvik PC more than four times the limit value 
given by Sobek for mine materials.  
 
The different values obtained between the two samples (more than 400%) are a specific issue for PC 
material. The concentration of elements varies also depending on the type of pyrite that was roasted, the 
weathering time, red-ox conditions, landfilled conditions. Due to the age of these dumps (around 1 
century), the information gap about the precise nature of the ore and the process at each place does not 
permit to answer this question. Disposed in dumps, PC sampled at the top, mixed with soil in oxidized 
environment may not have the same evolution in time as a sample taken at the bottom. Different 
environments influence the chemical reactions and so the S content of PC. For such material, it is 
necessary to study samples representative for the whole dump 
 
The ABA results should be taken with precaution as its application hypotheses the S content to 
correspond to pyrite being oxidised and carbonate buffering. PC are incineration residues which means 
that the main part of the S does not appear as sulphide. Jarosite precipitation with three protons 
produced per S is acid generating (reaction 7). Jarosite precipitation is not covered in the ABA 
calculation, underestimating the acidity potential. When other non acid producing sulphates such as 
gypsum occur the acid generation is overestimated.  
 
Since this material is by products, secondary phases may not be observable by the XRD even though 
being present. A sequential chemical extraction was therefore done to define the partition of elements 
(e.g S, As, Cu) in soluble, oxidizable, reducible and residual fraction. The difference between sulphates 
and sulfides is expected to be seen as well as As and Cu partition. Hörnefors sample was chosen in this 
step for its high amount of As. Hörnefors could be expected to be present in an oxidised condition and 
Svartvik in a more reduced environment due to the cover system. 
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Figure 4 Extracted element concentrations (mg/g) in the different steps of the sequential extraction for Hörnefors pyrite 

cinder. The concentration is presented with a logarithmic scale. 
 
 
 
 
 

Figure 5 Partitioning of elements (%) in the different phases of the sequential extraction of Hörnefors pyrite cinder. The 
values indicate the amount of element extracted for a phase in mg/g. 

 
 
The main results presented in the Figure 4 and Figure 5 (S, Si, Fe, K and Ca) correspond to the major 
element present in the studied minerals (e.g silicates, sulfides). Trace elements (Pb, Zn, Cu and As) were 
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selected since their concentration is higher than the SEPA limits for hazardous materials. The sequential 
extraction was done to investigate the hypothesis about the source of acid leachate and As and Cu 
pollutions. 
 
The first step is expected to reveal an easily soluble fraction as adsorbed elements or soluble sulphates. 
Figure 4 shows that after the first step of extraction, the element content in the leachate was below 
1mg/g for most of the studied elements. The extraction rate of 0.69 mg/g of S and 0.088 mg/g of Zn 
occurring during this step correspond respectively to 10 % and 60% of the total content of the elements.  
The origin of the soluble amount of 22 mmol/kg of S and 14 mmol/kg of Zn is unclear. Ions such as Zn 
adsorb on soils particles are likely to be easily released rather than dissolution of mineral during the first 
step. Potassium and Fe present in the amount of 5 mmol/kg, can be associated with iron sulphates or 
voltaite (K2Fe9(SO4)12.18H2O) (Lapakko, 2002). According to Lottermoser (2003), it can be noted 
that dissolution of iron soluble sulphate such as melanterite can produce 2 protons per S. These minerals 
are difficult to analyse since the content probably are low, they was not detected by XRD or in the PC 
literature. The relative high amount of Zn may be explained by its presence as adsorbed metals or 
hydrous Zn sulphate very soluble in water (Lottermoser, 2003).  
 
The second step, corresponding to reducible fraction has been chosen to dissolve hematite, magnetite 
(Fe2O3, Fe3O4) and jarosite (KFe3(SO4)2(OH)6) (Dold, 2009 & 2003), which were observed by XRD. 
The concentration of Fe (97 mg/g) dominated the second step, followed by S at 4.7 mg/g and Si at 2.1 
mg/g. It corresponds to 17% of the total content of Fe, 80% of S and less than 5% of Si. Only 22% of Ba 
is released in this step, while the majority of the As (65%) and Pb (70%) are extracted. It is noticeable 
that 15% of the total K is liberated. 
The reducible fraction is characterized by its high amount of Fe (1.73 mol/kg) and S (150 mmol/kg) is in 
agreement with hematite and jarosite dissolution.  
Based on this hypothesis, and considering that the K amount origin only from jarosite, 35 mmol/kg of 
this mineral may be present. Using this result, 775 mmol/kg of S are still available. Present in the 
reducible fraction, the S amount is perhaps due to the dissolution of other sulphates of the alunite group.  
This assumption could also explain the mobilisation of Al (26 mmol/kg) Pb (2.2 mmol/kg) and Mg (6.5 
mmol/kg). Then, considering all sulfur to be included in sulphates, the release of about 800 mmol/kg of 
Fe remains unexplained. However, the red color and the interpretation of XRD agree with the 
hypothesis of a high amount of hematite, magnetite or other iron oxides. With this technique, it is 
however not possible to differentiate them.  
 
During the second step, Dold (2009) described a discoloration of the solid, from red to grey due to the 
dissolution of hematite. After four hours of agitation in the water bath, this phenomenon was not visible 
for PC and Fe was dissolved at only 30%. To better study the impact of the time of dissolution, one of 
the PC triplicates was agitated in the water bath at 80°C for 12h, then dried and analyzed with XRF. The 
result shows an initial Fe content of 1000 g/kg and after a complete night in the water bath (step 2) 
approximately 300 g/kg of Fe. XRF is not a precise instrument at such high concentration but the 
measurement still indicates a substantial dissolution of the Fe (70%) after 16h in the water bath. This 
element can be an indicator in favour of a long dissolution time for hematite. The persistent red colour 
indicates that hematite is less soluble than magnetite. Based on the low amount of dissolved Fe, Dold 
protocol (2009) chosen for this step appears to be inefficient to dissolve all hematite in PC. 
 
Linked to the reducible phase, more than 65% of As (5.2 mmol/kg) and Pb (2.2 mmol/kg) were 
liberated. One hypothesis is that As and Pb are strongly adsorbed to Fe or other oxides. A second 
hypothesis, considering XRD, is that As may be present in As oxides: arsenolite and claudetite (As2O3). 
However, arsenolite is considered to be highly soluble in water (Williams, 2001). Others As containing 
minerals have to be envisaged and verified such as scorodite (FeAsO4.2H2O) (Lottermoser, 2003). This 
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As oxide is strongly pH controlled, very soluble at low pH (<3) and high pH (>5), the minimum 
solubility is situated at 4. PH < 3 are observed in PC field leachates (Table 9) and could explain the high 
As release. Lead may be adsorbed on Fe oxides at pH>3-4 (Dzombark et al., 1990) or present in 
sulphates and Pb oxide (PbO). However, the yellow characteristic colour of PbO was not visible on our 
sample. A finer analysis is indispensable to confirm the exact speciation of Pb in the reducible fraction, 
since the amount might be low. 
 
The third step of extraction was expected to only dissolve sulphides. But, like for the reducible fraction, 
Fe dominates with 6.6 mg/g, followed by S (0.22 mg/g) and Si (0.20mg/g). It corresponds to less than 5 
% of the total Fe and S, and a negligible amount of Si. Copper, present in this phase at the amount of 0.1 
mg/g is liberated at 45%. Cobalt, with 0.03 mg/g is available at more than 20%, Pb and Zn at less than 
15%.  
 
The high amount of Fe compared to S indicates the dissolution of Fe containing minerals. Phases may 
be present that are not possible to detect by XRD due to low crystalisation. The S amount is assumed to 
be linked with sulphides. With 40% of the total Cu content (1.6 mmol/kg), 137 mmol/kg of Fe and 6.9 
mmol/kg of S, oxidizable fraction seems to be a mix of different sulphides. If all Cu is considered to be 
in chalcopyrite (CuFeS2), we obtain a maximum of 16 mmol/kg of CuFeS2. With the same logic, a 
maximum of 26 mmol/kg of sphalerite (ZnS) is possible considering all Zn. Sulphur is still available at 
13.5 mmol/kg, it can correspond to pyrite (FeS) amount. Other Cu, Zn and Fe sulfides can be envisaged. 
Anyhow, the low amount of S linked to this step indicates a low content of sulphides in PC.  
It may be noticed that Si is dissolved in this fraction, maybe amorphous Si. According to the 
calculations, 107 mmol/kg of Fe are independent of sulphides. This oxidizable Fe amount can be due to 
reduced Fe, Fe linked to silicates or residual Fe due to an insufficient washing in step 2. 
 
With more than 95% of the total content of Ca and Si, the residual fraction seems to correspond to 
silicates as expected. Linked to this phase, K (5.9 mg/g) is present at 80%, Ba (0.144 mg/g) and Co (0.1 
mg/g) at more than 75% and As at 35%. More than 80% of Fe (516 mg/g) was found in this residual 
fraction. Based on XRD, the residual fraction seems to be composed in majority of quartz (SiO2). The 3 
mol/kg of Si agrees with this hypothesis. However, 151 mmol/kg of K, 236 mmol/kg of Na, 97 mmol/kg 
of Ca, 150 mmol/kg of Mg and 600 mmol/kg of Al indicate some other types of silicates. According to 
the literature (Norbäck, 2004), talc and feldspaths could be present in PC. Considering the five last 
elements, 24 mmol/kg of albite (NaAlSi3O8), 100 mmol/kg of anorthite (CaAl2Si2O8), 151 mmol/kg of 
orthose (KAlSi3O8) and 50 mmol/kg of talc (Mg3(Si4O10)(OH)2) may be envisaged. Albite and 
anorthite have been observed by XRD, while orthose and talc are reported in the literature. These 
mineralogical composition described above is theoretical but may indicate the possible partition of 
silicates and silicates with low crystallisation might be present. Finally, excluding all the former 
minerals, 1.7 mol/kg of quartz (SiO2) may be estimated. Trace elements such as Ba may be a Ca 
substitution in silicates (feldspaths) or less soluble sulphates. 
Iron, present at 9.2 mol/kg seems to correspond to residual hematite, as indicated by the red color of the 
residual fraction. Hematite in PC has precipitated during process at high temperature and not in natural 
conditions. It may explain why hematite of PC is more difficult to dissolve than hematite described by 
Dold (2003). Arsenic, Cu, Co, Zn seem to be linked to residual fraction, more detailed studies are 
necessary for their exact characterization. They could be adsorbed on residual hematite or in substitution 
in silicates. 
 
PC material is characterized by the importance of its reducible phase supposed to be constituted of 
oxides and less soluble sulphates and by a high proportion of residual fraction. The reducible fraction 
contains 65% of the As content and 70% of the Pb content present as adsorbed elements or as As and Pb 
oxides. A detailed study of this fraction needs to be done to define precision of their speciation. 
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Assuming the presence of As oxides, their instability at reducible conditions could explain an As release 
in leachates. Desorption of As when acid leachate percolate through the PC may be a second possibility. 
The observed oxidizable fraction disposes of 40% of the total Cu amount. Copper pollution in natural 
leachate may be correlated with the oxidation of chalcopyrite. Verification is necessary because 
chalcopyrite was not observed by XRD and the condition was reducing. For PC, almost no silicates 
were dissolved during the 3 steps as they are rather resistant. For this material, the third step is 
appropriate to separate silicate and sulfides. 
 
The PC composition indicates a Fe oxide percentage higher than 70%. The Dold protocol (Dold, 2009) 
chosen to dissolve hematite needs to be adapted to such high amount of hematite. Indeed, the red color 
of PC persists until the residual fraction. After 4h in the water bath, hematite seems to be dissolve at 
only 30% in the second step, at 5% during the third step (oxidation) and 65% remain in residual 
fraction. The XRF analysis shows that after 12h in the water bath, 70% of Fe has been dissolved in the 
second step. A longer time in the bath seems to increase the percentage of Fe dissolution and could be a 
suitable adaptation of the protocol for material with high hematite content. An alternative would be to 
increase the acid reactivity with a higher concentration, but the proposition has to be tested.  
 
The assumed alunite group sulphates correspond to the amount of S dissolved during the second step. 
This group integrates an estimation of 35 mmol/kg of jarosite and other less soluble sulphates (Lapakko, 
2002). A study of their reactivity and capacity to produce acidity could be interesting. The first 
hypothesis giving sulfides as the acidity source appears to be compromised. Indeed, the sulfides 
concentration is very low assuming that no sulfides have been dissolved before step 3. 
Finally, the presence of approximately 5% of quartz is in concordance with the brilliant grains observed 
during the sieving. We can even say that quartz has a grain size between 0.04 and 0.5 mm. Hematite, 
characterized by a red color dominated the finest fraction. It is also noted that some silicates (orthose, 
anorthite) were proposed by elemental association but not seen by XRD and seems to be stable. Their 
presence has to be verified by finer XRD or by SEM. 
 
 
Origin of the acidity and pollution 
Contrary to the initial hypothesis, PC seems to be composed of a low fraction of pyrite and other 
sulfides. The non negligible proportion of reducible S containing minerals (jarosite and other less 
soluble sulphates) seems to apply to the acidification. According to equations 7 and 8 given at the 
beginning of the report, jarosite has the capacity to release protons during its precipitation but also 
during its transformation to goethite.  
 
With a majority of As and Pb in the reducible fraction, As is relatively available compared to Cu present 
in chalcopyrite. Assuming As oxides or As adsorbed on the surface of oxides, the release will be 
dependent on the pH. Cheng (2009) affirms that decreasing pH usually increases the As sorption. But he 
also specifies that at very low pH (<1), As is no longer adsorbed and can start to be mobile. At low pH, 
the dissolution of oxides can also release the metals adsorbed on their surface. 
In both cases, As stability is dependent on variable factors as temperature, red-ox potential and pH.  
 
In the Svartvik case, the reported presence of a pyrite in the cover soil was likely to generate an acid 
porewater that leached the adsorbed on the mineral surfaces. Beside the specificity of the case study, PC 
has a pollution potential related to the reducible fraction i.e. adsorbed on iron oxides. Keeping PC in a 
reduced environment would enhance the As mobility and lead to As pollution.  
The Cu release observed during the third step indicates the presence of an oxidizable Cu-phase, likely to 
be linked to the oxidation of Cu sulfides during weathering. In presence of ferric ions, chalcopyrite 
oxidation is increased (reaction 6) and may produce an acid drainage.  
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5.1.2 Blast furnace slags 
 
The leachability of BFS has been studied by for example Fällman (1997) and Lindgren (1998). 
Accordingly, based on laboratory tests (batch test, column test, long term leaching test), the presence of 
instable Ca and Mg oxides (CaO, MgO) results in an alkaline leachate and a low released amount of 
minor constituents such as Fe, Zn and Cu. A long term leaching test done by Lindgren (1998) indicates 
a release of K (30%) and S (50%) after 197 days for L/S=2000. Lindgren (1998) adds that these high 
percentages are linked to low elemental concentrations, and therefore not alarming. These studies have 
been done with fresh slag. Fällman (1997) observed during a comparison between batch leaching test, 
column leaching test and one year field lysimeter test that the pH of the leachate was between 3 and 8 
for the lysimeter test instead of 12 for the laboratory tests. According to the author, exposure of the BFS 
to air (CO2 and O2) in the lysimeter increased the oxidation of reduced material containing S compared 
to the water saturated conditions in batch and column tests which decreased the pH.  
Figure 6 shows the pH evolution over time of leachates collected from Björsbyn road built with a 
basement of BFS (Anonymous, 2002 and Lidelöw, 2008). Complete analysis of Björsbyn road leachates 
are presented in Appendix 6. 
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Figure 6 pH evolution of Björsbyn road leachates with time (Anonymous, 2002 and Lidelöw, 2008). Samples have been 

taken between 1998 and 2007 on the side of the road basement. 
 
During the second year, the leachate pH decreased from 8 to 3 (Figure 6). This suggets that protons were 
produced and the buffering capacity of the BFS had limited action. However, the pH does not show a 
clear evolution over time. During year 2 to 4, the pH seems to increase. After five years, the sampling 
was stopped during four years. After ten years, leachate pH seems to be stabilized at high pH except for 
one point at pH 4.  
 
XRD and total composition analyses were in this study applied together as a first step of the comparison 
and characterization of fresh BFS and weathered BFS from the Björsbyn road. Gehlenite, monticellite 
and spinel observed by XRD in both the fresh and weathered slag samples are commonly accepted by 
others (Tossavainen, 2000; Bäverman, 1997). Akermanite, which has been identified as a major phase in 
Swedish BFS (Tossavainen, 2000), was not addressed in the analysis but should be evaluated further. 
With the lack of precision due to background noise, the XRD analyses were not efficient to affirm the 
presence of any sulphur-bearing minerals. Ca sulfides have been observed in other BFS in the world 
(Watanabe et al., 1981; Schwab et al., 2006). Sulphates such as gypsum have been observed on surfaces 
of Swedish BFS (Bäverman, 1997). Calcite, which forms as CaO reacts with CO2 in air, has been 
observed on surfaces of fresh BFS, meaning that it could be dissolved over time (Bäverman, 1997).  
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We may assume that the initial compositions of the studied BFS samples were approximately the same 
since they originate from the same plant. The differences in composition between fresh slag and old 
Björsbyn slags should then be mainly due to the weathering. Over time, an enrichment in trace elements 
such as As, Ba, and V contrasts with a release of S (0.9% to 0.5%). The S release shows that S is present 
in soluble minerals or minerals that are prone to weathering. The pollutant enrichment in Björsbyn road 
BFS (As, Ba, V) probably indicates an adsorption of pollutants from road runoff water. The main 
elements seem to be more or less stable over time with a low release of Si (33.6 to 32.4% for SiO2), Ca 
(32.9 to 30.2% for CaO) and Fe (0.87 to 0.74% for Fe2O3).  
 
The Acid Production Potential (AP) was calculated based on the S amount measured by total 
composition analyses. In case of Ca sulfides presence, the equations 9-14 given in the hypotheses 
(Section 2) show a release of two protons per oxidised CaS. This ratio is the same as for pyrite and so, 
the Sobek calculation of sulphide oxidation can be accepted for oldhamite (CaS). According to the 
Sobek protocol, the Neutralization Potential (NP) is to be calculated based on buffering by carbonates 
which are almost inexistent in the BFS. The presence of calcite has been observed only on the surfaces 
of fresh slags (Bäverman, 1997). However, other buffering minerals such as Ca-silicates are present in 
large amounts in the BFS (Lindgren, 1998), but these are not accounted for in the ABA estimation. So, 
the ABA method developed for mine waste is incomplete for silicate containing material such as BFS 
and can not be used to give a reliable answer about the acid producing potential of such material. In 
presence of other buffering minerals, the neutralization capacity has to be estimated in another way due 
to variations in reaction rates. One suitable protocol for silicate-containing materials is given in the 
European standard method EN 12945 which is used for determination of the neutralizing potential of 
liming materials. Using this method, the neutralizing value of the fresh BFS was determined to about 52 
wt% of CaO (Lidelöw, pers.com), which corresponds to 93 wt% of CaCO3 or 9.3 kg CaCO3/t of 
material. If the NP is assigned this value in the ABA calculation and the resulting NNP (9.3 – 28.1 = - 
18.8 kg/t) is compared to the acid producing limit (-20 kg/t) given by Sobek (1978), the fresh BFS 
seems not to present an obvious risk of being acid producing. The neutralising potential of the 
weathered Björsbyn BFS is unknown. However, even if the NP is considered equal to zero in the 
calculation, resulting in an NNP of -17.7 kg/t, Björsbyn BFS can not be considered as acid producing.   
 
Björsbyn BFS was chosen for the sequential extraction study because samples of fresh BFS was not 
available at the time of the analyses. With the chosen protocol, sulfides are expected to be separated 
from easily soluble fractions (e.g. sulphates) and silicates, and then it might be possible to see the 
distribution of different elements, especially S, between more or less soluble phases. 
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Figure 7 Extracted element concentrations (mg of elements/g of material) in the different steps of the sequential extraction 

for Björsbyn blast furnace slag. The concentration is presented with a logarithmic scale. 
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Figure 8 Partitioning of elements (%) in the different phases of the sequential extraction for Björsbyn blast furnace slag. The 
values indicate the amount of element extracted for a phase in mg/g. 

 
 
In Figure 7 and Figure 8, the partitioning of Si, S, Ca, K and Fe between soluble, reducible, oxidizable 
and residual fractions are presented. Vanadium and Ba are also presented since their contents where 
higher than the SEPA limits. 
 
The first step of the extraction should correspond to easily exchangeable and adsorbed elements. 
According to Figure 7, this step is dominated by Ca (30 mg/g) and Mg (10.65 mg/g). Some Si (6.4 
mg/g) and S (2 mg/g) were also extracted. Thirty percent of the total S content was released in this step 
while less than 10% of Fe, Ba and V were available in this fraction. The presence of S combined with a 
high amount of Ca can indicate a dissolution of gypsum (CaSO4-2H2O), considered by Lapakko (2002) 
as a soluble sulfate mineral. Gypsum was observed on surfaces of BFS by Bäverman (1997), which is a 
good indicator to accept this hypothesis. The Ca and Mg extracted in this step could be linked to the 
dissolution of Ca oxide (CaO) and Mg oxide (MgO),described in the BFS literature (Schwab, 2006; 
Lindgren, 1998).  
 
The second step corresponds to the reducible fraction and should release elements bound to oxides and 
less soluble sulphates. Silica is, with its 19.8 mg/g, the dominating element released in the second step 
followed by Mg (13 mg/g) and Al (7 mg/g). Figure 8 shows that less than 15% of all elements, except 
for K (25%), were extracted in this step. Only 0.4 mg/g of S, which corresponds to about 5% of the total 
content, was available in this fraction. Iron was extracted at about 14% (0.52 mg/g). Notably, the 
amount of Ca extracted in this step is below detection limit, which means that limited dissolution of Ca-
silicates occured.  
 
The third step corresponds to the oxidizable fraction and is expected to dissolve reduced material such 
as sulfides. Tessier (1979) suggested H202 for this step since it is expected to represent a good 
compromise between complete oxidation of sulfides and alteration of silicate material. This step 
dissolved more or less 40% of the total amounts of Ca (124 mg/g), Si (85.6 mg/g), Mg (51.5 mg/g), S 
(2.5 mg/g) and K (2.4 mg/g). Aluminum was extracted at 25% (25.1 mg/g), Fe at 10% (0.5 mg/g) and 
Ba at 20% (0.44 mg/g) in this step. The total amount of dissolved S corresponds to 80 mmol/kg. 
Considering only Ca sulfides as the source of reduced S about 80 mmol/kg (ca. 0.6%) of CaS could be 
present in the BFS. With 10 mmol/kg of Fe present in the oxidisable fraction, a small amount of iron 
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sufide (<0.1 %) might exist in the slag. For example, pyrrhotite (FeS) has been reported to occur in 
American BFS (Schwab et al., 2006). Another possibility is that the Fe extracted in this step originates 
from grains of elemental iron or from silicates in the melilite group. The large amounts of Ca, Si, Mg 
and Al extracted indicates that some silicates were dissolved in this step. The solid solution gehlenite-
akermanite, which is the major component in BFS, is known to react with water.  
  
The residual fraction should correspond to stable silicates and spinel (Laforest, 2006). As expected, the 
majority of silicates remain in this fraction with a Si amount of 4.2 mol/kg. After the three steps of the 
extraction, 40 % of the total content of Ca (121 mg/g) and 50 % of the total content of Si (118 mg/g) 
remain and dominate in the residual fraction. 70% (70 mg/g) of the total content of Al, 65% (2.4 mg/g) 
of the total amount of Fe and 45% (62 mg/g) of the total amount of Mg is present in this fraction. 
Sulphur and K were more soluble in previous steps, only 20% (respectively 2.4 mg/g and 1.04 mg/g) of 
their initial content are present in the residual fraction. With 47 mmol/kg of S in the residual fraction, all 
the S containing minerals were not oxidized in the third step. It is impossible to say if it is sulfides or 
other containing S minerals. The residual Fe could be present in substitution in silicates.  
 
The majority of trace elements (Ba and V) are present in the residual fraction, respectively at 65% (1.1 
mg/g) and 85% (0.7 mg/g). This indicates that even if Ba and V are present in concentrations exceeding 
the SEPA limits, they are mainly associated with stable minerals and present a low risk of being 
released from the BFS under atmospheric conditions. For example, with a structure near that of Ca, Ba 
could easily substitute Ca in silicates.  
 
In BFS, the oxidizable and residual fractions seem to dominate for most elements (Figure 8). With a less 
stable fraction of silicates, the oxidizable fraction is enriched with 3 mol/kg of silicates. On the other 
hand, 47 mmol/kg of S remain in the residual fraction which indicates that not all S containing minerals 
were dissolved in the previous steps. So, the third step chosen to separate sulfides and silicates is not 
really efficient for BFS. To better study this material, other protocols such as Hall (1996) using 
KClO*HCl in the oxidizable fraction could be tested.  
 
The results of the chemical composition, ABA and sequential extraction, suggest that a potential source 
of acidity in BFS leachate could be reduced sulfides, presumably Ca sulfides, present in small grains 
and dissolved when exposed to the atmosphere. The rule of CaS for the proton release is related to 
several intermediates involving H2S and its transformation to sulphate. The equations 9-14 (see section 
2) are corresponding to this phenomenon. H2S could diffuse to the atmosphere or dissolve in water. It is 
not possible to conclude in this research. Reduced Fe which was indicated in the sequential extraction of 
the Björsbyn slag might be an alternative source to acidity, if oxidised, and release Fe2+. However, since 
the total quantity of Fe is about 0.5% and only 15% of this was extracted in the oxidisable step, the 
contribution of protons from oxidation of Fe seems negligible. As indicated by the ABA and sequential 
extraction, Ca and Mg linked to instable oxides and silicates can buffer in the BFS and, therefore, the 
material in itself cannot be judged to be acid-producing. 
 
Hence, the source to the occacional occurrence of low pH in the Björsbyn leachates observed by 
Lidelöw (2008) and Anonymous (1998) can not be confirmed to be explained by the oxidation of 
sulfides grains in this study. However, a first interpretation of the elemental variations in the Björsbyn 
leachates can be tried.  
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Figure 9 Evolution over time of S, K, Ca and Fe concentration in leachates from Björsbyn road. Adapted from Lidelöw 

(2008). 
 

The concentration of Ca and S was high in the first two leachate samples (Figure 9). The main source of 
Ca was probably Ca-bearing silicates, but also dissolution of soluble CaO since the pH was around 8. 
Any acidity produced from oxidation of reduced sulphur in the intial leachates was buffered by these 
constituents. Oxidation of CaS might also be a source of Ca and S. The decrease of Ca and S in the 
leachates over time could be associated with gypsum precipitation (CaSO4.2H2O), which is a common 
precipitate in high Ca and S environments. If the S amount in the leachate was controlled by gypsum 
precipitation/dissolution this hides all information about a possible oxidation and dissolution of reduced 
sulfides and also the source to acidity in the samples. In addition, the decrease of K, Fe and S in the 
samples might indicate jarosite precipitation which could occur at low pH (Bigham, 1994) and liberate 
protons.  
 

 
 

Figure 10 Evolution over time of pH, Cu, and Na concentration in leachates from Björsbyn road (Lidelöw, 2008) 
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This hypothesis can be put in parallel with the work of Fällman (1997). By comparison of normal and 
oxidized availability test, the author has shown that forced oxidation increases Cu, K, Na and Ca release 
and decreases the amount of Fe in BFS leachates. These conclusions are in opposition with Björsbyn 
field leachates (Figure 9 and Figure 10) where Fe increases and K and Na decrease when pH is low. So, 
even if oxidation can explain Cu release during the first year, other mechanisms seem to control the Fe, 
K, Na, and Ca concentration. If jarosite and gypsum precipitation occurr in the leachates, it could 
correspond to these other mechanisms. If their presence is demonstrated, the control of jarosite and 
gypsum precipitation in BFS leachate exposed to different environmental conditions should be studied. 
It is not possible to draw any conclusions about the leachates, since evaluation of the sampling 
performance were not included in this thesis. However, since the BFS is not an acid-producing material, 
reactions happening in the leachate after it has drained from the material could be of interest to study 
further. One explanation for the irregular pH-trend and the occasional decreases in pH could be 
variations in the conditions that the leachate is exposed to (e.g. various contact times between leachate 
and air prior to sampling, etc.). 
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5.2 Methods for characterizing the risk of acid leachate formation 
 
The efficiency of different methods to assess the risk of acidity generation have varies . 
 
The most common analysis is to study the total composition of the material (TC). This component, well 
known for fresh BFS which have rather similar composition over time is a kind of verification. TC for 
fresh and weathered BFS could be compared to study the solubilisation of constituents over time. For a 
less known material such as PC, a complete TC is indispensable. More than a simple comparison of 
element concentration with limit values, it is important to analyse different samples for a first notion of 
variability.. Fundamental information from TC is the S content which forms the basis for calculations of 
the Acid Producing Potential (AP). 
 
Laboratory leaching tests usually done are the batch leaching tests at L/S 10. The experiments with PC 
(Eriksson (2008)) and BFS (Bäverman, 1997 and Fällman, 1997) have shown that these techniques do 
not reveal all the possible mechanism occurring in the field. The redox conditions and short time of 
duration of these leaching tests can lead to discrepancies to the field results.  
 
If sulfides oxidation is though to be the origin of acidities, ABA (Acid Base Account) which is a 
common method of acidity assessment used for mining waste, can be applied. Using the S content of the 
material, it is possible to estimate the amount of CaCO3 necessary to buffer the acidity generated by 
sulfide oxidation. However, the application of ABA on industrial products needs some adaptation. It is 
not sure that all the S content corresponds to sulfides. Sulphates can be present in a non negligible 
fraction, for example in the PC; and can interfere with the ABA results. Furthermore, ABA is based on 
carbonate buffering measurement, and this family of minerals is almost inexistent in PC and BFS. Other 
buffering minerals are disregarded which will give an erratic estimation. So, the calculation of the 
neutralization potential can not be used in the same manner for mine waste and industrial by-products. 
In the case of BFS, silicate buffering is important but takes longer time than CaO and CaCO3 buffering. 
A protocol to measure the buffering action of silicates is necessary to obtain reasonable results for the 
neutralising capacity of BFS. One such protocol is described in the European standard method EN 
12946, which is applicable to silicate liming materials. Despite these limitations, ABA can be a good 
first method to identify evident acid producing materials. PC for example, with an AP four times higher 
than the Sobek limit for acid producing materials shows a high risk of acidity generation. Even if some 
silicates in the PC can buffer, their action may be negligible compared to the acidity production. In 
conclusion, after adaptations to the specific materials and other types of buffering, ABA could be a good 
first step for acidity assessment. 
 
The application of XRD is proved to be useful for less known material (PC), while it appears that for 
known material as BFS, XRD does not give much new information. For BFS, the presence of the 
principal silicate minerals can be verified, while the less usual minerals are impossible to detect due to 
the high presence of noise. A first improvement is to realise a finer diffractogram, for example, by using 
longer time of analysis. For PC, the lack of literature about this material makes XRD indispensable to 
define main and other minerals as a base for the other methods. For example, the presence of S 
containing minerals on the diffractogram could be correlated with sequential extraction to affirm a high 
presence of sulphates in the PC. The mineral complexity of industrial by-products makes XRD methods 
less exploitable and the method can only be used as a basis for the study but not as a definitive result. 
XRD should always be complemented by chemical composition analyses. An optical microscopy could 
also be tested: for example quartz should be easily seen but minerals like sulfides seem to have really 
low amount and sizes and so would be difficult to observe. 
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The last method tested in this study is a sequential chemical extraction used to extract elements from 
different operationally defined fractions. For PC, the main goal was to identify phases in which As and 
Cu could be found and affirm the presence of sulfides or sulphates. The results show that the majority of 
As is linked to the reducible fraction, possibly as As oxides or adsorbed on other oxides. Contrary to As, 
Cu is present in the oxidizable fraction, perhaps as sulfides. This protocol also showed a high amount of 
S in the reducible fraction, supposed to correspond to sulphates like jarosite, and only a small fraction of 
S in the oxidised fraction, possibly corresponding to sulfides. Sequential extraction is efficient for PC 
characterisation, but a limitation was seen regarding the dissolution of the high amount of hematite in 
the material. A modification is necessary in the Dold protocol (Dold, 2009) for the second step: a longer 
time in the water bath seems to be efficient, since one day instead of four hours dissolved more than 
70% of the hematite and magnetite present in the PC. An increase of the volume and concentration of 
the reagent used may be suggested as an alternative to increase the dissolution. The difficulty to dissolve 
hematite and/or magnetite might be due to more stable phases than recognized for hematite formation. 
For BFS, the main goal of the sequential extraction was to separate sulphates, sulfides and silicates and 
determine in which fractions S could be present. From this point of view, the result is useful but not 
perfect because the third step does not separate sulfides and silicates exactly. Some silicates start to 
dissolve simultaneously with sulfides during the third step. On the other hand, S-containing minerals 
that were difficult to dissolve in the two first steps are present in the residual fraction. We can conclude 
that the chemicals used for the third step are not efficient for BFS, which might be due to presence of 
reactive silicates such as gehlenite-akermanite that was dissolved. Other chemicals could to be tested. 
Despite this disadvantage, it is possible to describe the differences in constituent solubility, which is 
helpful in the buffer study but also to show a possible presence of sulphate.  
Finally, with some adaptation of the protocol, the sequential extraction can be a very good indicator for 
the acidity assessment, especially with regard to the possible presence of S in reduced or oxidised forms.  
 
In the tested methods, a disadvantage is the use of crushed material fractions. It concerns in particular 
BFS. Due to weathering, the composition of the surface which is oxidized by air is different than that of 
the grain centre. Working with crushed fractions means that the surface and interior parts are mixed and 
so results can differ from the natural conditions where material is not crushed. It can be noted that small 
grains generally increase the oxidation and release of elements.  
 
New proposition for assessing risk of acidity developing 
To study the leaching behaviour of BFS and PC, long term leaching tests in oxidized conditions such as 
humidity cells could be done instead of simple batch tests. Oxidized availability test (Fällman, 1997) 
and tests in reducing conditions could also be tested and compared with field leachates. 
 
Pyrite cinders 
For PC, it would be interesting to do a sequential chemical extraction after a total composition and 
XRD. With a longer time in the water bath for step 2, hematite should be almost completely dissolved. 
For a simple estimation of the ratio sulphate/sulfides, which is useful in the acidity assessment, it would 
be interesting to separate these phases (Boman, 2008).  
A complete sequential extraction of Svartvik PC would be of interest to compare with the results of 
Hörnefors to establish if the PCs, even though they have different origins and compositions, present 
similarities regarding leaching behaviours.  
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BFS 
For this well known material, studies should to be focused on the separation of silicates and sulfides and 
the characterization of the two fractions. One suggestion could be to first extract soluble and less soluble 
sulfates using the first two steps of the sequential extraction and then analyze the residual fraction by 
XRD or SEM to isolate and observe only reduced forms of sulfur. But more fundamentally, it is 
important to find a reagent capable to separate sulfides and silicates. The step with KClO3-HCl-HNO3 
purposed by Hall (1996) can be tested even if it has also a risk of double dissolution, especially in view 
of the reactivity of the gehelnite-akermanite solid solution.  
 
A tool which has not been used in this study is the Scanning Electron Microscope (SEM). With its 
capacity to give an image of the sample surface and a map of the element distribution, SEM can be a 
good method for the material characterization and expecially to evaluate the position of sulfur. Using 
SEM, it will be possible to say if an element is present in layers or in isolated aggregates. Used with non 
crushed material, it can also show differences between the center and surface of grains. For PC, SEM is 
also a solution to indicate the presence of adsorbed As, As oxides and chalcopyrite. So, SEM is the 
inevitable next step in the sample characterizatio.  
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6. Conclusions 
 
The study of possible production of acidity from two industrial sulphur-bearing by-products indicated 
two possible origins of proton production: 
 

•  Sulfide oxidation might be a source of protons from BFS and PC. PC mainly consists of oxidised 
fractions such as hematite, magnetite and jarosite. In this material, pyrite was observed by XRD 
and other sulfides linked with Zn and Cu were indicated in the sequential extraction in 
agreement with the literature. In BFS, which mainly consists of reactive silicate minerals, the 
supposed presence of reduced Ca-sulfides was not verified in spite of favourable indications in 
the sequential chemical extraction analyses. The BFS has a high buffering capacity due to the 
presence of Ca and Mg linked to instable oxides and silicates and is, therefore, not judged to be 
acid-producing. No elevated amounts of trace elements were observed in the BFS except for V 
and Ba, but they were shown to be linked to stable, not leachable fractions.  

 
•  A second possible source of protons is sulphates. In PC, the presence of less soluble sulphates 

such as jarosite were indicated by XRD and confirmed by the sequential extraction. Jarosite 
could liberate protons during its precipitation and transformation. For both materials, acidity 
might develop if jarosite precipitate in the leachates, but this only occurs in acid conditions and 
cannot be a primary source of acidity. 

 
For PC, the source of pollution of As and Cu in the leachates was evaluated.  
 

•  Arsenic liberated in leachate seems to be mainly associated with the reducible fraction. Probably 
oxides or adsorbed onto other oxides. Cu is probably linked to the oxidizable fraction (45%) and 
might also enter in some sulfides composition.  

 
Complementary methods for characterization and assessment of the potential risk of acid leachate 
formation from the by-products were tested: 

 
•  Acid assessment (ABA) developed for mine waste is based on the carbonate buffering system 

and therefore needs to be adapted to silicate buffering minerals before being applied to BFS. For 
high acid producing material such as PC, ABA is applicable but has to be adapted to the 
presence of sulphates. 

 
•  For an assessment of the risk of acidity developing from a material, characterization by XRD is 

useful together with the chemical composition to get knowledge of the material. However, this 
method is not applicable to minerals present in low concentrations and non-crystalline phases. 

 
•  The sequential extraction was efficient to study the distribution of elements between more or less 

soluble material fractions, for example the presence of S in reduced or oxidised forms. However, 
the chosen protocol needs to be adapted to the specific material. In presence of high amounts of 
crystallized hematite like in PC, a longer time of extraction in oxalic acid is necessary to avoid 
underestimating the reducible fraction of elements. For BFS, other chemicals should be tested to 
separate sulfides and silicates. 

 
•  This study showed that the methods of assessing the risk of acidities and pollution developing 

needs to be chosen and adapted to the characteristics of the materials. No method is universally 
applicable. 



 37 

7. Further work 
 
 
To complement this study it could be interesting to follow these suggestions: 
 
•  For BFS, long term leaching tests are a good idea to verify any potential occurrence of leachate 

acidification in laboratory conditions. It would be helpful to know the impact of different factors 
(temperature, pH, time, oxygen concentration) on the leaching process.  

 
•  A refined XRD on BFS and PC could clarify peaks of major minerals in BFS and minor minerals 

like As oxides and Cu phases in PC. 
 
•  To observe sulfide distribution, to confirm the presence of CaS or other sulphides in BFS and As 

oxides in PC, it is advisable to use Scanning Electron Microscope (SEM) analyses. Combined with 
different steps of the sequential extraction, this tool could reveal the combination of different 
elements. Using non-crushed BFS, the observation of sulfides distribution in layers or isolated, at the 
surface or in depth, would help to get a deeper understanding of the sulphur speciation. In PC, SEM 
could be used to define the presence of As as As oxides or adsorbed to other oxides and the form of 
Cu in the oxidizable fraction. 
 

•  To increase the quality of sequential extraction results, a longer time in oxalic acid could be tested to 
dissolve the high amount of hematite present in PC. Tessier (1979) or other protocols could be tested 
to separate sulfides and silicates in BFS. 

 
•  For a global study of PC, it could be useful to realize sequential extraction with samples from other 

sites to define if Hörnefors PC characteristics can be applied to the other PCs and so simplify the 
future studies.  

 
•  An adaptation of the mine waste methods ABA to silicates and sulphates buffering could be very 

interesting for an application to a larger diversity of sulphide-bearing materials (e.g polluted soils, 
industrial products). 
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Appendix 1 Pyrite cinder - detailed description 
 
A large amount of sulphuric acid, more than 165 million tonnes per year (Tveit, 2003), is produced 
worldwide. The Swedish production corresponded at 0.63 million tonnes in 1997 (BAT, 1999). Most 
of its uses are actually indirect in the sense that sulphuric acid is used as a reagent rather than an 
ingredient. The largest single sulphuric acid consumer is the fertiliser and pulp industry. 
 
Pyrite cinders (PC), which are the waste products of sulphuric acid manufacturing plants, are formed 
after pyrite roasting. In the best available techniques document written in 1999, it is explained that 
“waste from sulphuric acid production, packing, lining and scrap-iron is always handled in the same 
way as waste from other chemical production plants. The waste is checked for impurities before 
decision is made how to handle it. In normal sulphuric acid production, there are usually no 
problems.” However, old PC dumps are not taken into consideration and have been landfilled without 
prior checking of possible impurities. 
 
Production process 
Pyrite (FeS2) ores with a sulfide content of 53.33% are the most important source of S used for the 
production of sulphuric acid.  

The process consists of roasting of pyrite concentrates in order to generate SO2 gas. This step is 
usually followed by a subsequent catalytic oxidation to SO3 prior to the eventual conversion of the 
latter to H2SO4 (Figure 1). 
 
 

(1) Pyrite roasting 
FeS2 −> 2FeS + S2 
S2 + 2O2 −> 2SO2 
4FeS + 7O2 −> 2Fe2O3 + 4SO2 
3FeS + 5O2 −> Fe3O4 + 3SO2 
6FeS + 4SO2 −> 2Fe3O4 + 5S2 
 
(2) Conversion of SO2 into SO3 
SO2 + 1/2 O2 --> SO3 
 
(3) Conversion of SO3 into H2SO4 
Sulphuric acid is obtained from the absorption of SO3 and water into H2SO4 (with a concentration of at least 
98%). 

Figure 1 Reactions describing acid sulphuric production from pyrite (BAT, 1999, 
www.sfc.fr/donnees/mine/acsu/texacsu.htm) 

 
 
 

Characteristics of Pyrite Cinder 
Pyrite cinders (PC) are characterized by their fine size (−75 µm) and can often cause dust problems in 
areas surrounding surface disposal sites (Alp, 2008).  
Furthermore, pyrite concentrates often contain heavy metal impurities, which partially concentrate 
and remain in the waste solids during the acid production. Therefore, PC could contain appreciable 
quantities of toxic heavy metals including Cu, Zn, Pb and As, which make them potentially 
hazardous in character. 
 
Another particularity of PC is their inhomogeneous size, because of differences in the ore origin, 
efficiency of the S combustion, age, and depth of samples in the soil. It means that the results of the 
analysis have to take care of the diversity of samples. 

http://www.sfc.fr/donnees/mine/acsu/texacsu.htm
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Sampling and sample preparation 
Sampling in Svartvik was done by Ramböll. Samples were taken in the PC layer of the concrete 
structure and mixed to obtain a representative sample. 
 
For Hörnefors PC, sampling was realized from the dump surface (Figure 2, a and b). A selection of 
samples to study was done since some of them with a brown colour were a mix of soil and PC. Only 
red samples (Figure 2, c) was considered and studied in the experiments. 
  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 Sampling of Pyrite cinders in Hörnefors (Umeå kommun) 
(a) Use of heavy tools to dig out the frozen soil. (b) Photo of the sample in place. (c) Photo of dried samples. 

 
Sample preparation was the same for Hörnefors and Svartvik PC. Samples were dried one day in an 
oven at 30 °C and sieved to determine their grain distribution (Figure 3). Elements with a 
granulometry larger than 1.6mm were excluded since they were constituted in majority of aggregates 
and pieces of wood. 
 
Sub-samples of PC were used for different tests (e.g ABA, XRD). Due to the fine size of the PC 
particles, the samples were sieved without prior grinding. 
 
 

  
 

Figure 3 Sample preparation and sieving of Pyrite Cinders 

(a) 

(c) 

(b) 
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Chemical composition 
In function of the pyrite cinders, the chemical composition can vary a lot. Our sample comes from 
Hörnefors. According to Nordbäck et al. (2004), Fe and As concentrations, respectively 63 000 
mg/kg and 460 mg/kg, are very high. The other elements (Cu, Pb, Zn) are below SEPA limits. The 
sulphur content is 12 000 mg/kg. For Hörnefors PC, some analyses were previously done by Ramböll 
(unpublished values) and the As content was only 110 mg/kg and the Cu content was 805 mg/kg. 
Samples from Svartvik have been analysed by Ramböll (Eriksson, 2008). Results show 
concentrations of As of 239 mg/kg, 1320 mg/kg of Cu, 121500 mg/kg of Fe and 17 300 mg/kg of S.  
 
 
Mineralogy 
In Nordbäck et al. (2004), the most important minerals present in PC are presented (Table 1). 
However, the detailed mineralogy of Hörnefors PC has not been studied. 
 
Table 1 Common minerals observed in PC (Nordbäck et al., 2004) 
 

Hematite, Fe2O3 
 

Feldspaths, (Na, Ca) Al1-2Si2-3O8 
 

Quartz, SiO2 
 

Muscovite, KAl2[AlSi3O10](OH)2 
 

Magnetite, Fe3O4 
 

Talc, Mg3[Si4O10](OH)2 
 

Zn sulfide, ZnS 
 

Chlorite, (Mg, Al, Fe)12(Si, Al)8O20(OH)16 
 

 
Hematite, quartz and magnetite dominate. The quantity of pyrite seems to be low and most of time 
observed in PC laying under water. Nothing is said about the minerals containing As or Cu. 
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Appendix 2 Blast furnace slag - detailed description 
 
 
The world iron industry produced more than 1 billion tonnes of steel in 2008 (Iron & Steel Statistics 
Bureau). One third of this volume represents the quantity of associated by-products. Very active in 
Sweden, the pig iron industry produces a by-product called Blast Furnace Slag (BFS). Thirty million 
tonnes of BFS was reused in Europe in 2002 (Hiltunen et al., 2004); 40% in road construction and 56 
% in the cement industry.  
 
Iron Process 
In iron industry, coke is combusted to produce carbon monoxide (1) (Figure 1). It will then reduce 
the iron ore to a molten iron product (2). In SSAB (Luleå), iron ore comes from LKAB mine in 
Kiruna and is composed in majority of iron oxide. 
 
(1) Conversion coke in carbon monoxide (Boudouard reaction) 
C + O2 → CO2 
CO2 + C → 2CO  
 
(2) Formation of molten iron 
Fe2O3 + 3CO → 2Fe + 3CO2 
 
(3) Decomposition of limestone 
CaCO3 → CaO + CO2 

Figure 1 Pig iron process reactions (Source: network Scienceaid) 
 
The molten slag is poured into beds and slowly cooled under ambient conditions. This process 
favours the formation of a crystalline structure.  
 
Utilization 
Due to their good properties (porous structure, low thermal conductivity, good abrasion resistance, 
good soundness characteristics, high bearing strength), BFS are used as construction aggregates. For 
road construction, it is used as aggregates in bituminous pavements and as binding agent in base 
courses. For the cement industry and soil conditioning, their high phosphorus sorption capacity is the 
most important factor (Hiltunen, 2004) 
 
Description 
The texture can be rough, vesicular surfaces but in all cases porous and grey. When it is air-cooled, a 
crystalline structure is formed. In certain situations BFS leachates may be discoloured (yellow-green 
colour) and have a sulphurous odour (H2S). The H2S odour appears to be associated with the 
presence of stagnant or slow moving water in contact with the slag 
(http://www.tfhrc.gov/hnr20/recycle/waste/bfs1.htm).  
 
Chemical analysis 
A high content of Ca (around 20%) and Mg (around 10%) gives to BFS a high buffering capacity. 
The S content is about 1.2-1.7 %. 
Due to the high temperatures in the process, Cd and Zn contents are low. Heavy metals are well 
below the limits given by the legislation applying for fertilizers (2mg/kg Hg, 3 mg/kg Cd, 50 mg/kg 
As, 100 mg/kg Ni, 150 mg/kg Pb, 600 mg/kg Cu, 1500 mg/kg Zn) (Lindgren, 1998, Fällman, 1997, 
and Bäverman, 1997). 
 
 

http://www.tfhrc.gov/hnr20/recycle/waste/bfs1.htm
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Mineralogy 
BFS mineralogy has been studied worldwide (Table 1). 
 
Table 1 Mineralogy of blast furnace slags 

Swedish BFS International BFS  
Akermatite (Ca2 Mg SiO6) to gehlenite (2CaO 
Al2O3 SiO2) - react with water 
Monticellite (CaMgSiO4) - stable 
 
Spinel (MgAl2O4) - stable 
 
(Calcite (CaCO3) - secondary mineral) 
 
(Gypsum (CaSO4.2H2O) - hydrated after 
cooling) 
 
 
  

Melilite group minerals  
(Ca, Na)2(Al, Mg, Fe)(Si,Al)2O7 
Gehlenite (CaAl(AlSi)O7) 
 
Merwinite(Ca3Mg(SiO4)2) 
 
Perovskite (CaTiO3) 
Wollastonite(CaSiO3) 
 
High temperature feldspaths (K, Na)AlSi3O8) 
Metallic Fe 
 
Sulfides (Oldhamite, CaS – predominant for of S; MnS ; 
pyrrhotite, FeS ; niningerite, MgS) 
 

Sources: Bäverman, 1997; Watanabe et al, 1981; Tossavainen M., 2000; Schwab et al., 2006; Kasina et al.,2007 
 
Calcium sulfide (CaS) could be present (Wanabe et al., 1981 and Schwab, 2006). Known to be 
slightly to easily water soluble when it is present in meteorites (Buddhue, 1957 and Okada, 1981), 

oldhamite can also liberate sulphate into the surrounding or be hydrolysed into portlandite 
(Ca(OH)2). 
The Turner-Fairbank Highway Research Center website suggests that the presence of white/yellow 
elemental S in leachates can be due to sulfides oxidation resulting in a precipitation of yellow 
elemental S and produce Ca thiosulphate in a clear solution. 
 
Sampling and sample preparation 
Fresh slags have been received from SSAB crushing plant in March 2009. Old BFS were sampled on 
the road side of Björbyn road (Figure 2) from the thirty upper centimeters. 
 
 

 
 

Figure 2 (a) Photo of Björbyn BFS sampling  (b)Shematic cross section of Björbyn road section: (1) wearing course: 70 
cm asphalt (2) 80 mm crushed rock (3) sub base: 500 mm BFS (4) subgrade: silty clay-claycrushed rock (Lidelöw, 2008) 

 

Samples were dried one day in an oven at 30 °C and sieved to determine the grain distribution as was 
described for PC in Appendix 1. For the study, samples were crushed by hammer and Retsch Agath 
ball mill (ten minutes with a frequency of 90 rounds/mn). Sub-samples of the fraction crushed to 
<0.125 mm are used for total composition, XRD and sequential extraction analyses. 
 

(a) (b) 



 f 

Literature 
 
Bäverman C. (1997). Long-term leaching mechanisms of ashes and slags; combining laboratory 
experiments with computer simulations. Doctoral thesis Royal Institute of Technology, Stockholm 
 
Buddhue J.D. (1957). Some soluble constituents of Meterorites. Univ New Mexico Press  
 
Fällman A.M. (1997). Characterisation of residues; Release of contaminants from slag sans ashes. 
Dissertation, Linköping University  
 
Hiltunen R., Hiltunen A. (2004). Environmental aspects of the utilization of steel industry slags. VII 
International Conference on molten slags, fluxes and salts, the South African Institute of Mining and 
Metallurgy  
 
Kasina M., Michalik M. (2007). Mineralogical composition of fresh slag. Geophysical Research 
Abstracts, Vol 9, 03643  
 
Lidelöw S. (2008) Environmental assessment of construction with recycled materials. Doctoral 
Thesis, Luleå University of Technology 
 
Lindgren Å. (1998). Road construction materials as a source of pollutants. Doctoral Thesis Luleå 
University of Technology 
 
Okada, A., Keil, K., & Taylor, G. J. (1981). Unusual weathering products of oldhamite parentage in 
the Norton County enstatite achondrite. Meteoritics, vol. 16, June 30 p.141-152 
 
Schwab A.P., Hickey J., Hunter J. Banks M.K. (2006). Characteristics of Blast Furnace Slag leachate 
produced under reduced and oxidized conditions. Journal of environmental Science and health Part 
a-toxic/hazardous Substances and Environmental Engineering 41(3):381-395  
 
Tossavainen M., Forssberg E. (2000). Leaching behavior of rock material and slag used in road 
construction- a mineralogical interpretation. Steel research 71(11):442-448  
 
Wanabe T:, Hashiguchi Y., Sato H. (1981). Determination of the chemical states of sulphur in Blast 
Furnace Slag by chemical shift (X-ray exitation). Transaction of the iron and steel institute of Japan 
21(3):173-177  
 
Material Description: Blast Furnace Slag. Turner-Fairbank Highway Research Center 
http://www.tfhrc.gov/hnr20/recycle/waste/bfs1.htm 
 
http://www.scienceaid.co.uk/chemistry/industrial/blastfurnace.html 
  

http://www.tfhrc.gov/hnr20/recycle/waste/bfs1.htm
http://www.scienceaid.co.uk/chemistry/industrial/blastfurnace.html


 g 

Appendix 3 Sequential chemical extraction - detailed protocol 
 
 
The goal of sequential extraction is to separate adsorbed elements, crystalline oxides (hematite), 
sulfides and silicates. 
For PC, it is important to define the association of As and Cu to each fraction in order to assess their 
potential mobility and, hence, environmentak impact. The second point is to be sure that hematite, a 
less soluble crystalline oxide which is one of the principal minerals in PC, is dissolved. 
In BFS, efforts are placed on separating sulfides and silicates in order to identify the association of 
elements like Ca, Fe and S to fractions of different solubility. 
 
 
Selection of sequential extraction protocol 
A literature review, started by Mihaljevič et al. (2003) was the base for choosing the protocol (Table 
1). To have an overview of the sequential extraction procedures, the article of Gleyzes et al. (2002) 
gives an idea of the advantages, disadvantages and limitations of each chemical. 
 
The first step concerns the extraction of exchangeable elements. Hall et al. (1996) proposed to use 
sodium acetate at pH=5. Mihaljevič et al. (2003) pointed out that, in the case of artificial soil, this 
step underestimated the amount of exchangeable As. Solutions presented by other authors separate 
adsorbed and exchangeable ions (Tessier et al., 1979, Leinz et al., 2000, and Gatehouse et al., 1977). 
 
The second step is focused on dissolving crystalline Fe oxides, particularly hematite, but also 
sulphates like jarosite. In the majority of protocols, hematite is not addressed. In Hall et al. (1996), 
1M NH2OH.HCl in 25% CH3COOH seems to be efficient for goethite. No indications are given 
about hematite. Similary, a solution composed of ascorbic acid and oxalate-buffer proposed by 
Krasnodębska-Ostręga et al. (2001) for soils is specific to easily and moderately reducible Fe oxides 
phases. Dold (2003 & 2001) who works with mine waste material, proposes to use NH4-oxalate 
adjusted to pH=3 with oxalic acid to dissolve jarosite and hematite. An advice of the author (Dold, 
2009) indicates that 50 mL of reagent are efficient for 1g of material. The same chemical is used by 
Fonseca et al. (1998) but instead of heating the solution in a water-bath, they irradiate it by UV. The 
conditions of UV irradiation application conduct us to choose the Dold protocol. 
 
The third step should correspond to extraction of sulfides. Two protocols were found to be suitable 
for this step. The first using KClO3-HCl-HNO3 (Hall et al., 1996) is described by Dold (2003) as 
effective to dissolve pyrite, chalcopyrite, galena and other sulfides. But the author also warns of a 
possible attack of some silicates along edges, corners and surfaces. This risk is non negligible in our 
case where the goal is to separate silicates and sulfides in the BFS. Therefore, the second solution 
given by Tessier et al. (1979) was chosen. According to the authors, application of nitric acid, 
hydrogen peroxide and ammonium acetate is a good compromise between the complete oxidation of 
organic matter and sulfides and the alteration of silicates. However, Cardoso (1998) has noted that in 
soils, H2O2 is not sufficient to dissolve sulfides such as galena; a little fraction can remain in the 
residual fraction.  
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Table 1 Description of the studied 3 step sequential extraction protocols 
 Hall et al. (1996) Tessier et al. (1979) Dold (2003) 

Fraction Soils, surficial sediments Sediments Cu sulfide mine wastes 
Soluble fraction 
Exchangeable and 
adsorbed elements 

1M CH3COONa at pH3  1M CH3COONa at pH5  

Reducible fraction 
Crystalline Fe oxide 
(hematite) and sulphates 

1M NH2OH.HCl in 25% 
CH3COOH  

 0.2 M NH4-oxalate pH3 

Oxidizable fraction 
Sulfides 

KCl3- 12M HCl- HNO3 0.02M HNO3 - 30% 
H2O2 at pH2 - 3.2M 
CH3COONH4 

Hall et al. (1996) 

Residual fraction 
Silicates and spinel 

16M HNO3 - 12M HCl -
HF - HClO4 

HF - HClO4 - HCl Tessier et al. (1979) 
Hall et al. (1996) 

 
Protocol 
The sequential extraction was performed in triplicates on two materials: PC from Hörnefors and BFS 
from Björsbyn.  
 
The test was conducted in 50 mL Teflon centrifuge tubes. A water bath (OLS 200, Grant) with 
integrated horizontal shaker (100 rpm) was used for the extractions. To minimize losses of solid 
material between each successive extraction step, the solid residue and liquid was separated by 
centrifugation (centrifuge 5801, Eppendorf) at 10 000 rpm during 15 min. The supernatant was 
removed using a syringe of 60 mL and the residue was washed with 10 mL of the chemical. After 
centrifugation, the second supernatant was put in the same syringe as the first one. The residue was 
then rinsed with deionized water, centrifuged and the supernatant was discarded. The amount of rinse 
water used was kept to a minimum to avoid excessive solubilization of solid material. At the end of 
each step, a 0.45µm filter of cellulose acetate was added to the syringe. The filtrated liquid was put in 
a plastic bottle of 50 mL and then sent for analysis. Deionized water was used in preparing stock 
solutions and in each step of the leaching procedure. Solutions were prepared one or two days before 
extraction. Plastic bottles and blassware used in the experiments was soaked in 1M HNO3 for 24h 
and rinsed with deionized water.  
 
The three steps of the protocol were chosen to target specific phases. The first and third steps follow 
the recommendations of Mihaljevič (2003). Differences from the original protocol such as volume of 
chemical for rinsing are due to practical aspects and homogenization of the three steps. Based on the 
work of Dold (2001, 2003 and 2009), the second step concerning crystalline oxides was designed in 
dialogue with the author. 
 

•  Echangeable fraction: CH3COONa (Hall, 1996) 
 

-  Put 1 g of sample in a 50 ml screw-cap centrifuge tube, add 20 ml of 1.0 M CH3COONa (adjusted 
to pH=5  by concentrated acetic acid) and cap.  
-  Agitate the contents for 5-10 s and place it in a horizontal shaker at 100 rpm for 6 h. 
-  Centrifuge for 10 min at 2800 rpm and decant supernatant liquid. Take the liquid with a syringe of 
100 mL. 
- After centrifugation and a first rinse with water, make up to the 30.0 ml syringe mark with 
deionized water. Then filter. 
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•  Reducible fraction (Crystalline oxides, sulphates): 0.2 M of oxalic acid (pH=3) (Dold, 2003) 
 
- Take the centrifuge tube containing the first step residue and add 40 mL of 0.2M oxalic acid 
adjusted to pH=3 by 1M NH4-oxalate. 
- Put the tube in a water bath at 80°C during 4 hours with some horizontal shaking (100 rpm). 
- Centrifuge, rinse with oxalic acid until 50 ml and filter. 
 
For PC, an important point was to dissolve the hematite, However, after 4h hours the supernatant was 
yellow and the residue red indicating that hematite was not dissolved. To increase the quantity of 
hematite dissolved, the time in the water bath was increased with 2h for this material. A test was also 
done all the night. 

 
•  Oxidisable fraction (Sulfides): 30% H2O2, HNO3, NaOAc (Tessier, 1979) 

 
- To the residue from the previous step were added 3 mL of 0.02 M HN03 and 5 mL of 30% H2O2 
adjusted to pH = 2 with HNO3.  
- The mixture was heated to 85°C for 2 h with occasional agitation (around each 10mn). 
- A second 3-mL aliquot of 30% H202 (pH 2 with HNO3) was then added. The sample was then 
heated to 65 °C for 3 h with intermittent agitation.  
- After cooling, 5 mL of 3.2 M NH4OAc in 20% (v/v) HN03 was added  
- The sample was diluted to 20 mL and agitated continuously for 30 min (roller mixer SRTI, stuart 
scientific).  
- For this last step, the residue was only rinsed by water and the supernatant was discarded. 

 
•  Residual fraction (Silicates and spinel) 

 
Silicates and spinel phases should not be dissolved before this stage of the sequential extraction 
(Laforest and Duchesne, 2006). Due to the risk associated with using of HF-HClO4-HNO3 usually 
used to decompose the residual fraction, a total composition analysis of the residual fraction was 
done (see Chapter 3.2.3).  
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Appendix 4 Acid Base Account Description 
 
 
This method is mainly used to assess the environmental effect of mine wastes and waste rocks. ABA 
was originally developed by Sobek in 1978 (manual of recommended field and laboratory proce 
dures). 
 
Principle 
ABA is based on a balance between acid production and acid consumption of a mine waste material. 
In the sample, some minerals will be considered like acid producing and the others like neutralizing. 
Principles of ABA are well bescribed by Lottermoser (2003), Brady et al. (1998), Fey et al. (2003) 
and Mills on the Enviromine website. 
 
 
Table 1 Different acid producing and neutralising minerals 
 

Acid producing minerals Neutralising minerals 
Pyrite(FeS2) 
Pyrrhotite (Fe1-xS) 
Enargite (Cu3AsS4) 
Marcasite (FeS2) 
Arsenopyrite (FeAsS) 
Tennantite (Cu12As4S13) 
Orpiment (AsS) 
 

Carbonates 
Ca-feldspaths 
Olivine 
Pyroxènes 
Amphibole 
Sorosilicates, Phyllosilicates 
Plagioclase feldpaths 
K feldspaths 
Quartz (SiO2) 

Source: Lottermoser, 2003 and Fey, 2003 
 
In this method, in most of cases, the acid producing minerals will be sulfides like pyrite (FeS2) and 
pyrrhotite (Fe(1-x)S) (Equation 1 & 2). Equation 3 shows the reaction of neutralization of pyrite by 
calcite and is used to calculate the acidity potential (AP). 
 
(1) FeS2 (s)+ (15/4)O2 (g)+ (5/2)H2O= FeOOH (aq)+ 4 H+ (aq)+ 2 SO42-(aq) 
(2) Fe(1-x)S(s)+ (2 -x/2)O2 (g)+ xH2O =(1 -x) Fe2+ (aq)+ 2xH+ (aq)+ SO42-(aq) 
(3) FeS2 + 2 CaCO3 + 3.75 O2 +1.5 H2O --> Fe(OH)3 + 2 SO4

-2 + 2 Ca+2 + CO2(g) 
(4) CaCO3(s)+ 2H+(aq)= H2CO3(aq)+ Ca2+(aq) 

Figure 1 Main reactions of sulfide oxidation and buffering in Acid mine drainage. 
 
The principal neutralizing mineral used in ABA is calcite (CaCO3, equation 4) but, shown in Figure 
1, other minerals can also play the same rule. 
 
One limitation of this method is that the S amount present in the sample is considered as pyrite and as 
acid producing. In reality, S can be present in non acid producing minerals or pyrite can already be 
oxidised. ABA is a static test and no information is given about the time of neutralizing or acid 
producing reaction. Hence, ABA gives only an idea of the maximum acidification of a material. 



 l 

Procedures  
To apply this method, the maximum potential acidity is expressed as a negative value. The total 
potential alkalinity (neutralization potential) is then summed.  
 

NNP (Net Neutralization Potential) = NP (Neutralization Potential) - AP (Acid Production Potential) 

 
•  Calculation of maximum potential acidity (AP): 

By total composition analysis, the amount of S is calculated. The acid producing potential will be 
expressed in kg of CaCO3 needed to neutralize the acid per tonne of sample. By stochiometric 
calculations, Sobek (1978) indicates that 0.1% of S is equivalent to 3,125 tonnes of CaCO3 for 1000 
tonnes of material according to equation (3). 
From the S weight or percentage, it is possible to evaluate the quantity of moles of S. Using Equation 
3, the mass of calcite needed to neutralize this acid is then calculated and given in kg CaCO3/ton of 
sample. 
 

•  Calculation of neutralization potential (NP): 
The sample is treated by a known amount of HCl. The mixture is heated to assure a complete reaction 
and then titrated with a standardized base (NaOH) to see how much acid has been consumed by the 
sample. 

 
Experimental protocol 
The experiment is performed with approximately 5 samples for the same material to have a 
statistically significant result. Two grams of sample with a granulometry below 0.25 mm are used for 
each experiment. 

- The first step is the fizzrate. Its goal is to determinate the best HCl concentration and content 
added to have a complete reaction between acid and sample. This step needs to be done only 
one time per material, with a little quantity of material. The estimation is done by eyes with 
the speed and the violence of the reaction excitement. 

- Add the HCl amount with the concentration determined by the fizzrate to the 2 g of sample, 
cover with a cap and put the mixture in a water bath (around 90 degrees) for 30 minutes. 
During this time, shake the sample every 5 minutes. At the end, the gas production should be 
finished. Wait for cooling and dilute with 125 ml of distilled water. 

- Titrate this solution with 0.1 M of NaOH until a pH of 7. 
 
Calculation 

a- During the boiling, some acid could be vaporized. That is why a constant C is used to correct 
this variation. This value should be near 0.994. 

b- The volume of acid consumed is calculated by the difference of acid added and base added 
corrected by C. 

c- Equation (4) at the equilibrium is used to calculate the equivalent in CaCO3. 
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Interpretation 
After calculations, NNP gives an idea of the capacity of the material to be acid producing or not. For 
intermediate values, kinetic tests are required (Sobek, 1978) in order to lift the uncertainty. 
 

NNP >> 20 kg of CaCO3 / ton of material Non-acid producing 

NNP around 20 kg of CaCO3 / ton of material Uncertainty. Kinetic tests are needed 

NNP<< -20 kg of CaCO3 / ton of material Acid producing 
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Appendix 5 Interpretated X-ray diffractograms of Hörnefors and Svartvik pyrite cinders and 
Björsbyn and fresh blast furnace slags 
 
Figure 1 X-ray diffractogram of Hörnefors pyrite cinder  
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Figure 2 X-ray diffractogram of Hörnefors pyrite cinder  
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Figure 3 X-ray diffractogram of Björsbyn blast furnace slag  
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Figure 4 X-ray diffractogram of fresh blast furnace slag  

 



 r 

Appendix 6 Elemental analysis of Björsbyn road leachates percolating blast furnace slags  
 

Source: Lidelöw, 2008 and Anonymous, 2002 

No. Date Time (from day 
material was put) pH EC HCO3 Al As Ba Ca Cd Cl Cr Cu 

    days   mS/cm mg/l mg/l µg/l µg/l mg/l µg/l mg/l µg/l µg/l 

6 26/08/1998 348 7.4 5.7 17 0.315 0.157 176 848 0.306 12 0.513 6.93  

18 22/10/1998 405 5.2 5.97 0.5 6.65 0.433 122 824 0.279 200 12.8 58.6 

30 20/08/1999 707 2.9 3.7 0.5 16.2 1.23 59.3 548 0.397 15 121 522 

42 07/10/1999 755 3 3.05 0.5 16.4 0.239 36.2 473 0.471 10 103 559 

54 01/09/2000 1085 3.8 3.01 0.5 3.26 0.063 35.3 614 0.15 9 8.6 98.7 

66 18/10/2000 1132 4.3 2.72 0.5 1.42 0.06 27.8 548 0.0731 7.1 3.72 33.5 

78 29/08/2001 1447 4.3 2.41 0.5 0.726 0.667 30.1 504 0.092 3.9 1.21 25.8 

90 07/10/2001 1486 5.8 2.29 2.2 0.438 0.1 25.3 515 0.013 4 0.529 27.4 

102 23/08/2002 1806 3.2 3.8   7.28 0.44 145 553 0.283 25 24.7 28.4 

114 09/10/2002 1853 3.2 2.5 2 3.41 0.01 42.5 557 0.166 24 11 19.9 

No. Fe Hg K Mg Mn Mo Na Ni Pb Si S SO4 Zn 

  mg/l µg/l mg/l mg/l µg/l µg/l mg/l µg/l µg/l mg/l mg/l mg/l µg/l 

6 0.799 0.0011 547 6.32 256 4.36 150 3.15 2.72 5.43 1700 140 41 

18 10 0.0011 817 20.1 1880 5.47 235 20.5 6.97 17 1480 1900 913 

30 25.5 0.0011 250 31.1 1820 63.9 86.6 34 26.7 36.4 768 2300 1520 

42 18.1 0.0011 149 39.4 1820 29.4 57.1 35.4 23.8 30.7 616 1900 1330 

54 0.994 0.0011 153 29.4 846 16.8 56.7 8.22 31.4 16.7 655 2700 155 

66 0.652 0.0011 124 28.1 646 22 50 4.41 8.24 12.7 532 1700 52.9 

78 0.113 0.0011 105 33.4 390 9.4 42.5 3.81 3.17 15 515 1700 61.8 

90 0.089 0.0011 88.1 25.3 304 12.8 31.2 1.84 1.11 10.7 532 1500 20.9 

102 7.29 0.0011 369 60.9 4660 16 153 35.4 9.7 28.7 931 2300 347 

114 2.39 0.0011 239 55.5 2250 10.4 101 16.2 8.4 20.7 667 2200 216 



 s 

Appendix 7 Total composition results from ALS Laboratory 
 
 
Total composition: 
Björsbyn blast furnace slag (triplicate hyttsten) 
Hörnefors pyrite cinder (kisaska) 
Fresh blast furnce slag (triplicate hyttsten) 
Svartvik pyrite cinder (kisaska Svartvik) 
 
Sequential chemical extraction: 
Liquid sample (blank, kisaska, BFS for step 1, step 2 and step 3 in triplicate) 
Residual fraction (kisaska, BFS in duplicate) 
 
 
















































































