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ABSTRACT 

Acid mine drainage (AMD) is generated by sulphidic mineral wastes at many mining 

locations throughout the world. It results from the percolation of water through mine 

wastes where chemical and biological oxidation of residual metal sulphides occur. The 

oxidation results in the generation of an acidic (pH 2 to 4), sulphate-rich, metalliferous 

solution. If left untreated, the acidity and high metal content of AMD flowing into the 

environment can have a devastating effect on terrestrial and aquatic ecosystems. As 

AMD can continue for tens of decades after a mine closure, a low maintenance and 

economical containment system is desired for AMD mitigation. 

In the work reported in the thesis, column tests were conducted to evaluate the merit of 

using an organic cover layer over oxidized mine tailings as a method of AMD mitigation. 

The two different organic materials tested in the laboratory were domestic sewage 

sludge and peat. Four columns were set up. The tailings in the first column were left 

uncovered. Tailings in the 2nd, 3rd and 4th columns were covered with a water layer, a 

sewage sludge layer and a peat layer, respectively. The first two columns served as 

controls. All of the four columns were set up in an environmental chamber where a 

temperature of 25°C and humidity of 7 5% was maintained. 

Characterization tests on the tailings indicated that the tailings were fine grained and 

highly acidic. The aqueous extracts of the tailings contained high concentrations of iron 

and sulphates. The other metal ions present in significant concentrations in the distilled 

water extract were AI, Ca, Mg, Ni and Zn. Cadmium, Cu, Cr and Pb were present in 

concentrations less than 10 mg/1. The selected cover materials had near neutral pH, 

and high biochemical oxygen demand (BOD) and chemical oxygen demand (COD). The 
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columns with these cover materials developed low hydraulic conductivity during the 

simulation experiments. The results of a 4 112 month long column-leaching experiment 

indicated that the water quality of the leachate from the columns with organic covers 

was better in comparison with the two controls. 

The performance of the sewage sludge cover was best. The leachate under this column 

had better water quality in terms of the monitored parameters. This column had the 

lowest relative ion concentrations in the leachate, developed a low hydraulic 

conductivity (2.5x10-6 cm/s) and maintained anaerobic conditions (Eh < 0). The low 

redox potential propelled reduction reactions and formation of metal sulphides. The 

formation of metal sulphides was indicated by the concurrent decrease in metal 

concentration, appearance of black coloration and negative redox potential. The pH of 

the leachate increased from 3.2 to 3.4 for this column. 

The performance of the peat cover was second best. This cover also maintained 

reducing conditions (low Eh) but less in comparison with the sewage sludge cover. The 

peat column had a hydraulic conductivity of 7.96x10-6 cm/s. The performances of the 

two control columns were similar to each other. 

Chemical speciation analysis using the MINTEQA2/PRODEFA2 model was performed 

to determine the equilibrium of Fe2+/Fe3+ ratio. It was predicted by the model that the 

Fe2+/Fe3+ ratio is higher for columns with organic covers. 

The research project demonstrated that the organic cover on top of the tailings resulted 

in improved leachate quality. A strong reducing environment prevailed under the 

organic cover layers that reduced and consequently immobilized the metals as metal 

sulphides. Before the installation of these covers for reclaiming a mine site, field 

experiments of longer duration should be carried out. It is also recommended that the 

effects of desiccation, freeze-thaw cycles and the effect of compaction of covers on 

hydraulic conductivity be analyzed. 
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CHAPTER! 

INTRODUCTION 

1.1 BACKGROUND 

Acid mine drainage (AMD) is one of the largest environmental problems associated with 

the decommissioning and reclamation of sulphidic tailings and waste rock in Canada and 

several other parts of the world (Filion and Ferguson, 1989). Canadian provinces have a 

total area of over 12,500 hectares of tailings and 7 40 million tonnes of mine waste rock 

(NRC, 1994). The reclamation costs for the existing mine sites are in excess of 

$ 3 billion. Mines that produce AMD have difficulty in meeting environmental standards 

and usually expend large financial resources on pollution control It is imperative that 

mining companies and regulatory agencies attempt to control AMD in the most cost 

effective and environmentally compatible manner. 

The problem of AMD is most commonly associated with mining industries where an 

excess of waste rock and tailings containing sulphide minerals are exposed to the 

atmosphere. AMD is not necessarily confined to mining activities, but can occur 

wherever sulphide bearing rock is exposed to air and water. An example of AMD 

occurring at a non-mining site is at the Halifax airport in Nova Scotia. The construction 

of the airport and highway through a fractured fissile band of mineralized slate caused an 

AMD problem (Guilcher, 1987). 
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Containment and mitigation of AMD is an expensive process and involves extensive 

research of the technology before its successful implementation at a mining site. 

Innovative techniques are explored in this project to control the AMD in an 

environmentally friendly and cost effective manner. The research carried out for this 

project is related to the potential AMD at the Dona Lake Mine in northwestern Ontario. 

1.1.1 Description of AMD 

Acid mine drainage (AMD) is defined as drainage that occurs as a result of natural 

oxidation of sulphide minerals contained in rocks and mine tailings that are exposed to 

air and water. It can be due to chemical or biological oxidation of sulphide minerals in 

ore, waste rock, tailings or at locations where sulphide rock lies exposed to the 

atmosphere. When sulphide minerals, in particular pyrite and pyrrhotite, are exposed to 

oxygen and water, they oxidize to form highly acidic pore water, commonly known as 

acid mine drainage (AMD). 

AMD is characterized by low pH, high total dissolved solids (IDS), high metals and 

trace metal concentrations and high sulphate concentration. These characteristics are 

illustrated in Figure 1.1. 

I Acid Mine Drainage I 
I 

I I I I 

Low pH High metal & trace High sulphate High total dissolved 
2-4 metal concentrations concentration solids (TDS) 

Figure 1.1 Characteristics of Acid Mine Drainage 

Metals have high solubility in acidic water. The low pH water from AMD has the 

potential to mobilize heavy metals present in the waste rock and the tailings. The acidic 

water is available as a transport medium and can carry the products of AMD (typically, 
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elevated metaVtrace-metal levels and sulphate) with it and contaminate surface and 

subsurface water sources. The contamination has a detrimental impact on the water 

quality of receiving waters. AMD can pose a serious long-term threat to the 

environment due to the toxicity of heavy metals and other products to aquatic life. 

1.1.2 Acid Generation Process 

The primary reactants for acid generation are: reactive sulphide minerals, water or humid 

environment and an oxidant. The oxidant is available either from a chemical source or as 

oxygen from the atmosphere. Most commonly it is atmospheric oxygen that penetrates 

into the waste rock dump or tailings and propels the oxidation of sulphides. Excluding 

or limiting the amount of oxygen penetrating the tailings or mine-wastes will stop the 

acid generation. The bacterial species thiobacillus fe"ooxidans plays a major role in 

acid generation by acting as a catalyst during the oxidation reactions. Inhibition of 

bacterial activity can also lessen the rate of acid generation. The following reaction 

shows how pyrite oxidation results in the formation of acid (indicated by W ion). 

(1.1) 

Figure 1.2 illustrates the general process of AMD and metal migration in a waste rock 

pile. This figure shows a mixture of sulphidic rock1 and basic rociC and the potential 

sources of water and oxygen. The water percolates through the waste, comes in contact 

with both acid-generating and acid-neutralizing materials and finally emerges as AMD. 

The drainage has a pH that varies from less than 1 to greater than 7 (Robertson and 

1 Sulphidic rock: The acid producing rock containing sulphide mineral 
2 Basic rock: The acid neutralizing rock 
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Figure 1.2 Schematic of AMD process in a waste rock pile (After: Robertson and 

Kirsten, 1989) 

Kirsten, 1989). The TDS may be as high as 10,000 mgll If alkaline material is available 

in the waste rock, the pH may increase as a result of neutralizing reactions as drainage 

water passes through the waste. The water quality and the rate of release of AMD are 

governed by various chemical and biological reactions at the source and along the 

drainage path from the source to the environment. 

1.2 SITE DESCRIPTION 

The tailings used for this research project were obtained from Dona Lake Mine. The 

mine is an underground gold mine located about 20 km southeast of Pickle Lake in 

Northwestern Ontario. The oxidized tailings were collected from a tailings 

impoundment area located close to a drumlin ridge east of the mill. A plan view of the 

mine site is shown in Figure 1.3. 
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The mining operations at the site commenced in January 1989 at a nominal production 

rate of 500 tons of ore per day and ceased in August 1994 due to the depletion of the ore 

body (Klohn-Crippen Consultants Ltd., 1995). Cyanide leach and carbon-in-pulp 

method was used for mineral extraction. 

The mine is situated in an area that has been subjected to extensive glaciation. The mine 

has extensive areas of muskeg covered by tamarack and black spruce. The subsurface 

consists of shallow peat overlying compact to dense glacial till or bedrock. The average 

elevation of the mine area is 375 m to 380m (Klohn-Crippen Consultants Ltd., 1995). 

1.2.1 Precipitation 

The average annual precipitation at the mine site is 711 mm of which 66% ( 469 mm) is 

rain and the remainder is snow. The average annual precipitation is based on the rainfall 

record monitored a.t the Pickle Lake recording station that is located about 9 km north

northwest of the mine site (Klohn-Crippen Consultants Ltd., 1995). The monthly 

distribution of precipitation is shown inTable 1.1. 

Table 1.1 Monthly precipitation distribution in percent, Pickle Lake, 1994 

Jan Feb. Mar Apr. May June July Aug. Sept. Oct. Nov. Dec. 

4.9 3.9 4.7 5.6 8.9 12.7 14.5 12.8 11.6 8.4 7.0 5.1 

The mean monthly temperatures during the winter are less than -10°C, with the extreme 

minimum less than -30°C. The mean monthly temperatures during the months of June, 

July and August are greater than 20°C with maximum above 35°C. 
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1.2.2 Tailings ponds 

The mine tailings are deposited in a tailings impoundment area. Two ponds have been 

used for impounding the tailings. One is a primary clearwater pond, named Sika pond 

and the other is secondary clearwater pond, named Zeitz pond. The Zeitz pond is 

downstream of the Sika pond and has an approximate area of 109 ha. This pond 

provides secondary polishing of the tailings water. Both these ponds are shown in 

Figure 1.3. 

About 8700 m2 of tailings are submerged at a normal operating pond level of 391.5 m 

while 7500 m2 of tailings remains exposed (Klohn-Crippen Consultants Ltd., 1995). The 

exposed tailings can pose a great threat as the influx of oxygen is a continuous process. 

Some of the conclusions presented by Klohn-Crippen Consultants Ltd. (1994) about the 

mine are: 

(i) There are two potential sources of groundwater contamination. The tailings area 

represents the more significant source of AMD while the solid waste (waste 

rock) site is considered a minor source of contamination. 

(ii) The tailings are considered to be potentially acid producing based on acid/base 

accounting tests. 

1.3 RESEARCH OBJECTIVES AND SCOPE 

The objective of the research project is to evaluate the performance of organic materials 

as a cover over sulphidic rock tailings to control acid production and metal mobilization. 

The results of the research work can be useful in the design and freld implementation of 

organic covers over the oxidized tailings for reclamation of a mine site. The use of 

organic covers is an innovative and new technique, the success of which will also be 

appreciated in the waste management of organic wastes. The cover materials used for 
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the study are domestic sewage sludge and peat. The effectiveness of the covers will 

depend upon the oxygen uptake by the microorganisms in the organic layer and the 

maintenance of a high water content by the covers. The maintenance of water by the 

cover will provide a physical barrier to oxygen diffusion. The specific objectives of the 

research work are to: 

1. Test the efficacy of organic materials in creating a reducing environment to facilitate 

reduction reactions. 

2. Compare the performance of two organic cover materials, namely, sewage sludge 

and peat. The comparison is made in terms of storing of water in the cover layer, 

low oxygen penetration and water quality of the leachate. 

3. Compare the performance of the two organic covers to: 

(ii) no cover (controll) 

(ii) a water cover over the tailings (control2) 

4. Evaluate the water quality of the leachate of all the columns. 

5. Conduct a speciation analysis. 

The peat used for the research is abundantly available at the mine site and would incur 

little transportation cost for field use. The sludge could be obtained from the town of 

Pickle Lake. The sewage sludge for the laboratory experiments for this project was 

obtained from the City of Saskatoon wastewater treatment plant due to easy availability 

and transportation. The sludge from the City of Saskatoon treatment plant is digested 

anaerobically and then disposed by land application onto drying beds. The dry solids 

from the sludge accumulate over time and can pose a disposal problem. If the results of 

the study are favorable, then the utilization of sludge as a cover could provide a 

beneficial way of getting rid of the sewage sludge waste and controlling AMD. 
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1.4 RESEARCH METHODOLOGY 

Four test columns were set up for testing in an environment chamber in the 

environmental engineering laboratory, Department of Civil Engineering at the University 

of Saskatchewan. The laboratory program includes . physical and chemical 

characterization of tailings and cover materials and the tailings-cover simulation 

experiments. Tests were conducted to determined the BOD of cover materials. The 

details regarding the materials and the methodology adopted for conducting the 

experiment are discussed in Chapter 3. Metal speciation analysis was carried out on 

laboratory results of the leachate for all the columns. 

1.5 OUTLINE OF THESIS 

The thesis presents the evaluation and performance of organic covers over oxidized mine 

tailings. The structure of thesis has been laid out in order to facilitate the task of 

understanding the material presented. The chapter breakdown is as follows. 

1. Chapter 1. Introduction: provide the background of the problem and proposes the 

use of a new technique for the mitigation of the problem of acid mine drainage. The 

specific objectives of the research are listed in this chapter. 

2. Chapter 2. Literature Review: An overview of the available literature on AMD is 

presented in this chapter. 

3. Chapter 3. Materials and Methodology: The laboratory procedures used to conduct 

the study are described in this chapter. The characterization of the tailings and cover 

materials is also presented in this chapter. 

4. Chapter 4. Presentation of Laboratory Results: The results of the simulation 

experiments are presented in Chapter 4. 

5. Chapter 5. Analysis and Discussion of Results: The results of the experiments are 

analyzed. 
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6. Chapter 6. Conclusions and Recommendations: The research methodology and 

objectives are summarized in this chapter along with conclusions regarding the use of 

organic covers. 



CHAPTER2 

LITERATURE REVIEW 
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This chapter provides a review of the literature published on organic covers as related to 

AMD. The key control options that are presently available are discussed. The concept 

of providing an organic cover is new and is still in preliminary stages of research. The 

use of organic material as a possible cover for tailings and waste rock has originated 

from the use of wetlands for abatement of acid drainage. A limited number of 

researchers have conducted studies on the use of organic covers to prevent AMD. Their 

work is discussed in this chapter. 

2.1 MINERAL RESOURCE DEVELOPMENT 

Mineral resource development is the single largest generator of solid waste in Canada 

and the world (Wilson, 1995). The Canadian mining industry produces in excess of 500 

million tons of solid waste each year (Filion and Ferguson, 1989). Every province and 

territory in Canada, excluding Alberta and Prince Edward Island, has operating and/or 

abandoned acid generating waste sites. Lower ore grade and increasing mine production 

is likely to produce an equal amount of acidic solid waste (Le. tailings and waste rock) in 

the next twenty years (Filion and Ferguson, 1989). The US Bureau of Mines estimates 

that there may be as many as a million sites where mining related activities have 

occurred and of these 5 % to 10 % could pose environmental problems (Frieders and 

Raney, 1994). 
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The major environmental issues related to mining operations include AMD, dissolved 

metals, heavy metal contamination, erosion and sedimentation (Drabkowski, 1993). 

The cost of stabilizing a site with an AMD problem is highly site specific. The cost of 

stabilizing some sites has been estimated to be as high as $410,000 per ha under the 

most difficult conditions when applying existing technology (Filion and Ferguson, 1989). 

An average cost of $125,000 per ha is the estimated cost of stabilizing existing and 

future acid generating waste sites. Reclamation costs for the last forty years of mining 

activities are projected to be in excess of $3 billion over the next twenty years. An 

additional $1 billion is required to deal with abandoned sites where liability cannot be 

established (Filion and Ferguson, 1989). 

2.2 ACID MINE DRAINAGE 

Th~ term AMD ·defines the drainage that occurs as a result of the oxidation of sulphide 

minerals contained in waste rock piles and tailings material. It is recognized as an 

important contributor to the deterioration of the downstream surface water and 

groundwater quality in mining regions (Boorman and Watson, 1976; Morin et al., 1982; 

Drabkowski, 1993). The oxidation process occurs when the sulphide mineral is exposed 

to air and water containing dissolved oxygen. The oxidation results in the production of 

sulphuric acid that creates highly acidic conditions. A schematic diagram describing the 

AMD is shown in Figure 1.2. 

Wastes from mines are composed of solid and liquid wastes. The liquid mine waste is 

generated by surface runoff, ore processing and detoxification of the leach pads (Herzog 

and Forsgren, 1995). The two types of solid wastes include: mining waste or waste rock 

and milling waste or tailings. Waste rock is the heterogeneous rock that is piled after 

the ore has been extracted. Tailings are the solid waste products left after mineral ores 
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are milled and the valuable minerals extracted. The tailings and the mill waste-water are 

usually stored in large surface impoundments on mine lands and are left untreated 

(Pierce, 1992). The research project is related to abating AMD from tailings. 

2.2.1 Environmental Impacts of AMD 

The full impact of AMD is realized only when this poor quality water enters the 

receiving environment. Once input to a stream, the heavy metals can be transported 

downstream (Axtmann and Luoma, 1991). Loss of aquatic life and fish kill has been 

reported as an impact of AMD (Robertson and Kirsten, 1989). In Australia, AMD from 

an abandoned uranium mine was responsible for the loss of aquatic life for a distance of 

nine kilometers along the Finniss River in the Northern Territory (Robertson and 

Kirsten, 1989). 

AMD contains several elements and inorganic compounds at concentrations that are 

orders of magnitude greater than water quality guidelines established to prevent damage 

to the aquatic life. In fact, several elements can be present at concentrations that are 

toxic to aquatic life. In addition, the interactions between certain metallic species such 

as copper, zinc and cadmium increase the toxicity of these elements (Paine, 1987). The 

toxicity is further increased in acid waters. Robertson and Kirsten (1989) point out that 

the tailings from older mines that discharge directly into streams or rivers are responsible 

for substantial AMD loading at many locations in USA and Canada. 

A comparison of some of the main constituents of AMD with water quality guidelines 

for fresh-water aquatic-life is provided in Table 2.1. It can be observed from Table 2.1 

that the discharge limitations are substantially lower than the typical concentrations of 

metals in the AMD. 
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Table 2.1 AMD in comparison with water quality guidelines 

Metal Acid Mine Drainage Discharge limit* 
(mg/1) (mg/1) 

Iron 1- 10000 0.3 

Sulphate 1-20000 

Aluminum 1-2000 0.1 

Manganese 50 

Zinc 10 0.03 

Nickel 5 0.065 

Copper 0.002 

pH 2-4 6.5-9 

TDS 5- 10 000 

After: Paine, 1987 
*Source: Canadian Water Quality Guidelines for freshwater aquatic life, 1987 

2.3 OXIDATION OF IRON SULPHIDE 

The primary cause of AMD is the oxidation of sulphide minerals. Some key oxidation 

reactions are discussed in this section. The sulphide mineral can be present in a variety 

of different forms; however, pyrite and pyrrhotite are the most common. Oxidation of 

sulphides occurs in the presence of moisture and an oxidizing agent, such as oxygen 

from the atmosphere. 

2.3.1 Acid Generation Reactions 

Stumm and Morgan, (1981) describe the following reactions for the process of acid 

generation. AMD starts with a slow oxidation of pyrite or other sulphide mineral into 

dissolved iron, sulphate and hydro gen. This reaction occurs predominantly at a pH 

above 5.5 and is due to the inorganic chemical oxidation of pyrite. Equation 2.1 shows 

the chemical oxidation of pyrite. 

(2.1) 
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The dissolved Fe2
+ and S04 

2
- represent the total dissolved solids and W represents the 

acidity of water. If the surrounding environment is oxidizing, much of the ferrous iron is 

oxidized to ferric iron as shown by Equation 2.2. 

(2.2) 

At pH values between 2.3 to 3.5, the ferric iron will precipitate as Fe(OH)3, leaving little 

Fe3
+ in solution while lowering pH at the same time. Equation 2.3 shows the oxidation 

ofFe3
+ to Fe(OH)3. 

(2.3) 

Any Fe3
+ from Equation 2.2 that does not precipitate from solution through Equation 2.3 

may be used to oxidize additional pyrite. The oxidation of pyrite by ferric iron is shown 

in Equation 2.4. 

(2.4) 

The reactions given in Equations 2.1 to 2.4 show that the oxidation of pyrite produces 

acid. The Ir represents the acidity that results due to the oxidation reactions. All the 

above reactions are exothermic and results in an increase of temperature. Reactions 2.3 

and 2.4 accounts for about 75% of the total acid. If the reactions proceed unhindered, 

the process is repeated until the sulphide is depleted (O'Kane, 1995). The rise in 

temperature and acidity resulting from the reactions increases the solubility and mobility 

of heavy metals. 

A simplified model of the processes of pyrite oxidation is presented in Figure 2.1. The 

pathway (a) in Figure 2.1 shows that some pyrite is oxidized by oxygen to produce Fe2
+. 

The ferrous ion produced is oxidized to Fe3
+ as indicated by pathway (b). The ferric ion 
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may either precipitate as Fe(OH)3 or is available to oxidize more FeS2(s) to Fe2
+ as 

indicated in pathway (d). Equation 2.4 represents the reaction shown by pathway (d). 

or 

+<h~ 

(c) 

Figure 2.1 Simplified model of pyrite oxidation processes (After: Snoeyink and Jenkins, 
1980) 

Certain bacteria are known to accelerate or decelerate the rate at which some of the 

above reactions proceed, thereby, increasing or decreasing the rate of acid generation. 

Thiobacillus ferroxidans, a species of bacteria, acts as a catalyst at a pH less than 3.5 

and accelerate the oxidation reactions. These bacteria are acidophilic and exhibit 

optimum growth in the pH range of 1.5 to 3.5 (Senes, 1984). 

After the pyrite oxidation cycle shown in Figure 2.1 has started (ie., a small amount of 

FeS2 has been oxidized by ~) further oxygen is needed only for the microbially 

catalyzed oxidation of Fe2
+ to Fe3

+. Fe3
+ is available in sufficient quantity for direct 

oxidation of FeS2(solid). Between pH levels of 2 and 4, both bacteria and ferric iron 

catalyze the reactions and rates can be 20 to 100 times faster than the original reaction 
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rate (Knapp, 1987). At a pH above 4, the rate-controlling step for oxidation occurs by 

inorganic pathways and the reaction is substantially slower than in bacterially mediated 

systems (Arkesteyn, 1980). 

The importance of bacterial participation in the oxidation process can be illustrated by 

comparing the oxidation of Fe2
+ in AMD water with oxidation of Fe2

+ in sterilized water. 

The rate in AMD water is about 106 times greater than that in sterilized water (Snoeyink 

and Jenkins, 1980). 

2.3.2 Factors Controlling Acid Generation 

There are several environmental factors that control the rate at which acid generation 

and metal dissolution proceeds. These factors apply to both waste rock and tailings. 

Some of the primary factors that control the rate of acid generation are discussed below: 

1. Oxygen ingress into mine wastes is the critical environmental factor affecting the acid 

generation reactions. The dominant oxygen transport mechanism through fme 

grained soil is oxygen diffusion through gas filled pores (Nicholson et al., 1989). 

Oxygen diffusion through water is 104 times less than that through air. Hence, if a 

soil cover with saturated water content ie., a saturated cover, is maintained over 

tailings it will result in low oxygen influx (Yanful, 1991). 

2. The acid generation reactions are very slow at neutral pH conditions. The rate of 

reaction increases as the pH falls (Wilson, 1995). 

3. All chemical oxidation reactions are temperature dependent and the reaction rates 

increase with an increase in temperature. Above a temperature of 55°C and below 

4°C not much biological activity occurs. Therefore, the rate of acid production 

decreases as the temperature decreases and approaches zero at 0°C (Wilson, 1995). 
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4. The surface area of metal sulphide increases with decreasing grain size of the waste 

material. Hence, the acid generation potential is higher in fme grained wastes in 

comparison to wastes which are coarse grained. 

2.3.3 Mobilization of Metals 

In the unoxidized mine tailings, metal sulphide minerals are a significant solid phase. 

Remobilization of metals is known to occur depending upon the oxidation-reduction 

reactions taking place in the tailings after their disposal. The low-pH pore water of the 

tailings is capable of mobilizing heavy metals and other soluble constituents of the waste. 

This makes acid drainage rich in dissolved solids. The metal ions can exist in ionic form 

or can form complexes with ligands. The ionic form of the metals is generally more 

toxic in comparison to complexes with ligands and adsorption on suspended matter. 

Most of the organic matter in a water body is present as dissolved organic carbon 

(DOC) (Salmons, 1995). The DOC can form some complexes with metals in the AMD. 

As a result, some metal-organic complexes are formed that can increase the dissolved 

fraction of metals and hence, the mobility of metals (Salmons, 1995). 

The relative mobility and biological activity for the different categories of metal species 

are given in Table 2.2. The exchangeable cations have the maximum mobility. The 

mobility of iron and manganese depends upon the oxidation state. It is also indicated in 

Table 2.2 that if the metals are bound with organic matter, their mobility will be of 

medium category. 
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Table 2.2 Relative mobility and availability of trace metals 

Metal species and association Mobility 

Exchangeable cations High 

Metal compounds 
with iron and 
hydroxides 

associated Medium. Changes in redox conditions may 
manganese cause a release but if sulphide is present 

insoluble metal sulphides are formed. 

Metals bound or fixed inside 
organic substances 

Metals associated with sulphidic 
phase 

Metals bound or fixed inside 
mineral particles 

)Uler: Salmons, 1995 

Medium 

Strongly dependent on environmental 
conditions. Under oxidation rich conditions, 
oxidation of sulphides occurs. 
Low. 

The aqueous solubility of some metal sulphides and equilibrium metal concentrations 

corresponding to the solubility of metal sulphides are provided in Table 2.3. 

Table 2.3 Aqueous solubility of some metal sulphides at standard temperature 

Metal Sulphide Solubility Equilibrium Metal 
(mg/1) Concentration (mg/1) 

AhS3 Decomposes 

FeS2 4.9 3.94 

MnS 4.7 2.97 

Ca(HS)2 6H20 very soluble 

3MnS.H20 6.0 

ZnS (alpha) 6.9 4.60 

NhS2 Insoluble 

CdS 1.01 

Source : CRC Handbook of Chemistry and Physics, 1991 

It can be observed from Tables 2.3 and 2.1 that the equilibrium metal concentrations of 

iron, zinc and manganese are higher than their typical discharge limitations. These 
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solubilities are for pure solutions in neutral pH water. Under actual field conditions, the 

solubility of a metal sulphide may increase or decrease due to co-precipitation or other 

factors (Singh, 1992). 

2.4 AMD CONTROL OPTIONS 

Several control methods have been investigated and implemented in the past to control 

and remediate sites with AMD problems. Many of these options are not economically or 

environmentally feasible for all sites. The objective of the control measures is to prevent 

or reduce the rate of acid formation at the source by inhibiting sulphide oxidation. 

Measures taken to ameliorate conditions of sulphide-related acidification are mostly 

focused on one or several of the factors that contribute to the oxidation process. 

Impoundments of AMD water and the establishment of engineered wetlands have been 

proposed and implemented at many mine sites (Dave and Lim, 1989). The goal of such 

control measures is to reverse the oxidation process through passive biological reduction 

processes. Some control options summarized by Robertson and Kirsten (1989) are: 

(i) Sulphide removal or isolation 

(ii) Exclusion of water (covers and seals) 

(iii) Exclusion of oxygen (subaqueous deposition, cover and seals other than water) 

(iv) pH control (waste segregation and blending and base additives) 

(v) Control of bacterial actions 

Among the new technologies and methods, the two major approaches for AMD 

amelioration are "dry barriers" and "wet barriers". Dry barriers include impermeable 

cover materials on tailings to stop the inftltration of water that has oxygen or air. The 

goal of such covers is to limit the flow of water and/or oxygen to the sulphide wastes. A 

number of different cover materials can be used. A list of some possible cover materials 

is given in Appendix A 
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Wet barriers include the permanent flooding of tailings by raising the water table and 

disposition of tailings in lakes (Pelletier, 1991 ). Establishment of an artificial wetland on 

top of tailings has been studied as a method of reversing acidification as well as 

stabilizing the tailing surface (Brown, 1991). 

Concerning biological methods for control of AMD, a study by the Ontario Research 

Foundation indicated that certain predators such as rotifers, zooflagellates and ciliates 

are known to consume thiobacillus ferrooxidans, but they require high cell densities 

(> 106 /mL). Also, because of their relatively large size, the predators are unable to 

enter interstitial spaces within the tailings to seek their prey (McCready, 1987). 

Recently, a number of studies have recognized that there are natural conditions of low 

oxygen concentration and redox potential that could be adapted to stop the AMD 

process and also reverse it (Pierce, 1992). Anaerobic conditions found in landfills and 

wetland organic sediments are populated by reducing bacteria. These bacteria produce 

methane gas and reduce dissolved sulphate, nitrate and metals returning them to a solid 

state as sulphide precipitates (Hedin et al., 1989). More research needs to be 

undertaken to implement organic covers for site remediation. 

2.5 WETLANDS 

Wetlands are discussed in a separate section because the use of organic covers utilizes 

the development of anaerobic conditions similar to natural wetlands. The very idea of 

organic covers has originated from wetland treatment of AMD. Within the past decade, 

over 500 wetlands have been constructed in United States to treat AMD (Klienmann and 

Hedin, 1993). 

Wetlands are the ponds and the marshes that develop in depressional areas that receive 

runoff from the surrounding landscape (Dave and Lim, 1989). Wetland sediments have 
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a characteristic anaerobic zone that harbors anaerobic bacteria such as sulphur and iron 

reducing bacteria. It was observed that at abandoned mines where acidic water was 

flowing into natural sphagnum (peatmoss) bogs, the wetland appeared to have 

ameliorated the effects of polluted water (Chironis, 1987). Wetland plants remove 

metals from AMD typically by three methods (Dave and Lim, 1989): 

(i) Adsorption (especially ion exchange) 

(ii) Consumption (plant uptake) 

(iii) Filtration 

Furthermore, wetlands will promote the accumulation of organic matter that ultimately 

provides reducing conditions. A schematic of wetland development and its ultimate self 

maintaining state is illustrated in Figure 2.2. 

YEAR 2 

YEAR 3-5 

YEAR 6-10 

Containment Berm Improved 
Quolity 
Output 

Figure 2.2 Schematic development of wetlands on mine waste sites 
After: Kalin and Everdingen, 1987 
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Huntsman et al. (1978) reported that the acidity, and dissolved iron, manganese and 

sulphate concentrations, decreased as AMD flowed through a sphagnum bog. In Tub 

Run bog in West Virginia, 50 m downstream of an AMD input, the pH of the interstitial 

water rose from less than 3.5 to greater than 5, sulphate concentrations dropped from 

250 mg/1 to 10 mg/1 and iron concentration dropped from 50 mg/1 to less than 2 mg/1 

(Wieder and Lang, 1982). 

The acidic water flowing through cattail marshes and peatmoss bogs had similar or 

sometimes superior quality to those of nearby streams that were unaffected by mine 

drainage (Kleinmann et al., 1986; Tarleton et al., 1984; Burris et al., 1984). These 

researchers noted that the wetlands are dominated by plants that prefer acidic water. 

One type of moss fails to grow if the pH is above 4 (Kleinmann et al., 1986). Some of 

these plants' species can also tolerate high levels of sulphate and various metals. 

In the organic-rich substrate of wetlands, many bacteria are active. Bacterium 

dseulfuvibria desulpurican convert sulphate components of mine water to hydrogen 

sulphide which in turn reacts with dissolved metals, adsorbed metals or precipitated 

metals to form insoluble metal sulphides (Dave and Lim, 1989). Sulphate reduction can 

generate up to 200 mg/1. of sulphides that is available for metal complexation 

(Rabenhorst et al., 1992). Adsorption by organic substrate, especially peat, is another 

important mechanism for removal of metals (Klienmann et al., 1986). 

Eger (1994) found that the materials such as 45-day-old municipal compost, yard waste 

compost, saw-dust and horse-manure can be used as an organic substrate for sulphate 

reduction. All these organic materials support sulphate reduction. Organic substrates 

were kept saturated to maintain anaerobic conditions. The highest metals removal rates 

(75%) occurred in wetlands that used municipal compost as organic substrate. The 

concentration of trace metals decreased by 90% and the pH increased from 5 to greater 
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than 7. In an another research project, different types of hays and straws were 

investigated as substrate for microbial growth. In a treatment system developed with 

substrates such as alfalfa, the pH of the AMD increased from 3.5 to greater than 5.5. 

The sulphate concentration decreased by 10% (Bechard et al., 1994). 

A surface coal mine was reclaimed with paper and mill biosolids (McFadden et al., 

1995). It was found that the biosolid reclamation of the mine waste land resulted in a 

dramatic decrease of acid and metals such as AI, Ca, Fe, Mg, Mn, Ni and Zn. 

A cost analysis by Guesk ( 1995) showed that the operating cost of a lime treatment 

method for treating AMD is 71% to 311% higher in comparison to the operating cost of 

wetlands. 

2.6 ORGANIC COVERS 

Organic covers are designed to consume oxygen and prevent the oxidation of underlying 

sulphide minerals. Organic covers can be envisaged as an artificial wetland on top of the 

tailings. Such cover materials under saturated conditions maintain an anaerobic 

environment that harbors sulphate and iron reducing bacteria. The bacteria reduce 

sulphates into sulphides, which form complexes and precipitates with the metals. In a 

tailings system, the biologically mediated sulphate and iron reduction rates are limited by 

the lack of organic substrates for bacterial metabolism. Hence, an organic cover layer 

on top of the tailings can provide an important source of carbon compounds for bacteria. 

The products of anaerobic decomposition of the organic matter from the cover layer 

leach into the tailings and can fuel a high rate of sulphate and iron reduction by sulphate 

and iron reduction bacteria (Pierce et al., 1994). The bacterial population is known to 

reduce the hydraulic conductivity by plugging the pore space (Blenkinsopp et al., 1991). 

The continued decomposition of organic matter acts as a sink for atmospheric oxygen. 
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Pierce (1992) reported that an organic cover on sulphide tailings is beneficial in 

suppressing AMD in five different ways: 

1. Organic covers can maintain sufficient water saturation to produce a physical oxygen 

barrier. 

2. The continued decomposition of organic matter such as fatty acids, ketones, 

methane etc. can create a large BOD that acts as an effective sink for atmospheric 

oxygen and dissolved oxygen. 

3. The compounds of decomposition of organic material can leach down into the 

tailings and inhibit growth and metabolism of sulphate producing bacteria. 

4. The organic constituents and reducing bacteria can prevent indirect ferric sulphide 

oxidation and acid generation. 

5. Compaction of the cover layer can further reduce hydraulic conductivity and prevent 

infiltration of precipitation, thereby reducing tailings groundwater flow. 

Because the organic covers are relatively inexpensive and can be composed of a variety 

of waste types, their use seems attractive. The use of an organic cover can provide a 

solution to the mining industrys' problem of tailings' management as well as urban 

municipality's problems in reducing the waste sent to land disposal and landfills. 

A schematic diagram of a tailings impoundment covered with organic matter is shown in 

Figure 2.3. The figure shows the reactions for oxidation of organic matter in the cover 

layer to produce carbon dioxide, water and other end products. At the interface of 

organic cover and oxidized tailings, reducing conditions prevail that reduces Fe(OH)3 to 

ferrous iron. 



Oxidizing conditions 
aiONS + 02 ~ C02 + H20+ other end products 
Organic matter 

Reducing Conditions 
4Fe(OH)3 + CHONS + 7 It"~ 4F~+ + HC~- + H20 

Organic 
Cover 

Unoxidized Tailings 

+ other end products 

Figure 2.3 Schematic diagram of a tailing impoundment covered with organic matter 
(After: Salmons, 1995) 

2.6.1 Sulphate Reduction Chemistry 
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Microbial sulphate reduction has been considered for neutralization of AMD (Kuyucak 

et al, 1991; Brown, 1991). Both wetlands and organic covers create an anaerobic 

environment in which sulphate reducing bacteria (SRB), dseulfuvibria desulpurican, and 

iron reducing bacteria are dominant. The SRB consume acidity by two processes: 

(i) use of organic acids for their metabolism, and (ii) use of acids in the formation of 

methane and hydrogen sulphide gases. 

The primary anaerobic removal process is sulphate reduction and sulphide precipitation 

mediated by microbes (Reynolds et al, 1991). Sulphate is readily reduced to sulphide in 

saturated soils containing decomposable organic matter to produce H2S that can be 
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removed as metal sulphides (Connell and Patrick, 1969). The rate of sulphate reduction 

increases with time of submergence and is directly related to organic matter in the soil 

(Ogata and Bower, 1965). SRB reduced cobalt and copper due to the formation of 

insoluble sulphides at a copper mine in Norway (Arnesen et al., 1991). The important 

factors influencing the rate of sulphate reduction are (Pierce, 1992): 

(i) the amount and quality of microbially-reactive organic carbon in the system 

(ii) the concentration of sulphate in pore water 

(iii) temperature 

Under anaerobic conditions SRB reduces sulphate to sulphide, which then combines 

with heavy metal cations and forms precipitates (Singh, 1992). These two processes are 

represented by the following two equations: 

CHONS +so;- ~ H 2S + 2HCO; +other end products 

where: 

(2.5) 

(2.6) 

CHONS represents organic matter and M represents metal that is precipitated as MS, 

metal sulphide. 

The hydrogen sulphide produced reacts readily with iron or other metals to form 

insoluble sulphides such as greigite, mackinavite and pyrite (Berner, 1984). The 

combined reduction of sulphate and iron consumes W ions and releases nutrients. This 

process results in an increase in the pH. The increase in pH and certain organic 

compounds are known to suppress the acid generating process by inhibiting the growth 

and activity of autotrophic iron bacteria thiobacillus ferroxidans that thrive in the pH 

range of 1.5 to 3.5 (Pierce, 1992). 
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These chemical reactions proceed under anaerobic conditions provided the pH does not 

inhibit biological activity. The sulphate reduction process is severely inhibited at low 

pH<5 (Postgate, 1979). Bicarbonate ions produced in the reaction can consume protons 

and raise the pH of AMD as follows: 

(2.7) 

The amount of acidity generated from the precipitation of metals by hydrogen sulfide 

(Equation 2.6) is the same as that consumed by bicarbonate ions generated (Equation 

2.5). 

SRB activity is known to decrease with a fall in temperature. This decrease is drastic 

when the temperature falls below 4 °C (Kuyucak et al., 1991). 

A consequence of bacterial activity is that under anaerobic conditions organic substrates 

are not fully oxidized to carbon dioxide and water (Rowell, 1988). Intermediate 

products such as simple fatty acids, alcohols and ketones are formed instead. Some of 

these compounds can reduce ferric oxides bringing iron back to the solution as a ferrous 

chelate (Rowell, 1988). Hence, depending on the redox conditions, reductive 

dissolution of hydroxides of metals may release the metals from tailings if the conditions 

are not highly reducing. 

Microorganisms that reduce Fe3
+ include Pseudomonas sp. 200, a member of the genus 

Vibrio and Alteromonas putrefaciens (Arnold et al., 1988; Lovely et al., 1989; Jones et 

al., 1983). These bacteria completely oxidize organic matter to carbon dioxide with the 

reduction of Fe3
+ or Mn4

+. Several of these bacteria are common in a variety of natural 

systems. 
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2.6.2 Laboratory Program on Organic Covers 

Pierce et al. (1994) undertook an extensive laboratory study to investigate organic 

covers. The organic material investigated was municipal solid waste compost. Three 

cover designs were prepared using two grades of compost, fresh compost and mature 

compost, as covers over oxidized sulphide tailings. The results of the study showed that 

the fresh compost maintained a higher water content, lower hydraulic conductivity 

(2.2x10-6 crnls) and lower redox potential as compared to the mature compost. Black 

precipitates of iron sulphide formed at the fresh compost-tailings interface indicating 

strong reducing conditions and reversal of the acid generation process. 

The oxygen concentration in the pore space was less than 2% for all the columns. The 

pH varied from 7.5 to 8.2 in the compost layers and 3.5 to near neutral at the tailings

compost interface (Pierce et al., 1994). 

In some of the cover designs, trace metals were mobilized under reducing conditions due 

to reductive dissolution (Pierce et al., 1994). However, these researchers anticipated a 

decrease in the concentrations of trace metals in the tailing pore water as reductive 

dissolution shifts to reductive precipitation. The results of this study demonstrated that 

leachate from a compost-tailing system presents low environmental risks for use on mine 

lands. The low hydraulic conductivity of fresh compost layer would inhibit vertical 

water flow through the compost layer and, therefore, reduce the potential leaching of 

nitrogen compounds, acids and metals from the compost-tailing system. Pierce et al. 

( 1994) concluded that fresh municipal solid waste compost was the simplest and most 

cost-effective tailing cover layer solution. 

Stogran and Wiseman (1995) proposed to investigate cover materials such as peat, 

municipal solid waste compost and alkaline stabilized sewage sludge along with an 

inorganic layer of desulphurized tailings. Though the results of this research work are 
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not published, they point that there could be a problem of increased solubility of tailing 

minerals and mobility of dissolved metals due to decomposition products of the organic 

layer, especially organic acids. 

2.6.3 Field Application of Organic Cover 

Tremblay (1994) reported a case study at East Sullivan mine site in Quebec. The 

tailings at this site were initially covered with up to 8 m depth of ligneous waste such as 

bark, fiber board, pulp wood and sanding dust. The thickness of this cover layer 

consolidated from 8 m to 2 m in a span of six years. Sewage sludge was later 

incorporated into the top 30 em of the cover layer and was seeded with grass. 

Sampling of the effluent showed an increase in pH from 3.5 to 7 over a period of four 

years. Gas samples from the tailings showed a drop of oxygen concentration from 16% 

to 1.5 % over a 70 em depth. The decrease in oxygen concentration with depth 

indicates the consumption of atmospheric oxygen due to BOD of the organic matter. 

The carbon dioxide and methane concentration increased from 0 to 20% over the same 

depth. Both carbon dioxide and methane are the results of bacterial activity in the 

organic cover layer. The results of this field scale study indicate that the organic cover 

was effectively blocking oxygen from entering the underlying tailings. 

A ten year study was conducted on the reclamation of abandoned mine land using 

digested wastewater sludge, powerplant fly ash, papermill sludge and limed topsoil 

(Pichtel et al., 1994). The fly ash was found to be least successful while limed soil and 

papermill and wastewater sludge achieved successful long-term reclamation. 
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2.7 SUMMARY 

AMD can result in significant environmental problems unless contained. One of the 

biggest impacts of AMD on receiving environment is the loss of aquatic life and fish kill 

Acid drainage is deleterious due to the toxicity of high concentration of metals and its 

low pH. 

The acid generation reactions occur in the presence of sulphide minerals, moisture and 

oxygen. The goal of control options is to isolate one of the three components so that 

the oxidation reactions cannot proceed. Methods aiming to exclude oxygen from 

entering waste rock and tailings are a practical and a common control measure. It was 

observed from the literature review that a number of materials can be utilized as a cover 

for waste rock and tailings. Some of these materials, such as soil cover, water seal, 

synthetic membrane and wetlands, have been employed in the past. Substances rich in 

organic matter can develop a significant oxygen demand in the presence of bacteria and 

can curtail oxygen influx into mine waste piles. 

Research conducted by Pierce et al. (1994) had demonstrated that reducing conditions 

developed under municipal solid waste compost cover. Some trace metals may become 

mobile due to dissolution which occurs as reducing conditions are reestablished. 

It was evident from the literature survey that only a few researchers have conducted 

studies on organic covers. More laboratory and field scale research needs to be 

conducted before the method can be successfully used as a mitigation technique. The 

aim of this research project is to investigate the suitability of sewage sludge and peat for 

reclamation of the Dona Lake Mine site. 
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CHAPTER3 

MATERIALS AND METHODOLOGY 

In this chapter, the materials used for the research project and the methods employed to 

conduct the experiments are described. Characterization tests for tailings and cover 

materials are also discussed. Four leaching columns were set up in the laboratory to test 

two different organic cover materials for the control of AMD. The tailings used for the 

experiments were obtained from Dona Lake Mine. Two control columns were set up. 

One column with no cover and another with a water layer on top of tailings were used as 

control columns. The columns were set up in an environmental chamber where a 

temperature of 25°C was maintained. The columns were subjected to 11 events of 

artificial precipitation. Samples of the leachate were collected after each rainfall event 

and analyzed. Some changes had to be made in the methodology that was planned at the 

beginning of the project. 

3.1 EXPERIMENTAL MATERIALS 

3.1.1 Tailings 

The tailings used for the study were obtained from Dona Lake Mine in Ontario and were 

delivered to the geotechnical laboratory, Department of Civil Engineering, University of 

Saskatchewan, in three plastic containers on August 6, 1996. The tailings represent the 

exposed tailings that lie in the tailing impoundment area near the drumlin east of the mill 

(Figure 1.3). The tailings were taken from the top 30 em below the ground surface and 
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represent the oxidized section of the tailings in the tailings pond. The oxidized tailings 

were ochre-brown in color; however, oven dried samples of the tailings were pale 

brown. 

3.1.2 Cover Materials Investigated During the Research 

Two cover materials were selected for the research project on the basis of their oxygen 

consumption potential, low cost and easy availability. These materials are anaerobically 

digested sewage sludge and peat. Both the materials have good water retention 

capacity. The selected cover materials can also decrease the movement of water 

through the tailings by forming a relatively impermeable barrier. 

3.1.2.1 Sewage Sludge 

Sewage sludge is a solid-liquid mixture that settles from primary and secondary 

treatment of wastewater in treatment plants. The sludge can be considered a resource 

material because of the high amounts of nitrogen, phosphorus and organic matter. It 

contains about 50% organic matter (Kladivko and Nelson, 1979). The organic matter 

can act as a sink for oxygen. Sludge with high organic content is capable of retaining a 

higher water content and is more compressible. 

Anaerobic digestion of sewage sludge is a treatment process whereby sludge undergoes 

microbial degradation in the absence of air resulting in the production of methane and an 

inert solid-liquid mixture known as anaerobically digested sewage sludge. Digested 

sewage sludge has been found to be suitable and safe for amending agricultural soils 

(Gillies et al., 1989). 

The sewage sludge for the experiment was obtained from the City of Saskatoon 

wastewater treatment plant. Sludge was brought in two plastic containers from the 

sludge drying beds located 12 km north of Saskatoon where the plant de-waters the 
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sludge. The de-watered sludge can have a water content of 60% after 10-15 days of 

drying (Metcalf and Eddy, 1991). 

The sludge was stored in a cold chamber at a temperature of 4°C to prevent any change 

in the sludge quality before it was placed over the tailings. 

3.1.2.2 Peat 

Peat is a soil mainly composed of 10 %-20 % of partially decomposed residue of dead 

plants. The water content of the peat deposits can be as high as 800% (Mesri et al., 

1997). The peat deposits accumulate at high void ratio because plant matter that 

constitutes peat particles is light and holds a considerable amount of water. The specific 

gravity of the peat is low (1.5 to 1.6). The wetness and accumulated plant matter limit 

the access of air to the underlying layers. This results in a strong anaerobic environment. 

From a chemical composition point of view, peat is largely an organic material that 

contains a complex mixture of organic matter that includes simple sugars, amino acids, 

humic acids, carbohydrates, proteins and lignins. The peat deposits have low hydraulic 

conductivity that is due to the blockage of pore space by methane or hydrogen sulphide 

gases (Buttler et al., 1991). The hydraulic is of the order 10-3 cm/s (Boelter, 1969). The 

blockage of pore spaces by gases can result in poor water flow through the peat layer 

and maintenance of near saturated conditions and low oxygen conditions (Boelter, 

1969). 

The peat for the experiment was brought from the Dona Lake mine site in late October 

and stored at 4°C. The peat was dark brown in color and had a high water content. The 

peat deposits are present in the low lying areas at the Dona Lake mine site. The 

hydraulic conductivity of the peat is reported to be significant unless compacted (Klahn

Crippen Consultants Ltd., 1994). 
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3.2 CHARACTERIZATION OF TAll..INGS AND COVER MATERIALS 

Characterization of mine wastes is important to evaluate their potential impact on ground 

and surface waters (Herzog and Forsgren, 1995). The oxidized tailings from Dona Lake 

Mine were characterized physically and chemically. Aqueous extracts from the tailings 

showed typical trends of AMD ie. low pH and high dissolved metals. 

3.2.1 Physical and Chemical Characterization of Tailings 

Tests were performed to characterize the tailings physically and chemically. The tests 

were performed on the tailings from each container. The properties of the tailings such 

as grain size distribution, specific gravity and pH from the three containers were similar. 

Hence, the tailings from the three containers were mixed together and used for 

simulation experiments. 

3.2.1.1 Grain size distribution 

Grain size of the tailings was determined by ASTM D 422 -63. The grain size test was 

performed on the tailings materials from all the three containers shipped to the 

laboratory. Samples from each container were oven dried for approximately 24 hours at 

a temperature of 1 05°C. All of the small lumps from the tailings were removed. The 

lumps accounted for about 5% of the total amount of tailings that was taken. 

The dried tailings were then passed through a 2 mm sieve (Sieve No. 10). Fifty grams of 

this tailings material was used for a grain size testing. The grain size distribution curves 

for tailings from different containers are attached in Appendix B. The grain size curve 

for the mixed tailings is shown in Figure 3.1. The curve shows that the tailings are fine 

grained with more than 65 % finer than 0.1 mm. 
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Figure 3.1 Grain size distribution curve for mixed homogeneous tailings 

3.2.1.2 Specific gravity 

The specific gravity test was performed according to ASTM D 854-83. The specific 

gravity of the three tailing samples was found to be 2.92, 2.93 and 2.99. The average 

specific gravity of the tailings is 2.95. 

3.2.1.3 Water content 

Water content is the amount of water present in a quantity of soil in terms of its dry 

weight. Mathematically, it can be represented as: 

where Wwis the weight of water present in the soil mass and W8 is the weight of dry soil 

solids. Water content was determined for all the tailing samples as per ASTM 02216. 

The water content of the tailings was 25 %. 
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3.2.1.4 Liquid limit 

Liquid limit is the water content below which the soil behaves as a plastic material The 

liquid limit of the tailings was determined by using ASTM procedure 04318. The liquid 

limit of the tailings was 29 %. The plot for the liquid limit of the tailings is attached in 

Appendix B. 

3.2.1.5 pH 

There are no ASTM standards for determination of the pH of soil. However, the paste 

pH of the tailings was determined by making a paste of tailings with distilled water in the 

ratios of 1: 1 and 2: 1 by weight. The two were mixed using a magnetic stirrer for two to 

three minutes before taking the pH reading. Two pH-meters were used, Metrohm 

Herisau E512 and Fisher Accumet pH-meter Model 620. Both the pH-meters were 

calibrated with the buffer solutions of pH 7 and 4 before testing each sample. Consistent 

readings were given by both the pH-meters. The paste-pH values are summarized in 

Table 3.1. 

Table 3.1 Paste-pH of the tailings 

Composition of Sample 1 Sample 2 Sample 3 
Paste 

Tailing:water 1:1 2.5 2.5 2.7 

Tailing:water 1: 1 2.5 2.5 2.2 

Tailing:water 1:2 2.3 2.7 2.7 

Tailing:water 1:2 2.3 2.2 2.8 

Tailing:water 1:2 2.4 2.5 2.6 

Av. Paste pH 2.4 2.5 2.6 
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3.2.1.6 Acidity 

Acidity of water is its quantitative capacity to react with a strong base to a designated 

pH. Acidity of the samples was determined using Standard Method 2310 B. The acidity 

tests were conducted on all the three tailings samples. Fifty grams of tailings were mixed 

with 1000 mL of distilled water. The initial pH of the tailings solution was 3, 3.5 and 3.3 

for the three samples, respectively. The acidity titrations were carried to a pH of 3. 7 and 

8.3. The results of the titrations are given in Table 3.2. 

Table 3.2 Acidity measurement for the tailings 

Sample Initial pH To pH of3.7 To pH of8.3 
number mg/1 of CaC03 mg/1 of CaCOJ 

1 3.0 50 118 

2 3.5 96 

3 3.3 22 106 

3.2.1. 7 Metals in tailings 

An Inductively Coupled Plasma (ICP) scan was used to identify the metal ions leaching 

from the tailings. The metal scan was conducted on two types of samples. The first type 

of sample was the aqueous extract for which 1 gm of tailings was mixed with 1000 mL 

of distilled water for 24 hours and analyzed. The second sample used for the metal scan 

was the leachate from column 2, wetting 2. The major cations leaching from column 2 

are listed in Table 3.3. The details of the metal scan on both the samples are available in 

Table B 1, Appendix B. The tailings were also analyzed for anions such as sulphates, 

nitrates and chlorides. Sulphate analysis was undertaken using Standard Method 4500 

S04 
2
- C. Chlorides and nitrates were analyzed by Standard Methods 4500 cr and 4500 

N03-, respectively using a Technicon auto-analyzer. 



Table 3.3 Major metals ions in the leachate from column 2 before adding cover 

Metal Ion Concentration (mg/1) 

sol- 15900 
Fe 3400 
Mg 620 
AI 500 
Ca 500 
Zn 50 
Mn 42 
Ni 11 
Na 10 
Cu 6 
p 2 
K 2 

3.2.1.8 Summary of tailings characterization results 

The physical properties of the tailings determined in the laboratory are summarized in 

Table 3.4. 

Table 3.4 Summary of tailings properties 

Property 

Specific gravity 

Grain size distribution 

Water content 

Liquid limit 

Paste pH 

Acidity 

Value 

2.95 

fme grained ( > 65% finer than 0.1 mm) 

25% 

29% 

2.48 

110 mg/1 as CaC0:3 to a pH of 8.3 

3.2.2 Physical and Chemical Characterization of Cover Materials 
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The physical characteristics of the cover materials tested were appearance, pH, water 

content and metals content. The number of different methods by which organic soils can 

be characterized for organic matter include measuring Biochemical Oxygen Demand 
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(BOD), Chemical Oxygen Demand (COD) and Dissolved Organic Carbon (DOC) 

(Standard Method, 1992). As the organic material is composed of different organic 

compounds with varying degree of degradability, BOD or COD tests cannot give an 

indication of the total organic matter present. All three tests were conducted for the 

sludge and peat characterization. 

Peat is characterized by using the physical properties such as degree of decomposition. 

The hydraulic conductivity and water retention of peat are related to the degree of 

decomposition. The porosity and pore size distribution are also influenced by the degree 

of decomposition. 

3.2.2.1. pH 

The pH of peat and sludge were measured in water and CaCh as suggested in the Peat 

Testing Manual (1979). This method is suggested because, for organic soils, the pH 

readings are modified in water by salts that may be present in the soil The pH in a CaCh 

solution is independent of initial amount of salt present in soil The pH in CaCh is about 

0.5 to 0.8 units lower than measurements in water due to the release of more W ions by 

cation exchange (Peat Testing Manual, 1979). The pH in water is measured by making a 

paste of organic material with distilled water in the ratio of 1:2 by weight. The 

procedure for pH measurement in CaCh is as follows: 

Procedure: 

1. Make a 0.01 M solution of CaCh in distilled water. 

ii Weigh 3 g of air dried peat or equivalent amount of moist material and place in 

a 100 mL beaker. 

iii Add 50 mL of 0.01 M CaC12• Let it soak with occasional stirring for 30 

minutes. 

iv. Calibrate the pH-meter and take readings. 
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The results of the pH examination are given in Table 3.5. The typical pH of digested 

sludge is between 6.5 and 8 (Metcalf and Eddy, 1991). The pH of digested sludge from 

the City of Saskatoon treatment plant falls in this range. 

Table 3.5 pH of peat and sludge 

pH 

In CaCh 

In distilled water 

3.2.2.2 Water content 

Peat 

4.6 

5.4 

Sludge 

5.4 

7.0 

The gravimetric water content was determined by ASTM standard 02216. The water 

content of the sludge and the peat samples was 45 % and 224 %, respectively. 

3.2.2.3 Specific gravity 

The specific gravity of sludge was determined to be 2.32. The specific gravity of sludge 

solids reported by Metcalf and Eddy (1991) for sludge produced from aerated lagoons is 

1.3. The specific gravity determined for sludge from the City of Saskatoon wastewater 

treatment plant that was obtained from the drying beds, is higher than found in the 

literature. The discrepancy may be due to the mixing of the dried sludge with the 

underlying sand in the drying beds when the sludge was collected. It was not possible to 

determine the specific gravity for peat by any standard methods. 

3.2.2.4 Metal content 

It is important that the selected cover materials do not leach excessive amounts of metals 

into the tailings layer. If the cover materials leach excessive amounts of metals/trace 

metals, then these metals may infiltrate into the tailings and flow with the mine leachate. 

The metals present in peat and sewage sludge were identified using an ICP metal- scan. 
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3.2.2.4.1 Metals in sewage sludge 

The results of the analysis on sewage sludge were provided by the City of Saskatoon 

wastewater treatment plant. Some of the major chemicals present in the sludge are given 

in Table 3.6. 

Table 3.6 Chemical properties of City of Saskatoon sewage sludge 

Analyte Concentration (mg/1) 
COS-D- sludge COS-E- sludge Average 

Ca 41 39 40 
Fe 32 32 32 
A1 27 27 27 
Ni 16 16 16 
p 15 15 15 
Mg 7 7 7 
K 1.6 1.6 1.6 
Cr 0.9 0.9 0.9 
Na 0.5 0.5 0.5 
Mn 0.3 0.3 0.3 
Zn 0.3 0.3 0.3 
Ba 0.3 0.3 0.3 
Cu 0.1 0.1 0.1 

Source: City of Saskatoon wastewater plant, 1996 

The results provided by the treatment plant pertain to the sludge in the drying beds. The 

sludge was analyzed from two nearby locations that were classified as COS-D and COS

E sludge. The concentrations of chemicals in both the samples were quite similar. 

In order to determine the amount of metal ions that leach in the distilled water, an ICP 

scan was undertaken on a sewage sludge. A 10 gm sample of sewage sludge was mixed 

with 200 mL of distilled water with a magnetic stirrer for 24 hours and then allowed to 

settle for 8 hours. The solution was filtered and a metal scan was carried out on the 

extract to determine the concentration of metals in the aqueous extract of the sludge. 
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The major metal ions leaching into the distilled water are given in Table 3. 7 and the 

details are provided in Table B 2, Appendix B. 

Table 3.7 Metals leaching from 10 gm of sewage sludge in 200 mL of water 
(ICP analysis) 

Metal 

Ca 

Mg 

Na 
p 

Fe 

AI 
Zn 
Cu 

Concentration of dissolved metal 
in aqueous extract (Jlg/1) 
100,000 

22,300 

11,900 

420 

120 

29 

25 
13 

It is seen from the Table 3. 7 that the concentrations of metals leaching from the sewage 

sludge are very low. Only Ca, Mg and Na were leaching in significant concentrations. 

Hence, the sewage sludge can be considered safe cover layer for mine tailings. 

3.2.2.4.2 Metals in Peat 

An ICP scan was also conducted on a peat sample. A 10 gm sample of peat was mixed 

with 200 mL of distilled water and stirred using a magnetic stirrer for 24 hours. The 

major ions leaching from peat are given in Table 3.8 and the details of all the other 

cations are provided in Table B 2, Appendix B. 

It can be seen from Table 3.8 that very low amounts of metal ions are leaching from 

peat. The quality of the leachate from peat is, therefore, is acceptable. The metals 

leaching from peat are less than those for a similar sample of sewage sludge. 



Table 3.8 Metals leaching from 10 gm of peat in 200 mL of water 
(ICP analysis) 

Metal Concentration of dissolved metal 
in agueous extract ~1!8ill 

Ca 2510 
Na 1650 
Mg 520 
Fe 313 
AI 279 
Zn 269 
p 198 
Cu 36 
Mn 31 
Sr 7 
Be 7 
Ba 6 
Ti 6 
Li 3 
Ni 2 

3.2.2.5 Biochemical Oxygen Demand 
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BOD is the amount of oxygen utilized by aerobic bacteria when consuming organic 

matter. BOD determination of a cover material is important as it is one of the 

mechanisms by which the organic cover can control oxygen infiltration into the tailings. 

The oxygen that enters the cover may be used by bacteria for metabolism. Several 

preliminary five-day BOD tests were conducted on peat and sewage samples to 

determine the proper dilution range of the BOD test. The seed used was taken from raw 

sewage from the City of Saskatoon wastewater treatment plant. Standard Method 

5210B was used for the determination of BOD for the organic cover materials. For the 

BOD tests 10 gm of wet sample was mixed with 200 mL of double distilled water. The 

BOD test was performed on this mixture. Tables 3.9 and 3.10 show the results of BOD 

tests for sewage sludge and peat, respectively. 



Table 3.9 Biochemical Oxygen Demand of sewage sludge 

Amount dt d2 dt.d2 bt ~ bt-~ f p BOD 
of sample mg/1 
(mL) (before 

dilution 
2.0 7.5 0.6 6.9 7.5 1.5 6.0 0.993 0.0067 134.1 

2.0 7.5 0.6 6.9 7.5 1.4 6.1 0.993 0.0067 104.3 

3.0 7.5 0.3 7.2 7.5 1.5 6.0 0.990 0.01 118.8 

Average BOD 

where: 

dt = Dissolved oxygen (DO) of diluted sample immediately after preparation, mg/1 
d2 = DO of diluted sample after 5 day incubation, mg/1 
bt = DO of seed control before incubation, mg/1 
~ = DO of seed control after incubation, mg/1 
f = ratio of seed in diluted sample to seed in seed control 
P = decimal fraction of sample used 
Wet weight of sludge taken for test = 10 g 
Water content of sludge = 45 % 
Dry weight of sludge = 5.45 g 
BOD of sludge per unit dry weight = 23.8115.45 

= 4.4 mg of~/ g of dry sludge 
Amount of sludge in column 3 = 16.22 kg 
Total BOD of sludge in column 3 = 38,625 mg of 02 

Actual 
BOD 
(mg/1) 

26.82 

20.86 

23.76 

23.81 

~ 
U'l 



Table 3.10 Biochemical Oxygen Demand of peat 

Amount dt d2 dt-d2 bt ~ bt-~ f 
of sample 

(mL) 
3.0 7.4 1.1 6.3 7.5 1.5 6.0 0.99 

3.0 7.4 1.2 6.2 7.5 1.5 6.0 0.99 

Average BOD 

where: 
d1 = DO of diluted sample immediately after preparation, mg/1 
d2 = DO of diluted sample after 5 day incubation, mg/1 
bt = DO of seed control before incubation, mg/1 
~ = DO of seed control after incubation, mg/1 
f = ratio of seed in diluted sample to seed in seed control 
P = decimal fraction of sample used 
Wet weight of peat taken for test = 10 g 
Moisture content of peat = 224.4% 
Dry weight peat = 3.08 g 
BOD of sludge per unit dry mass = 4.95/3.08 

= 1.61 mg/1 of Wg of dry peat 
Total peat in column 4 
BOD of peat in column 4 

= 10.74 kg 
= 17,261 mg of 02 

p BOD 

0.01 29.7 

0.01 19.8 

Actual I 

BOD 
1 

(mg/1) 
5.94 

3.96 

4.95 

~ 
0\ 
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3.2.2.6 Chemical Oxygen Demand 

A COD test was performed on both peat and sewage sludge samples. The COD 

measures the oxygen equivalent of the organic matter that can be oxidized by using a 

strong chemical oxidizing agent in an acidic medium (Metcalf and Eddy, 1991). The 

COD was determined by Standard Method 5520. The advantage of the COD test is that 

it is not as time consuming as the BOD test. The COD of a waste is higher than the 

BOD as more compounds can be chemically oxidized than can be biologically oxidized 

(Metcalf and Eddy, 1991). 

The COD of sludge and peat is given in Table 3.11. The COD is calculated by using the 

following relationship taken from Standard Methods (1992): 

COD= (Vt- V2) x (0.098 x 8000)/ Vol of sample 

where: 

= 

= 
Volume of titrant for sample 

Volume of titrant for blank 

Table .3.11 COD of organic materials 

Vol of Vol of Vol of COD 
sample titrant for titrant for before 
(mL) sample* blank dilution 

(mL) (mL) factor 

Sludge 1.0 4 6.2 1724.8 

_Peat 1 0.5 5.3 5.6 470.4 

·Peat 2 1.0 4.4 5.2 627.2 

• Normality of titrant = 0.098 N 

Actual COD 
(mg/1) 

345 

94.1 

125.4 

(3.1) 

Actual COD 
(mg ofWg of dry 

organic matter) 

63.3 

30.6 

40.7 

The ratio of COD/BOD for sewage sludge and peat was found to be 14.4 and 22 

respectively. The typical ratio for undigested primary sewage sludge is between 1.25 to 
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2.5 (Metca1f and Eddy, 1991). The COD/BOD ratios for anaerobically digested sewage 

sludge and peat were not found in the literature. 

3.2.2. 7 Dissolved Organic Carbon 

The organic matter can be characterized in terms of dissolved organic carbon. The DOC 

of a sample gives the amount of organic carbon that readily dissolves in water. The 

organic molecules in the samples must be broken into single carbon units and converted 

to a single molecular form that can be measured quantitatively to determine DOC. 

The carbon available in the dissolved form can be easily used by the organisms. For the 

DOC analysis the sludge and the peat samples were sent to the Soil Science laboratory, 

University. of Saskatchewan. Duplicate samples of peat and sludge were used for DOC 

determination. DOC was determined by using a Shimadzu total carbon analyzer Model 

TOC-5050A connected to an auto sampler Model ASI-5000 A The results are given in 

Table 3.12. The results are based on the oven-dried weight of sludge and peat at 105°C 

for 16 hours. 

Table 3.12 DOC of cover materials 

Sample 

Sludge 1 

Sludge 2 

Peat 1 

Peat2 

DOC (mg/g) 

1.0 

1.0 

1.8 

1.8 
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3.3 DESIGN OF EXPERIMENTAL EQUIPMENT 

The design and construction of the experimental columns, initial preparation and loading 

of the tailings and the cover materials into the columns is described in this section. Four 

columns, one for each of the two cover materials and two controls, were set up in the 

environmental chamber. Factors such as the amount of tailings brought from the mine 

site, financial and human constraints and lack of space in the environmental chamber, 

prevented replicate columns. For the environmental chamber, a system for automated 

control and monitoring of temperature and humidity, was provided. 

3.3.1 Leaching Column Design 

In the current research, the simulation of an organic cover layer over tailings is based on 

a one-dimensional influx of atmospheric oxygen and water through the cover into the 

tailings. Four plexiglass (acrylic) cylindrical columns were employed to run the 

experiments. The columns were manufactured in the Engineering Shops at the 

University of Saskatchewan. The columns were 1.5 m high with 15 em outer diameter 

and 0.3 em thick walls. The clear walls of the columns allowed the observation of 

tailings and cover material for visible changes such as in color and porosity during the 

simulation experiments. A 20 mm outlet was provided at the base of each column. A 

plastic tube was attached at the outlet for collection of the leachate. The detailed design 

and dimensions of the columns are shown in Figure 3.2. Figure 3.3 shows the column 

layout. 

A ten speed Cole-Parmer pump Model No. 7567 and two 16-speed pump heads were 

used to spray water on to the top of each column. The two pump heads allowed for the 

simultaneous spraying of simulated rainfall into two columns followed by the remaining 

two columns. Fine spray nozzles, one for each column, were used. The nozzles were 
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held in position by plastic plates that covered the top of the columns during the 

experiment. Both the pump heads were calibrated to allow a consistent loading rate 

during each rainfall application. The calibration curves for the pump heads are attached 

in Appendix B. 

Oxidation-Reduction probes (ORP) were installed at the middle of the tailings layer. 

These were installed after the fourth input of the rainfall. Cole-Parmer ORP electrodes 

(catalogue number: 2-25-05-05-1) were used for the measurement of redox potential. 

3.3.2 Preparation of Tailings 

The tailings were air dried at room temperature. The tailings were then sieved through a 

16 mm sieve to remove all small lumps. The lumps accounted for less than 5 % of the 

total material. Distilled water was used to prepare a slurry of tailings at a water content 

of 30 % (30 g of water/100 g of slurry). The slurries were prepared in batches of 5 kg of 

tailings with water and hand-mixed for five minutes and poured into the columns. This 

permitted the tailings material to be consolidated and to uniformly fill the columns. 

3.3.3 Loading the Columns 

A 5 em diameter circular mesh of stainless steel, with a mesh-diameter of two mm, was 

placed at the column outlet at the bottom. A sand filter of 10 em depth was laid over the 

mesh. The ftlter prevented the tailings from flowing out of the columns. Water was 

added from the bottom to expel the air that was trapped in the sand layer. The sand filter 

was kept saturated until the slurry of tailings were added. 

A slurry of tailings at a water content of 30 % was prepared as described above. The 

contents were carefully placed in the columns in 5 em layers. While pouring the slurry, 

the columns were regularly tamped from outside, with a wooden mallet, to drive out the 
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air. A 50 em layer of tailings was placed in each column. The columns were allowed to 

drain and the leachate was collected. 

The amount of tailings and cover material in each column is tabulated in Table 3.13. The 

weight of tailings in the Table represents the dry weight. The weight of covers includes 

the weight of water at the natural water content. 

Table 3.13 Amount of tailings and cover material in the columns 

Column 1 Column 2 Column3 Column4 

Tailings depth 50 em 50 em 50 em 50 em 

Wt. of tailings 12.3 kg 12.3 kg 12.3 kg 12.3 kg 

Cover material No cover 60 em water layer 60 em sludge 60cmpeat 

Wt. of cover 9.7kg 16.22 kg 10.74 kg 

3.4 TAILING-COVER SIMULATION EXPERIMENTS 

The tailing-cover simulation experiments were divided into two phases. The first phase 

commenced before the addition of a cover layer on top of the tailings and provided 

background readings. The second phase commenced after placement of the cover 

material and provided a simulation of leachate production from rainfall events. These 

two phases are discussed in the following sections. 

3.4.1 First Phase 

In the first phase, the tailings were subjected to three wetting cycles. The wetting cycles 

are referred to as wetting 1, wetting 2 and wetting 3, respectively. The intent of this 

phase was to get a baseline composition of the leachate in the absence of a cover. 

Distilled water was pumped onto all four columns. The water was pumped at a rate of 

58 rnUmin. The total equivalent depth of water added during the frrst three wettings 
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was 10 em, 3 em and 3 em, respectively. The volume equivalents for these depths are 

1630 mL, 490 mL and 490 mL, respectively. 

An ICP scan was conducted to identify the metals ions present in the leachate. Once the 

metals in the leachate were identified, the leachate from wettings 2 and wettings 3 were 

monitored for pH, electrical conductivity and some selected anions and cations. The 

IDS was measured by Standard Method 209A TDS is the material remaining in a 

water sample after it is filtered to remove suspended solids and is directly measured by 

evaporating the sample to dryness. 

A charge balance was performed on the cation and anion concentrations. The difference 

was found to be within 9% in most of the cases. A check for IDS in the wettings was 

also conducted. The results of the TDS check was considered satisfactory 

3.4.2 Second Phase 

Subsequent to the completion of the first phase of the simulation experiments, the covers 

were laid over the tailings. This was done in early November, 1996. There was a time 

delay between the initial experiments and laying of the cover materials because of the late 

delivery of peat. Peat was delivered to the laboratory in late October. 

Column 1 was set up with no cover layer. In column 2, a 60 em layer of water was 

maintained. Columns 3 and 4 were filled with 60 em of sewage sludge and 60 em of 

peat, respectively. 

Eleven rainfall events, once every week, were planned for the second phase of the 

experiments to simulate one year of rainfall. The weekly rainfall events had to 

interrupted twice due to unforeseen circumstances. The first interruption was due to the 

unanticipated plugging to the column with the sewage sludge cover. The rainfall water 
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that was added did not drain from column 3 and a water layer built up on top of the 

cover layer. The third rainfall was, therefore, postponed by a week during which other 

alternatives were considered. To overcome the problem of water build-up, a vacuum of 

50 Kpa was applied at the leachate outlet pipe after rainfall 4. The vacuum application 

caused the leachate to flow out. The second break in the continuity of rainfall 

application occurred during the time when ORP probes were ordered and shipped by the 

company. The rainfall events were resumed after a period of eight weeks. 

For each precipitation event, a volume equivalent to a depth of 71 mm ( 1156 mL) of 

water was sprayed onto the top of each column. This amount was based on the average 

annual precipitation at the mine site. It was assumed that there was no runoff and all the 

rainfall percolated down the column. As the humidity of the environmental chamber was 

set at 75%, evaporation losses were assumed to be negligible. 

3.4.2.1 Monitoring program 

Sampling and monitoring of the leachate started immediately after loading the columns. 

The volume of leachate from each column was recorded. For column 2, with the water 

layer as a cover, the leaching was "controlled". After the addition of the simulated 

rainfall, this column was only allowed to drain until the water dropped to a level that 

maintained a 60 em layer above the top of the tailings. 

The leachate was analyzed for the selected cations and the major anion after each rainfall 

event. Fe, Mn, Ni, Ag, Cd, AI, Ca and Mg concentrations were determined using a 

Perkin Elmer 5000, Atomic Absorption Spectrometer. Na and K concentrations were 

determined using a Corning Flame Photometer, Model 430. Sulphate concentrations 

were measured by Standard Method 4500 S04 
2
- C. pH of the leachate was measured 

immediately after collection using a Metrohm Herisau E512 pH-meter. The pH-meter 

was calibrated with pH buffer 4 and pH buffer 7 before each measurement. For the 
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measurement of electrical conductivity, an Orion Model 122 conductivity meter was 

used. Saturated hydraulic conductivity was measured during the last three rainfall 

events. 

A slight leakage developed through the openings provided for installing ORP probes. 

The leakage began between 8th and 9th rainfall event. The leakage was insignificant as 

far as the amount of water lost. But it had a significant impact of the redox readings 

taken by the ORP probes. The ORP are very sensitive and responded quickly to a slight 

change in reducing conditions caused by oxygen penetrating through openings. 
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CHAPTER4 

PRESENTATION OF RESULTS 

In this chapter, the results of the tailings-cover simulation experiments are presented. 

The laboratory program of the research involved the characterization of tailings and 

cover materials and evaluating the performance of organic covers in ameliorating AMD 

and metal mobilization. Some results of the speciation model MINTEQA2/PRODEF A2 

are also presented in this chapter. 

4.1 RESULTS OF SIMULATION EXPERIMENTS 

The organic cover materials were placed over the oxidized tailings in the month of 

November, 1996. The temperature of the environmental chamber was maintained at 

25°C and the relative humidity was kept at 7 5 %. These conditions were selected to 

hasten the bacterial activity in the cover layer. The transparent walls of the leaching 

columns provided an opportunity to view the physical changes that were occurring in the 

cover-tailing system. 

The results of the initial leaching experiments (phase 1) and the tailing-cover rainfall 

simulations (phase 2) are presented in this section. 

4.1.1 Water extractable cation leaching potential 

The water extractable metal-leaching potential of the tailings in the columns was 

determined. This gives an estimation of the concentrations of ions that will flow out of 
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the columns if the tailings leached to their full capacity. The water extractable ions were 

calculated from the amount of total tailings in the columns (Table 3.13) and the distilled 

water extraction of metal ions from 1 g of tailings (Table B 1, Appendix B). The water 

extractable ions based on the calculations from Tables B 1 and 3.13 are shown in 

Table 4.1. As the leaching potential results are based on the distilled water extraction 

(i.e., near neutral pH) of metals, it is anticipated that this amount will be lower than the 

actual amount as low pH conditions prevail in the columns. 

Table 4.1 Water-extractable cation - leaching potential of the tailings in the columns 

Cations leaching from 1 gm Total leaching potential 
tailings (mg/1) (g) 

Ca 128 1580 

AI 5 63 

Mg 3 36 

Fe 1 13 

Mn 0.2 3 

4.1.2 Initial Experiments 

The leachate was initially collected without any cover layer to establish a baseline for the 

effluent. The three runs conducted for the purpose of establishing a baseline we~e 

considered sufficient. Samples were collected in plastic containers. The pH and 

conductivity were measured immediately after collection. The samples were stored in a 

refrigerator for further chemical analysis. Testing was undertaken such that there was a 

minimum delay between the sample collection and sample analysis. 

The major anion in the leachate was found to be sulphate, with the concentration above 

28,000 mg/1 after the frrst wetting. The chloride concentration during the first wetting 

was between 6 mg/1 to 17 mg/1. Nitrates were present in concentrations 2 to 4 mg/1. 
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The concentrations of chlorides and nitrates were low in comparison to the concentration 

of sulphate ion. In the subsequent wettings only sulphate was monitored. 

The chemical analysis of the leachate during the first three runs is given in Tables 4.2 to 

4.4. Duplicate samples were analyzed for all the tests and the average value is presented 

in the following tables. 

Table 4.2 Water quality during first wetting 

Concentration (mg/1, except for pH) 

Component Column 1 Column 2 Column 3 Column4 

pH (pH units) 3.1 3.2 3.2 3.3 

TDS 29,600 29,700 28,600 34,400 

so4 17,150 18,000 16,000 15,400 

Fe 3800 3900 2800 4400 

Mg 750 620 560 560 

Ca 300 300 290 230 

AI 610 610 610 240 

Zn 45 45 48 46 

Mn 40 42 40 45 

Ni 14 14 12 14 

Cr 9 11 6 9 

Na 8 13 10 12 

Cu 4 7 5 5 

K 1 3 4 7 

cr 10 6 12 17 

N<lJ- 2 4 4 3 
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Table 4.3 Water quality during second wetting 

Concentration (mg/1, except for pH) 

Component Column 1 Column 2 Column 3 Column4 
pH (pH units) 3.0 3.1 3.0 3.5 
TDS 29,500 27,300 27,600 16,000 

so4 18,100 16,500 16,000 10,000 

Fe 3600 3300 3200 2700 
Mg 640 620 600 280 

Ca 220 230 230 220 

AI 520 500 500 100 
Zn 46 44 47 46 
Mn 44 41 40 23 

Ni 14 13 12 13 

Cr 8 6 8 9 

Na 9 9 10 10 

Cu 3 4 7 7 
K 2 3 2 3 

Table 4.4 Water quality during third wetting 

Concentration (mg/1, except for pH) 

Component Column 1 Column 2 Column 3 Column4 

pH (pH units) 3.4 3.3 3.2 3.2 

TDS 27,100 25,200 27,600 18,700 

so4 16,400 15,000 16,600 10,900 

Fe 3700 3400 3500 3300 

Mg 580 550 520 380 

Ca 230 230 200 180 

AI 440 420 470 100 

Zn 42 40 40 45 

Mn 41 38 41 28 

Ni 13 10 12 12 

Cr 5 6 9 9 

Na 8 8 10 8 
Cu 2 3 3 5 
K 2 2 2 2 
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It was apparent from conducting the three wetting tests that the concentrations of all the 

cations, the major anion and other parameters decreased from wetting 1 to wetting 3. 

The decrease in metal concentrations indicates that the metals were dissolving in water 

and emerging in the leachate. It can also be inferred that the tailings material can cause 

significant AMD problem. 

Based on the results of initial wettings presented in Tables 4.2 to 4.4, the cations that 

were monitored during the tailing-cover simulation experiments were iron, manganese, 

aluminum, calcium and magnesium. Sulphate was the only anion that was monitored in 

the remaining testing program. The other parameters that were monitored were pH, 

electrical conductivity and IDS. 

4.1.2.1 Checking the correctness of analysis 

Standard Methods (1992) recommends criteria for checking the correctness of analysis 

of water samples for which relatively complete analysis is done. The criteria include pH, 

charge balance, IDS and conductivity. The data presented in Tables 4.2 to 4.4 were 

analyzed for charge balance and IDS. 

(a) Charge Balance 

A charge balance was conducted on the tested cations and anions. The charge balance 

on the ions is given in Table 4.5. The charge balance is based on the percentage 

difference which is given by Equation 4.1 (Standard Methods, 1992). 

% Difference = 100 
L cations- L anions 

L cations+ L anions 
(4.1) 

In Equation 4.1 the concentrations of cations and anions are expressed in equivalents 

per liter. 
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Table 4.5 Charge balance for first three wettings 

Millequivalence per liter (meq!L) 

Column 1 Column 2 Column 3 Column4 

Wetting + - + - + - + -
1st 351 357 351 376 282 335 322 322 

2nd 319 377 300 343 290 337 192 202 

3rd 310 342 291 316 296 347 231 227 

The percentage difference in the charge balance for the first three wettings is presented 

in Table 4.6. 

Table 4.6 Percentage difference between the charge balance for the first three wettings 

Wetting Column 1 Column 2 Column3 Column4 

1st 0.9 3.4 8.5 0 

2nd 8.4 6.7 7.6 2.4 

3rd 4.9 4.7 7.9 7.9 

It can be seen from Table 4.6 that the difference in charge balance is below 9% for all the 

cases. The Standard Methods (1992) recommends the criteria for acceptance as between 

2% to 5% for water and wastewater. A difference of 9% was considered acceptable for 

the leachate from mine tailings. The relatively high difference in charge balance in 

comparison to the standard limits was accepted, firstly, because a complete analysis has 

not been performed on the leachate. Secondly, the tailings leachate is very concentrated 

in comparison to water and wastewater. It has high amounts of metals. To measure the 

cations and anions from the mine leachate, multiple dilutions of the leachate had to be 

made so that the samples were in the proper range to be detected by the AAS. Dilutions 

as high as 1000 to 1500 were used for this purpose. The multiple dilutions facilitated 

easy and accurate measurement of the metal ions. In other words, the leachate was 
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about 1000 to 1500 more concentrated than the water and wastewater, for which the 

criteria for charge balance was set up. Therefore, a difference of 9% is not considered a 

big aberration. 

(b) Measured TDS and Calculated TDS 

The measured IDS concentrations are higher than the calculated TDS values. The 

measured TDS is determined by evaporation of the sample and the calculated IDS is 

determined by sums of individual anions and cations. Therefore, a significant contributor 

may not be included in the calculation (Standard Methods, 1992). The acceptable ratio 

is given by the Equation 4.2. 

l.O < Measured IDS < 1.2 
Calculated IDS 

(4.2) 

The leachate analysis was checked for measured and calculated TDS. The results are 

presented in Table 4.7. In Table 4.7, the calculated TDS values corresponds to the sum 

of cation and anion concentration that were present in the leachate. The measured TDS 

along with calculated TDS values are attached in Table C 1, Appendix C. 

It can be observed from Table 4.7 that the ratio of measured to calculated TDS is higher 

than the recommended value. But the reasons explained for the discrepancy in charge 

balance also apply to the TDS ratio. Hence, the ratios of measured to calculated TDS 

are considered acceptable. 

Table 4. 7 Ratio of measured/calculated TDS 

Wettings 

1st 

2nd 

3rd 

Column 1 

1.3 

1.3 

1.3 

Column 2 

1.3 

1.3 

1.3 

Column 3 

1.4 

1.3 

1.3 

Column4 

1.6 

1.2 

1.3 
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4.1.3 Results of Rainfall Events 

The results of the water quality tests on the leachate generated by the simulated rainfall 

events are presented in this section. The leachate was monitored for major ions such as 

Fe, Mn, Ca, Mg, AI and S04 
2
- and pH. Saturated hydraulic conductivity was determined 

for the tailing-cover system towards the end of the experiment. Evaporation was 

considered to be negligible during the simulation experiment as the relative humidity of 

the environmental chamber was set up at 7 5 %. The columns were covered by a plastic 

plate that was used to support to the spray nozzles, throughout the experiments. Under 

these conditions it is fairly correct to assume evaporation losses to be negligible. 

The volume of leachate generated by each column was recorded and was used for the 

calculation of mass flux of different metals. The measured volume of leachate is 

provided in Table C 2, Appendix C. 

It was observed that after third rainfall event column 3 with the sludge cover had 

plugged. The simulated rain water built a water layer over the sludge cover. Only ten 

percent of the rain water leached out from column 3 during the first three rainfall events. 

The rest of the rainfall water stored in the column as water layer on top of the cover 

layer. In order to facilitate further rainfall events on this column, a vacuum of 50 Kpa 

was applied at the leachate outlet pipe after the fourth rainfall event. The vacuum 

application initiated flow through column 3. Once the flow initiated through column 3, 

vacuum application was stopped. The column drained freely for the rest of the test. 

After seven weeks, a black layer developed at the tailing-cover interface in the columns 

containing sewage sludge and peat. This black formation was observed to be emanating 

from the cover layer and going into the underlying tailings. In the sewage sludge 

column, 8 to 15 em of tailings layer was covered with the black formation after 12 

weeks. For peat, the black layer just stayed close to the tailing-cover interface. After 
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5 months, the black layer had only moved 5 em into the tailings. The black formation is 

due to the precipitation of metal sulphide under strong reducing conditions. 

The peat layer consolidated significantly as the experiments proceeded. It consolidated 

by 5 em over a period of 4 1/2 months. Even after consolidation gas filled porosity was 

observed in the pore spaces in the peat layer. The gases present in the peat layer could 

be produced by the reactions occurring in the organic matter of the peat layer. 

4.1.3.1 Concentration of major cations 

The leachate was collected immediately after loading the columns. The time interval 

between loading of the columns and leachate analysis varied between 15 to 18 hours. 

The samples were stored in a refrigerator after the collection until the analysis was 

performed. Tables 4.8 to 4.12 provide the concentrations of Fe, Mn, AI, Ca and Mg in 

the leachate from the different simulated rainfall input events. In all these Tables R 1, 

R 2, R 3 represent Rain 1, Rain 2, Rain 3, respectively. 

Table 4.8 Concentration of iron in the leachate 

Concentration (mg/1) 

Date Rain Column 1 Column 2 Column 3 Column4 

15-Nov-96 R1 5720 5535 7680 6740 

22-Nov-96 R2 5440 4930 7300 5420 

6-Dec-96 R3 3740 3785 6060 2380 

13-Dec-96 R4 2940 3120 6540 1900 

24-Jan-97 R5 2240 2230 5200 1990 

31-Jan-97 R6 1910 1830 3080 2030 

7-Feb-97 R7 1530 1510 1300 1660 

14-Feb-97 R8 1390 1450 730 1410 

21-Feb-97 R9 1090 1120 670 1350 

28-Feb-97 R 10 1050 1120 630 1260 

3-Mar-97 R 11 1160 1000 460 1140 
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Table 4.9 Concentration of manganese in the leachate 

Concentration (mg/1) 

Date Rain Column 1 Column 2 Column 3 Column4 

15-Nov-96 R1 37 22 47 44 

22-Nov-96 R2 29 16 50 27 

6-Dec-96 R3 20 12 50 16 

13-Dec-96 R4 18 11 46 12 

24-Jan-97 R5 18 11 41 12 

31-Jan-97 R6 15 9 25 10 

7-Feb-97 R7 13 8 11 10 

14-Feb-97 R8 12 8 6 10 

21-Feb-97 R9 12 8 5 10 

28-Feb-97 R 10 11 7 5 10 

3-Mar-97 R 11 10 7 5 9 

Table 4.10 Concentration of aluminum in the leachate 

Concentration (mg/1) 

Date Rain Column 1 Column 2 Column 3 Column 4 

15-Nov-96 Rl 150 160 240 220 

22-Nov-96 R2 50 110 140 110 

6-Dec-96 R3 27 26 220 31 

13-Dec-96 R4 15 13 230 24 

24-Jan-97 R5 25 17 66 10 

31-Jan-97 R6 11 5 26 10 

7-Feb-97 R7 5 1 6 5 

14-Feb-97 R8 3 1 5 8 

21-Feb-97 R9 3 2 4 6 

28-Feb-97 R 10 3 1 3 5 

3-Mar-97 R 11 0 4 5 
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Table 4.11 Concentration of calcium in the leachate 

Concentration (mg/1) 

Date Rain Column 1 Column2 Column 3 Column4 

15-Nov-96 R1 440 430 500 510 

22-Nov-96 R2 460 450 470 460 

6-Dec-96 R3 105 115 245 145 

13-Dec-96 R4 170 260 250 210 

24-Jan-97 R5 440 385 365 380 

31-Jan-97 R6 450 575 710 560 

7-Feb-97 R7 470 460 455 460 

14-Feb-97 R8 480 470 435 465 

21-Feb-97 R9 480 490 430 455 

28-Feb-97 R 10 480 500 460 485 

3-Mar-97 R 11 470 480 425 475 

Table 4.12 Concentration of magnesium in the leachate 

Concentration (mg/1) 

Date Rain Column 1 Column 2 Column 3 Column4 

15-Nov-96 R1 500 200 800 700 
22-Nov-96 R2 400 200 800 400 

6-Dec.-96 R3 140 40 630 30 
13-Dec.-96 R4 190 80 600 100 

24-Jan-97 R5 200 100 450 100 

31-Jan-97 R6 150 100 510 100 

7-Feb.-97 R7 150 100 510 100 

14-Feb.-97 R8 100 100 600 100 

21-Feb.-97 R9 100 100 700 100 

28-Feb.-97 R 10 100 100 700 100 

3-Mar-97 R 11 100 100 700 100 
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4.1.3.2 Concentration of major anion 

Sulphate was the only anion monitored. Nitrates and chlorides were measured during 

Rain 1 and Rain 9. The nitrates were almost insignificant (less than 1 mg/1). The 

sulphate concentration during the rains is given in Table 4.13. There was a high amount 

of sulphate in the columns initially which decreased as the experiment proceeded. 

Table 4.13 Concentration of sulphate in the leachate 

Concentration (mg/1) 

Date Rain Column 1 Column2 Column3 Column4 

15-Nov-96 R1 15,400 15,900 20,000 21,400 

22-Nov-96 R2 13,000 14,300 20,500 12,800 

6-Dec-96 R3 10,000 9600 15,100 6300 

13-Dec-96 R4 7860 7820 19,200 5400 

24-Jan-97 R5 6640 6940 14,900 5170 

31-Jan-97 R6 5515 5550 9260 5130 

7-Feb-97 R7 4440 4850 6730 4920 

14-Feb-97 R8 4490 4310 5990 4530 

21-Feb-97 R9 4450 3840 5820 4900 

28-Feb-97 R 10 3950 3600 5020 3190 

3-Mar-97 R 11 3220 3340 5370 3690 

4.1.3.3 Electrical Conductivity and TDS of the leachate 

The electrical conductivity of a solution is a measure of its ability to conduct a current 

and is a property attributed to the ions in solution (Snoeyink and Jenkins, 1980). 

Electrical current is transported through solutions via the movement of ions and 

conductivity increases as ion concentration increases. TDS is expressed as mg/1. TDS 

and electrical conductivity of the leachate are given in Tables 4.14 and 4.15, respectively. 
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Table 4.14 TDS in the leachate 

Concentration (mg/1) 

Date Rain Column 1 Column 2 Column 3 Column4 

15-Nov-96 R1 26,600 28,500 36,700 33,600 

22-Nov-96 R2 22,300 19,900 34,500 23,800 

6-Dec-96 R3 17,300 16,800 31,200 11,000 

13-Dec-96 R4 13,200 13,100 32,200 9340 

24-Jan-97 R5 11,500 9320 25,600 9000 

31-Jan-97 R6 9480 7220 16,400 9040 

7-Feb-97 R7 7520 7240 11,800 8480 
14-Feb-97 R8 6250 7150 10,200 7800 
21-Feb-97 R9 5580 6560 9680 7050 

28-Feb-97 R 10 5220 6040 9490 6560 

7-Mar-97 R 11 4980 5760 9460 6330 

Table 4.15 Electrical conductivity of the leachate 

Conductivity (ms/cm) 

Date Rain Column 1 Column 2 Column 3 Column4 

15-Nov-96 R1 14 15 17 15 

22-Nov-96 R2 12 13 17 12 

6-Dec-96 R3 10 10 15 7 

13-Dec-96 R4 8 8 15 6 
24-Jan-97 R5 7 6 13 6 

31-Jan-97 R6 7 5 10 6 

7-Feb-97 R7 6 5 9 6 

14-Feb-97 R8 4 5 8 5 
21-Feb-97 R9 4 5 8 5 
28-Feb-97 R 10 4 5 8 5 

7-Mar-97 R 11 4 4 8 5 

4.1.3.4 Variation in pH 

AMD is characterized by low pH. The pH of the leachate was monitored during the 

rains and is presented in Table 4.16. 
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Table 4.16 pH of the leachate 

Date Rains Column 1 Column 2 Column 3 Column4 

15-Nov-96 R1 3.1 3.4 3.2 3.4 

22-Nov-96 R2 3.2 3.1 2.7 3.5 

6-Dec-96 R3 3.2 3.2 2.8 3.5 

13-Dec-96 R4 3.1 3.3 2.9 3.6 

24-Jan-97 R5 3.0 3.2 2.9 3.5 

31-Jan-97 R6 3.2 3.9 3.4 3.2 

7-Feb-97 R7 3.4 3.7 3.5 3.2 

14-Feb-97 R8 3.2 3.4 3.4 3.3 

21-Feb-97 R9 3.2 3.4 3.4 3.2 

28-Feb-97 R 10 3.1 3.6 3.4 3.6 

7-Mar-97 R 11 3.0 3.5 3.4 3.5 

4.1.3.5 Oxidation-reduction potential in the columns 

The oxidation-reduction potential was measured during the tailing-cover simulation 

experiments. Redox measurements were taken after the addition of the fifth precipitation 

event. The ORP probes were installed at the middle of the tailings layer. After the 

probes were put in place, an effort was made to provide a good seal to block the oxygen 

from penetrating through this opening. This was done by sealing with silicon glue and 

teflon tape. Once the probes were installed, they began to respond as expected. Low 

and negative redox readings were observed between input 5 to 8 for columns 3 and 4. 

But after input 8, the seal around the opening loosened and an increase in redox was 

observed afterwards. The loosening of the seal caused oxygen penetration through the 

openings for the probes, as a result an increase in the redox readings was observed. The 

redox values are presented in Table 4.17. 
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Table 4.17 Redox potential in the columns 

Redox potential (mv) 

Date Rains Column 1 Column 2 Column 3 Column4 

24-Jan-97 R5 278 93 117 -25 

31-Jan-97 R6 250 89 -33 1.0 

7-Feb-97 R7 160 88 -113 1.0 

14-Feb-97 R8 159 87 -248 134 

21-Feb-97 R9 159 90 144 118 

28-Feb-97 R 10 159 88 142 119 

7-Mar-97 R 11 157 88 140 118 

4.1.3.6 Saturated hydraulic conductivity 

Saturated hydraulic conductivity of the cover-tailings system was determined by the 

falling head method which involved flooding the cover layer with a layer of water (Le. a 

head of water) and measuring the time taken for the water level to drop a specified 

distance (Klute, 1965). This method was used by Pierce et al. (1994) also for the 

determination of saturated hydraulic conductivity of the tailing-compost cover 

experiments. The saturated hydraulic conductivity was measured during the last three 

simulated rains. The results are presented in Table 4.18. 

Table 4.18 Saturated hydraulic conductivity 

Saturated Hydraulic Conductivity ( cm/s) x 1tf 

Rainfall event Column 1 Column 2 Column 3 Column4 

Rain9 55 12 2.2 1.1 

Rain10 19.7 14 0.51 0.7 

Rain 11 6.3 9.8 0.25 0.8 

Saturated hydraulic conductivity was determined by using Equation 4.3. 

Ksat = (4.3) 



where: 

A 

a 

"· 
H2 

t 

= 
= 
= 
= 
= 

cross sectional area of the sample 

cross section of the stand pipe (equal to the area of sample =A) 

Initial height of water in the column 

Final height of water in the column 

time during which the head decreases from H1 to H2. 

4.2 RESULTS OF MINTEQA2/PRODEFA2 
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Speciation modeling was performed with MINTEQA2/PRODEF A2 to predict the 

speciation of the metals in the leachate. It provided important information regarding the 

concentration of ferrous and ferric iron. The inter-conversion of ferrous and ferric iron 

is dependent upon the oxidation-reduction potential. 

4.2.1 Introduction to the model 

In this section a brief overview of the MINTEQA2/PRODEF A2 is given. The software 

consist of two models: MINTEQA2 and PRODEFA2. The sequence of this model is 

PRODEFA2 followed by MINTEQA2. The data required to predict the equilibrium 

composition consists of a chemical analysis of the sample giving total dissolved 

concentrations of the ions of interest including (but not required) pH, pE and partial 

pressures of gases. 

The first step is the formulation of the chemical problem. PRODEF A2 is the interactive 

program and is designed to perform step 2 by asking questions about the chemical 

system to be modeled and building the appropriate MINTEQA2 input file from the 

answers. Step 3 is the actual execution of MINTEQA2 and it reads the input file created 

by PRODEF A2 during step 2. Step 4 is the interpretation of the output and relating it to 

the ·initial environmental problem. 
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PRODEFA2 is run by typing PRODEFA2 at the DOS prompt. In the main menu of the 

PRODEFA2 there are four Edit levels. A sample of the display which appears when the 

Edit Level I option is selected is shown in Figure 4.1. It shows default settings for all 

__________ EDIT lEVEL I-----

1 Title 1: 
2 Title 2: · 
3 Temperature (Celsius): 
4 Units of concentration: MOLAL 
5 Ionic strength: TO BE 
6 Inorganic carbon is not specified. 
7 Terminate if charge imbalance exceeds 30% ? 
8 Oversaturated solids ARE NOT ALLOWED to precipitate. EXCEPTIONS: 

listed in this file as TYPIDI (lnfinite);IV (Finite) Of-V (Possible). 
9 The maximum number of iterations is: 
10 The method used to compute activity coefficients is: Davies equation 
11 Level of output: 
12 The pH is: TO BE 
13 Neither pe nor Eh has been specified. 
14 Adsorption phenomena are not to be modeled. 
15 Display onscreen status messages during MINTEQA2 execution? YES 
99 Choose a different file to modify OR return to output filename 

To change any of the above entries or to explore other possible values, 
enter the number to the left of the entry. Enter zero when you are 
ENTER CHOICE 

Figure 4.1 Display of Edit Levell screen 

the parameters. Any entry can be changed by entering the number against the ENTER 

CHOICE. This edit level can be used to change ionic strength, pH, Eh, temperature, 

adsorption parameters, number of iterations, precipitation options. 

Edit Level II is used to specify the chemistry of the system. The dissolved solid 

concentrations are entered by selecting the appropriate selection. The menu screen for 

Edit Level II is shown in Figure 4.2. There are several options for each choice in this 

level The dissolved concentration can be entered as total dissolved concentration or as 
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activities, the units for which are selected in the Edit Level I and can be as molal, mg/1, 

meqlorppm. 

___________ SELECT OPTION __________ __ 

1 =Specify AQJIIX.N CDMPONINfS: TOrAL~TIONS orFIXID 
ACI1Vl'l1ffi 

2 =Specify AQJIIX.N SliDES not in the database, search the database, 
or alter a database AQJIIX.N SPIDFS equilibrium constant 

3 =Specify an ADSrnPilONMCIH..and RFACTIONS 
4 =Specify G\SFS at HXIDpartial pressures 
5 =Specify RHX>X a:xJillS with FIXID activity ratios 
6 =Specify INflNlTE SCIIDphases 
7 =Specify FlNl1ES<IIDph~es 
8= Specify ~S<IIDph~es 
9 =Specify FXCllJIH) S.PI."Dif; of any type 
R= REfURN to MAIN MINJ 

All choices allow you to browse and return without changing anything; 
Most allow you to search or view a directory of the relevant database. 

FNimOIOKE > 1 

Figure 4.2 Display of Edit Level II screen 

Edit Level m is used to make the changes in the information that has been entered 

earlier. Edit level IV can be used to carry out a sensitivity analysis. 

Once an input file is created, the program MINTEQA2 can be executed by typing 

MINRUN at the DOS prompt. MINTEQA2 solves the equilibrium chemistry problem 

iteratively by computing mole balances from estimates of component activities. 

4.2.2 Results of the Model 

The model was run for the four columns from rainfall input 5 to 10. It was not run for 

the first four rainfall events as the ORP probes were not installed in the columns and the 

redox readings could not be taken for these tests. In all, 24 runs of the model were 

executed. An example output file is attached in Appendix D. 
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The model calculations cannot be taken as exact as a complete chemical analysis was not 

provided and also, because the compounds present in the soil are not pure as assumed by 

the model However, the model results give an indication of the prevailing conditions. 

The model has numerous sub-options for each option for all the edit levels. For all the 

runs of the model, the equilibrium pH and Eh option was selected. Therefore, all the 

species given by the MINTEQA2 pertain to those present at the measured pH and Eh. 

The temperature selected is 25°C, concentrations have been entered as mg/1, though the 

output file specifies the concentration as molal. Redox reactions for Fe2
+ and Fe3

+ were 

incorporated for the equilibrium calculations. The oversaturated solids were allowed to 

precipitate. 

4.2.2.1 Charge Balance 

The unspeciated and speciated charge-balance was calculated by the model The model 

calculates charge balance using either an unspeciated or speciated estimates of the 

cations and anions present in the solution. In the unspeciated charge balance, it is 

assumed that the ions do not form any complexes and, therefore the balance is solely due 

to un-complexed ionic species. In natural systems, complex formation modifies the ionic 

species in solution, thereby, changing its charge and other properties. The speciated and 

unspeciated charge balance determined by the model are given in Tables 4.19 and 4.20. 

The % difference is based on equation 4.4. 

% Difference 
~Cizi -~Cjzj 

= I J 

~Cizi + ~Cjzj 
(4.4) 

I J 

where: 

Ci = concentration of the ith cation 



= 
concentration of jth anion 
valence of ith cation and 

valence of jth anion 

Table 4.19 Percentage difference in unspeciated charge balance 

Column 1 Column 2 Column 3 Column4 

R5 17 2 5 21 

R6 8 8 12 15 

R7 13 6 20 7 

R8 7 10 6 8 

R9 1 8 2 16 

R 10 4 11 4 12 

Table 4.20 Percentage difference in speciated charge balance 

Column 1 Column 2 Column 3 Column4 

R5 7 22 19 15 

R6 8 12 1 5 

R7 13 14 2 10 

R8 7 5 20 8 

R9 1 6 12 4 

R 10 4 0.6 1 6 
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The difference in charge balance is high in certain cases as the mine leachate is 

concentrated and has high amounts of cations and anions. 

4.2.2.2 Concentration of ferrous and ferric in the leachate 

The model predicted the concentrations of ferrous and ferric iron in the leachate. The 

results given by the model are based on the pH and Eh reading provided in the input file. 

Tables 4.21a to 4.21d provide the concentration of ferrous and ferric iron for columns 1, 

2, 3 and 4, respectively. 
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Table 4.21a Ferrous and ferric iron in column 1 

Time Rain Concentration (mg/1) Ratio of Fe2+/Fe3+ 
Fe2+ Fe3+ 

24-Jan-97 Rain5 2240 8.4E-09 3.2E+11 

31-Jan-97 Rain6 475 3.8E-05 1.1E+07 

7-Feb-97 Rain7 1540 3.3E-06 5.4E+08 

14-Feb-97 Rain 8 1400 2.6E-06 5.2E+08 

21-Feb-97 Rain9 1095 2.1E-06 5.0E+08 

28-Feb-97 Rain10 1060 1.8E-06 6.1E+08 

Table 4.21b Ferrous and ferric iron in column 2 

Time Rain Concentration (mg/1) Ratio of Fe2+/Fe3+ 
Fe2+ Fe3+ 

24-Jan-97 Rain5 2245 4.0E-07 5.7E+09 

31-Jan-97 Rain6 1800 5.5E-07 3.3E+09 

7-Feb.-97 Rain7 1520 3.0E-07 5.0E+09 

14-Feb-97 RainS 1460 1.8E-07 8.0E+09 

21-Feb-97 Rain9 1130 1.5E-07 7.4E+09 

28-Feb-97 Rain10 1130 1.6E-07 7.2E+09 

Table 4.21c Ferrous and ferric iron in column 3 

Time Rain Concentration (mg/1) Ratio of Fe2+/Fe3+ 
Fe2+ Fe3+ 

24-Jan-97 Rain5 5300 3.1E-06 1.7E+09 

31-Jan-97 Rain6 3120 4.7E-09 6.7E+11 

7-Feb.-97 Rain7 1310 9.0E-10 1.5E+12 

14-Feb-97 Rain 8 740 2.3E-10 3.2E+12 

21-Feb-97 Rain9 680 8.0E-07 8.3E+08 

28-Feb-97 RainlO 640 8.0E-07 8.0E+08 
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Table 4.21d Ferrous and ferric iron in column 4 

Time Rain Concentration (mg/1) Ratio of Fe2+/Fe3+ 
Fe2+ Fe3+ 

24-Jan-97 RainS 1270 6.5E-07 2.0E+9 

31-Jan-97 Rain6 1340 4.6E-07 3.0E+9 

7-Feb.-97 Rain7 1420 1.1E-06 1.3E+9 

14-Feb-97 RainS 1670 6.3E-09 2.6E+11 

21-Feb-97 Rain9 2040 7.4E-09 2.8E+11 

28-Feb-97 Rain10 2000 3.8E-09 5.3E+11 

4.3SUMMARY 

In this chapter the results of the laboratory and modeling work are presented. The initial 

experiments were conducted to physically and chemically characterize the tailings and 

the organic materials. After the characterization was conducted, tailing-cover simulation 

experiments were carried out for 11 rainfall events. The tailing cover simulation 

experiments comprised of experiments without the cover on tailings and with cover over 

tailings. 
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In this chapter, the results of the experimental work are analyzed and discussed. The 

results analyzed in this chapter pertain to the work done on the characterization of 

tailings and cover materials, tailing-cover simulation experiments and speciation analysis 

using MINTEQA2/PRODEFA2. 

5.1 DISCUSSION ON CHARACTERIZATION OF TAILINGS 

The physical and the chemical tests conducted to characterize the tailings material 

revealed that the tailings were highly acidic and rich in metals. The tailings are oxidized 

as they were taken from the top 30 em from the ground surface. The color of the 

tailings was ochre-brown which is typical of the oxidized tailings. The paste pH of the 

tailings material ranged from 2.2 to 2.8. AMD has been observed to have a pH as low as 

2.7 (Machemer and Wildeman, 1992). The tailings were fine grained which was 

indicated by the grain size distribution curve. More than 65% of the tailings material 

was finer than 0.1 mm. The fine grains of the tailings resulted in a low hydraulic 

conductivity. The hydraulic conductivity of the tailings at the mine site near dyke 3 was 

3x10-5 crn/s (O'Kane, 1996). The saturated hydraulic conductivities obtained in the 

laboratory for the columns without organic cover, ie. columns 1 and 2, were 6.3x10-5 

crn/s and 9.8 x10-5 crn/s, respectively. The low hydraulic conductivity of tailings will 
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inhibit the downward flow of water and consequently a smaller volume of acidic leachate 

will flow out during a given time period (Pierce, 1992). The specific gravity of the 

tailings was determined to be 2.95. High specific gravity is common in soils having a 

high concentration of iron and other heavy metals (Bowles, 1986). The acidity of the 

tailings solution measured to an endpoint pH of 8.3 was 112 mg/L as CaCDJ. The 

tailings had water content of 25 %. 

The ICP metal scan of the tailings' leachate showed that a wide variety of metals and 

trace metals were present. The concentrations of cations that leached in significant 

quantities were: Ca = 128 mg/1, Mg = 2.9 mg/1, Na = 1.1 mg/1, Fe = 1.01 mg/1, 

AI = 5.1, Mn = 0.21 mg/1, Zn = 0.27 mgll. The concentrations of ions leaching 

from tailings show that a significant amount of metal species can leach from 1 gm of 

tailings. Thus, it can be concluded from the results of the ICP scan that the tailings from 

Dona Lake Mine can be a potential source of metals and trace metals in significant 

quantities. 

5.2 DISCUSSION ON CHARACTERIZATION OF COVER MATERIALS 

The pH of the sewage sludge and peat in distilled water was 7 and 5.4, respectively. The 

pH in a standard CaCh solution was 5.4 and 4.6 for sewage sludge and peat, 

respectively. A pH range of 3.3 to 5.3 in CaC12 has been observed for other peat 

samples (Levesque and Dinel, 1978). It is desirable that the cover materials have a near

neutral pH so that the pore-water leaching from the cover layer into the tailings is not 

acidic. Both the selected cover materials satisfy this criteria. 

The results of BOD tests on sewage sludge and peat indicate that both these materials 

have significant oxygen demand. The BOD was calculated on a dry weight basis. It was 

found to be 4.4 mg of OJg of dry sludge for sludge and 1.6 mg of OJg of dry peat for 

peat. This is a good indication as bacteria in the organic cover will consume oxygen 
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entering from the atmosphere. The potential total oxygen utilization of the covers will 

depend upon the thickness of the organic layer. To further enhance the BOD of the 

sludge, an undigested sludge can be used. Undigested sludge will have higher BOD, but 

it can cause odor problems. 

The COD for sewage sludge and peat was determined to be 34.5 mg of Wg of sludge 

and 10.9 mg ofWg of peat, respectively. A ratio between COD and BOD was found to 

be 14.4 and 22.3 for sludge and peat. In the literature, the COD/BOD ratio is between 

1.25 to 2.5 for untreated domestic waste. The ratio for anaerobically digested sewage 

could not be found. 

Dissolved Organic Carbon (DOC) indicates the soluble organic carbon content of the 

organic materials. The DOC value for peat and sludge samples was 1.8 mg/g and 

1.0 mg/g on the basis of dry weight of organic matter. 

The three tests conducted on sludge and peat to determine their oxygen utilizing capacity 

show that the materials can exert significant oxygen demand. 

5.3 DISCUSSION OF RESULTS OF SIMULATION EXPERIMENTS 

The simulation experiments were conducted in two phases. The first phase, referred to 

here as initial experiments, includes experiments conducted without a cover layer. The 

second phase experiments were the tailing-cover rainfall simulation experiments. 

5.3.1 Initial Experiments 

The results of experiments conducted without the covers indicated that the leachate 

under each column was acidic and contained a wide range of metals and trace metals. 

The pH of the leachate was observed to be in the range of 3 - 3.3. The leachate 

contained high concentrations of Fe, Mn, Ca, Mg, AI, Zn, Ni and Cr. Other trace metals 

such as Cd, Cu and Pb were present in concentrations below 10 mg/1. The concentration 
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of sulphate in the leachate was found to be in the range of 10,000-18,000 mg/1. 

Chlorides and nitrates were only present in the levels below 10 mg/1. This was very low 

in comparison to sulphate. Total Dissolved Solids (TDS) were found to be in the range 

of 18,700-34,400 mg/1. 

5.3.2 Tailing-Cover Rainfall Simulation Experiments 

As a result of initial experiments, it was decided to monitor the leachate for Fe, Mn, Ca, 

Mg, AI, sol·, pH, TDS and electrical conductivity during the cover-tailing simulation 

experiments. A phenomenon, which has an important bearing to the research, was 

observed in the columns with organic cover, after about eight weeks of placing the cover 

layer. A black coloration appeared at the tailing-cover interface in columns 3 and 4 with 

the sludge and peat covers. No such observation was noticed for the control columns. 

Pierce et a1. (1994) also observed the formation of black coloration. These researchers 

found that this coloration was due to the formation of dark colored precipitates of metal 

sulphides. The appearance of the dark coloration indicates that metals are precipitating 

due to the formation of a reducing environment under the cover layers. The depth of 

dark colored precipitates increased. After 11 weeks of simulation experiments, the depth 

of these precipitates increased to 15 em in the column with the sludge cover. For 

column 4, there was not much increase in the black colored precipitates. 

5.3.2.1 Cumulative volume flow 

A comparison was made between the cumulative water entering the columns (inflow) 

and cumulative volume of leachate flowing out of the columns (outflow) to determine 

the water retention capacity of the cover-tailing system. Figure 5.1 shows the 
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cumulative volume curve. The cumulative volume data is provided in Table C 3, 

Appendix C. Figure 5.1 shows that for column 3, the cumulative outflow curve is much 

lower than the inflow curve. This indicates that all the water that is input into column 3 

has not flowed out. The sludge cover is retaining water. It was apparent from the build

up of a water layer on top of this column that the sludge layer was preventing water to 

flow through the column. At the end of 11th rainfall event, the total build-up of water 

layer over the cover layer was 15 em. The water layer over the sewage sludge layer 

accounts for 2443 mL (19%) of the water that was input. Of the 12,716 mL of water 

that was input into column 3, 7542 mL (59%) flowed out (Table C 3, Appendix C). The 

rest of the simulated rain water ie., 41% (of which 19% was water layer build-up), is 
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retained in the cover-tailing system Thus, the moist layer of sludge with good water 

retention capacity will act as good inhibitor to the influx of atmospheric oxygen. For 

peat, the water retaining capacity is lower than sewage sludge. No accumulation of 

water was observed over the peat layer. Eighty percent of the precipitation water flowed 

out from the peat-tailings system. The rest of rain water was stored in the pore spaces of 

peat layer. For the two control columns, the output curve follows the input curve 

closely, implying that all the simulated-rain water is flowing out. 

5.3.2.2 V arlation in Iron 

Iron was the major cation present in the leachate. Its concentration was above 5000mgll 

at the beginning of the rainfall simulations. The variation in iron leaching from the 

columns is shown in Figure 5.2. The concentration is plotted as the ratio of iron leaching 

from the columns during each input to the concentration of iron during input 1. It can be 

observed from Figure 5.2 that the relative concentration of iron dropped with time for all 

the columns which indicates that iron is leaching out of each system. Column 2 

represents the iron that will leach from the tailings if they are submerged under water. 

Any different behavior in the iron concentration in columns 3 and 4 as compared to the 

two control columns is attributed to the presence of the cover material. 

Figure 5.2 shows that for column 4 with the peat cover, the relative concentration of iron 

decreased rapidly until input 4 in comparison to the controls. Column 3 with sewage 

sludge has high relative iron concentrations as compared to the controls at the beginning. 

The high concentration could be due the fact that the sludge layer reduced the hydraulic 

conductivity of the column to a low level The low hydraulic conductivity prevented the 

weekly rainfall loads that were added after input 2, from draining out. Therefore, the 

rain water began accumulating on top of the cover layer. As one of the objectives of the 

research was to analyze the leachate water quality, water was ''forceably'' drained from 
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Figure 5.2 Variation of relative iron concentration with time 

column 3. To drain the column, a vacuum of 50 KPa was applied at the leachate outlet 

pipe. Even as the vacuum was applied, it was observed that the water was being pulled 

out from the tailing layer only and not much was passing through the cover layer. The 

column maintained a water level at the top. During this time, whatever leachate was 

being vacuumed out was originating from the metal-rich pore water in the tailings. That 

is why the concentration of iron was higher initially in comparison to other columns. 

The application of vacuum caused the water to· drain from the sludge layer. No more 

vacuum was applied after input 5. 
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It should also be observed from Figure 5.2 that in column 3, the relative concentration of 

iron decreased rapidly after input 5. The decrease in concentration was concurrent to 

the increase in black colored precipitates. The decrease in concentration is attributed to 

the formation of iron sulphide precipitates. The metals precipitate as metal sulphide 

under very strong reducing conditions. Strong reducing conditions were indicated by the 

ORP. The ORP showed redox readings up to -248 mv during this period. Due to the 

formation of metal sulphide precipitates lesser amount of iron was available for leaching 

out as a result (Pierce et al., 1994). After input 7 the concentration of iron remained 

lowest for this column. 

The discharge limitation of 0.3 mg/1 of iron, for freshwater aquatic life, was not met by 

any of the columns. The lowest concentration of iron observed was 460 mg/1 in 

column 3 after input 11. 

A per event mass removal curve for iron is plotted for each column and shown in 

Figure 5.3. The mass curve gives important information regarding the amount of metals 

that leach per event. The mass removal curve is a volume-mass relationship and is 

calculated as: 

Mass of Fe leached per simulated rain (mg) =Cone. of Fe (mg/1) x Vol. of leachate (L) (5.1) 

This curve indicates the total amount of iron that leached out of the columns after each 

input of water. It is observed from this figure that column 3 had the least mass of iron 

leaching initially, even though the concentration in this column was highest (Table 4.8). 

The sharp peak after input 5 indicates the period during which the vacuum application 

had pulled water from column 3. After input 6 water drained freely without further 

application of the vacuum. Beyond input 6, the mass of iron leached from column 3 

dropped to the lowest of all the columns. During this period, the Ksat of this column was 
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Figure 5.3 Mass of iron leaching from columns per simulated rainfall event 

lower than for the controls. Hence, it is unlikely that preferential flow paths developed 

that resulted in reduced contact time and thus reduced mass of iron leached. 

The column with the peat initially had a high mass removal of iron. As the peat 

compacted, there was a reduction in hydraulic conductivity and the mass of iron removed 

by each input decreased. It became constant for a period after input 4, then began to 

decrease. The mass per event removal for the two controls was very similar. For 

column 2, the leaching was controlled. Once the required amount of water flowed out 

(equal to the water added= 7.1 em drop in water height), the leachate drainage pipe was 
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closed. Had this column been allowed to drain freely, more water would have drained. 

The mass of the iron for this column is calculated on the basis of amount of leachate that 

was allowed to drain out. 

The mass of iron leaching from columns 1, 2, 3 and 4 as a result of input 11 was 20 %, 

17 %, 6 % and 8 %, respectively, of the initial concentration measured for input 1. The 

maximum decrease was observed for column 3 with the sludge cover, followed by 

column 4 with the peat cover. 

Column 3 satisfied the criteria of developing low hydraulic conductivity right from the 

very beginning. Peat developed low hydraulic conductivity after some time due to self 

consolidation. 

A comparison between iron leaching from columns during initial experiments (without a 

cover on top of tailings) and during the artificial precipitation is shown in Figure 5.4. It 

is observed from Figure 5.4 that before the installation of the covers the iron 

concentration in the leachate was in the range of 3800 mg/1 to 4200 mg/1 (Tables 4.2 -

4.4). The cover was installed eight weeks after the first wetting of the tailings. The 

reason for the delay, as has been explained in Section 3.4.2, was the late delivery of peat. 

It was observed that after the installation of the covers, the amount of iron which leached 

from the columns increased for all the columns. The increase was more prominent for 

columns with organic covers. The increase in both the controls was similar to each 

other. The increase in iron can be due to fact that there was gap of 8 weeks between the 

initial wettings and first addition of rainfall. During this time the iron must have 

solubilized resulting in an increase in concentrations for all the columns. 
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Figure 5.4 Comparison of iron concentration between initial and tailing-cover simulation 
experiments 

The cumulative mass of iron that leached from the columns over the 4-1/2 month period 

was also determined. This is shown in Figure 5.5. The figure indicates that less iron is 

leaching from the columns with organic covers. They are successful in trapping the iron 

in the columns itself. Both the controls leached higher amounts of iron during this 

period. The relative iron concentration during the last input was 6 % for sludge cover, 

17 % for peat and 21 % for water cover. Thus, iron removal under sludge cover is the 

least. 
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Figure 5.5 Cumulative mass of iron removed 

5.3.2.3 Variation in other cation concentration and mass removal 

The variation in the concentrations and mass removal for other cations that were 

monitored are collectively discussed in this section. The observations of change in the 

relative concentration, mass removal per event and cumulative mass removal of the 

cations are presented. The cations discussed are Mn, AI, Ca and Mg. 

Figure 5.6 shows the variations in relative concentrations of the cations. It is seen from 

Figure 5.6 that the relative concentration of Mn and AI decreased with time whereas Ca 

and Mg relative concentrations were more variable. The relative concentration of Mn 

followed a pattern very similar to Fe. 
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A rapid decrease in relative concentration of Mn was observed initially for the column 

with peat. In the column with the sludge cover, the relative concentration of Mn was 

lowest after input 7. Mn concentrations reduced to 32 %, 27 %, 11 %and 19% of the 

initial concentrations for columns 1, 2, 3 and 4, respectively. 

A rapid decrease for AI is seen for all the columns after input 5. By the end of input 6 

the concentration of AI decreased to close to zero. The reason for the decrease in AI 

concentrations to zero in all the columns could be that MS3 has high solubility in water 

(Table 2.3). It decomposes in water and flows out in the leachate. 

The relative concentration of Ca fluctuated during the early stages of the experiment. 

After these initial variations, Ca concentrations under all the columns remained close to 

the initial concentrations. The CRC Handbook of Chemistry and Physics ( 1991) 

indicates that the hydrated sulphide of calcium is very soluble in water. The calcium 

continuously dissolves and leaches out. It can be seen from Figure 5.6 that the columns 

with the organic covers have a slightly lower concentration of calcium in comparison to 

the two controls. 
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The relative concentration for Mg followed a similar pattern to Fe and Mn for all the 

columns except the column with the sludge cover. High amounts of Mg leached from 

column 3 and an increase in relative concentration was observed. The increase in 

relative concentration could be due to the leaching of Mg from the sludge layer. The 

chemical characterization of sludge and peat materials (Tables 3. 7 and 3.8) had shown 

that high amounts of Mg leached from sludge. As a result the leachate from the column 

with the sludge cover is showing a rise in relative Mg concentration as compared to peat 

and the controls. 

The mass of cations removed per rainfall event is plotted in Figure 5.7. The mass curves 

confirm the behavior patterns shown by the relative concentrations. Except for the 

sludge column, the Ca and Mg removal is quite consistent for al the other columns. The 

mass of Mg and Ca leaching from the columns was higher than the mass of Mn and AI. 

During the last input, the amount of Ca and Mg that leached from the columns was 

between 200 to 500 mg for Ca and up to 250 mg for Mg. An increase in mass of Mg 

removed is observed under the column with sludge cover after input 5. The amount of 

Mn and AI removed during the last input of was between 8 to 20 mg. 

It can be concluded from the mass removal curves that Ca and Mg are leaching in 

significant amounts from the tailings-cover system. 

The cumulative mass of the cations leaching from the columns is shown in Figure 5.8. 
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The cumulative curve gives the total mass of cations leached during the 4 1/2 month long 

experiment. The cumulative mass removal curve of Mn is similar to Fe. At the end of 

experiment, the cumulative mass removal for the sludge and water cover columns was 

similar. 

The cumulative mass removal of Ca and Mg from all the columns was high in 

comparison to the other cations. At the end of the tailing-cover simulation experiments, 

over 4 g of Ca had leached through each column. From the shape of the Ca removal 

curve it is apparent that Ca is continuously leaching and the total mass removed 

increased at a near constant rate towards the end of the test. 

Over 4 g of Mg leached from the column with the sludge cover up to the 11th rainfall 

event. The total Mg leached from other columns was in the range of 1 g to 2 g. Mg 

leached from column 3 till the end of experiment. For other columns the cumulative 

curve for Mg become horizontal indicating that the concentration of Mg has become 

constant. 

The least total mass of AI flowed from column 3. The peat column had the highest total 

mass of AI removal. All the leachable AI present in the system leached during the period 

up to input 4. Beyond input 4 no increase in the total AI removal was observed. 

It clear from the cumulative mass removal curves for different cations that Ca and Mg 

leach in significant amounts as compared to other cations. AI leached from the columns 

early during the experiment. 

5.3.2.4 Variation in Sulphate 

Sulphate was the anion that was present in high concentrations in the leachate. The 

variation of relative sulphate concentration is shown in Figure 5.9. The change in 

relative sulphate concentration is similar to that of iron. The tailings covered with sludge 
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had the highest initial relative sulphate which decreased sharply after input 5. The 

tailings covered with peat had the lowest relative concentration of sulphate throughout. 

The control columns decreased in relative sulphate concentration and showed similar 

trends to each other. A sharp decrease in sulphate concentration after input 5 is 

observed for column with sludge cover. The reasons for this are same as for iron as 

explained in the Section 5.3.2. 

1.2 -+-CoL 1 no cover -CoL 2 water cover 

-A-CoL 3 sludge cover -M-CoL 4 peat cover 

1.0 

= 0.8 e 
i .:: 
6 u 0.6 = 8 
~ 
i 
~ 0.4 

0.2 

0.0+--------+------~~------+-------~------~~----~ 

11/11/96 12/1196 12/21/96 1/10/97 1/30197 2/19/97 3/11/97 

Time 

Figure 5.9 Variation of relative sulphate concentration with time 

Figures 5.10 and 5.11 show the mass of sulphate removed per rainfall event and the 

cumulative mass of sulphate removed during the experiment, respectively. Both the 

curves show a similar pattern as that of the major cation, Le. iron. 
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It is observed from Figure 5.11 that the cumulative mass of sulphate from the columns 

with organic covers is much less than both the control columns. 

5.3.2.5 Variation in TDS and electrical conductivity 

The variations in relative TDS and electrical conductivity are plotted in Figures 5.12 and 

5.13. Both these properties were determined independently. TDS was determined by 

drying the filtered residue while a conductivity meter measured electrical conductivity. 

These are also plotted as a ratio of the initial value (measured during Rain 1) to that 

measured during each rain. The change in TDS and conductivity show a similar trend 

that was same as the variation in sulphate and iron concentration. 
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For the column with the sludge cover (ie. column 3) a sharp decrease is observed in 

TDS and conductivity after input 5. There is a rapid initial decrease in TDS and 

conductivity for column 4 followed by a near constant level after the after fourth input of 

rain water. 
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Figure 5.13 Variation in electrical conductivity 

5.3.2.6 Variation in pH 

The variation in pH of the leachate from all the columns is shown in Figure 5.14. It can 

be seen from this figure that there is not much improvement in the pH at the end of 

simulation experiment. The pH of the column 1 dropped as compared to its initial pH. 

For column 3 with sludge cover the pH increased from 3.2 to 3.4 at the end. 
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5.3.2. 7 Oxidation-reduction potential 
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Oxidation-reduction potential, Eh, was monitored during the second half of the tailing

cover simulation experiments (after input 4). The ORP probes were installed in the 

middle of the tailings layer in each column. The redox readings measured during the 

experiments correspond to the redox potential that exists in the tailings layer. Due to the 

presence of anaerobic conditions at the cover-tailing interface an even lower redox may 

exist at the tailings-cover interface. The columns with organic covers initially showed 

low redox readings in comparison to the control columns (Table 4.17). Anaerobic 

conditions are represented by a low and a negative Eh value (Pierce, 1992). The 

changes in redox potential are plotted in Figure 5.15. For the column with the sludge 

cover the minimum redox potential observed was -248 mv. This indicates that strong 

reducing conditions prevailed in this column. 
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A marked increase in Eh occurred in columns 3 and 4 several weeks after the installation 

of the probes. It is speculated that the increase was due to oxygen penetrating into the 

columns via the holes drilled for the probes rather than a change in oxidation state. For 

this reason the Eh readings for columns 3 and 4 do not give a true representation of the 

actual conditions inside the columns 3 and 4, after rainfall 9. Attempts were made to 

reseal the holes around the probe but they proved unsuccessful For the control with the 

water layer, Eh readings remained constant throughout at 89 mv. The control with no 

cover had the highest redox potential throughout the testing period. 
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Figure 5.15 Variation in redox potential 

5.3.2.8 Saturated hydraulic conductivity 

Saturated hydraulic conductivity (l<sat ) was measured during the last three rain inputs by 

the falling head method recommended by Klute (1965). It is plotted in Figure 5.16. It 

can be seen from this figure that the hydraulic conductivity of the tailings-cover system is 

low. The hydraulic conductivity for columns 1 and 2 was found to be 6.3 x 10-5 cm/s 
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and 9.8 x lo-s crn/s. The column with sludge had a conductivity of 2.5 x 10-6 crn/s 

whereas for column with peat, the saturated hydraulic conductivity was 7 .96x 1 o·6 crnls. 
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Figure 5.16 Saturated hydraulic conductivity 

It can be concluded from the results of K.sat that because the tailings are fine grained, they 

develop very low hydraulic conductivity. Adding a cover further reduces the hydraulic 

conductivity. 

The hydraulic conductivity observed for the column with the sludge cover is an order 

magnitude higher than that obtained with the use of a clay cover. The soil covers are 

known to achieve a conductivity of lxl0-7 crn/s (Lindvall et al., 1997; Yanful et al., 

1993). Compaction of the organic material will further reduce the hydraulic 

conductivity. More research needs to be carried out in this regard. 
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5.4 RESULTS OF SPECIATION ANALYSIS 

The speciated and unspeciated charge balance provided by the MINTEQA2 model is 

discussed in Chapter 4. The estimated concentrations of ferrous and ferric iron provided 

by the model are important information. If equilibrium is satisfied towards ferrous iron 

in comparison to ferric iron, then reducing conditions are indicated and the precipitation 

of ferrous sulphide can occur. 

5.4.1 Iron Species 

The model output me gave the equilibrium concentrations of both species of iron ie. 

ferric and ferrous iron. Figure 5.17a to 5.17d show the change in ferrous/ferric iron ratio 

with time and redox potential, ie. Eh in the columns. An increase in Fe2+/Fe3+ ratio with 

time indicates a higher amount of ferrous iron as compared to ferric iron. At higher 

ferrous concentrations, it is likely that ferrous iron will precipitate as ferrous sulphide. 

This will corroborate the earlier findings of formation of ferrous sulphide in a reducing 

environment in the columns with organic cover materials. 

Figures 5.17a and 5.17b show that the ratio of ferrous and ferric is almost constant for 

columns 1 and 2. The change in Fe2+/Fe3+ ratio with Eh for columns 3 and 4 is shown in 

Figures 5.17c and 5.17d. From Figure 5.17c it can be observed that the Fe2+/Fe3+ ratio 

increased for column 3 until the 8th input of water. At the 9th input, the redox potential 

given by the ORP probes increased. The increase in redox was due to the oxygen 

entering through the side opening provided for the probe. The infiltration of oxygen 

caused an increase in the redox potential. As the Eh readings were used for equilibrium 

calculations done by MINTEQA 2, an increase in Fe2+/Fe3+ ratio is observed after the 9th 

input. It is for this reason that the curves 5.17c and 5.17d are considered reliable till the 

point of oxygen penetration through the probe opening. 
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For column 4 the Fe2+/Fe3+ ratio also increased with time. The higher concentration of 

ferrous resulted in the formation of precipitates of FeS2 as was found during the 

laboratory experiments. There is strong dependence of Fe2+/Fe3+ ratio on Eh. An 

increase in Eh decreases the ratio of Fe2+/Fe3+ indicating that more ferrous is present at 

low redox potential 

Figure 5.18 is plotted to provide a comparison of the ratio of Fe2+/Fe3+ for the different 

columns. It is apparent from this figure that the ratio is higher for columns 3 and 4 with 

the covers in comparison to the controls. A decline is observed for column 3 after the 

8th rainfall input due to the ingress of oxygen into the tailings layer through the openings 

for the ORP probes. For the controls, the ratio of Fe2+/Fe3+ was nearly constant. 
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Thus, it can be observed from the MINTEQA2/PRODEFA2 simulations that equilibrium 

predicts high concentrations of ferrous iron in comparison to ferric iron. The ratio of 

Fe2+/Fe3+ increased with time for the columns with organic cover layer except at the time 

when higher redox reading was given by the ORP probe (for column 3). It can be 

concluded that strong reducing conditions prevail in the columns with covers due to 

which ferric iron is converted to ferrous iron that forms the precipitates with sulphide. 

5.5 SUMMARY 

This chapter provided a discussion of experimental results. The tailing-cover laboratory 

simulations showed that a low pH, high metalliferrous-sulphate rich leachate was 

leaching from the columns. The addition of an organic cover over the tailings initially 

mobilized some metals. This was indicated by increased concentration of some metals in 

the leachate. 

After the fifth input of simulated rain, there was a significant drop in the concentrations 

of all the monitored metals in the column with sewage sludge as cover. This was 

concurrent to the development of black colored formation at the tailings-cover interface. 

Low redox potential reading were observed for column 3 and the lowest Eh reading 

observed was -248 mv. For column 4 with peat as a cover, the concentration of metals 

were low early during the simulation experiments. For column 4, low Eh was also 

observed. All this indicates that reducing conditions developed under organic cover 

layers which started the reduction of metals. The metals precipitated as metal sulphides. 

Hence, a significant decrease in metal concentrations was observed. 

The profiles of other parameters such as TDS and electrical conductivity (Figures 5.12-

5.13) were also similar to the plots of metal variations. All these graphs show a rapid 

decrease in monitored parameters in column 4 and lowest values for column 3. The 

hydraulic conductivity for columns 3 and 4 was less than for the controls columns. 
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It can be concluded that the organic covers are effective in reducing the metals in the 

leachate and at the same time developing low hydraulic conductivity. 

The speciation results indicated the Fe2+/Fe3+ ratio was higher for columns with organic 

covers. The ferrous form of iron is present mostly in anaerobic environments. Under 

anaerobic conditions, the ferrous iron can precipitate as ferrous sulphide. The formation 

of black coloration during the laboratory experiments indicated the presence of ferrous 

sulphide precipitates. 

From these experiments, it can be concluded that reducing conditions prevail under 

columns with organic covers. The organic covers are able to develop low hydraulic 

conductivity and maintain significant water content. 
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CHAPTER6 

CONCLUSIONS AND RECOMMENDATIONS 

This chapter presents the conclusions and the recommendations on the use of organic 

covers over oxidized mine tailings. The two organic materials that were evaluated and 

compared were anaerobically digested sewage sludge and peat. Characterization of the 

tailings and cover materials was conducted prior to the start of tailing-cover simulation 

experiments. The conclusions and recommendations are based on a relatively short-term 

laboratory experiment ( 4-1/2 months) under environmentally controlled conditions. 

6.1 RESEARCH FINDINGS 

6.1.1 Conclusions Regarding the Material Characterization Experiments 

The tailings and cover materials were characterized physically and chemically. The 

following can be concluded regarding the material properties: 

1. The tailings from Dona Lake Mine are fine grained with over 65% of the material finer 

than 0.1 mm. 

2. The fine grained particles of the tailings resulted in a low hydraulic conductivity of the 

tailing-cover system. The hydraulic conductivity observed was 6.3x1o-s cm/s. 

3. The tailings are highly acidic with a paste pH below 3. 

4. The tailings are rich in iron and sulphate and contained a variety of trace metals. 

These include Al, Ca, Cd, Cu, Cr, Mg, Mn, Pb, Ni and Zn. 
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5. The sewage sludge has a neutral pH of 7 in distilled water and a pH of 5.8 in the 

standard CaCl2 solution. 

6. The BOD and the COD for the sewage sludge are significant. 

7. The sewage sludge is capable of developing very low hydraulic conductivity. This 

can be further reduced by compaction. 

8. The sludge from the Saskatoon wastewater treatment plant has a low count of 

coliform bacteria (Gillies et al., 1989). It is safe to use this type of sludge for land 

reclamation. 

9. The water content of peat was determined to be 244%. 

10. The pH of peat in distilled water and in a standard solution of CaCl2 is 5.4 and 4.6 

respectively. 

6.1.2 Conclusions Regarding Simulation Experiments 

The conclusions of the simulation experiments are discussed in terms of leachate water 

quality, pH, hydraulic conductivity and other observations made during the experiment. 

6.1.2.1 Leachate water quality 

The leachate water quality in terms of relative ion concentrations for columns with 

organic covers was better in comparison to the controls. Most of the ions monitored 

followed the pattern indicated by the major cation (ie. iron) and the major anion (ie. 

sulphate), except for Ca and AI. The relative AI concentration dropped sharply because 

of high AI solubility and became close to zero midway during the simulation experiment. 

Ca concentration remained almost the same as during the first rain, indicating that Ca is 

continuously being dissolved and leached out. The cumulative mass removal curve 

indicates how the total removal of Ca varied during the experiment. 
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TDS and electrical conductivity followed the pattern observed by iron and sulphate. The 

pH of the leachate was marginally better in columns with organic covers as compared to 

both control columns. Not much improvement in the pH was observed. The pH of the 

column with sludge cover increased from 3.2 to 3.4. The experiments were only run for 

a relatively short duration. In a longer duration experiment, a more significant 

improvement of pH can be observed. 

6.1.2.2 Conclusions regarding mechanism or improvement or leachate quality 

The movement from oxidized conditions to a strong reducing environment is proposed 

as the mechanism of improvement of water quality in the columns with organic covers. 

This hypothesis is supported by the following observations: 

i) Extensive formation of black precipitates under the sludge and the peat cover layers. 

No such precipitates were observed in the water cover control 

ii) Low redox reading in columns with the organic covers. This was true before the 

oxygen infiltrated through the probe openings. Up to the point where the probe 

readings were representative of the actual conditions inside the columns, there was a 

trend of decreasing redox readings for columns with organic covers. The Eh for the 

water cover control remained constant throughout the experiment. 

iii) The MINTEQA2 analysis, although crude, supports the hypothesis that a reducing 

environment is prevailing under organic cover materials with a shift in the Fe2+/Fe3+ 

ratio towards ferrous. 

6.1.2.3 Specific conclusions regarding peat cover 

In the column with the peat cover over the tailings, a rapid decrease in relative 

concentrations of monitored cations and anions was observed. This was due to the 

formation of a reducing environment under the peat layer at an early stage. During the 
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last input the concentrations of Fe and Mn observed in comparison to the initial 

concentrations were 17 % and 19 %, respectively. In comparison, for the control with 

the water cover, the concentrations of Fe and Mn were 21 % and 32 %, respectively. 

This indicates that the leachate from the column with peat cover has better water quality 

in terms of concentrations of Fe and Mn. Not much decrease in the relative 

concentration of Ca was observed. The concentration of Mg became constant towards 

the end of the experiment. 

The amount of black precipitates at the tailing-peat cover interface was less in 

comparison to those developed under the sewage sludge cover indicating that not as 

strong a reducing environment was present under sludge cover. The Eh readings under 

the peat cover were not as low as those under the sewage sludge cover. 

The pH of the leachate from the column with the peat cover improved very little. The 

hydraulic conductivity of the tailing-peat cover system during the last rainfall input was 

7.96x10-6 cm/s. 

6.1.2.4 Specific conclusions regarding sewage sludge cover 

The hydraulic conductivity of the sewage sludg column was low. The low hydraulic 

conductivity prevented the infiltration of the simulated rain water. There was a build-up 

of water layer on top of column 3. Until input 5, the leachate was originating from the 

tailings layer only. The hydraulic conductivity achieved by the column with sluge cover 

is comparable to the hydraulic conductivity of soil covers. 

A decrease in relative concentrations of ions was observed after input 6. The pattern of 

decrease in relative concentrations was similar to that observed in the peat cover. Once 

water flowed through the sludge layer, it was possible to sample the leachate originating 

from the reducing environment. The leachate from column 3 had better water quality 
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than the other columns in terms of relative concentrations. The relative concentrations 

for the last input were 6 % and 11 % of the original for Fe and Mn. These are 

significantly lower than those for the column with the peat and water cover. The 

concentration of Mg was highest under this column. After the last input the 

concentration of Mg was quite high in comparison to all the columns. It can be 

concluded that the sludge cover is able to immobilize all the major cations except for 

Mg. The Mg from the sludge layer can flow down into to the tailings and contribute to 

water quality of the emerging leachate. 

6.1.3 Conclusions Regarding MINTEQA2 modeHng 

MINTEQA2 analysis supported the theory of sulphide precipitation. The results of the 

modeling cannot be taken as exact for the reasons given in Section 4.2.2. The modeling 

results have shown that the concentration of ferrous iron is higher as compared to ferric 

iron. The ratio of Fe2+/Fe3+ increased as the experiments proceeded. The reducing 

environment created by the organic layer was instrumental in the formation of metal 

sulphide. 

6.2 RECOMMENDATIONS 

Based on the experimental work on organic covers the following recommendations are 

suggested for future work or field implementation. 

1. It is recommended that a field study should be conducted and the performance of 

organic cover materials under field conditions should be evaluated. 

2. The effect of compaction of organic covers should be determined. Compaction will 

reduce the porosity of the cover material and can result in a further decrease of 

hydraulic conductivity. A smaller amount of water will infiltrate as a result. 

3. The organic cover materials should be amended with other soils such as clays and 

sands. This will aid in placement and compaction of cover materials. It was 
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observed during the laboratory work that peat could not be compacted easily. In a 

field application this could create problems for placing the peat over the tailing. 

4. The variation of oxygen with depth through the cover should be measured. This will 

give a profile of oxygen concentration from the top of the cover to the cover-tailing 

interface. This would definitively demonstrate how effectively the organic cover 

materials are at preventing oxygen from entering the tailings. 

5. For a precise in-situ measurement of redox potential, ORP probes should be installed 

at the time of laying of the tailing and the cover layer. For column tests care should 

be taken to ensure that oxygen infiltration does not occur through the drilled hole in 

the column if the probes are placed through the column wall. 

6. If possible, both forms of iron (Le. ferric and ferrous) should be measured to provide 

relative concentrations of Fe2
+ and Fe3

+. 

7. The effects of desiccation, freeze-thaw and variation in other environmental factors 

on the cover performance should be evaluated. 
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APPENDIX A 

A.l COVER MATERIALS 

Covers offer the ability to restrict the access of oxygen and water to reactive waste. This 

restriction of water can limit both the formation of acid and the subsequent 

transportation of the oxidation products into the environment. To serve this purpose, 

the cover must have low permeability to air and water. The resistance of the cover to 

cracking, burrowing effects of roots and animals, erosion and degradation due to 

weathering and frost action determines the long term effectiveness of the cover 

(Robertson and Kirsten, 1989). Some of the commonly used covers as discussed by 

Robertson and Kirsten (1989) are discussed in the following sections. 

A.l.l Soil Covers 

Soil covers have shown promise in inhibiting oxygen influx into the waste rock dumps 

and tailings (Nicholson et al., 1989). The effectiveness of soil covers as oxygen barrier 

in influenced by the water content maintained in the cover. A soil cover which can 

maintain high water content is effective due to the low diffusion of oxygen in water. The 

use of an engineered soil cover system for sulphidic mine waste has been described by 

Nicholson et a1, (1989) and Yanful (1991). Such covers take advantage of the capillary 

barrier which is formed at the interface of layered coarse and fine textured soils. 
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A.1.2 Synthetic Membrane 

Synthetic membranes such as polyvinyl chloride (PVC) and high density polyethylene 

(HDPE) have the potential to provide covers with an extremely low conductivity to air 

and hence, can control the percolation of oxygen into the tailings. The long-term 

effectiveness of these covers is limited by the loss of plasticity, degradation and ultimate 

cracking of the covers. These covers are also quite vulnerable to puncture and, 

therefore, are installed with adequate bedding preparation and surface protective layers. 

HDPE up to 2 mm thickness are less susceptible to disruptive forces except for the 

likelihood of tearing under differential settlement. The other synthetic materials which 

can be used as covers include geo-polymers, asphalts and cements such as high volume 

polypropylene fiber reinforced, sulphate resistant shotcrete. 

A.1.3 Water Cover 

A water cover is a common technique used to control acid generation. The solubility of 

oxygen in water and the diffusion rate of oxygen through water are both very low. 

There is evidence that underwater disposal of potentially reactive wastes reduce acid 

generation to negligible levels. Some examples of water covers are: 

(i) Disposal into man-made impoundments 

(ii) Disposal into flooded mine workings 

(iii) Lake disposal 

(iv) Marine disposal 

Lake disposal consist of disposing of mine waste into existing natural lakes. The lake 

disposal can pose problems such as turbidity and metal mobilization which can effect the 

biological communities of the lake. Environmental factors to be considered for lake 

disposal include; toxicity of reagents an heavy metals for mill process, excessive nutrient 

addition from the use of explosives and increased turbidity. 
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Marine disposal is a subaqueous method for disposing of mine waste into an existing 

natural system. This method is suitable for the mines situated close to marine bodies in 

countries such as Norway. The waste characteristics that should be assessed are acid 

generation potential, settling properties of tailings and metal leaching characteristics. 
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APPENDIXB 

B.l GRAIN SIZE DISTRffiUTION 

The tailings were delivered in three containers. A grain size distribution test was 

conducted for tailings from all three containers. Figures B 1, B 2 and B 3 show grain 

size plots for the tailings in the three different containers . 
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Figure B 1 Grain size distribution for tailings in frrst container 
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B 2 LIQUID LIMIT OF THE TAILINGS MATERIAL 

The liquid limit curve for the tailing materials is shown in Figure B 4. 

liquid limit Test 
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Figure B 4 Liquid limit of the tailings 

B. 3 RESULTS OF ICP SCAN 

B.3.1 Metal Leaching from Tailings 

In order to determine the metals that could potentially leach from tailings, an ICP 

analysis was conducted on the tailing materials. This was conducted on two types of 

samples. First, on the leachate under column 2 after the second wetting. The second 

scan was conducted on a sample prepared by using 1 g of tailings immersed in 1 ()(X) mL 

of distilled water and mixed for 24 hours. The tailings were allowed to settle and the 

liquid was decanted and filtered. The filtrate and the leachate were sent to the Dept. of 

Geology, University of Saskatchewan for an ICP scan. The results of the metal scan are 

given in Table B 1. 



Table B 1. Metals leaching from 1 g of tailings and in leachate under column 2 

Metal ion 

Ca 
Fe 
AI 
Mg 
Zn 
Mn 
Na 
Ni 
p 

Cu 
co 
Ce 
La 
Nd 
Sr 
Li 
y 
Ti 
Pr 
Sm 
Cd 
Gd 
Cr 
Dy 
Sc 
Eu 
Se 
Be 
Yb 
Er 
u 
Ba 
Pb 
Th 
Ho 
v 
Tb 
Rb 
Tm 

Concentration (~g/1) 
Tailings extract Leachate under column 2 

(1 g of tailings with (wetting 2) 
1000 mL of water) 

128,000 
1,000 
5,100 
2,900 
265 
210 

1,100 
35 
250 
57 
16 
43 
25 
20 
160 
8 
4 

40 
5 
3 
3 
3 
2 
1 
5 
1 
3 
5 

0.5 
0.5 
0.2 
58 
8 

0.0 
0.2 
0.8 
0.3 
6.0 
0.0 

507,000 
3,420,000 
507,000 
620,000 
48,000 
42,000 
9,660 
11,000 
1,680 
5,740 
3,760 
3,630 
1,720 
1,640 
1,160 
2,130 
700 
510 
420 
310 
300 
300 
280 
140 
90 
90 
64 
62 
64 
66 
48 
43 
41 
41 
25 
31 
31 
12 
10 

129 



130 

Table B 1. Metals leaching from 1 g of tailings and in leachate under column 2 (cont. ... ) 

Metal ion 

Lu 
As 
Zr 
Cs 
Mo 
Sn 
Ta 
Tl 
w 
Nb 
Ag 
Sb 
Hf 
Au 
Hg 
Bi 

Concentration (Jlg/1) 
Tailings extract Leachate under column 2 

(1 g of tailings with (wetting 1) 
1000 mL of water) 

0.00 9 
0.1 7 
0.0 5 
2.3 0.5 
0.0 0.5 
0.4 0.3 
0.0 0.2 
0.1 0.1 
0.0 0.1 
0.0 0.1 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

B.3.2 Metals leaching from cover materials 

The ICP scan of metals leaching from peat and sludge are given in Table B 2. For the 

ICP scan, 10 gms of sample was placed in 200 mL of double distilled water and was 

allowed to mix for 24 hours on a magnetic stirrer. The mixture was allowed to settle for 

8 hours. It was then filtered through a 0.45 Jlm filter paper and sent to Dept. of Geology 

at the University of Saskatchewan for an ICP scan. 

Table B 2. Metals leaching from 10 g peat in 200 mL of distilled water and 10 g sludge 
in 200 mL of distilled water 

Metal Concentration for Concentration for 
~eat sam~le {l!g/1) sludge sam~le (l!g/1) 

Ca 2510 100000 
Na 1650 11900 
Mg 520 22300 
p 200 420 
Sr 7 170 



131 

Table B 2. Metals leaching from peat and sludge (cont. .. ) 

Metal Concentration Concentration 
~eat ~l!g/1~ sludge ~l!g/1~ 

Fe 310 120 
Mn 30 30 
Al 280 30 
Zn 270 25 
Cu 40 13 
Ti 6 11 
Be 7 10 
Mo 0.3 10 
v 0.2 9 
Ba 6 9 
Ni 2 6 
Li 3 4 
Sb 0.0 2 
Cr 0.0 2 
u 0.0 0.5 
As 0.1 0.4 
w 0.0 0.4 
Rb 0.5 0.3 
Sn 3 0.0 
La 2 0.0 
Zr 0.8 0.0 
Ce 0.4 0.0 
Pb 0.4 0.1 
Cd 0.2 0.0 
Nd 0.2 0.0 
Hg 0.1 0.0 
Hf 0.1 0.0 
Nb 0.0 0.0 
Pr 0.0 0.0 
Gd 0.0 0.0 
Au 0.0 0.0 
Ta 0.0 0.0 
Sc 0.0 0.0 
Co 0.0 0.0 
Se 0.0 0.0 
y 0.0 0.0 
Ag 0.0 0.0 
Sm 0.0 0.0 
Eu 0.0 0.0 
Tb 0.0 0.0 
Dy 0.0 0.0 
Er 0.0 0.0 
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Table B 2. Metals leaching from peat and sludge (cont ... ) 

Metal Concentration Concentration 
peat {ltg/1) sludge (J1g/l) 

Tm 0.0 0.0 
Yb 0.0 0.0 
Lu 0.0 0.0 
Tl 0.0 0.0 
Bi 0.0 0.0 
Th on on 

B.3.3 Report of Saskatoon Wastewater Treatment Plant 

Table B 3 Chemical analysisof sludge by city of Saskatoon treatment plant 

%Sat pH ECE Na+ Ca2+ Mgi+ K+ cr so42-

mS/cm mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
COS-D- 100 7.6 4.7 120 7.4 200 63 41 2970 
sludge 
COS-E- 100 7.6 4.7 120 7.3 200 62 42 2770 
sludge 

B.4 CALffiRATION OF PUMP HEADS 

A Cole-Parmer Model No. 7576 pump with two pump heads was used during the 

experiments to spray water onto the columns. Both pumps heads were calibrated. The 

calibration data are shown in Tables B 4 and B 5 and the calibration curves are shown 

in Figures B 5 and B 6. 

Table B 4 Calibration date for pump head 1 

Pump Speed 
(No.) 

3 
4 
5 
6 
7 
8 
9 

Time 
(sec) 
52 
38 
60 
60 
60 
60 
60 

Volume of 
water (mL) 

11 
15 
35 
50 
59 
68 
76 

Flow rate 
(mUmin.) 

13 
24 
35 
50 
59 
68 
76 



Table B 5. Calibration date for pump head 2 

Pump Speed Time Volume of 
(No.) (sec) water (mL) 

3 
4 
5 
6 
7 
8 
9 

60 
60 
60 
60 
60 
60 
60 

12 
16 
37 
49 
59 
67 
76 

Flow rate 

(mUmin.) 

12 
16 
37 
49 
59 
67 
76 

Calibration curve for pwnp 1 
R2 =0.9919 
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Figure B 5. Calibration curve for pump head 1 
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Calibration curve for pump 2 
R2 =0.9768 
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Figure B 6. Calibration curve for pump head 2 
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APPENDIXC 

C.l MEASURED AND CALCULATED TDS 

The TDS of the leachate was determined by the gravimetric method This is referred to 

as the measured TDS. TDS was also determined on the basis of the measured 

concentrations of cations and anions present. This is referred to as the calculated TDS. 

A comparison was made between the measured and the calculated TDS. Table C 1 

provides the values of measured and calculated TDS during the frrst three wettings of 

the columns. 



Table C 1 Measured TDS Vs Calculated IDS (TDS units: mg/1) 

Column 1 Column 2 Column 3 Column 4 

Measured Calculated Measured Calculated Measured Calculated Measured Calculated 

Wetting 1 29,620 22,710 29,720 23,650 28,570 20,420 34,360 20,980 

Wetting 2 29,520 23,190 27,280 21,265 26,750 20,540 16,140 13,100 

Wetting 3 27,130 21,450 25,220 19,880 27,940 21,410 18,740 14,970 
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C. 2 VOLUME MEASUREMENTS 

C.2.1 Inflow and outflow volume measurements 

The volume of water input during each simulated rainfall event was 1156 mL. The 

outflow volume from each column was recorded. The outflow volumes for each 

simulated rainfall event is attached in Table C 2 and the cumulative volume is given in 

Table C 3. 

Table C 2 Volume of leachate from columns after each rainfall input 

Volume out (mL) 

Date Col1 Col2 Col3 Col4 

15-Nov-96 Rain 1 1055 1156 230 1046 

22-Nov-96 Rain2 1044 1090 190 990 

6-Dec-96 Rain3 1061 1315 152 960 

13-Dec-96 Rain4 1055 1150 160 1052 

24-Jan-97 RainS 1090 1002 570 940 

31-Jan-97 Rain6 1050 927 2035 945 

7-Feb-97 Rain 7 1182 1070 1285 945 

14-Feb-97 Rain8 1160 1020 1299 1103 

21-Feb-97 Rain9 1060 1070 1007 819 

28-Feb-97 Rain 10 1040 1150 364 733 

7-Mar-97 Rain 11 1020 1070 250 620 
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Table C 3 Cumulative inflow and outflow from the columns 

Time Vin (mL) Vout(mL) 
Coli Col2 Col3 Col4 

I5-Nov-96 Rain I II56 I055 IOS6 230 I046 

22-Nov-96 Rain2 23I2 2099 2I76 420 2036 

6-Dec-96 Rain3 346S 3I60 349I 572 2996 

I3-Dec-96 Rain4 4624 42I5 464I 732 404S 

24-Jan-97 Rain5 57 SO 5305 5643 I302 49SS 

3I-Jan-97 Rain6 6936 6355 6570 3337 5933 

7-Feb-97 Rain? S092 7537 7640 4622 6S7S 

I4-Feb-97 RainS 924S S697 S660 592I 79SI 

2I-Feb-97 Rain9 I0404 9757 9730 692S ssoo 
2S-Feb-97 Rain IO II560 I0797 IOSSO 7292 9533 

7-Mar-97 Rain II I27I6 IISI7 II950 7542 IOI53 

C.2.2 Cumulative mass of iron from the columns 

The cumulative mass of iron leaching from the columns is given in Table C.4. 

Table C 4 Cumulative mass of iron from the columns 

Mass of iron removed (g) 

Time Rains Coli Col2 Col3 Col4 
I5-Nov-96 Rain I 6 6 2 s 
22-Nov-96 Rain2 I2 I2 3 13 

6-Dec-96 Rain3 I6 I7 4 I6 

I3-Dec-96 Rain4 I9 20 5 IS 

24-Jan-97 Rain5 2 23 s 20 

3I-Jan-97 Rain6 23 24 I4 22 

7-Feb-97 Rain? 25 26 I6 23 

I4-Feb-97 RainS 27 27 I7 25 

2I-Feb-97 Rain9 2S 29 IS 26 

2S-Feb-97 Rain IO 29 30 IS 27 

7-Mar-97 Rain II 30 3I IS 27 
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D 1 EXAMPLE OUTPUT FILE FROM MINTEQA2/PRODEFA2 

An example output file created by the model is attached herein. 

PC MINTEQA2 v3.10 date of calculations: 27-Jun.-97 Time: 15:49:21 
Rain 8, Column 3 
Find solution chemistry using measured pH and Eh 
Temperature (Celsius): 25.00 
Units of concentration: MG/L 
Ionic strength to be computed. 
If specified, carbonate concentration represents total inorganic carbon. 
Do not automatically terminate if charge imbalance exceeds 30% 
Precipitation is allowed for all solids in the thermodynamic database and 
the print option for solids is set to: 1 
The maximum number of iterations is: 40 
The method used to compute activity coefficients is: Davies equation 
Intermediate output file 

Input data before type modifications 

Id Name Activity Guess Log Guess Anal Total 
330 H+l 3.981E-04 -3.400 O.OOOE-01 
281 Fe+3 1.318E-02 -1.880 7.300E+02 
470 Mn+2 1.047E-04 -3.980 5.800E+OO 
30 Al+3 1.660E-04 -3.780 4.480E+OO 
150 ca+2 1.096E-02 -1.960 4.350E+02 
460 Mg+2 2.455E-02 -1.610 6.000E+02 
732 s04-2 6.166E-02 -1.210 5.985E+03 
1 E-1 1.549E+04 4.190 O.OOOE-01 
280 Fe+2 1.778E-10 -9.750 1.000E-09 
2 H20 1.000E+OO 0.000 O.OOOE-01 
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Charge Balance: unspeciated 
Sum of cations= 1.119E-01 
Sum of anions = 1.256E-01 
Percent difference= 5.781 % (anions- cations)/(anions +cations) 

Improved activity guesses prior to first iteration: I 
Fe+2 Log activity guess: -1.88 
Mn+2 Log activity guess: -3.97 
Al+3 Log activity guess: -3.79 
S04-2 Log activity guess: -1.22 
Fe+3 Log activity guess: -19.10 

Iterations = 6: solid gypsum precipitates 

Percentage distribution of components among 

Type I and Type IT (dissolved and adsorbed) species 

S04-2 65.8 percent bound in species # 732 S04-2 
1.1 percent bound in species #3307320 HS04-

18.2 percent bound in species #4607320 MgS04aq 
4.9 percent bound in species #1507320 CaS04aq 
9.6 percent bound in species #2807320 FeS04 aq 

Fe+2 
57.5 percent bound in species # 280 Fe+2 
42.5 percent bound in species #2807320 FeS04 AQ 

Mn+2 
57.0 percent bound in species # 470 Mn+2 
43.0 percent bound in species #4707320 MnS04 AQ 

Al+3 
24.9 percent bound in species # 30 Al+3 
37.2 percent bound in species # 307320 AIS04 + 
37.8 percent bound in species# 307321 Al(S04)2-

Mg+2 
57.5 percent bound in species# 460 Mg+2 
42.5 percent bound in species #4607320 MgS04 AQ 

Ca+2 
54.2 percent bound in species# 150 Ca+2 
45.8 percent bound in species #1507320 CaSo4 AQ 
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H+1 
44.7 percent bound in species # 330 H+1 
55.4 percent bound in species #3307320 HS04 -

Fe+3 
4.3 percent bound in species # 281 Fe+3 
17.7 percent bound in species #2813300 FeOH +2 
51.0 percent bound in species #2817320 FeS04 + 
6.5 percent bound in species #2813301 FeOH2+ 

20.6 percent bound in species #2817321 Fe(S04)2-
E-1 

44.4 percent bound in species #4700021 Mn04-2 
55.6 percent bound in species #4700020 Mn04-

H20 
97.4 percent bound in species# 303300 AIOH +2 
1.7 percent bound in species # 303301 Al(OH)2 + 

Equilibrated Mass Distribution 
Id Name Dissolved Sorbed Precipitated 

mo1/kg percent 

732 so4-2 5.8E-02 92.4 
280 Fe+2 1.32E-02 100 
470 Mn+2 1.06E-04 100 
30 Al+3 1.67E-04 100 

460 Mg+2 2.48E-02 00 
150 ca+2 6.15E-03 56 
330 w1 1.17E-03 100 
281 Fe+3 4.14E-18 100 

1 E-1 -9.0-100 100 
2 H20 2.7E-07 100 

Charge Balance: speciated 

Sum of cations = 
Sum of anions = 

5.128E-02 
.701E-02 

mo1/kg percent mo1/kg percent 

O.OOOE-01 0.0 4.787E-03 7.6 
0. OOOE-0 1 0.0 O.OOOE-01 0.0 
O.OOOE-01 0.0 O.OOOE-01 0.0 
O.OOOE-01 0.0 O.OOOE-01 0.0 
O.OOOE-01 0.0 O.OOOE-01 0.0 
O.OOOE-01 0.0 4.787E-03 43.8 
O.OOOE-01 0.0 O.OOOE-01 0.0 
O.OOOE-01 0.0 O.OOOE-01 0.0 
O.OOOE-01 0.0 O.OOOE-01 0.0 
O.OOOE-01 0.0 O.OOOE-01 0.0 

Percent difference= 2.005e+01 (anions- cations)/(anions +cations) 
Equilibrium ionic strength (m) = 1.277e-01 
Equilibrium ph = 3.400 
Equilibrium pe = -4.192 
Eh = -248.00 mv 
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