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ABSTRACT 
 
Alkaline by-products were used in a leaching test to study their effect on highly weathered, 

sulphide-rich mine waste from Ljusnarsberg for the attempt to neutralize the leachate and 

immobilize trace metals through precipitation of secondary minerals. Leaching was 

performed at liquid/solid ratio of 0.5-20 with 10 % alkaline material. It was found that 

immobilization of trace elements (Cd, Pb, Zn and Cu) were successful in systems able to 

neutralize the mine waste. The systems with a lower pH increase (4-5) leached an increased 

amount of both Zn and Cd compared to the reference. Fly ashes are found to be the most 

effective material regarding pH and metal immobilization but are also found to have the 

highest increase of molybdenum and antimony, trace metals originating from the ashes. High 

chloride content is another concern regarding fly ashes, as high levels in the leachate would 

cause a concern for the nearby fresh water.  
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1. INTRODUCTION 
 
The mining industry has been operated for centuries and the waste resulting from the mining 

industry strains the environment. Waste deposits with historic sulphidic mine waste are highly 

weathered, generating acid mine drainage (AMD) with high concentrations of heavy metals 

such as copper, zinc, lead and cadmium (Dold, 2014). The acidic, heavy metal-rich water has 

a potential to cause contamination of ground and surface water (Akcil & Koldas, 2006). 

1.1 Mine waste – acid producing processes  

Mainly two processes for acid production are involved, (1) sulphide mineral oxidation and (2) 

hydrolysis of Fe3+, Al3+ and Mn2+ producing hydroxides (Akcil & Koldas, 2006). Pyrite 

(FeS2) is the main acid producing sulphide mineral (Nordström et al., 1979). Oxidation occurs 

when pyrite reacts with dissolved oxygen producing hydrogen ions as well as dissolved 

ferrous and sulphate ions (equation 1), generating sulphuric acid (Moses et al., 1987). When 

pH drops, oxidation of ferrous iron to ferric iron (equation 2) is accelerated by 

microbiological activity. Ferric iron will cause oxidation of pyrite to proceed in anaerobic 

conditions (equation 3) (Nordström et al., 1979).  

 

FeS2(s) + 3.5 O2 + H2O � Fe2+ + 2 SO4
2- + 2 H+  (Eq. 1) 

 

Fe2+ + 0.25 O2 (aq) + H+ 
� Fe3+ + 0.5 H2O  (Eq. 2) 

 

FeS2(s) + 14 Fe3+ + 8 H2O � 15 Fe2+ + 2 SO4
2- + 16 H+ (Eq. 3) 

 
The second acid producing process is when ferric iron precipitates as iron hydroxide in acidic 

conditions (pH 2.3 to 3.5), which further decreasing the pH in solution (equation 4)(Akcil & 

Koldas, 2006). Hydrolysis of Al3+ and Mn2+ also occur.  

 
Fe3+ + H2O � Fe(OH)3(s) + 3H+   (Eq. 4) 

 

1.2 Non-acid producing processes 

Other common sulphide minerals in mine waste are galena (PbS) and sphalerite (ZnS). Both 

galena and sphalerite are characterized as non-acid producing minerals, but oxidation and 

dissolution in acidic conditions will mobilize metal ions leaving the highly acidic water with a 

high dissolved metal content (equation 5-6)(Dold 2010). Sphalerite could also contain 

hazardous levels of cadmium and thallium, which further contaminates the environment (Dold 

2010). 

 

 PbS + 2 O2 � Pb2+ + SO4
2-   (Eq. 5) 

 

ZnS + 2 O2 � Zn2+ + SO4
2-   (Eq. 6) 
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1.3 Treatment of mine waste  

Neutralisation of the acidic mine water with alkaline additives would result in reduced 

mobility of trace elements (Pb, Zn, Cu, Cd). Major elements such as Fe and Al, frequently 

found dissolved in the acidic water, play an important roll in metal immobilization. When pH 

increases, formation of iron- and aluminium hydroxide, hydroxysulphate and 

hydroxycarbonate minerals are favoured, which will act as sorbents for cationic metals 

(Bigham et al., 2000). Commercial materials such as limestone, slaked lime or sodium 

carbonate have been used as neutralizing agents (Johnson & Hallberg, 2005) with good results 

but it is rather costly and wasteful of natural resources. By recycling of alkaline by-products, 

the cost would rapidly decrease and two environmental problems could be solved at the same 

time. Many studies have been done where various alkaline by-products were used, including 

e.g. residues from pulp and paper industries (Sartz, 2010: Jia et al., 2014), fly ash from coal 

combustion (Park et al., 2014) with good results metal immobilization.  

1.4 Alkaline by-products  

This study is focused on bottom and fly ashes from different incineration facilities as 

treatment material. Solid waste can be considered highly heterogeneous and fluctuate a lot 

from one combustion site to another, also depending on fuel and operation parameters. 

Bottom ash is found at the base of the incineration chambers and contains unburned residues 

of material with a high melting point such as sand, metals, ceramics and minerals (Crillesen et 

al., 2006). Fly ash is more homogenous and consists of particles of burnt or partly burnt 

materials carried upwards by thermal air currents and get caught in filters (Margarida et al., 

2011). In Sweden an estimated total of 1 459 000 tonnes of ashes were produced in 2012 as a 

result of waste incineration (Swedish Waste Management, 2012). From the total amount of 

ashes produced, around 68 % is used to cover landfills (2012). In a few years, covering of 

landfills will be finished and new applications will therefore be required so the ashes can be 

put to good use (Swedish Waste Management, 2012). Limitations for using energy ashes from 

incineration facilities may be high chloride content due to e.g. PVC plastics in the waste. 

Hydrochloric acid (HCl) is formed and treated in air pollution control (APC) with 

lime/quicklime and the residues from APC get mixed with the fly ash where the highest 

chloride content usually is found (Margarida et al., 2011). Leachate with high concentration 

of chloride can cause problems for nearby fresh water. Ashes from incinerator facilities also 

contain various amounts of heavy metals such as As, Mo, Sb and many more, which can 

cause environmental pollution (Ip et al., 2010).  

1.5 Objectives 

This paper includes six ashes (fly and bottom ash) from incinerator facilities using three 

different fuel sources, including household/industrial, contaminated and non-contaminated 

wood chips. The ashes were mixed with historic sulphide-rich mine waste from 

Ljusnarsbergsfältet at a ratio of 90:10 (mine waste: ash). A leaching test was performed with 

L/S ratio from 0.5 to 20 with six sampling occasions. Electrical conductivity and pH were 

measured directly after sampling. Other parameters included in the study were 

alkalinity/acidity, major and trace elements as well as the anions chloride and sulphate.  
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1.6 Aim 

The aim was to study alkaline by-products ability to neutralize and stabilize acidic metal-rich 

mining waste without adding new contaminants to the system and thus reduce the impact on 

the environment.  

2. MATERIAL AND METHODS 

2.1 Mine waste 

The mine waste used in this study was highly weathered and collected from 

Ljusnarsbergsfältet in Kopparberg, Sweden (Sartz, 2010). The ore field was discovered in 

1624 and was last operated in 1975 before being closed down. The main focus of the mine 

site was primarily copper (particularly Chalcopyrite, CuFeS2) and secondary iron ore, and 

later also sphalerite (ZnS) and galena (PbS). Prior to sampling, the waste rock were crushed 

and sieved into fractions < 13 mm (Sartz, 2010). 

2.2 Alkaline materials 

The study included six ashes originating from different incineration facilities in Sweden. The 

ashes are listed in table 1.  
 

Table 1. Summary of ashes used in this study (Saqib, 2015).  

Alkaline material Abbr. Waste fuel (%) Boiler 

Lidköping bottom LB 

Household + Industrial (70:30) BFB Lidköping fly LF 

Nynäshamn bottom NB 

Contaminated wood chips (100) BFB Nynäshamn fly NF 

Eskilstuna bottom EB 

Wood chips (100) BFB Eskilstuna fly EF 
BFB: bubbling fluidized bed.  

 

During sampling, Lidköping incinerated industrial and household waste and as flue gas 

treatment additives ammonia, slaked lime and activated carbon was used. Nynäshamn 

combusted contaminated wood and treated the flue gases with ammonia, lime and activated 

carbon and Eskilstuna incinerated virgin wood chips with ammonia as additive (Bäckström, 

2006). Distribution of trace elements as well as the chloride content (%) of the ashes were 

determined in a previous study and can be found in table 2 (Saqib and Bäckström, 2015). 

Leached concentration of trace elements in the ashes at L/S 2 and 10 can be found in table 3 

(Saqib and Bäckström, 2015). Pictures of the ashes can be seen in figure 1.   

 
Table 2. Concentration of trace elements (mg/kg dw) and chloride (%) in ashes (Saqib and Bäckström, 2015) 

Location Ash Zn Cu Pb Cd Mo Sb Cl 

Eskilstuna Fly 1 290 74 140 12 <6 2 0.6 
 Bottom 821 36.7 12 0.3 <6 0.5 <0.1 
Lidköping Fly 8 120 16 400 6 920 97 28 538 21.4 
 Bottom 2 490 3 550 563 1.5 24 321 0.5 
Nynäshamn Fly 12 100 864 1 900 21 7 64 4 
 Bottom 5 760 1 890 1 730 0.4 <6 22 <0.1 
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Table 3. Leachable concentrations of trace elements in the ashes at L/S 2 and 10 with 18.2 MΩ water (Saqib and 
Bäckström, 2015). 

Location Ash L/S Zn Cu Pb Cd Mo Sb 

Eskilstuna Fly 2 280 10 570 Bdl 300 Bdl 
  10 110 35 230 Bdl 38 0.23 
 Bottom 2 27 110 16 Bdl 6.70 Bdl 
  10 100 29 230 Bdl 7.40 0.32 
Lidköping Fly 2 44 000 830 000 1 300 000 12 1 200 1.7 
  10 2 600 3 100 67 000 Bdl 330 0.38 
 Bottom 2 19.0 12.0 1.8 Bdl 220 50 
  10 22 6.6 15.0 Bdl 31 100 
Nynäshamn Fly 2 3600 270 30 000 Bdl 200 0.29 
  10 2800 81 12 000 Bdl 80 0.23 
 Bottom 2 50 15 52 3.8 54 34 
  10 11 6.6 10 Bdl 5.4 16 
Bdl: below detection limit. 
 
 

  

  

  
 
Figure 1. Visual observation of selected ashes. Top left: Eskilstuna fly ash, Top right: Eskilstuna bottom ash, 

middle left: Nynäshamn fly ash, middle right: Nynäshamn bottom ash, Bottom left: Lidköping fly ash, Bottom 

right: Lidköping bottom ash. Photos taken by Mattias Bäckström.  
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2.3 Experimental 

A 2.5 L container was prepared for each ash by adding 180 g of mine waste and 20 g of ash 

(90:10). A reference sample was prepared with 200 g of mine waste to achieve the same 

liquid/solid ratio (L/S) as the other samples. An addition of 20 g of 18.2 MΩ water was added 

in the containers giving a starting L/S of 0.1 followed by cumulative L/S of 0.5, 1, 2, 5, 10 

and 20 (table 4). After addition of water the containers were shaken and the liquid phase was 

removed for sampling every second day. After sampling, electrical conductivity and pH were 

measured immediately followed by acidity/alkalinity and inorganic anions (chloride and 

sulphate). For major and trace metal analysis samples were acidified with HNO3. 
 

 

Table 4. Amount of MQ water added to the containers, all containing a total of 200 grams of solid material, and 
the cumulative L/S values obtained. 

Step Volume (mL) Ack. Vol. (mL) Ack. L/S 

1 20 20 0.1* 
2 80 100 0.5 
3 100 200 1 
4 200 400 2 
5 600 1 000 5 
6 1 000 2 000 10 
7 2 000 4 000 20 

* No sampling since water was absorbed by material 

2.4 Analytical 

Electrical conductivity was determined using Hach sensIONTM + EC7 and pH using TIM900 

titration manager (radiometer). Alkalinity and acidity was performed by Lotta Sartz and 

determined with titroline easy titrator by SCOTTS instruments by endpoint titration with 0.02 

M HCl and 0.02 M NaOH, respectively, to pH 5.4 (Swedish standard). The samples were 

filtered using a 0.4 µm polycarbonate filter prior to analysis with capillary zone 

electrophoresis (CE) where chloride and sulphate were determined at wavelength 254 nm. 

The buffer mixture consisted of 5 mM chromate buffer and 0.5 mM 

tetradecyltrimetylammoniumbromide (TTAB). The Hewlett Packard 3DCE system was used 

and the hydrostatic injection was done for 30 seconds at 10 mbar. An inductive coupled 

plasma - mass spectrometer (ICP-MS) that was located in a clean room were used to measure 

major and trace elements in the samples (Ca, Al, Fe, Zn, Cu, Cd, Pb, Mo, Sb). Before analysis, 

samples were filtered and an internal standard (103Rh) was added to all samples. Victor 

Sjöberg performed the metal analysis.  

2.5 QA/QC 

In the experimental part of the study, plastics were used instead of glass when possible, as 

metals tend to sorb to the surface of glassware. Plastic containers were used during the 

leaching process and after sampling polypropylene tubes were used for storing of samples. A 

reference sample with the same L/S containing only mine waste was prepared and underwent 

the same treatment as the rest of the samples. For the analytical part, internal standard (103Rh) 

was added before metal analysis with ICP-MS to improve accuracy and repeatability as well 

as drift corrections. The pH meter was calibrated with a pH 7 and pH 4 buffers before 

measuring. 
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3. RESULTS AND DISCUSSION 

3.1 Mine waste parameters 

The dry weight of the mine waste was determined to 91 % by equation 7.  

 
������

�������	
× 	100   (Eq. 7) 

 

Parameters for mine waste leachate at L/S 2 and L/S 10 can be found in appendix 1, table 1. 

Leaching of the mine waste from L/S 0.5 to L/S 20 shows a slight increase in pH from 2.5 to 

3.7 and acidity of the system drops from 25 to 0.9 meq/L during the leaching process. 

Concentration of sulphate is 5.5 g/L at the first sampling occasion and shows a rapid decline 

after two dilution steps before levelling out. Calcium levels stay rather constant throughout 

the system while Al and Fe both decline as L/S increases. The initial concentrations of Fe and 

Al were found at 154 and 323 mg/L, respectively. The trace elements found in higher 

concentrations in the mine waste are Cu, Zn, Pb and Cd. At initial L/S (0.5), copper 

concentrations are 127 mg/L decreasing to 0.4 mg/L at L/S 20. Zinc and cadmium also shows 

a decline in concentration from 560 to 0.3 mg/L and 1.7 to 0.001 respectively. On the contrary, 

concentration of lead stays constant during the leaching process. This parameters is further 

discussed in section 3.3.   

3.2 Mixed systems leachates 

3.2.1 Electrical conductivity, pH and alkalinity 

The result of electrical conductivity (EC) in the samples gives a good idea of the total amount 

of ions in the leached water. From the starting point at L/S 0.5, EC quickly decreased as can 

be seen in figure 2. At L/S 2 of the selected ashes, 74-96 % of the ions were washed out, 

indicating that a high amount of easily soluble minerals like alkali and earth alkali metal salts 

were rapidly rinsed out. Sample LF has a significantly higher EC comparing to the rest that is 

likely to be caused by the high chloride content (21 %) that was presented in a previous paper 

(Saqib and Bäckström, 2016) (table 2). 
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Figure 2. Electrical conductivity of selected systems as a function of L/S ratio.  

 

Changes in pH in all systems are shown in figure 3. By addition of alkaline material to the 

mine waste, pH increased by 1.5-7 units. All fly ashes as well as Eskilstuna bottom ash were 

able to increase the pH from between 7 to 9 and shows a buffering capacity ranging from 0.2-

0.4 meq/L at L/S 10. Alkalinity/acidity are shown in figure 4. NB system shows an increased 

alkalinity from starting L/S at 0.16 meq to 0.76 meq/L at L/S 5 whereas the other system 

shows instant decrease. The reason for the increased alkalinity might be due to calcite 

(CaCO3) dissolving, which will rapidly elevate the amount of HCO3
- at near neutral 

conditions (equation 8)(Dold, 2010) and therefore increasing the alkalinity in the system. 

 

CaCO3(s) + H+ � Ca2+ + HCO3
-   (eq. 8) 
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Figure 3. Changes in pH of selected systems as a function of L/S ratio.  
 

 
Figure 4. Alkalinity (EB, EF, NF, LF) and acidity (NB, LB) selected systems plotted against L/S ratio. Acidity 
is expressed as negative values. The reference systems alkalinity at L/S 0.5 is 25 meq/L and 14 meq/L at L/S 1.  

3.2.2 Chloride and sulphate 

Concentrations of sulphate are shown in figure 5. Sulphate concentrations in the mixed 

systems show a rapid decrease from L/S 0.5-2. After L/S 2, the system reaches equilibrium 
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probably due to precipitation of CaSO4, further discussed in section 3.2.3 and 3.2.4. The 

abundance of chloride in the systems is clearly connected to the ashes since the reference 

system contained 73 mg/L at first sampling occasion. The chloride concentration in several of 

the mixed systems was diluted to the point of no detection as can be seen in appendix 2, 

figure 1. The LF system shows an exceptionally high chloride concentration of 28 g/L at L/S 

0.5, which can be associated with the high chloride content of the fuel. NF also shows a high 

chloride concentration at 3 g/L. The bottom ashes show lower concentrations and all systems 

decrease quite rapidly. Leaching limits of landfills for inert waste for chloride at L/S 2 is 275 

mg/L and 80 mg/L at L/S 10 (Naturvårdsverket, 2010). Nynäshamn fly ash (L/S 2: 4070 

mg/L; L/S 10: 158 mg/L) and Lidköping fly ash (L/S 2: 391 mg/L) systems both exceed these 

limits whereas the other ashes could be used in this aspect without affecting the environment. 
 

  
Figure 5. Sulphate concentrations of selected systems versus L/S ratio. 

 

3.2.3 Major elements 

Calcium concentrations are shown in figure 6. Concentrations of calcium in LF and NF 

systems are the highest at the initial sampling occasion with 9.6 g/L and 1.8 g/L respectively 

and show a rapid decrease until L/S 2 where the concentrations level out. Addition of 

lime/quicklime for flue gas treatment is a likely cause of the elevated calcium levels in 

Lidköping and Nynäshamn fly ashes. Quicklime converts to lime when in contact with water 

(equation 9). The rapid decline in LF and NF systems is probably due to dissolution of 

Ca(OH)2 (equation 10),whereas gypsum (CaSO4) are at equilibrium causing stabilization of 

all systems (equation 11) (Gitari et al., 2010; Dold, 2010).  

CaO(s) + H2O � Ca(OH)2 (aq)  (Eq. 9) 
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Ca(OH)2(aq) � Ca2+ + 2 OH-  (Eq. 10) 

 Ca2+ + SO4
2- 
� CaSO4(aq)   (Eq. 11) 

Concentrations of aluminium and iron are shown in appendix 1, figure 2-3. High 

concentration of aluminium and iron could be found in the reference system. All mixed 

systems show an almost 100 % decrease in iron concentrations at the first sampling occasion. 

Aluminium concentrations in NB and LB systems (pH ~4-5) are high which could indicate 

that precipitation of aluminium was unsuccessful for the systems were pH did not exceed 5.5.  

 

 
Figure 6. Plot of Calcium concentrations of selected systems as a function of L/S ratio. 

3.2.4 Trace elements 

Trace element immobilization was successful in several systems. Concentrations of cadmium 

and zinc can be seen in figure 7, copper and lead concentrations in appendix 2, figure 4 and a 

comparison of the concentrations of Zn, Cu, Pb, Cd at L/S 10 in the reference system and the 

mixed systems are shown in table 4. The trace metal concentration shows a decrease by 83.5-

100 % at L/S 10 in four of the systems, including all fly ashes and Eskilstuna bottom ash. The 

remaining systems (NB and LB) show an incline of over 100 % of Zn and Cd compared to the 

reference system. With pH of 4.7 (NB) and 5.4 (LB) at L/S 10, the systems were not able to 

immobilize these elements and the elevated concentrations of metals are likely caused by 

additional concentrations of these elements being released from the ashes. At pH 4.7, the 

Nynäshamn bottom ash system was partly able to immobilize copper and lead from the 

leachate (around 60-70 %) and Lidköping bottom ash system 5.4 shows a decrease of 90 %. 

This indicates that a lower pH is required to immobilize Pb and Cu then Zn and Cd.  
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Molybdenum and antimony are trace metals frequently found in ashes as can be seen in table 

2 and 3. The leached amounts of these elements are higher in the fly ashes compared to the 

bottom ashes contrary to the other trace elements. It should be noted that the content of these 

elements are higher in fly ashes in general (table 2). For antimony, all system shows at least a 

500 % increase in concentration compared to the reference system. LF system shows the 

highest increase of almost 200 000 %. The concentrations of Mo in the bottom ashes 

decreased with 11 to 51 % whereas the increased with around 450 to 2700 % in the fly ashes. 

In a previous study it was found that molybdenum has a higher sorption at low pH compared 

to high pH as it acts as an anion (Bäckström and Sartz, 2011), which might be the case here as 

well. Concentrations of Sb and Mo are shown in appendix 2, figure 5.  
 

 
Table 4. pH and concentration of trace metals (Zn, Cu, Pb, Cd, Mo and Sb) in the systems as well as the ashes 
impact of metal mobility on the mine waste (%) at L/S 10. 

 Sample pH Zn Cu Pb Cd 

  
Conc 
(µg/l) % 

Conc 
(µg/l) % 

Conc 
(µg/l) % 

Conc 
(µg/l) % 

REF 3.2 2 580 - 1 840 - 1 780 - 7.64 - 

EB 7.1 66.7 97.4 3.34 99.8 1.59 99.9 1.26 83.5 

EF 8.2 6.35 99.8 4.75 99.7 0.710 100.0 0.05 99.4 

NB 4.7 6 550 -154 783 57.3 555 68.9 17.2 -125 

NF 7.6 28.3 98.9 4.38 99.8 1.54 99.9 0.17 97.8 

LB 5.4 5 350 -107 170 90.7 160 91.0 19.7 -158 

LF 9.0 26.4 99.0 107 94.2 3.32 99.8 0.120 98.4 
 

Sample pH Mo Sb 

    
Conc 

(µg/L) % 
Conc 

(µg/L) % 

REF 3.2 0.240 - 0.027 - 

EB 7.1 0.214 11.0 0.198 -558 

EF 8.2 1.57 -552 0.837 -2 690 

NB 4.7 0.177 26.4 0.106 -254 

NF 7.6 1.32 -449 6.23 -20 700 

LB 5.4 0118 51.0 0.402 -1240 

LF 9.0 6.72 -2 700 58.7 -196 000 
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Figure 7. Concentration of Cu, Cd, Zn, Pb, Mo and Sb in selected systems plotted against L/S ratio.  
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3.3 Leaching mechanisms 

A ratio between L/S 2 and L/S 10 was calculated to give an idea of weather the elements were 

easily washed out or stayed in or on the solid phase through precipitation or sorption. This 

calculation was used in a previous paper (Sartz, 2010). The ratio was calculated from 

concentrations (µg/L) by equation 12. Calculated ratios of trace elements can be found in 

table 5. 
 

 ����� =
��/�	2	

��/�	10
          (Eq. 12) 

 
Table 5. Ratios calculated from concentrations by equation 1. Green indicating precipitation/sorption, red that 
dilution/washout occurred and yellow that some precipitation/sorption occurred.  

SO4
2- Ca Zn Cu Pb Cd Mo Sb 

EB 2.4 1.4 2.1 1.5 0.8 2.1 1.0 0.3 

EF 1.9 1.2 2.5 4.1 1.6 3.5 2.6 2.4 

NB 2.0 1.5 13 3.7 2.7 12 0.8 4.3 

NF 1.1 1.3 2.3 3.3 1.0 2.6 2.1 2.3 

LB 1.5 1.4 7.3 3.3 2.3 6.0 2.1 1.1 

LF 0.7 3.6 0.8 1.7 1.1 7.5 3.6 1.7 

REF 2.1 1.6 29 12 1.3 30 1.5 2.0 
 

< 3 = Precipitation/sorption 

3 - 6 = Some precipitation/sorption occured 

> 6 =  Washout/dilution 
 

Precipitation/sorption behaviour for calcium can be found in all systems. Resemblances with 

sulphate ratios could indicate equilibrium with gypsum as discussed in section 3.2.3. Zinc and 

cadmium shows comparable ratios for all systems except for LF system since equilibrium on 

a solid phase is reached first at L/S 5. The high ratios of around 30 for zinc and cadmium in 

the reference system indicates that the elements originated from easily soluble secondary 

minerals from the mine waste. NB and LB system, with pH under 5.5, also shows washout 

behaviour for Zn and Cd. The other systems, all with a pH over 7, show ratios close to or 

lower than 3, which would indicate that precipitation and/or sorption has occurred. It can be 

noted that dilution of these elements decrease as the pH increase, likely caused by sorption 

onto Al and Fe hydroxide, hydroxysulphate and hydroxycarbonate previously formed.  The 

ratios for lead for the reference system as well as the mixed systems show 

precipitation/sorption, indicating that precipitation/sorption of lead is not as pH dependent as 

zinc and cadmium. In addition to sorption onto Al and Fe compounds, similarities between 

lead and sulphate ratios could indicate that they are at equilibrium by formation of anglesite 

(PbSO4). The ratio for copper in the reference system is 12 indicating wash out/dilution. The 

mixed systems have ratios under 4, probably also caused by sorption onto Al and Fe 

hydroxide, hydroxysulphate and hydroxycarbonate. Mo and Sb ratios in all systems are 

between 0.3 and 4.3 also indicating sorption or precipitation.   
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5. CONCLUSIONS 
 

Alkaline by-products were used for the attempt to stabilize and neutralize highly weathered 

mine waste. It was concluded that the alkaline additives increased the pH of around 1.5-7 

units. Successful immobilization of trace elements originating from the mine waste (Zn, Cu, 

Pb and Cd) was found in systems with pH between 7 and 9, with a decrease of 83-100 % at 

L/S 10. Increased leaching of harmful elements as well as chloride from the alkaline by-

products was noticed, particularly in the fly ash mixtures. These limitations would need to be 

considered if these ashes were to be used for this purpose.  
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Appendix 1 – Tables 
 
Table 1. Parameters for mine waste leachate at L/S 2 and L/S 10 

Parameter Unit Mine waste 

L/S 2 L/S 10 
pH 2.7 3.6 
EC µS/cm 3.35 1.38 
Acidity meq/L 7.3 1.6 

Sulphate mg/L 1840 869 
Chloride mg/L Udl Udl 

Ca mg/L 517 111 
Al mg/L 44.1 1.59 
Fe mg/L 26.4 1.74 
Cu µg/L 22600 1835 
Zn µg/L 74400 2580 
Cd µg/L 225 7.64 
Pb µg/L 2270 1780 
Sb µg/L 0.06 0.03 
Mo µg/L 0.36 0.24 
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Appendix 2 – Graphs 
 

 

Figure 1. Chloride concentration of selected systems versus L/S ratio. 

 

Figure 2. Aluminium concentration of selected systems versus L/S ratio. 
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Figure 3. Iron concentration of selected systems versus L/S ratio. 
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Figure 4. Copper and lead concentration of selected systems versus L/S ratio. 
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Figure 5. Antimony and molybdenum concentration of selected systems versus L/S ratio. 
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