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SUMMARY  

The activity of iron-oxidizing bacteria, for example, Thiobacillut.  ferrooxidans, in the outer layers of 

coal waste dumps results in the oxidation of pyrite with the formation of large volumes of acid mine 

drainage. The process requires atmospheric oxygen and moisture. Acid mine drainage may possibly 

be controlled by creating unfavourable environmental conditions in dumps for the iron-oxidizing 

bacteria. 	The present research investigated the possibility of inhibiting these bacteria and 

consequently acid formation in coal waste dumps by means of different dump construction 

techniques. 

Physical and chemical conditions, acid formation and populations of four groups of bacteria which 

might produce acid were studied in the outer layers of ten differently constructed pilot scale coal 

waste dumps at the Kilbarchan Mine near Newcastle, Kwazulu-Natal, from September 1993 to July 

1995. Dump covers consisting of a 30-cm or 70-cm layer of Estcourt soil of low permeability 

covered with 70 cm or 30 cm, respectively, of more permeable Avalon soil produced anaerobic 

conditions in the dumps throughout most of the 22 months of the test period, as did a cover of 70 cm 

compacted plus 30 cm uncompacted Avalon soil alone. An uncoMpacted 30-cm or compacted 50-

cm Avalon soil cover proved ineffective in causing prolonged anaerobic conditions. Uncovered 

dumps showed only slight reduction of oxygen in the coal waste after heavy rains. 

Pockets of acidity were detected on several occasions in the coal waste below the 50-cm Avalon soil 

layer from the time of construction and progressively increasing acidity in the uncovered dumps and 

the waste below the 30-cm Avalon soil cover. Iron-oxidizing bacterial populations of the T. 

ferrooxidans type have tended to be higher in the uncovered dumps and Avalon soil-covered dumps 

showing acidification than in the non-acidified dumps covered with 1 m of Avalon soil or Avalon and 

Estcourt soil. Associated populations of iron-oxidizing bacteria of the Metallogenium type, 

acidophilic and non-acidophilic thiosulphate-oxidizing bacteria were generally low in the coal waste 

of the dumps. 

Thus, five of the soil covers, all with a thickness of 1 m, but not covers with a thickness of 0.5 m or 

less, proved effective for almost 2 years in inhibiting the diffusion of oxygen to the underlying coal 

waste in the pilot scale dumps and also appeared to suppress the populations of iron-oxidizing 
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bacteria believed to be implicated in acid formation in the coal waste. These results suggest that coal 

waste dumps in South Africa should be covered with soil layers of 0.5-1.0 m thick to prevent the 

generation of acid mine drainage. 
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OPSOMMING 

Die aktiwiteit van ysteroksiderende bakteriee soos Thiobacillus ferrooxidans, in die buitenste lae van 

steenkoolafvalhope, veroorsaak die oksidasie van piriet met die gevolg dat groot volumes suur 

mynafloopwater gevorm word. Hierdie proses benodig suurstof en vog. Suur mynafloopwater kan 

moontlik beheer word deur 'n situasie te skep waar die toestande in die hope ongunstig is vir die 

ysteroksiderende bakteriee. Die huidige navorsing het die moontlikheid ondersoek om hierdie 

bakteriee te inhibeer deur verskillende afvalhoopontwerpe op die proef te stel en sodoende 

suurvorming in steenkoolmynhope te beperk. 

Die fisiese en chemies kondisies, suurvorming en populasies van vier verskillende bakterie-groepe 

wat dalk by suurvorming betrokke is, is vanaf September 1993 tot Julie 1995 bestudeer in die 

buitenste lae van tien verskillend gekonstrueerde loodsskaalafvalhope by die Kilbarchan myn naby 

Newcastle in KwaZulu-Natal. Afvalhoopbedekkings bestaande uit 'n 30-cm of 70-cm Estcourt 

grond met 'n lae permeabiliteit bedek met'n 70-cm of 30-cm laag van meer deurlaatbare Avalon 

grond het anaerobe kondisies veroorsaak. Ongekompakteerde 30-cm en gekompakteerde 50-cm 

Avalon grondlae het egter nie bestendige anaerobe kondisies in die hope veroorsaak nie. Die 

onbedekte hope het aerobics gebly met slegs effense dalings van suurstofkonsentrasies gedurende en 

na swaar reens. 

Geisoleerde monsters uit die steenkoolafval onder die 50-cm Avalon grondlaag het vanaf die begin 

van die toetsperiode tekens van suurvorming getoon. Die onbedekte steenkoolafval en die van die 

sel met 'n 30-cm Avalon grondlaag het met verloop van tyd al hoe meer suur geword. Die 

ysteroksiderende bakterie-populasies van die T. ferrooxidans tipe het geblyk om in die onbedekte en 

Avalon grondbedekte hope wat tekens van suurvorming getoon het hoer te wees as in die hope wat 

met 'n 1-m laag Avalon grond of Avalon en Estcourt grond bedek is en geen tekens van 

suurvorming getoon het nie. Ysteroksiderende bakteriepopulasies van die Metallogenium tipe, nie-

asidofiele en asidofiele tiosulfaatoksiderende populasies was oor die algemeen laag in die 

steenkoolafvalhope. 

Vyf van die grondlae wat alma! 1 m dik was het dus geblyk om effektief te wees in die bekamping 

van die infiltrasie van suurstof na die onderliggende steenkoolafval in die loodskaalhope. Dit lyk asof 

daardie lae die ysteroksiderende populasies betrokke by suurvorming onderdruk het. Die 0.5-m 
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grondbedekking het egter nie so 'n sterk onderdrukkende effek op die suurstofinfiltrasie of die 

bakteriepopulasie gehad nie. Na aanleiding van hierdie resultate blyk dit dat steenkoolafvalhope in 

Suid-Afrika met minstens 0.5 tot 1..0 m grond bedek moet word om effektief die probleem van suur 

mynafloopwater te bekamp. 
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INTRODUCTION 

Acid mine drainage, resulting from the oxidation of iron pyrite (FeS2) exposed to atmospheric 

oxygen through large scale mining, causes great concern locally and internationally because of 

its negative effect on the environment (Kleinmann et al., 1981). Acid mine drainage constitutes 

one of the largest water pollution problems in South Africa (Kemp, 1962; Thompson, 1980). 

Rainwater percolating through opencast mines and uncovered mine dumps (high in pyrite) 

results in runoff that is characterized by low pH (often less than pH 3) and high concentrations 

of dissolved iron and sulphates (Kleinmann et al., 1981; Stefanoff and Kim, 1994). Colmer and 

Hinkle (1947) demonstrated that Thiobacillus ferrooxidans (old name Ferrobacillus 

ferrooxidans) plays a significant role in the degradation of sulphide materials. The process of 

biological oxidation of inorganic iron and sulphur compounds by such chemoautotrophic or 

chemolithotrophic bacteria serves as a source of energy for their growth (Suzuki, 1974). 

Carbon dioxide (CO2) serves as the sole source of carbon (Silverman and Lundgren, 1959). 

Thiobacillus ferrooxidans, through its oxidation of ferrous iron in the aerobic outer layers of 

coal mine dumps, accelerates the rate of some of the key chemical reactions involved in the 

oxidation of pyrite, thereby increasing the rate of acid generation (Pronk and Johnson, 1992). 

As this is an aerobic process, anaerobic conditions can be expected to inhibit both iron 

oxidition and the production of acid mine drainage. 

Norris and Kelly (1982) reviewed evidence for the possibility that acid drainage might be 

caused not only by T. ferrooxidans, but also by several other bacterial species, found in mine 

dumps undergoing acidification. Although T. ferrooxidans was confirmed as the most 

important iron-oxidizing micro-organism in the mesophilic temperature range, roles of the 

iron-oxidizing Leptospirillum ferrooxidans and the sulphur-oxidizing Thiobacillus thiooxidans 

were sometimes indicated (see also Wichlacz and Unz, 1981). Walsh and Mitchell (1972) 

postulated a possible important role for bacteria of the genus Metallogenium, namely, initiating 

bacterial iron oxidation and acid formation at pH levels too high for the growth of T. 
ferrooxidans. 
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The strictly lithotrophic iron-oxidizing bacteria of the species T. ferrooxidans also live in close 

association with heterotrophic bacteria in their environment. Many of these heterotrophic 

bacteria have been identified as belonging to the genus Acidiphihum (Harrison, 1983, 1984; 

Wichlacz et al., 1986). These bacteria consume organic molecules that are inhibitory to the 

lithotrophs, thereby reducing the inhibition and enhancing the growth of the lithotrophs 

(Harrison, 1984). 

As all the abovementioned organisms are aerobic or grow mainly aerobically, anaerobic 

conditions may prevent or reduce the production of acid drainage. Oxygen penetration into 

coal waste in dumps is superficial (Dugan, 1975; Erickson, 1985; Good et al., 1970; Goodman 

et al., 1983), with conditions becoming anaerobic at depths from as shallow as 30 cm, with 

fluctuations due to dump breathing. Acid generation will thus be expected at these shallow 

depths where conditions are aerobic, and can possibly be prevented by inhibiting the diffusion 

of atmospheric oxygen into the outer layers of coal waste. Recent developments in dump 

construction and rehabilitation techniques have the aim of counteracting both acid drainage and 

spontaneous combustion of the coal waste by reducing the access of air into the dumps and the 

flow of water through and from the dumps (Benson and Daniel, 1994a; Daniel and Wu, 1992). 

Dump compaction is one such technique; covering dumps with soil which is vegetated or with 

a clay cap and vegetated soil are other techniques. 

Kemp (1962) reported serious pollution of rivers in northern Kwazulu-Natal as a result of acid 

mine drainage from coal mining operations in that area. Recently, acting on recommendations 

of Report WP E-87 of the Director General of Water Affairs (1987-88), the Department of 

Water Affairs and Forestry has started to rehabilitate old coal waste dumps under its 

jurisdiction. The strategy being followed is to collect all the coal waste of a mine into a well-

defined dump, which is then covered with a layer of clay followed by topsoil to give a total 

cover thickness of 1 m. A suitable vegetation cover, for example, grass, is established on the 

topsoil. This rehabilitation technique appears superficially to be highly successful, but is 

expensive, costing in the region of R2 000 000 per dump. However, the effects of these dump 

construction and rehabilitation techniques on acid drainage production have to be assessed 

scientifically. 
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Before the present investigation, scientific assessment of the inhibition of acid-producing 

microorganisms by the covers and whether similar inhibition could be achieved by thinner, 

cheaper covers has been lacking. Also the hydrology of dumps under covers of different types 

under the conditions of northern Kwazulu-Natal has not been studied. The objectives of the 

present research were studies of acidification and the populations of microorganisms producing 

acid mine drainage in coal waste dumps in northern Kwazulu-Natal and their inhibition by 

different soil or "clay"/soil covers plus vegetation in relation to ecological determinants in the 

coal waste. The presence or absence of iron-oxidizing bacteria in the outer layer of coal waste 

in the dumps, but particularly population sizes, may most rapidly give an evaluation of the 

success of different dump construction techniques in limiting acid drainage. The opportunity 

arose to make such a study under controlled experimental conditions in variously constructed 

pilot scale dumps ("mini-dumps") by collaborating in a project of consulting engineers Wates, 

Meiring & Barnard and the Department of Water Affairs and Forestry. This project involved 

the construction of 10 mini-dumps of fine coal waste (about 96% smaller than 3 mm diameter) 

with different covers at the Kilbarchan Mine near Newcastle in northern Kwazulu-Natal, 

primarily for investigating the effects of the construction techniques on the amount of drainage 

from the mini-dumps and the quality of the drainage water. 

The population sizes of T ferrooxidans and other possibly important acid mine drainage 

bacteria, as well as physical and chemical conditions in the dumps, have been evaluated since 

September 1993. The chemical and physical conditions were pH and the moisture, oxygen and 

carbon dioxide concentrations in the coal waste. This thesis reports results through two rainy 

seasons (summer) until July 1995. 
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LITERATURE REVIEW 

Chemical and Microbial Processes Involved in Acid Mine Drainage Formation 

Pyrite oxidation 

Iron pyrite is ubiquitous in most sulphide ores and is usually distributed more or less evenly 

throughout mine dumps (Fornaseiro et al., 1992). Caruccio (1970) showed that acid 

production corresponded more closely with the particle size of the pyrite than with the amount 

of pyrite. Good et al. (1970) confirmed this observation. In the presence of atmospheric 

oxygen smaller particles decomposed more readily than bigger particles. This characteristic 

may be attributed to the greater surface area of the smaller particles, increasing their 

susceptibility to oxidation. 

Two mechanisms, direct and indirect, are responsible for the bacterial oxidation of pyrite 

(Silverman, 1967; Walsh, 1978). The reactions involved in the direct (reaction 1) and the 

indirect mechanism (reactions 1-5), as summarised by Silverman (1967), Lundgren et al. 

(1972) and Kleinmann et al. (1981) are: 

1. 2FeS2  + 21120 + 702  -----> 2FeSO4  + 2H2SO4  

2. 4F eS 04 + 02 +2112 SO4 > 2Fe2(S 04)3 + 21-120 

3. Fe2(SO4)3  + 61120 ==> 2Fe(OH)3  +3H2SO4  

4. 4Fe2+ + 02  + 4H+ ==> 4Fe3+ + 21120 

5. FeS2  + 14Fe3+ + 8H20 =----> 15Fe2+ + 2S042-  + 16H+ 

The direct mechanism involves an enzymatic attack on the mineral by bacteria, for which 

intimate contact and hence adhesion to the pyrite is required (Sam et al., 1993). Enzymes on 

the outer membrane of the bacteria carry out the dissolution of the mineral (DiSpirito et al., 

1983). The bacterial adhesion of T ferrooxidans to these minerals (i.e. pyrite) is an essential 
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step in oxidation. According to Ohmura et al. (1993), the number of T. ferrooxidans cells that 

adhere to coal increases with an increase in the pyritic sulphur content of the coal. The 

selective adhesion of T. ferrooxidans to pyrite is due to a stronger interaction than 

hydrophobic and electrophobic interactions (Van Loosdrecht et al., 1987). Bacterial adhesion 

to mineral surfaces plays an important role in bacterial survival in natural ecosystems (Ohmura 

et al., 1993). 

The indirect mechanism, on the other hand, operates by the chemical action of acidic ferric 

sulphate produced by bacterial metabolism (Silverman 1967, Sam et al., 1993). During this 

process adhesion of the bacteria to the mineral surface is not required (Lundgren and Silver, 

1980). 

The indirect pyrite oxidation process can be divided into five reactions, comprising both abiotic 

and biotic reactions (Kleinmann et al., 1981). Reaction 1, which occurs at a high pH (pH > 

4.5), is an abiotic reaction resulting in the spontaneous auto-oxidation of pyrite (Atlas and 

Bartha, 1987). A drop in pH results from the formation of ferrous sulphate and sulphuric acid. 

In reaction 2, ferrous sulphate is oxidized abiotically to ferric sulphate at pH levels higher than 

pH 4.5 (Kleinmann and Crerar, 1979; Kleinmann et a/.,1981). A subsequent drop in fifl to 

lower than pH 4.5 causes the abiotic reaction to slow down and change to a biotic one. At pH 

2.5 and higher the ferric iron product precipitates as ferric hydroxide (reaction 3). This ferric 

hydroxide, also called "yellow boy", is indicative of acid mine drainage. Below pH 2.5, the 

ferric hydroxide dissolves and releases ferric iron into solution. 

Biotic oxidation of ferrous iron to ferric iron (reaction 4) is most prominent below pH 2.5, 

where the biotic oxidation rate is significantly higher than the abiotic reaction rate (Kleinmann 

et al., 1981). Electrons, released during this reaction, are used for the electron transport 

system and energy metabolism of T. ferrooxidans (Walsh, 1978). Reaction 4 is the rate-

limiting step. The ferric iron product of reaction 4 oxidizes pyrite in the chemical reaction 5. 

The sulphuric acid and additional hydrogen ions produced in reactions 1, 3 and 5 create the 

low pH environment that promotes the biotic oxidation of ferrous iron and the abiotic ferric 

iron attack on pyrite. 
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Formation and oxidations of sulphur and sulphur compounds 

The sulphur content of coal varies significantly from one area to another and can make up as 

much as 10-12% of the total mass of the coal (Merretig et al., 1989). Sulphur occurs in coal 

as organic sulphur which is bound covalently to the coal matrix and inorganic sulphur 

compounds such as pyrite crystals or small amounts of sulphate. Bacteria bring about various 

inorganic transformations of the sulphur cycle which may be relevant to the production of acid 

mine drainage. 

Merretig et al (1989) found that during the biotic oxidation of pyrite by Leptospirillum-like 

bacteria, elemental sulphur accumulated and that chemical leaching without bacteria produced 

a similar effect. They also indicated that both types of reaction occurred at low pH values. 

Deposits of elemental sulphur are often produced by chemical reactions between sulphide 

minerals and ferric sulphate, but the sulphur is usually converted by microorganisms to 

sulphuric acid in natural and bioleaching environments (Konishi et al., 1994). Thiobacillus 
ferrooxidans and T thiooxidans are capable of oxidizing elemental sulphur to sulphuric acid in 

natural environments at temperatures up to 40°C and pH values to as low as about pH 1.0. 

Suzuki (1965) and Silver and Lundgren (1968) also reported that T. thiooxidans and T. 
ferrooxidans were able to grow on elemental sulphur, while London and Rittenberg (1966) 

showed that T. thiooxidans was able to oxidize sulphide aerobically, and that sulphate was 

always produced from it. Lizama and Suzuki (1991b) presented the reactions for T 
thiooxidans as follows: 

+ 1.5 02  + H2 0 ==> H2SO4  

S2-  + 202  + 2H+ ==> H2SO4  

Thiosulphate (S2032-) can be oxidized by most species of Thiobacillus and most of them grow 

on thiosulphate as an energy source, oxidizing both sulphur atoms to sulphate (Leduc and 

Ferroni, 1994). 

S2032-  +202  + 1420 ==> 2S042-  + 2H+ 
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Thiobacillus thioparus accumulated elemental sulphur as an intermediate when grown on 

thiosulphate (Suzuki and Silver, 1966), but could oxidize the sulphur to sulphate with sulphite 

as an intermediate, using sulphur- and sulphide-oxidizing enzyme systems (Suzuki, 1974). 

Suzuki and Silver (1966) proposed that sulphite, rather than thiosulphate was the initial 

product of sulphur oxidation. Thiosulphate was formed through a non-enzymatic condensation 

of sulphur and sulphite. Sulphite, an intermediate in the oxidation of inorganic sulphur 

compounds is further oxidized to sulphate (Suzuki, 1974). 

The scheme of inorganic oxidations and condensations shown in Fig. 1 indicates the 

transformations summarized here, as well as the formation of tetrathionate by an oxidative 

condensation of thiosulphate (Suzuki et al., 1994). 

Microorganisms Causing Acid Mine Drainage Formation  

Acidonhilic iron-oxidizing bacteria  

In the presence of water and oxygen, these bacteria are capable of oxidizing ferrous iron to 

ferric iron and pyrite to sulphuric acid and iron hydroxide (Lundgren et al., 1972). 

Thiobacillus ferrooxidans. ThiobacilhIs leiTooxidans, a motile Gram-negative, rod-shaped 
acidophilic litho-autotrophic bacterium (Staley et al., 1989) is an important micro-organism in 

biological mining and the best known in acid mine drainage (Ehrlich, 1963). This organism has 

been shown to increase the rate of oxidation of ferrous iron to fen-ic iron at pH levels below 

pH 3.5. As a chemolithotroph it obtains its energy for growth from the oxidation of pyrite, 

elemental sulphur or soluble ferrous iron (Blake et al., 1994). Trapped minerals are released 
from the pyrite as it is oxidized (Hubert et al., 1994). Sulphuric acid, produced during this 
process, gives T fetwooxidans a competitive advantage in its natural environment (Lundgren 

and Silver, 1980). Cellular carbon is obtained by the fixation of carbon dioxide (Brierley, 

1982; Ledu,c and Ferroni, 1994). 

Pronk et al. (1992) demonstrated that T ferrooxidans was capable of growth on elemental 

sulphur under anaerobic conditions, using ferric iron instead of oxygen as an electron acceptor. 
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Fig. 1. Transformations of inorganic sulphur compounds (adapted from Suzuki et al., 1994). 
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Ferrous iron-grown cells of T. ferrooxidans exhibited significant rates of ferric iron-dependent 

sulphur oxidation (Suzuki et al., 1990; Pronk et al., 1992). Sulphuric acid produced by the 

growth of T. ferrooxidans on elemental sulphur created the acidic environment necessary to 

sustain high populations of T ferrooxidans. These results suggested that ferric iron may be an 

important electron acceptor for the oxidation of sulphur compounds in acidic environments. 

Goodman et al. (1983) found high populations of T. ferrooxidans at depths of at least 3 m in a 

pyritic waste rock dump. Below 0.5 m the oxygen concentrations in the gas atmosphere were 

frequently less than 0.1% by volume. However, carbon dioxide concentrations were high, 

often more than 2% by volume. This indicated that T ferrooxidans may leach pyritic material 

in the absence of oxygen provided an alternative electron acceptor is available. Therefore, low 

concentrations of oxygen may not significantly reduce the long term solubilization of trace 

metals from the pyritic material. This could explain the significant numbers of T ferrooxidans 
found by Goodman et al. (1983) in regions of the waste rock dumps at Rum Jungle in 

Australia, where oxygen levels were 10-100 times lower and carbon dioxide levels 20-100 

times higher than those of the atmosphere. 

Leptospirillum ferrooxidans  Leptospirilluni ferrooxidans is a highly motile, Gram-negative, 

helical, acidophilic, obligatory chemolithotrophic bacterium that appears less widespread in 

nature than the thiobacilli (Ewan and Hughes, 1991; Hughes and Poole, 1989). This may be 

due to its inability to compete under the stressful conditions of isolation used for acidophilic 

chemolithotrophic iron-oxidizing bacteria. Its high mobility is associated with its corkscrew 

type of movement. It grows well on ferrous iron but not on pyrite (Kuenen and Gottschal, 

1982). Very little is known about the role Leptospirilhini ferrooxidans plays in the natural 

environment and even the taxonomic status of this species is uncertain (Sand etal., 1992) 

Iron-oxidizing bacteria of the genus Metallogenium 

The coccoid cells of Meta/loge/7/mii usually form clusters with filaments that are heavily 

encrusted .with manganese oxide (Staley et al., 1989). These aerobic bacteria oxidize 

manganese compounds and multiply by means of a budding process. 
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The oxidation of sulphidic materials such as pyrite results in a decrease in pH, with the 

possibility of sequential domination by organisms with decreasing pH maxima and optima for 

growth (Ewart and Hughes, 1991). It has been proposed that Metallogenium may be the 

dominant iron-oxidizing organism in ferrous iron-oxidizing environments until the pH drops 

below pH 3.5, after which the more acid-tolerant T ferrooxidans takes over (Walsh and 

Mitchell, 1972). Walsh (1978) postulated that Metallogenium was responsible for catalysing 

pyrite oxidation in the pH range 4.5-3.5, with an optimum pH of 4.1. Metallogenium tolerates 
a lower free iron concentration than T ferrooxidans and may be active in catalysing the iron 

oxidation-reduction cycle in those regions of a coal mine where abiotic oxidation is slow and 

where environmental conditions limit the activity of T ferrooxidans. 

Walsh and Mitchell (1972) concluded that Metallogenium is of environmental significance 

because it creates the pH environment necessary for T ferrooxidans to grow and flourish. 

Their work suggested the possibility of curbing acid mine drainage by creating conditions that 

are unfavourable for the growth of Metcillogenium and T ferrooxidans. They demonstrated 

that partly neutralised mine water (pH 4.0-4.5) that was also rich in ferrous iron could result in 

a reduction of acidity and iron production from coal waste when added to material with high 

acidity and T. ferrooxidans populations. Their explanation was that the rise in pH would have 

been unfavourable for the rapid growth of T. ferrooxidans, while the activity ofMetallogenium 

would also have been inhibited by the high concentrations of ferrous iron in its immediate 

surroundings. 

Kleinmann and Crerar (1979) could not prove beyond any reasonable doubt that the presence 

of Metallogenium was necessary for the initial acidification process or that it played a 

significant role in the initial stages of pyrite oxidation. Thiobacillus ferrooxidans appeared able 

to adapt to a neutral environment (pH 6.9) and to change it sufficiently for its own growth and 

survival. 

Acidophilic sulphur-oxidising bacteria 

Thiobacillus thiooxidans.  7hiobacillus thiooxidcms, discovered by Waksman and Joffe 

(1922), is an aerobic, acidophilic, obligate chemolitotroph, that utilizes sulphur but not iron as 

a source of energy (Roberto et al., 1993; Staley et al., 1989). However, strains labelled T 
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thiooxidans have vastly differently morphologies and can grow optimally at between 25 and 

30°C (Kelly and Harrison, 1989). The pH optima of various strains are between pH 3.0 and 

5.0. Most strains attach themselves to sulphur particles (Harrison, 1984). Harrison (1984) 

suggested that 7: thiooxidans probably consists of more than one species. Because sulphur 

may be formed during the oxidation of pyrite (Merretig et al., 1989) and because 7: 
thiooxidans oxidizes both elemental sulphur and sulphide to sulphate, it may play a significant 

role in the bacterial leaching of metals from sulphide ores (Lizama and Suzuki, 1991b). 

Suzuki et al. (1992) grew cultures of T. thiooxidans at 28°C in a medium adjusted to pH 2.3 
or pH 3.0 and presented evidence that sulphite (S032-) was the oxidation product of sulphur by 
T thiooxidans cells when the further oxidation of sulphite was inhibited. These experiments 

established the central role of sulphite in the inorganic sulphur metabolism of this species. 

Thiobacillus ferrooxidans. Thiobacilhis ferrooxidans also oxidizes both elemental sulphur 

and sulphide to sulphate and is a key organism in the bacterial leaching of metals from sulphide 

ores (Lizama and Suzuki, 1991b). The reactions involved are the same as those of T 
thiooxidans. Brierley (1982) noted that T thiooxidans was present in somewhat smaller 
numbers than the millions of T ferrooxidans cells found in rock samples from leach piles. 

Cell-sulphur adhesion has been shown to be essential for oxidation of sulphur to take place 

(Lizama and Suzuki, 1991a). This process is energy- and pH-dependent and is thought to play 

a significant role in bacterial leaching of metals from sulphide ores (Lundgren and Silver, 

1980). 

Sulfolobus spp.  Species in the genus Stilfo/obus grow well between 55 and 85°C (optimum 
growth occurs at 70-75°C), where they oxidize H2S to 5°, and S° to H2SO4  (Segerer and 
Stetter, 1972). These highly irregular, coccoid cells cannot grow below 55°C. 
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Microbial consortia 

Thiobacillus ferrooxidans and Thiobacillus thiooxidans. Thiobacillus ferrooxidans oxidizes 

ferrous iron to ferric iron, while both T ferrooxidans and T. thiooxidans oxidize sulphur and 

sulphide to sulphate. The reactions are as follows: 

2Fe2+ + 0.502  + 2H+ ==> 2Fe3+ +H20 

SO  + 1.502 + H20 ==> H2SO4 

S2-  + 202 	S042- 

In experiments on the leaching of pyrite, Lizama and Suzuki (1991b) found that some sort of 

interaction existed between T ferrooxidans and T thiooxidans, in that T. thiooxidans with T. 
ferrooxidans caused a faster oxidation of sulphur/sulphide to sulphuric acid than T 
ferrooxidans alone. Both species could play a role in the formation of acid mine drainage 

(Atlas and Bartha, 1987). 

Thiobacillu.s ferrooxidans and Thiohacillus acidophilus.  Another example of a possible 

advantageous relationship for T. ferrooxidans was the presence of T. acidophilus in T 
ferrooxidans cultures at low pH values (Guay and Silver, 1975). Thiobacillus acidophilus, an 

acidophilic mixotrophic bacterium, was able to utilize organic compounds that might be 

detrimental to the growth of T ferrooxidans. Both microorganisms were found in so-called 

"pure cultures". Arkesteyn and De Bont (1980) found that the inhibition of T. ferrooxidans by 

certain organic substances (1 mM glucose, succinate, malate, lactate, glycolate, methanol, 

ethanol and various amino acids) was reduced when T acidophilus was present in mixed 
cultures. 

Although T. acidophilus is incapable of utilising ferrous iron as an energy source it is able to 

grow and flourish under heterotrophic conditions on glucose and other organic substances 

(Kuenen et al., 1985). Urea, ammonium salts and amino acids serve as a source of nitrogen 

and pyruvate as a source of carbon for this mixotroph. Pyruvate, that can inhibit the growth of 

T ferrooxidans and T. thiooxidans when excreted by these organisms, is removed by T. 
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acidophilus, leading to and enhancing the stability and performance of both organisms involved 

in bioleaching. 

Thiobacillus ferrooxidans and Achliphillum cryptum.  Wichlaz and Unz (1981) isolated 

acidophilic heterotrophs from coal mine environments and Harrison (1984) suggested that 

these heterotrophic acidophiles (Acidiphilium cryptum) might be exerting a positive effect on 

the process of mineral leaching. Harrison (1984) demonstrated the enhancement of iron-

oxidation in the presence of pyruvate by autotrophic T ferrooxidans in mixed culture with A. 

cryptum, apparently following consumption by A. ctyptum of the pyruvate or a derivative 

thereof that inhibits the growth of T. ferrooxidans on its own. Acidiphilium cryptum may play 

a direct role in acid generation as it is capable of gratuitous sulphur oxidation when organic 

growth substrates are present. 

Leptospirillum ferrooxidans and Thiobacillus srm.  The rapid degradation of pyrite in mixed 

cultures of L. ferrooxidans and T acidophihis or T. ferrooxidans has been demonstrated 

(Kelly, 1978). Furthermore, L. ferrooxidans and Thiobacillus organoparus utilized pyrite and 

chalcopyrite (CuFeS) as possible sources of energy when in mixed culture, but not in pure 

culture (Norris and Kelly, 1978). In pure culture, L. ferrooxidans oxidized only ferrous iron, 

while Thiobacillus organoparns, a facultative chemolitotroph, oxidized reduced sulphur 

compounds as a source of energy. Also L. ferrooxidans was able to oxidize pyrite in a mixed 

culture with T. thiooxidans (Kuenen and Gottschal, 1982). As Johnson et al. (1992) could not 

prove beyond any reasonable doubt that L. ferrooxidans was able to oxidize reduced sulphur 

compounds, it seems that T thiooxidans fulfills this role. It might also be responsible for the 

removal of a thin layer of sulphur around the pyrite crystals as suggested by Kuenen et al. 

(1985). 

Leptospirillum ferrooxidans and Acidiphilium sp. Hallman et al. (1993) performed 

laboratory experiments to evaluate the influence of chemoorganotrophic bacteria on 

chemolithotrophic bacteria involved in metal mobilization during bioleaching. They found that 

higher metal mobilisation was obtained in mixed cultures of Acidiphilium sp. and L. 
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ferrooxidans than with pure cultures of L. ferrooxidans. This may have resulted from a 

stimulation of the metabolic activity of L. ferrooxidans and depends also on the high tolerance 

of Acidiphilium for heavy metals. As a working hypothesis, Hallman et al. (1993) proposed 

that L. ferrooxidans probably benefits from both the metabolism of inhibitory organic 

compounds by Acid/phi/him and the enhancement of exopolymer production observed in 

mixed cultures with Acid/phi/him sp. The ability of L. ferrooxidans to attach to surfaces of 

ore particles and to attack sulphidic compounds, and consequently microbial metal leaching, 

would thus be enhanced. 

Ecological Factors Influencing Bacterial Acid Mine Drainage Formation 

Physical factors 

Moisture.  Moisture in a coal waste dump is determined by infiltration of atmospheric rainfall 

into the dump and various other factors, for example, the clay, coal and pyrite content of the 

dump (Dugan, 1975). Good et al. (1970) obtained data indicating that 25% of the applied 

water infiltrating into a dump emerged as base flow during dry periods. Approximately 75% of 

the applied water came off immediately as runoff. During periods of high water flow following 

heavy rainfall, acid may be washed out of dumps in a surge resulting in a period of high input 

of acid into a drainage area or receiving stream (Dugan, 1975). This problem causes major 

environmental concern world-wide. However, it can be assumed that coal seldom becomes 

waterlogged and that moisture evaporates quickly from exposed mine dumps in dry weather. 

Humidity significantly influences pyrite oxidation. 	Borek (1994) reported that pyrite 

weathered differently depending on the humidity (as water vapour) resulting in the formation 

of different oxidation products. She evaluated six types of pyritic materials under four relative 

humidities (34%, 50%, 70% and 79%) and found that two of the pyrite samples produced no 

weathering products at any humidity, a third type of pyrite produced hematite at all humidities, 

while three sedimentary pyrites produced ferrous sulphates after varying times at the different 

relative humidities. 

Harries and Ritchie (1983) found that the moisture content of the upper 1.0 to 1.5 m of surface 

coal dumps changed with the cycle of wet and dry seasons, decreasing during the dry season. 
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However, although the moisture and other measured physicochemical parameters varied 

significantly with season, it appeared that there was little variation in the pyrite oxidation rate 

throughout the year. 

Good etal. (1970) also found that pyrite oxidation proceeded at a fairly constant rate between 

periods of precipitation, with the oxidation products accumulating in the outer mantle of the 

waste dumps. Erosion during periods of precipitation constantly renewed this reactive outer 

mantle. Although chemolithotrophic bacteria were metabolically active over a wide range of 

moisture contents (12%-35%), optimal pyrite oxidation rates were found at moisture levels of 

23% to 35% (Belly and Brock, 1974). Thiobacilhts ferrooxidans could survive extended 

periods without rainfall, then showed increased activity after heavy rains. Rainfall would also 

flush the bacteria out of dumps, then decrease their concentrations in the drainage water by 

dilution (Tuttle et al., 1968). However, Kleinmann and Crerar (1979) concluded that T. 

ferrooxidans would not be active in saturated ground-water environments. In experiments 

conducted in Montana, Olsen eta! (1981) found that exposed coal spoils supported very little 

bacterial pyrite oxidation during the dry season. This was probably related to water stress. 

Thiobacillus ferrooxidans was completely inhibited by a water potential of -23 bars. 

Temperature.  The surface temperature of a mine dump depends mainly on atmospheric 

weather conditions, including air temperature and humidity. The effects of temperature on the 

growth of the main chemolithotrophic bacteria that may be involved in the generation of acid 

mine drainage are noted below. 

Thiobacillus ferrooxidans has traditionally been regarded as a mesophilic microorganism with 

a minimum temperature for growth of 15°C, an optimum of around 30°C, and a maximum of 

about 37°C (Leduc and Ferroni, 1994). Silverman and Lundgren (1959) reported that the 

bacterium grew well at 28°C but not at 37°C. They also found that the optimum temperature 

for iron oxidation differed from the optimum growth temperature for T. ferrooxidans. Belly 

and Brock (1974) agreed that the optimum growth of T. ferrooxidans (as indicated by 14CO2  

fixation) occurred between about 20°C and 30°C. Psychrotrophic strains of T ferrooxidans 

isolated by Leduc et al. (1993) were able to grow at 0°C or thereabouts. 
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Kuenen and Gottschal (1982) reported optimum growth of L. ferrooxidans to be about 40°C. 

Leptospirillurn ferrooxidans could survive temperatures as low as 4°C, but was usually more 

abundant at temperatures above 20°C (Sand et al., 1992). In the field studies of Sand and co- 

workers at the Ilba mine in Romania, they detected very few or no Leptospirillum ferrooxidans 

below 20°C. 

Thiobacillus thiooxidans oxidizes sulphur and thiosulphate optimally at 25-30°C (Kuenen et 
al., 1985), but whether this organism plays a significant role in acid formation in natural 

environments is not well established. 

Chemical factors 

pti. The pH of coal waste dumps varies considerably over small areas according to Harrison 

(1978), who found certain areas, so-called "hot spots", of pH 2.0 commonplace, while not far 

away in other areas the pH was 5.5. At neutral pH the rate of chemical oxidation of pyrite is 

slow, but exceeds the rate of biological oxidation (Kleinmann and Crerar,1979) and may result 

in a lowering of the pH in a particular area where pyrite is exposed to atmospheric oxygen 

(Kleinmann etal., 1981). Below pH 4.5 the chemical oxidation rate is very slow, causing the 

bacterial oxidation to dominate. Ferrous iron is chemically stable and almost non-auto-

oxidizable in strong acid conditions below pH 4.0 (Wakao etal., 1991). 

Sulphuric acid produced during pyrite oxidation gives T ferrooxidans (a strict acidophile) a 

competitive advantage in its natural environment; it is able to grow at pH 1.5 according to 

Hubert et a/.(1994). According to Ingledew (1982) it grows well on iron in the pH range 1.0-

4.5, with an optimum pH for the oxidation of ferrous iron of approximately pH 2.0. Wakao et 
al. (1991) reported the optimum pH for T. ferrooxidans to be pH 2-3. Lundgren and Silver 

(1980) found that T ferrooxidans was active in the pH range 1.5-5.0, with a maximum of 

about pH 6. The optimum pH for the oxidation of ferrous iron and pyrite was between pH 1.0 

and pH 2.5. They also isolated a number of thermophilic thiobacilli with various pH optima 

between pH 2.0-9.0. According to Kuenen and Gottschal (1982), Leptospirillunt grew well at 
the very low pH of 1.2. 
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Iron-oxidizing bacteria of the genus Metallogenium, active in the pH ranee of pH 3.3-4.5, 

could be involved in the early stages of leaching of minerals from various ores and coal mines 

(Ewart and Hughes, 1991; Walsh and Mitchell, 1972). 

Sulphur, being an extremely stable chemical, can be used by sulphur-oxidizing bacteria as a 

source of energy over a wide pH range (pH 1.0-6.0), with an optimum pH of pH 3.5 in the 

case of T. thiooxidans or T ferrooxidans .(Wakao et al., 1991). The apparent pH range for 

thiosulphate oxidation by these sulphur oxidizers was more limited (pH 4.3-5.5, with an 

optimum of pH 4.8-5.0), possibly because thiosulphate is unstable and spontaneously 

decomposes below pH 4.0. Likewise, some of the iron-oxidizing bacterial strains examined by 

Wakao et al. (1991) had high thiosulphate-oxidizing activities in the pH range 4.2-5.6 with 

optimum pH 4.6-5.0. 

Oxygen and carbon dioxide. Several models of oxygen penetration into various parts of coal 

waste dumps have been proposed. Good etal. (1970), Dugan (1975), and Erickson (1985) 

proposed the concept of an oxygen "barrier" which usually would not allow oxygen to 

penetrate into the pile beyond a depth of 20-30 cm. This "barrier" is composed of sediments 

of fine clayey material which have been compacted by water movement resulting from rain and 

other forms of precipitation (Dugan, 1975). Good et at. (1970) reported a "barrier" 2.5 cm (or 

more) thick, some 10-25 cm below the outer surface of the dump. 

However, Erickson (1985) reported that oxygen concentrations of up to 20% occurred to 

depths of several metres into a coal refuse dump. She noted that the oxygen content decreased 

with depth. This profile appeared to be consistent with oxygen diffusion from the atmosphere 

and oxygen consumption within the refuse pile. Seasonal changes in oxygen profiles were also 

noted. Higher concentrations of oxygen observed at greater depths in winter than in warmer 

seasons may have been due to decreased chemical activity of the coal waste in the colder 

winter months. Nicholson et al. (1989) stated that molecular diffusion through pores partially 

filled with gas is the most important mechanism for oxygen transport in mine waste. The rate 

of diffusion depends largely on the pore size between dump particles. The rate of oxidation of 

ferrous sulphides, such as pyrite, with generation of a low pH effluent containing high 

concentrations of sulphates, ferric iron and trace metals is controlled by the availability of 

oxygen at the sulphide surface (Elberling etal., 1994). 
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Harries and Ritchie (1983) conducted research on two 20-year-old waste rock dumps at Rum 

Jungle in Australia's Northern Territory. They studied the oxygen and carbon dioxide content 

in the pyrite-containing mine dumps and found that the oxygen content of the waste dumps 

was not subjected to seasonal changes. Carbon dioxide levels two orders of magnitude greater 

than those in air were measured, thus abundant carbon dioxide essential for the viability of 

Thiobacillus spp. was available throughout the dumps. Carbon dioxide levels were low when 

oxygen levels were high and vice versa. Harries and Ritchie (1983) found heat production at 

depths which correlated with transport of oxygen. 

The studies of Harries and Ritchie (1983) and those of Erickson (1985) were conducted in 

vastly different climatic zones where rainfall and temperature differed. Considering also the 

differences in waste material in the various mine dumps, it is understandable that the findings of 

Harries and Ritchie contrasted with those of Erickson. 

Thiobacillus ferrooxidans, one of the most important oxidizers of pyrite and other ferrous 

sulphide minerals, is described as an aerobe (Kelly and Harrison, 1989). However, T. 
ferrooxidans is able to oxidize sulphur and simultaneously reduce iron under anaerobic 

conditions (Brock and Gustafson, 1976). Pronk et al. (1991) suggested that elemental sulphur 

acted as an electron donor during the process of ferric iron respiration in T ferrooxidans. 
Susequently, Pronk et al. (1992) described the growth of T ferrooxidans on elemental sulphur 

using dissimilatory ferric iron reduction, where ferric iron replaced oxygen as the electron 

acceptor. 

Barron and Lueking (1990) found that a carbon dioxide concentration of 7-8% may be 

advantageous to the growth of Thiobacillus spp., but higher concentrations may prove 

detrimental. Maximal carbon dioxide uptake and assimilation by T ferrooxidans occurred 
within the first 8-10 cm from the air-dump interface in coal refuse material of 3-5 years old 

(Belly and Brock, 1974). Although Walsh (1978) stated that mine sealing was not effective 

because the amount of oxygen required for the oxidation-reduction cycles of pyrite 

degradation was very small, Kleinmann and Crerar (1979) noted that acid drainage could be 

reduced by flooding a redundant mine or by air-sealing it as suggested by Colmer and Hinkle 

(1947), thereby reducing the amount of oxygen available. 
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Substrate availability.  Thiobacillns ferrooxidans is a chemolithotroph that can utilize the 

energy released by the oxidation of ferrous to ferric iron as its sole source of energy and an 

autotroph that uses atmospheric carbon dioxide as its sole source of carbon (Blake et al., 

1994: Brierley, 1982). Iron pyrite, found most commonly in sulphide ores and coal waste 

(Fornaseiro et al., 1992), serves as an important source of ferrous iron for T. ferrooxidans. In 

bioleaching processes, ferrous iron provides a soluble substrate for growth of T ferrooxidans, 

whereas minerals such as pyrite, chalcopyrite (CuFeS2) and sulphur provide insoluble 

substrates (Devasia et al., 1993). 

Sulphur in coal is usually present in organic combination as part of the coal substance and in 

inorganic combination as pyrite or marcasite and as calcium sulphate in weathered coals 

(Colmer and Hinkle, 1947). Commercial coals of the Eastern United States contain from 0.5-

1.5% sulphur. Olsen et al. (1981) noted that the sulphur in two major coal seams at Colstip., 

Montana, averaged 1.07% and 1.87%. Coal refuse obtained from New Lexington, Ohio, by 

Dugan and Apel (1983) for leaching experiments had 6-8% total sulphur. 

In bacterial ore leaching experiments, surface area of the ore determined the yields and 

extraction rates of metals (Lundgren and Silver, 1980). A reduction in size of the ore particles 

increased the surface area of the ore and also increased the degree of separation of the ore into 

soluble and insoluble constituents by the percolation of water. 

If we asume that intimate contact of bacteria with the mineral is necessary to catalyse its 

oxidation, larger particles will be limiting only if all the potential reaction sites are occupied by 

active bacteria so that excess active bacteria cannot be accumulated on the surface of the 

mineral (Ehrlich and Fox, 1967). A reduction in the size of particles of low grade metal ores 

may expose new metal sulphide sites and increase host rock reaction sites which would affect 

leaching beneficially. 
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Control of Acid Drainage from Coal Mine Dumps 

Treatment of effluent water 

Liming.  Liming is the most commonly used process for acid mine effluent treatment 

(Stefanoff and Kim, 1994). It involves neutralization of the acidity with alkali (lime) and the 

ensuing precipitation of the dissolved metals. 

Thompson (1980) evaluated calcium carbonate and hydrated lime (calcium hydroxide) for their 

efficiency in improving the quality of acid mine drainage. He found that hydrated lime was the 

most suitable for neutralizing acid drainage runoff, resulting in a reduction of total dissolved 

salts. The main reactions involved are as follows: 

H2SO4 Ca(OH)2 ==> CaSO4 2H20 

Fe2(SO4)3  + 3Ca(OH)2  > 2Fe(OH)3  +3CaSO4  

As such treatment is relatively expensive, requiring removal of large volumes of iron hydroxide 

sludges which would have to be continued until all the pyritic material in the mine has been 

weathered (Walsh, 1978), alternative methods have to be found to deal with this problem. 

Keefer and Sack (1983) proposed a recycling of the sludge by reusing it for acid mine drainage 

treatment. The cost of treatment of acid mine drainage could be reduced as less lime would 

have to be used. The waste sludge storage lagoon (created for disposal of large quantities of 

sludge) could be eliminated or greatly reduced in size if the sludge recycle system were 

coupled with a system using waste sludge as a coagulant. This procedure would result in 

smaller land requirements and a reduction in cost. 

In experimental work at Iron Mountain near Redding in California, Stefanoff and Kim (1994) 

found that a lime/sulphide treatment process produced a sludge that had less leachability than 

that of sludge from a caustic soda process. Both processes achieved a substantial reduction of 

heavy metals in the leachate. The caustic soda treatment simulation involved adding a 50% 

sodium hydroxide solution to the sample of acid mine drainage in a reactor with mixing until a 
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final pH of pH 8.4 was reached. The lime/sulphide process simulation comprised four steps 

(Fig. 2), namely precipitation with lime- and sulphide-treated sludge (conditioned sludge), 

ferrous iron oxidation, sludge thickening and sludge conditioning. Following aeration the 

sludge was allowed to settle for 5 hours in a graduated cylinder. This sequence of events was 

repeated six times to produce a sludge that passed several United States Government 

requirements. It could no longer be described as hazardous waste according to Federal 

criteria. Reduction of concentrations of cadmium, copper and zinc in the effluent, to levels 

below the Federal regulatory limits, were achieved by the lime /sulphide process. 

Wetlands. Wetlands function as natural water treatment systems through a number of 

complex interactions between the physical, chemical and biological components of the system 

(Wood and Pybus, 1993). The suggestion that constructed wetlands could provide a cost 

effective, low maintenance alternative to conventional chemical treatment led to studies that 

demonstrated the efficiency of such wetlands to retain iron present in acid mine drainage 

(Wieder, 1994). Lower concentrations of metals in outflow waters than inflow waters were 

used as indices of effectiveness. Earlier studies by the U.S. Bureau of Mines and the Research 

Unit for Aquatic and Terrestrial Ecosystems of the Rand Afrikaans University on acid mine 

drainage water passing through established reedbeds (genus Typha .  or genera Typha and 

Arundo), showed reduced total iron and an increase of the pH of the water from pH 5.5 or 

lower to aproximately neutral (Kleinmann, 1985; Van der Merwe et aL, 1990). 

Kleinmann (1985) noted that acidic mine water flowing through a natural bog containing the 

moss Sphagnum recurvum showed a decrease in mineral content. An increase in pH due to the 

outflow water passing over natural limestone at the fringe of the bog was also noted. In a 

subsequent study of acid mine drainage water moving through an experimental bog at flow 

rates varing from 6.4 1/hour to 113.7 1/hour, Kleinmann (1985) found that total iron in the 

water was reduced by 50- 70%. 
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Fig. 2. Diagram of lime/sulphide process simulation of Stefanoff and Kim (1994) for the 

treatment of acid mine drainage (AMD). 
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Chemical inhibition of bacteria causing acid mine drainage 

Several authors suggested that it may be possible to inhibit iron- and sulphur-oxidizing bacteria 

by the application of chemicals to mine dumps, thereby reducing acid mine drainage (Dugan 

and Appel, 1983; Kleinmann et at., 1981; Tuttle and Dugan, 1976). 

Chemical inhibitors must satisfy certain conditions before they can be used (Dugan and Appel, 

1983). They must be: 

1. Inhibitory in low concentrations to the acid-producing bacteria; 

2. Relatively non-toxic to organisms other than the target Thiobacillus species; 

3. Available in commercial quantities; 

4. Amenable to application techniques. 

In laboratory experiments with coal waste, Kleinmann (1979) and Olem et at. (1983) found 

that sodium lauryl sulphate (SLS), an anionic surfactant, slowed or delayed acid generation in 

the coal waste. A solution of 5.0 mg/I SLS delayed acid formation for 60 days (Olem et at., 

1983). Onysko et at. (1984) and Erickson et at. (1985) showed delayed acid generation in 

barrels of coal waste treated with SLS, sodium benzoate or sorbic acid, while Kleinmann 

(1980), Kleinmann et at. (1981), Kleinmann and Erickson (1982) and Erickson et at. (1985) 

reported that SLS delayed or inhibited acid mine drainage formation under field conditions. 

Loos et at. (1990b) evaluated the effectiveness of SLS and SLS-rubber pellets (rubber 

containing 35% SLS) in inhibiting the acidification of pilot scale coal waste dumps at the 

Wolwekrans Mine near Witbank in the Mpumalanga Province of South Africa in the light of 

promising results obtained in the U.S.A. by Kleinmann (1980), Kleinmann et at. (1981), 

Kleinmann and Erickson (1982) and Erickson et al. (1985). They confirmed that 2-4 mg/I SLS 

was sufficient to inhibit T ferrooxidans in liquid cultures not containing coal, whereas at least 

10 times these concentrations were needed in coal waste. However, relatively high dosages of 

SLS (1 kg,  dissolved SLS plus 15 kg rubber pellets containing 35% SLS/ 55 tons coal waste) 

were inadequate to control acid drainage formation in the coal waste dumps in the pilot scale 

study of Loos et at. (1990b). Further investigations indicated that populations of iron-

oxidizing bacteria present in the coal waste dumps were resistant to 12-14 mg/I SLS, with 
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some cultures of T ferrooxidans increasing their resistance when in contact with this chemical. 

Also heterotrophic filamentous fungi and yeasts were present, and some of the yeasts could 

degrade SLS. Due to these biological factors, the slow release of the SLS from the SLS-

rubber pellets, and slow downward movement of the inhibitor in the dump as a result of 

adsorption to the coal waste, very low concentrations of SLS were measured in the lower 

layers of waste and the effluent water, resulting in the establishment of high iron-oxidizing 

bacterial populations (mainly 102-106/g and 103-107/ml, respectively) in these environments. 

Loos et al. (1990b) also evaluated the effect of SLS, sodium benzoate and sorbic acid on the 

growth of T ferrooxidams in the absence and presence of various coal waste fractions and the 

first two for their effectiveness in inhibiting the iron-oxidizing bacteria in the pilot scale coal 

waste dumps with application of 2 kg/55 tons every 2 weeks. The dumps were saturated with 

inhibitor and the iron-oxidizing bacteria eliminated from the effluent after 188 days of these 

treatments. However, due to the high cost of the effective doses of SLS and sodium benzoate 

(3000 and 2600 kg/ha, respectively) these treatments did not seem feasible for large scale use. 

Treatments would also have to be resumed after some months to prevent the concentrations of 

these substances dropping to levels that would be too low to inhibit iron-oxidizing bacteria. 

Loos et al. (1990b) concluded that, although sodium benzoate seemed to have the best 

potential of the inhibitors studied to inhibit acidification of pyrite in coal waste, a more 

permanent solution than the continued application of an inhibitor would have to be found to 

solve this pollution problem. 

Reduction of water and oxygen infiltration into waste piles by means of soil and/or clay 

liners and covers  

The most efficient way of storing large quantities of coal and coal waste is placement on the 

ground (Olem et al., 1983). However, water percolating through material containing large 

populations of acid drainage-causing microorganisms results in serious pollution of not only 

streams and rivers, but also the surrounding soil. The soil beneath a dump might be protected 

by the use. of an impermeable liner. Benson and Daniel (1994a) evaluated various compacted 

soil liners to determine the minimum thickness needed to effectively prevent water moving into 

and out of the enclosed waste material. They defined a compacted soil liner as an earthen 

barrier used to minimize the movement of liquid into or from a landfill, surface impoundment, 
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or other facility that can contaminate groundwater. For a soil liner to perform adequately it 

must be physically stable (cover, foundation and sideslopes), permit leakage only after a 

relatively long time and have a small flux subsequent to the commencement of leakage. 

Depending on the soil structure and compaction of the liner, liquid moving through the soil 

flows in a spatially variable continuum or through relatively large and widely spaced pores 

called macropores. These macropores are irregular in size, distribution and orientation and 

although they represent only a small percentage of the total volume of soil, they act as discreet 

channels for water flow. Both flow processes were modelled. Benson and Daniel (1994b) 

showed from models and field data that soil liners with a thickness of 30 cm or less displayed 

greater hydraulic conductivity than liners that were at least 60 cm thick. A possible minimum 

thickness for compacted soil liners, that would allow for low vertical water movement, seemed 

to be 60-90 cm. 

Suitable soil and/or clay covers may be used to minimize gas exchange with the atmosphere as 

well as water infiltration and movement through dumps (Koerner and Daniel, 1992). Soil 

covers have not been extensively applied on tailings because of high cost and lack of reliable 

methods for the prediction and evaluation of their effectiveness. In Canada, the problem of 

acid mine drainage has been estimated to involve some 12 000 ha of tailings with a 

rehabilitation cost of $3 billion-$5 billion over two decades (Yanful, 1993). 

Yanful (1993) conducted a set of experiments to evaluate the performance of a three-layer 

sand-clay-sand cover on tailings in laboratory columns and in the field. The sands functioned 

as capillary barriers in preventing the clay from losing moisture by drainage and evaporation. 

He found that the diffusion of oxygen to the tailings was largely prevented by a 30- or 60-cm 

clay layer (in the column and field studies, respectively) which reduced the concentration from 

20-21% (v/v) in the upper sand layer to 1-2% (v/v) in the lower sand layer. A decrease in the 

movement of oxygen (over time) with an increase in water saturation was noted in diffusion 

studies in the laboratory. Another important factor to consider in connection with oxygen 

diffusion in soils, is the rate of oxygen consumption by chemical and biological processes 

within the soil mass. Microbial processes in soil are responsible for the greatest uptake of 

oxygen. Dissolved oxygen played a minor role in the oxidation of tailings. Thus, the 

elimination or control of gaseous oxygen diffusion into tailings is the key requirement in any 
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sulphidic tailings management strategy. The effect of water on the clay covers, be it from 

precipitation or run-off, must also be considered. 

Liner and cover systems serve to avoid the transfer of contaminants into the adjacent soil and 

biosphere, and also prevent the infiltration of precipitation into the waste, thereby limiting the 

risk of ground water and surface water contamination (Melchior et al., 1993). Although there 

have been many studies performed on the effectiveness of compacted clay liners and covers for 

landfill and waste pile rehabilitation, there are still problems associated with the usage of these 

materials as cover systems. Thus, compacted clay will tend to desiccate from above or below 

and crack unless adequately protected. It is also vulnerable to damage from freezing and must 

be protected by a suitable thick layer of cover soil. Compacted clay liners are difficult to repair 

if they desiccate, crack or are penetrated. Woods (1992) agreed that channeling may cause 

short circuiting in covers on waste material. 

Clay not only cracks due to loss of water but also swells when enough water is present. 

Therefore, the placement of a cover in a condition of high water saturation and close to 

maximum density is essential if water infiltration into the cover is to be reduced (Yanfill, 

1993). Environmental conditions such as climate, ground water, drainage, regulation cover, 

and field permeability determine the actual amount and rate of swell. Yanful (1993) found that 

a thickness of about 30 cm of clay could greatly reduce the gaseous oxygen flux to tailings and 

thereby should greatly reduce the acid flux, but 60 cm would give an added margin of safety in 

the field. 

The effect of vegetation on soil covers must not be overlooked. In studies performed on 

landfill covers by Nyhan et al. (1990), it was found that fully established vegetation on the 

covers decreased soil water content during the summer and spring months. Very little leachate 

was produced at these times. Although vegetation and top soil covers temporarily store the 

atmospheric water input, most of the water is subsequently returned to the atmosphere by 

means of evapotranspiration. 
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MATERIALS AND METHODS 

Microbiological Media 

9K medium  

The 9K liquid medium of Silverman and Lundgren (1959) was used initially for certain most 

probable number (MPN) determinations as well as enrichment culturing of iron-oxidizing 

bacteria in coal or coal waste. The basal medium consisted of 3.00 g (NH4)2SO4, 0.10 g KC1, 

0.50 g K2HPO4, 0.50 g MgSO4.7H20, 0.01 g Ca(NO3)2  and 1.0 ml 10 N H2SO4  in 700 ml 

distilled H20. To the sterilized (121°C for 15 min.) basal medium were added 300 ml of a 

14.74 % (m/v) FeSO4.7H20 solution which was sterilized by passage through a 0.2 gm 

nitrocellulose membrane filter (Millipore SA, Bellville). The pH of the basal medium and of 

the FeSO4.7H20 solution was adjusted before sterilization to pH 2.0 by the addition of a 15 % 

(v/v) H3PO4-15 % (v/v) H2SO4  solution. 

HJJ medium 

The medium of Harrison et al. (1980), designated HJJ medium, was also used for MPN 

determinations and enrichment cultures. The medium differed from 9K medium only in 

containing a lower concentration (2,00 g/L) of (NH4)2S 04. 

Starkey's medium 

The medium as specified by Allen (1957) was used for MPN determinations and enrichment 

culturing of acidophilic chemolithotrophic thiosulphate-oxidizing bacteria, such as Thiobacillus 

thiooxidans. Basal medium consisted of 0.30 g (NH4)2504, 3.00 g KH2PO4, 0.50 g 

MgSO4.7H20, 0.25 g CaCl2  and 0.01 g Fe2(SO4)3.9H20 in 980 ml of distilled water. 

Thiosulphate solution was prepared as 5.00 g Na2S203.5H20 in 20 ml distilled water. The 

solutions were sterilized separately at 121°C for 15 min. then mixed in the ratio 49:1. 
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Beiierinck's medium 

The medium was prepared according to Allen (1957), with the addition of bromothymol blue 

(Rupela and Tanro, 1973) as an indicator of acid production, for MPN determinations and 

enrichment culturing of non-acidophilic chemolithotrophic thiosulphate-oxidizing bacteria, 

such as Thiobacillus thioparus. Basal medium consisted of 0.10 g NH4C1, 0.20 g Na2HPO4, 

0.10 g MgC12.6H20, 5.00 ml of a 1 % (m/v) solution of bromothymol blue in ethanol and 935 

ml of distilled water. Aqueous solutions of Na2S203.5H20 (5.00 g/20 ml), NaHCO3  (1.00 

g/20 ml) and FeSO4.7H20 (0,01 g/20 ml) were also prepared. The basal medium and these 

solutions were sterilized separately at 121°C for 15 min., then mixed in the ratio 47:1:1:1. 

Metalloffenium medium  

The medium of Walsh and Mitchell (1972) was used for MPN determinations of iron-oxidizing 

bacteria of the genus Metallogeniunt. The basal medium consisted of 1.00 g (NH4)2SO4, 0.10 

g CaCO3, 0.20 g MgSO4.7H20, 0.01 g K21-1PO4  and 4.00 g KH-phthalate in 980 ml distilled 

water. The pH of the basal medium was adjusted to pH 4.0 with 0.2 M NaOH. After 

sterilization (121°C for 15 min), 20 ml acidified (as for 9K and HJJ medium but to pH 4.00) 

filter-sterilized FeSO4.7H20 solution was added to provide a final concentration of 0.025%. 

Sampling of Coal Duff and Coal Waste 

Three samples (CRD1, CRD2 and CRD3) of coal duff with a particle size < 5 mm were 

obtained on 13 July 1992 from heaps on the Corby Rock Mine near Dundee to determine its 

effectiveness as potential material for pilot scale mini-dumps by investigations of populations 

of acidophilic iron-oxidizing bacteria in the duff and their ability to multiply therein. Various 

types of coal waste (samples TQA, B, D and E) were also sampled for this purpose on 13 

October 1992 at the Kilbarchan Mine near Newcastle. Samples K/A1 and K/A2 ("middling") 

were coal waste from the top of a dump (6 months-1 year after dumping). Sample K/B1 

("middling") was from the sloped side of a dump where it had been for 1-6 years. The K/A 

and K/B samples were sieved to yield a fraction with a maximum diameter of 10 mm. Samples 
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K/D1 and K/D2 ("slurry") were from the coal-washing process; they consisted of very fine 

material which formed hard clumps on drying. Samples K/E1 and K/E2 ("spiral") were waste 

from the duff-washing process; they comprised fine, soft material. 

Additional coal waste was obtained from the Kilbarchan Mine on 8 February 1993 for the 

enrichment of acidophilic iron-oxidizing bacteria (sample K/F1) and on 22 April 1993 for 

quantitive studies of populations of acidophilic iron-oxidizing and acidophilic thiosulphate-

oxidizing bacteria (sample K/G1). Samples K/F1 and KJG1 were from the coal waste which 

was subsequently used for the construction of the pilot scale experimental dumps (mini-

dumps). The sampling of coal waste from the mini-dumps is described later under the section 

"Pilot scale experiment near Kilbarchan Mine ". 

Microbiological Methods 

Most probable number (MPN) determinations of iron-oxidizing and thiosulphate-

oxidizing bacteria in coal duff and coal waste 

Populations of ferrous iron- and thiosulphate-oxidizing microorganisms were determined in the 

CRD 1-3 and K/A-G samples initially within 1-2 weeks of the sampling date, but within 3 days 

in the samples from the mini-dumps. For MPN determinations of acidophilic iron-oxidizing 

bacteria, flasks of 9K or HJJ medium were inoculated in triplicate with coal duff; coal waste or 

dilutions thereof prepared using the basal medium without FeSO4  as diluent. The first two 

inoculations of the series were 10 g duff or waste in 100 ml medium and 1 g duff or waste in 

20 ml medium. The first dilution was 5g duff or waste in 50 ml basal medium (10-1  dilution), 

which was shaken for 5 min. at maximum speed (approximately 600 oscillations/min.) on a 

Griffin wrist action flask shaker (Griffin and George, London). Subsequent tenfold dilutions 

were prepared by suspending 10 ml of the 10-1  and subsequent dilutions in 90 ml of the 

appropriate basal medium. Flasks containing 20 ml of complete medium were inoculated with 

1 ml of the dilutions and incubated at 26°C. A colour change to a deep orange brown within 4 

weeks was an indication of ferrous iron oxidation. Doubtful cases of iron oxidation were 

confirmed by titrating 10 ml of culture with acidic dichromate as described by Loos et al. 

(1990a). 
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Populations of iron-oxidizing bacteria presumed to be Metallogenium were determined by a 

similar MPN procedure but using Metallogenium medium of pH 4.0 containing organic 

phthalate. The inoculated MPN flasks were incubated at 26°C for 5 weeks. Metabolism of the 

ferrous iron of the medium, indicating growth of the bacteria, was determined by adding 10 ml 

of a 15% H3PO4-15% H2SO4  solution to 20m1 of each culture and titrating it with acidified 

dichromate as described by Loos et al. (1990a), but with the dichromate diluted 1:50. 

Thiosulphate-oxidizing bacteria were determined similarly by the MPN procedure, using 

Starkey's medium for acidophilic and Beijerinck's medium for non-acidophilic organisms. The 

corresponding basal media without thiosulphate, as well as without the NaHCO3  and FeSO4  

additions to Beijerinck's medium, were used to prepare the tenfold dilutions of the coal waste. 

Thiosulphate metabolism was detected by titration of 10 ml samples of the cultures with a 0,02 

N 12-0,4 % (m/v) KI solution using starch as indicator (Vogel, 1951). Where necessary, the 

colour of the bromothymol blue of Beijerinck's medium was first brought to yellow by 

acidification with 1 N HC1. The titration volumes were compared with those for incubated 

control flasks containing uninoculated medium to determine the percentage of thiosulphate 

metabolized. 

From the patterns of cultures showing FeSO4 or Na2S203 oxidation in the MPN series, the 

populations of organisms responsible for the oxidations per g moist coal or coal waste were 

determined using the MPN table of De Man (1983) or the American Public Health Association 

et al. (1955). The moisture contents of the samples were used to calculate the populations per 

g dry coal or coal waste. The reliability of each MPN test result, as the likelihood of obtaining 

the specific test result, was noted from Table 1 of De Man (1983), which was also used to 

determine the 95% confidence limits of the MPN values. 

Growth of iron-oxidizing and thiosulphate-oxidizing bacteria in coal duff and coal waste 

The abilities of iron-oxidizing organisms to multiply in the Corby Rock duff samples and of 

iron-and thiosulphate-oxidizing organisms to multiply in the Kilbarchan coal waste samples 

during laboratory incubations were investigated. Initial MPN counts of the ferrous iron-

oxidizing bacteria in the Corby Rock duff samples were followed by incubation of moistened 
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samples (120 g duff plus 10 ml sterile distilled water) at 26°C and further counts after about 1 

and 2 weeks of incubation. The moistened samples were incubated in presterilized 250-ml 

beakers with sterilized cotton wool below sterilized glass covers. Water loss through 

evaporation was replenished weekly. Two sets of MPN counts using 9K and HJJ medium, 

respectively, were conducted on seperate batches of duff that were incubated next to each 

other from the same day (29 July 1992). 

Initial counts of the iron-oxidizing organisms in the K/A, B, D, and E coal waste samples were 

followed by further counts after incubation of moistened samples for 9, 29 and 44 days. The 

experiment was otherwise similar to the Corby Rock duff experiment, except that the samples 

were moistened by adding 10 ml sterile distilled water to 130 g (wet mass) of coal waste and 

the MPN medium was HJJ medium only. 

Kilbarchan coal waste K/G1 was incubated in a similar way, but three batches of 150 g wet 

mass were treated initially with 30 ml sterile tap water, 30 ml of a 1 % or 30 ml of a 10 % (v/v) 

suspension in sterile tap water of an 11-day-old active enrichment culture of iron-oxidizing 

bacteria. This culture was the third serial enrichment subculture developed from an inoculum 

of 10 g coal waste K/F1 in 100 ml HJJ medium. Samples were removed after 1, 23 and 44 

days for MPN determinations of ferrous iron-oxidizing bacteria and (44-day sample only) 

acidophilic thiosulphate-oxidizing bacteria. 

Enrichment culturing of iron- and thiosulphate-oxidizing bacteria from coal duff and 

coal waste 

Active ferrous iron-oxidizing cultures that developed from 10 g coal duff or coal waste 

inoculated into 100 ml 9K or HJJ medium during MPN counts or from initial enrichment 

cultures inoculated with K/F1 coal waste were subcultured in fresh medium (10 g culture per 

100 ml medium) in 250-ml erlenmeyer flasks. The active ferrous iron-oxidizing cultures were 

incubated at 26°C with shaking at 80 r.p.m. on a Gerhardt RO 20 rotary shaker (Laboratory 

and Scientific Equipment Co., Cape Town). Samples were removed periodically for 

determination of residual ferrous iron by titration with acidic dichromate (Loos et al., 1990a). 

Cultures were inoculated (10% inoculum) into fresh medium when most of the ferrous iron had 

been metabolized. From early 1993, the use of 9K medium for the development or 

Stellenbosch University http://scholar.sun.ac.za/



32 

subculturing of enrichment cultures of iron-oxidizing bacteria was replaced by the use of HJJ 

medium. 

Enrichment cultures of acidophilic thiosulphate-oxidizing bacteria were developed in Starkey's 

medium, using similar procedures as for the iron-oxidizing bacteria, but with incubation at 

26°C as stationary cultures. Growth was indicated by the extent of thiosulphate disappearance 

shown by titration with iodine as described under the procedures for MPN determinations. 

Determination of Moisture and pH of Coal Duff and Coal Waste 

Moisture and pH of coal duff or coal waste samples were determined initially in the CRD 1-3 

and K/A-G samples within about 1-2 weeks of sampling, but in the case of samples from the 

mini-dumps, within 2 days of sampling. Moisture was determined by drying 50 g of the coal 

waste at 105°C overnight. The dried material was cooled in a desiccator and reweighed. For 

pH determinations, 10 g of coal duff or coal waste were suspended in 25 ml distilled water and 

stirred periodically for at least 1 hour. The coarse material was allowed to precipitate and the 

pH of the liquid phase was then measured using a Beckmann pHITM43 or A32 pH meter 

(Beckmann Instruments, Fullerton, California). 

Pilot Scale Coal Waste Dump Rehabilitation Experiment near Kilbarchan Mine 

Coal waste 

The coal waste used for the construction of the pilot scale cells, obtained from the Kilbarchan 

Mine main dump (which has now been rehabilitated), showed a particle size distribution in 

screen analysis of 4.36% >3 mm (cross-section), 18.12% 1-3 mm, 39.93% 0,5-1 mm, 34.23% 

0.5-0.075 mm and 3.36% < 0.075 mm (data supplied by T. D'Oliviera of Wates, Meiring & 

Barnard, Marshalltown). 

Two samples of the coal waste were analysed by Trans Natal Laboratories for the calorific 

value, proximate analysis and sulphur content (Wates, Meiring and Barnard, 1995b). The 

analytical data are shown in Table 1. Additional analysis of the sulphur content of two samples 
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of the waste by Mrs L. Strydom of the Department of Metallurgical Engineering, University of 

Stellenbosch, showed 4.15% and 0.81% sulphur. The analyses were performed using a Leco 

Sulphur Analyzer (Leco Corporation, London, U.K.), which combusts the coal in a stream of 

oxygen to yield sulphur dioxide. The latter is titrated with iodine, produced as required for the 

titration from potassium iodate, the consumption of which is measured. 

Chemical analyses of the waste by Professor F.D.I. Hodgson and colleagues at the Institute for 

Ground Water Studies, University of the Orange Free State, Bloemfontein, are shown in Table 

2. The acid potential which appeared on oxidation of the waste by excess hydrogen peroxide 

(neutralized by 24.5004 mg CaCO3/g) is equivalent to 0.77% unoxidized sulphur in the 

untreated coal waste (an additional 0.35% sulphur was present as water soluble sulphate). 

This acid potential far exceeded the total base potential (equivalent to 0.7804 mg CaCO3/g), 

indicating that chemical and bacterial mechanisms for the generation of acidity from the 

sulphur would result in the production of acid drainage. 

Analyses by Lorentz el al. at the Department of Agricultural Engineering, University of Natal 

(Wates, Meiring and Barnard, 1995a) of the physical characteristics of the coal waste 

incorporated into the pilot scale dumps are shown in Table 3. More than 90% of the waste 

was of sand particle size ( > 0.05 mm cross-section) and it contained very little material of silt 

and clay particle size. Cell 1 with the uncompacted coal waste had the lowest bulk density 

(0.986 g/cm3) and the highest porosity (0.330 cm3/cm3). However, the bulk density of the 

uncompacted coal waste of cell 3 (1.066 g/cm3) was almost the same as that of the compacted 

coal waste in cell 2 (1.063 g/cm3) and against expectation a lower porosity was recorded for 

cell 3 than for cell 2. The compacted and both uncompacted coal samples showed a similar 

particle density (1.68-1.69 g/cm3). No clear trends were therefore observed in these physical 

parameters of the uncompacted and compacted coal waste in spite of differences in the 

measured values. The low porosity values for the coal waste coupled with low bulk density 

values are the result of the low particle density of the coal caused by its high carbon content 

(Wates, Meiring and Barnard, 1995a). 

The permeability of uncompacted and compacted waste determined in situ in the pilot scale 

dumps (Wates, Meiring and Barnard, 1995a) is shown in Table 4. Even the compacted waste 

showed a high permeability, differing little from that of the uncompacted waste. 
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Table 1. Calorific value, proximate and sulphur analyses of coal waste used to 
construct the cells of the pilot scale dump rehabilitation experiment near 
the Kilbarchan Mine (Wates, Meiring and Barnard, 1995b) 

1 
	

14.69 
	

1.9 
	

48.1 
	

16.4 
	

33.7 
	

1.54 
2 
	

18.27 
	

1.5 
	

40.8 
	

18.8 
	

39.0 
	

0.91 

a 	All percentage values are g/ 100 g dry coal waste. 

Table 2. Chemical analyses of coal waste used to construct the cells of the pilot 
scale dump rehabilitation experiment near the Kilbarchan Minea 

Elemental analysis (mg/g): 
Al 

Ba 
Ca 
Cd 
Co 
Cu 
Fe 

Mg 
Mn 
Na 
Ni 
Sr 
Zn 
Acid potential as CaCO3  (mg/g) b 
Base potential as CaCO3  (mg/g) b 
pH 

0.0000 
0.0033 
0.0010 
3.3800 
0.0000 
0.0000 
0.0000 
0.0009 
0.0688 
0.2842 
0.0134 
0.1415 
0.0000 
0.0729 
0.0007 
0.0000 
0.5400 

7.20 

0.6930 
0.0000 
0.0000 
2.7000 
0.0043 
0.0035 
0.0063 
9.9291 
0.1351 
0.2905 
0.0484 
0.1261 
0.0000 
0.0350 
0.0077 

24.5004 
0.2404 

1.90 

a Analysed in August 1993 by Professor F.D.I. Hodgson and colleagues, Institute for Ground Water 
Studies, University of the Orange Free State, Bloemfontein. 

b Acid and base potentials were determined at pH 7.0. 
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Table 3. 	Physical characteristics of coal waste of pilot scale dumps (Wates, 

Meiring and Barnard, 1995a) 

1 CU 91 6 3 0.986 0.330 1.69 

2 CC 91 6 3 1.063 0.300 1.68 

3 CU 93 5 2 1.066 0.250 1.69 

a CU= uncompacted coal waste; 
CC = compacted coal waste. 

Table 4. 	Permeability (saturated hydraulic conductivity) of coal waste of pilot scale 
coal dumps measured in situ by three infiltration procedures (Wates, 
Meiring and Barnard, 1995a) 

3 CU Loo x 10-2  2.01 x 10-3  4.00 x 

2 CC 2.78 x 10-3  5.64 x 10 3  5.00 x 10-3  

a CU= uncompacted coal waste; 

CC = compacted coal waste. 

b Diameter 1000 mm. 

c Diameter 300 mm 
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In studies of the hydraulic properties of the coal waste performed by Lorentz et al (Wates, 

Meiring and Barnard, 1995a,b) it was found that the coal waste retained about 40% of the 

pore water at a matric pressure head of 100 cm, with the compacted and uncompacted waste 

showing similar retention characteristics. Also, the saturated hydraulic conductivities of the 

compacted and uncompacted coal waste were similar but the conductivity for the compacted 

waste at the small matric pressure head of 1 cm was almost an order of magnitude less than 

that of the uncompacted coal waste. With further reduction in water content and increase in 

matric pressure, the characteristics of the compacted and uncompacted coal waste became 

similar. 

Soil and "clay" cover materials 

Table 5 shows various physical characteristics of the Estcourt and Avalon soils (MacVicar et 

al., 1977; Soil Classification Working Group, 1991) used to construct the pilot scale dump 

covers and the 1-m thick walls of compacted Estcourt soil separating the 10 cells, as 

determined by Lorentz et al. (Wates, Meiring and Barnard, 1995a). Both soils were available 

at the site of the pilot scale dumps. The two soils had an approximately similar texture, 

comprising 37-47% sand, 20-29% silt and 30-34% clay. The Avalon soil could be classified 

according to the texture chart of the Soil Classification Working Group (1991) as a clay-loam 

and the Estcourt soil as a loam. 

The lowest bulk density (1.539 g/cm3) and the highest porosity (0.393 cm3/cm3) were 

recorded for the uncompacted Avalon soil in cell 4 (Table 5). The process of compaction 

considerably reduced this porosity of the Avalon soil through reduction of the larger pores 

present in the uncompacted material (Wates, Meiring and Barnard, 1995a). The compacted 

Estcourt soil had the highest bulk density (1.776 g/cm3), almost the highest particle density 

(2.550 g/cm3) and the lowest porosity (0.301 cm3/cm3) of the soils used. Nonetheless, its 

porosity was similar to that of the compacted coal waste of cell 2 and higher than that of the 

uncompacted waste of cell 3. 

Although the Estcourt soil had no more clay, less silt and more sand than the Avalon soil, it 

was used as the lower barrier or "clay" layer where both soils were used in a cover and for the 

Stellenbosch University http://scholar.sun.ac.za/



4 AU 38 28 34 1.539 0.393 2.53 

5 AC 37 29 34 1.644 0.342 2.50 

6 EC 47 20 33 1.776 0.301 2.55 

7 AC 44 26 30 1.694 0.345 2.60 

8 AU 40 29 31 1.663 0.338 2.51 

Avalon soil, compacted 4.17 x 104  

3.33 x 10-4  Estcourt soil, compacted 

2.72 x 10-3  3.20 x 10-3  

. 	. 	. 
ermeabiktv Pg454.rg. .......... 	................. 

Large douhk nil 

4.56 x 10-3  

3.10 x 104  3.00 x 10-5  

1.50 x 10'5  5.00 x 10-6  

Avalon soil, uncompacted 
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Table 5. Physical characteristics of cover material of pilot scale cover materials 

(VVates, Meiring and Barnard, 1995a) 

a 	AU = uncompacted Avalon soil; 
AC = compacted Avalon soil; 
EC = compacted Estcourt soil. 

Table 6. Permeability (saturated hydraulic conductivity) of cover materials of pilot 
scale coal dumps measured in situ by three infiltration procedures (Wates, 
Meiring and Barnard, 1995a) 

a 	Diameter 1 000 mm 
b 	Diameter 300 inm 
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walls forming barriers to water movement between the cells. The permeability (saturated 

hydraulic conductivity) of uncompacted Avalon soil (Table 6) was similar to that of compacted 

or uncompacted coal waste (Table 4) and was one to two orders of magnitude higher than that 

of the compacted Estcourt soil. The compacted Avalon soil also had a higher permeability 

than the compacted Estcourt soil, especially in the tests with the small double ring infiltrometer 

and Guelph permeameter where the difference was about an order of magnitude. Besides this 

permeability difference, the Estcourt soil also showed higher water retention than the Avalon 

soil (Wates, Meiring and Barnard, 1995a). Thus, with a matric pressure head of 6000 cm, the 

residual water contents of the compacted Estcourt and Avalon soils were 90% and 60% of the 

saturation contents, respectively. 

Construction of pilot scale dumps 

The pilot scale dumps were constructed as ten 10 x 10 x 3-m cells separated by 1-m-thick 

walls of compacted Estcourt soil (Fig. 3-4). The construction of the dumps, except for the 

establishment of vegetation (see next section), was completed in August 1993. 

Cells 1-8 had approximately horizontal tops with a drainage slope of only 1 in 50, whereas 

cells 9 and 10 had surface slopes of 1 in 10 and 1 in 5, respectively (see Fig. 5-6). The 

construction of the ten cells was as follows (measurements are depths of coal waste and cover 

materials): 

1. 3.0 m uncovered uncompacted coal waste. 

2. 3.0 m uncovered compacted coal waste. 

3. 3.0 m uncovered uncompacted coal waste which was limed, fertilized and vegetated. 

4. 2.7 m uncompacted coal waste covered with 0.3 m uncompacted Avalon soil and 

vegetated. 

5. 2.5 m uncompacted coal waste covered with 0.5 m compacted Avalon soil and 

vegetated. 

6. 2.0 m uncompacted coal waste covered with 0.7 m compacted Estcourt soil and 0.3 

m uncompacted Avalon soil and vegetated. 
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Fig. 4. Plan of cells in pilot scale coal waste dump rehabilitation study with sampling 

points indicated on cell 2. 

Stellenbosch University http://scholar.sun.ac.za/



41 

Fig 5. Pilot scale dumps (cells) showing the coal waste ofthe uncovered cells 1-3, the 

Avalon soil-covered cells 4-8 and the walls ofthe Estcourt soil separating the cells. 

The compactor used to compact the walls and some of the layers during the 

construction ofthe cells is also shown. 

: E5 
-, f'i 

Fig. 6. Pilot scale dumps indicating the 1:10 slope of cell 9 (left) and the 1:5 slope of cell 

10 (right) . 
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7. 2.0 m uncompacted coal waste covered with 0.7 m compacted Avalon plus 0.3 m 

uncompacted Avalon soil and vegetated. 

8. 2.0 m uncompacted coal waste covered with 0.3 m compacted Estcourt soil and 0.7 

m uncompacted Avalon soil and vegetated. 

9. 1.0-2.0 m uncompacted coal waste covered with 0.7 m compacted Estcourt soil and 

0,3 m uncompacted Avalon soil, both sloped at 1 in 10, and vegetated. 

10. 0-2.0 m uncompacted coal waste covered with 0.7 m compacted Estcourt soil and 0.3 

m uncompacted Avalon soil, both sloped at 1 in 5 and vegetated. 

The cells were constructed on plastic lining allowing a hollow for the collection of drainage 

water and each was supplied with two probes per cell for the measurement of oxygen and 

carbon dioxide in the upper 15 cm of coal waste, from which depth samples for moisture, pH 

and microbiological studies were also taken. A railway container was placed on the site and 

pipes were installed during the constructiion of the the cells to convey leachate from the cells 

to collection drums in the container, for determination of outflow volumes and chemical 

analysis (not subjects of this thesis). 

Vegetation of dumps 

Vegetation on the cover material may play a significant role in the prevention of erosion of the 

cover material itself and the subsequent exposure of the underlying coal. It may also reduce 

water penetration into and movement through the cells. In November 1993 cells 4-10 were 

seeded with a grass cocktail (Wates, Meiring and Barnard, 1995a,b). It was decided at that 

time not to fertilize or irrigate any of the cells, apart from cell 3 that was limed and fertilized to 

assist the grass cocktail to establish itself on the uncovered coal waste. Although precipitation 

during the rainy season (October-May) was not abnormally low, the vegetation never 

established well on this cell. 

The Chamber of Mines Vegetation Unit investigated the site in October 1994 and subsequently 

prepared and seeded a second grass cocktail onto cells 3-10 in October 1994 at the beginning 

of the rainy season (Wates, Meiring and Barnard, 1995a,b). Various species were planted, all 

at application rates of 5 kg/ha. Although cell 3 was limed at a rate of 2 tons/ha and the seeds 
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were raked in with the lime, they never fully germinated and the seedlings subsequently died 

off completely. 

The vegetation cover from the reseeding established well on cells 4-9, reaching a cover 

percentage of 90% in February 1995 with an average grass height of 50 cm. An uneven 

distribution, due to erosion of seed to the bottom of the slope, was noted on cell 10, with the 

highest (more than 95%) and the lowest vegetation (less than 5%) cover at the bottom and the 

top of the slope, respectively. It was decided by the specialists to seed the cells again at the 

beginning of the following rainy season. 

Temperature measurements 

Atmospheric temperatures.  A weather station on the site measured atmospheric temperature 

on a hourly basis and the data were logged in a computer connected to the measuring 

apparatus. Mean weekly maximum and minimum temperatures were calculated for 

presentation in this thesis. 

Soil and coal waste temperatures.  Temperatures at the interface of the Avalon and Estcourt 

layers of .the soil cover, as well as in the Estcourt layer and in the coal waste of cell 6 were 

measured by three temperature probes installed at depths of 0.30 m, 0.72 m and 1.65 m, 

respectively, from the surface of the cell. The measured data were logged in the computer 

with the atmospheric temperature data from the weather station (Wates, Meiring and Barnard, 

1995a). 

Rainfall 

The rainfall was measured weekly in two raingauges on the pilot scale dumps and the mean 

calculated (differences between the duplicate readings were rare and slight). 

Stellenbosch University http://scholar.sun.ac.za/



44 

Oxygen and carbon dioxide measurements 

Two gas probes (37-mm-diameter x 100-mm-long sintered steel cylinders with 20-µm pores) 

(Fig. 7) were buried in the upper 15 cm of coal waste in each cell. Each probe was connected 

to the surface by means of an 8-mm-diameter stainless steel tube which was plugged at the top 

by a rubber stopper. 

Oxygen and carbon dioxide were measured by means of a Gastechtor Model 3252-OX 

portable carbon dioxide/oxygen monitor (Gas Tech Inc., Newark, California) which was 

connected for the determinations to the unstoppered probe tube ( Fig. 8). By means of its 

pump the instrument extracted a sample of the atmosphere around the probe. The oxygen and 

carbon dioxide in the samples were measured weekly from October, 1993 (cells 1-8) or 

January, 1994 (cells 9 and 10) by Messrs Yoshan Nehro and Rishi Luckan of the Dundee office 

of the Department of Water Affairs and Forestry. Due to a malfunction in the portable carbon 

dioxide/oxygen monitor they could take no readings from March to May, 1995. 

Sampling and analysis of coal waste 

Samples were taken from the completed cells on 27 and 28 September 1993 and every 6-8 

weeks thereafter. Two samples were taken at each sampling from randomly selected sites 

about 0.5 m from the perimeter of each cell. At the first sampling coal waste was removed to 

a depth of 15-30 cm into the waste layer using a bucket corer with internal diameter 4.4 cm 

from Johnson Soil Augers (Bergvlei, Transvaal). Thereafter a clay auger (Dutch auger) with 

internal diameter 4.4 cm was used. On cells 4-10, the soil or soils of the cover had first to be 

removed by the same auger to permit extraction of the coal waste. After two samples were 

taken from the same cell, the auger was disinfected with 98% ethanol to prevent cross-

contamination between the cells by the microbes under investigation. The holes created in the 

cells by the sampling procedure were subsequently filled with the same layers of material and 

compacted well using a broom handle. 
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Fig. 7. Gas sampling probe (37-mm-diameter x I 00-mm-long sinter~d steel cylinder 

with 20 !lm pores) attached to a long steel tube so that the probe could be 

buried in the upper 1 0-15cm of coal waste below the soil cover. 

Fig. 8. Portable carbon dioxide/oxygen monitor (Gastechtor Model 3252-0X, Gas Tech 

Inc., Newark, California) extracting a sample ofthe atmosphere in the coal waste 

through a rubber tube connected to the probe tube. 
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Coal beneath soil covers was sampled to a depth of 15-30 cm beneath the cover. However, as 

the upper 15 cm of coal waste in the uncovered cells was considered too dry during most of 

the year for the maintenance of large numbers of viable iron-oxidizing bacteria, it was sampled 

at depths between 15 and 30 cm below the surface of the waste. The coal waste samples were 

placed in sterile bottles, transported to Stellenbosch by air on ice in a cooler box, then stored at 

4°C until they were analysed. Analyses of moisture content, pH and concentrations (MPN 

determinations) of ferrous iron-oxidizing bacteria (acidophilic autotrophs and presumptive 

Metallogenium), acidophilic and non-acidophilic thiosulphate-oxidizing bacteria were 

undertaken within 3 days of sampling using the methods described in previous sections. 
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RESULTS 

Initial Couantitive Studies (MPN Counts) of Iron-oxidizing and Thiosulbhate-oxidizing 

Bacteria in Corby Rock Duff and Kilbarchan Coal Waste 

The pH and moisture contents of three samples from heaps of duff on the Corby Rock Mine 

(Table 7), showed little moisture, as expected in July in the middle of the dry season, and a 

very low pH (approximately pH 2) (Table 7), indicating that the duff had undergone 

acidification (Kleinmann et al ., 1981). Table 7 also shows the moisture contents of moistened, 

incubated duff in which ferrous iron-oxidizing bacteria were counted by MPN after about 1 

and 2 weeks of incubation, using both 9K and HJJ medium. The two sets of counts were 

conducted on separate batches of duff incubated alongside each other from the same day (29 

July 1993), but counted on successive days (Table 8). All counts showed populations of 

ferrous iron-oxidizing bacteria, which appeared to show modest increases with time when 

counted using 9K medium, but decreases when counted using HJJ medium. However, Table 1 

of De Man (1983) shows theoretical 95 % confidence limits approximately three to five times 

lower and higher than the MPN estimates in Table 8, making apparent change with time shown 

by sample CRD 2 in counts using 9K medium non-significant. Similar consideration of the 

theoretical 99% confidence limits of De Man (1983) makes the apparent change with time by 

sample CRD I in counts using 9K medium non-significant. 

Before the purchase of duff from the Corby Rock Mine could be negotiated, the mine ceased 

operations and the heaps of duff underwent combustion. Consideration of the adjacent Dudley 

Wallsend Mine as a site for mini-dumps constructed with Corby Rock duff was therefore 

abandoned. 

Following combustion of the heaps of coal duff on the Corby Rock Mine, the Kilbarchan Mine 

near Newcastle was considered as a possible site for the experimental mini-dumps. The pH 

and moisture contents of the coal waste samples obtained from the mine are recorded in Table 

9. Samples K/A2, K/D2 and K/E1 appeared from their pH values to be partly acidified. 
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oisture in sample 	Moisture i 
incubate received  

g/iOO g dry mass)  

Corby Rock 
	

CRD1 
	

2.10 
	

6.19 
	

15.07 
CRD2 
	

2.02 
	

5.53 
	

14.55 
CRD3 
	

1.96 
	

4.74 
	

13.90 

7 days 	15 days 6 days 14 days 

51 17 

2 750 (1) 	321 (3) 

28 (1)b 	127 (3) 

28(1) 	107(1) 

106 (1) 	1 251 (1) 	 3.2 (3) 	No result 

9K medium 	 1-1,1.1 medium 

after incubation for -004i044.40.6*:  

oal was 
am pie 

CRD1 

CRD2 

CRD3 
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Table 7. 	pH and moisture content of coal duff samples as received from the Corby 
Rock Mine in northern Kwazulu-Natal and moisture content of incubated 
samples 

a 	pH of suspension of 10 g sample in 25 ml distilled water. 

Table 8. 	Ferrous iron-oxidizing microbial populations (by MPN, comparing the use 
of 9K and HJJ medium) in moistened samples of coal duff from the Corby 
Rock Mine incubated at 26°Ca 

a 	The pH and moisture content of the samples are recorded in Table 7. 
Figure in parenthesis indicates the likelihood category of the test result according to De 
Man (1983); MPN values with no category indicated, were not listed by De Man 
(1983). 
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Kilbarchan K/A1 5,70b 6,53b 14,68 
K/A2 3,46b 3,30b 11,23 
K/B1 6,34b 4,93b 12,99 
K/D1 5,78b 8,10b 16,55 
K/D2 3,90b 13,68b 22,25 
K/E1 3,50b 10,46b 18,91 
K/E2 5,10b 12,96b 21,65 
K/Flc 5,85d 9,30d 
K/Glc 5,75d 10,67b 29,75 
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Table 9. 	pH and moisture content of coal waste samples as received from the 
Kilbarchan Mine in northern Kwazulu-Natal and moisture content of 
incubated samples 

a 	pH of suspension of 10 g sample in 25 ml distilled water. 
Mean of duplicate determinations. 
Samples K/F1 and K/G1 were from the coal waste used for constructing the mini-
dumps. 
Mean of triplicate determinations. 
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Counts of ferrous iron-oxidizing bacteria during the incubation of moistened samples of the 

K/A-E samples (Table 10) supported this conclusion, with samples K/A2 and K/D2 showing 

population increases as the incubation progressed and sample K/E1 an early very high 

population, which declined sharply to leave a moderate population which was stable or 

increasing. Samples K/A1, KJB1 and K/D1 showed low to moderate populations which 

declined to low or very low levels during the incubation, while sample K/E2 showed a low 

population throughout. The pH of these last four samples ranged from pH 5.10 to 6.34, thus 

at or above the maximum pH for development of T ferroaridans (Buchanan and Gibbons, 

1974; Staley etal., 1989). 

The three types of coal waste represented by samples K/A-E from the Kilbarchan mine, 

''middling" from the dumped waste, "slurry" from the coal-washing process and "spiral" from 

the duff-washing process, therefore all had the potential to undergo or continue acidification. 

However, during the negotiations needed before construction of the mini-dumps could start, 

the rehabilitation team included all this tested material in a dump that was covered with a clay 

and topsoil. Further studies of coal waste that remained available (represented by samples 

K/F1 and K/G1) were therefore conducted. 

With a pH of 5.85 and 5.75, respectively, neither K/F1 nor KJG1 showed acidification (Table 

9). When K/F1 was inoculated in triplicate into H.1.1, Starkey's or Beijerinck's medium at a 

rate of 10 g/I00 ml medium to detect and produce enrichment cultures of ferrous iron-

oxidizing, acidophilic and non-acidophilic thiosulphate-oxidizing organisms, respectively, all 

cultures showed the appropriate complete metabolism of substrate after incubation at 26°C for 

33-35 days. 

In a further investigation of these populations in sample IQG1 by MPN counts (Table 11), 

moderate populations of ferrous iron-oxidizing and acidophilic thiosulphate-oxidizing 

organisms were found, but the population of non-acidophilic thiosulphate-oxidizing organisms 

was very low. The responses of ferrous iron- and thiosulphate-oxidizing microorganisms in 

coal waste, K/G1 to moistening and incubation of the waste at 26°C were investigated (Table 

12). The responses without inoculation and following inoculation with two levels of an 

enrichment culture of iron-oxidizing bacteria from sample K/F1 were compared. Initially (after 

Stellenbosch University http://scholar.sun.ac.za/



51 

Table 10. 	Ferrous iron-oxidizing microbial populations (MPN) in moistened samples 
of coal waste from the Kilbarchan mine incubated at 26°C 

K/A1 860 (1)C 528 (1) 26(1) 
K/A2 103 (1) 178 (0) 1 669 (1) 
K/B1 271 (1) 8.5(1) 23 
K/D1 536 (1) _d _d 

K/D2 562 (1) 2 934 (1) 5 620 (1) 
K/E1 54 650 (1) 547 (1) 1 104 (1) 
K/E2 52(1) 113 (1) 292 (1) 

a 	The pH and moisture content of the samples are recorded in Table 8. 
Determined using HJJ medium. 
Figure in parenthesis indicates the likelihood category of the test result according to De 
Man (1983). 
No ferrous iron oxidation in any MPN flasks of HJJ medium inoculated with up to 8.58 
g dry coal waste. 

Table 11. 	Ferrous iron-oxidizing, acidophilic and non-acidophilic thiosulphate- 
oxidizing microbial populations (MPN) in coal waste sample K/G1 from 
the Kilbarchan mine 

 

........... .rIgury lpias. ........ 

 

(1) Ferrous iron-oxidizing 
	 1 029 (1)b 

(2) Acidophilic thiosulphate-oxidizing 
	 1 660 (1) 

(3) Non-acidophilic thiosulphate-oxidizing 
	

4.8(1) 

a 	Determined 14 days after sampling using the following MPN media for the respective 
groups: (1) HJJ, (2) Starkey's and (3) Beijerinck's medium. 
Figure in parenthesis indicates the likelihood category of the test result according to De 
Man (1983). 
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Ferrous iron 
oxidizers 1 1 207 (1)b 195 (1) 120 670 (1) 

23 56 (1) 182 (2) 93 (2) 
44 195(1) 506(1) 597(1) 

Thiosulphate 
oxidizers 44 1 207 (1) 311 405 (1) 557 934 (1) 
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Table 12. 	Ferrous iron-oxidizing and acidophilic thiosulphate-oxidizing microbial 
populations (MPN) in moistened coal waste from the Kilbarchan mine 
(sample K/G1, without and with inoculation with HJJ enrichment culture 
from sample K/F1) incubated at 26°C 

a 	HJJ medium was used for the ferrous iron oxidizers and Starkey's medium for the 
thiosulphate oxidizers (acidophilic). 
Figure in parenthesis indicates the likelihood category of the test result according to De 
Man (1983). 
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1 day) uninoculated coal waste showed a moderate population of iron-oxidizing organisms and 

that with the highest inoculum level (3 ml culture/180 g wet coal waste) a very high 

population, but that which had received the lowest level of inoculum (0.3 m1/180 g coal) 

unexpectedly showed a low population. With this treatment the population of iron-oxidizing 

organisms had not changed by 23 days, but the populations of the other two had declined to a 

similar low level. Subsequently, all treatments showed modest increases of these populations 

by 44 days. The populations of the thiosulphate-oxidizing organisms after 44 days of 

incubation were higher than those of the iron-oxidizing organisms, being very high in the 

inoculated coal waste (at both levels of inoculum). 

Enrichment Cultures of Iron-oxidizing and Thiosulphate-oxidizing Bacteria 

The record of activity and subculturing during 1993 of enrichment cultures of iron-oxidizing 

bacteria in HE medium started from the CRD1-3, K/A, B, D, E and G MPN cultures, as well 

as the K/F cultures, is shown in Appendix I (Appendix Fig. 1-7). Some of the cultures 

showed a decline or loss of iron-oxidizing activity, but recovered on further subculturing or 

were lost completely. The record of activity and subculturing during 1994 is also shown in 

Appendix I (Appendix Fig. 8-13). Further loss of subcultures took place, so that by October 

1994 only cultures CD1 from Corby Rock duff, K/E1 and K/G1 from the Kilbarchan Mine 

waste remained active. The isolation of iron-oxidizing bacteria from these cultures was 

undertaken during 1994-5 by Mr H. Modinger and will receive attention in his M.Sc.thesis. 

When K/F1 and K/G1 waste were inoculated in triplicate into Starkey's or Beijerinck's 

medium at a rate of 10 g/100 ml medium to detect or count (MPN) and produce enrichment 

cultures of acidophilic and non-acidophilic thiosulphate-oxidizing organisms, respectively, all 

cultures showed the appropriate complete metabolism of substrate after incubation at 26°C for 

33-35 days. Thiosulphate-oxidizing enrichment subcultures were maintained for a while during 

1993, but were eventually lost. 
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Pilot Scale Experiment near Kilbarchan Mine 

Temperature conditions  

Atmospheric temperatures.  The weather station on the experimental site operated 

continuously from February 1994 giving hourly readouts of average air temperature (Wates, 

Meiring and Barnard, 1995a), from which weekly mean maximum and minimum temperatures 

for the 15 months shown in Fig. 9 were calculated. Extremely large fluctuations (as much as 

30°C in July 1994) were sometimes noted in the air temperature over a 24-hour period. 

Temperatures as high as 30°C during the day in summer and as low as -7°C in the early 

morning during winter were noted. Weekly mean temperatures averaged 24°C during 

February (summer) and 10°C during July (winter). 

Soil and coal waste temperatures.  The soil and coal waste temperatures measured at depths 

of 0.30 and 0.72 m in cell 6 from March to December 1994 and at a depth of 1.65 m from 

March 1994 to May 1995 are shown in Fig. 9 as weekly mean maximum and minimum 

temperatures. The interface at 0.3-m depth between the top and the lower soil layers showed 

considerable temperature fluctuations (up to 5°C) over a 24-hour period. Temperatures of 29 

°C in March 1994 and 9 °C in July 1994 were the highest and lowest soil interface 

temperatures in cell 6. Long term variations were noted, but soil temperatures never reached 

as low or as high levels as the atmospheric temperatures. 

At the 0.72-m depth in the Estcourt layer, differences between the corresponding day and night 

temperatures were less pronounced than at the 0.3-m depth, being almost negligible. 

However, long-term seasonal temperature variation was observed at this depth. 

Corresponding day and night temperatures were almost identical (differences of less than 

0.5°C) in the coal waste at 1.65-m depth. The seasonal changes were also less pronounced 

than at the shallower depths, but mean temperatures of 24 °C during summer and 16 °C during 

winter were observed. 

Stellenbosch University http://scholar.sun.ac.za/



40 

30 

20 

10 

-10 
40 

30 

20 

10 

-10 
40 

30 

20 

10 

0 

3) 

: A Air temperature 

V 

1 B Temperature at 0.3 m depth 
(at interface of Avalon and Estcourt soils) 

,----A/ 

C Temperature at 0.72 m depth 
(in 	Estcourt 	soil) 

-"N 
-410' 

- max  

— min 

1 0 

0 
D Temperature at 1.65 m depth 

d 	(in coal waste) 
30 

20 -1 

10 J 

0 

- 1 0 
Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May 

1994 	 1995 
Date 

Fig. 9. Weekly mean maximum and minimum temperatures of atmosphere at weather station 

and at three depths in cell 6 from March 1994 to December 1994 or May 1995. 

Stellenbosch University http://scholar.sun.ac.za/



56 

Moisture conditions 

Rainfall.  The weekly precipitation on the pilot scale dumps is recorded in Fig. 10. The 

rainfall is highly seasonal. The rain falls mostly during summer, with the rainy season starting 

in September or October and lasting until May. The highest weekly precipitation was greater 

than 110 mm in February 1994. Winter drought occurs from late May to September. 

Exceptional falls of winter rain of 4,5 mm and 23 mm occurred in August, 1994. 

Moisture content of coal waste.  Mean moisture contents of the duplicate coal waste samples 

from the cells are shown in Fig. 11. Because the cells were watered during their construction, 

the initial moisture content of the coal waste was mainly above 8%, where it remained without 

any fluctuation to very low levels throughout the 22-month study period. In the uncovered 

coal waste high moisture levels of about 15% and 17% were noted in cells 1 and 3 during 

September 1994 and June 1995, respectively, but the other cells did not exceed 13 % moisture. 

The moisture in the waste of cells 4, 5 and 7, with covers of Avalon soil only, showed highest 

values during the first wet season (with high weekly rainfalls of 84 and 100 mm recorded 

during January and February of 1994), then stabilized at levels comparable to those of the 

uncovered cells after April 1994, with only small fluctuations. 

Cells 6, 8 and 10 with covers of both Estcourt and Avalon soil showed higher upward 

fluctuations of moisture in the upper 15 cm of coal waste than cells 4, 5 and 7 with covers of 

Avalon soil only. Cell 10 showed very high mean moisture values in September 1993 (19,8%) 

and May 1994 (17.8%). 

Oxygen and carbon dioxide concentrations in coal waste 

Oxygen and carbon dioxide concentrations in the atmosphere in the upper 15 cm of coal waste 

in the various cells (means of two determinations at the different sites in each cell) are shown in 

Fig. 12 and 13. These concentrations are monthly means of the weekly measurements with the 

results grouped in the figures as concentrations in the uncovered waste (cells 1 to 3), the 
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Avalon soil-covered waste (cells 4, 5 and 7) and the Estcourt and Avalon soil-covered cells 

(cells 6, 8, 9 and 10). 

The uncovered cells (1 to 3) remained highly aerobic throughout the study period (October 

1993 to June 1995). Oxygen levels were mainly above 17% and carbon dioxide always below 

2%. Cell 3 was almost always the most aerobic. However, a slight drop in oxygen from 20% 

to around 18% was noted during the early part of the 1993/1994 and 1994/1995 rainy seasons 

(November 1993 to February 1994 and September 1994 to December 1994) before it 

stabilized at 19-20%. Cell 3 consisted of uncompacted coal waste which was limed and 

fertilized for the establishing of vegetation. However, although the grass seeds germinated 

towards the end of the 1994 wet season , they died after reaching a height of only 10 mm. 

Therefore, no vegetation became established following the 1994 seeding of cell 3. 

The uncompacted coal waste in cell 1 showed lower oxygen and higher carbon dioxide levels 

than the uncompacted, limed and fertilized coal waste in cell 3. Surprisingly, cells 1 and 2 

(uncompacted and compacted coal waste, respectively) showed similar trends. Both had lower 

oxygen and higher carbon dioxide levels than cell 3 almost throughout the 22 months of the 

study period. After drops in the oxygen level in cells 1 and 2 during November to December 

1993 or January 1994 and in September to December 1994, the oxygen levels rose again and 

stabilized at 17-18%. As oxygen levels declined, carbon dioxide levels tended to rise and vice 

versa. 

Cell 4 (0.3 m uncompacted Avalon soil) showed fluctuations in its oxygen and carbon dioxide 

readings but the oxygen values stabilized at about 16% during the last 16 months (April 1994 

to July 1995) and the carbon dioxide at values mainly below 2.5%. However, substantial 

fluctuations in the carbon dioxide content in the range approximately 1-2% were observed in 

the coal waste of this cell from June 1994 to June 1995. 

Cell 5 with 0.5 m of compacted Avalon soil as a cover remained mainly anaerobic, but showed 

increases in the oxygen level and decreases in the carbon dioxide level in August and 

November 1994. A small increase in oxygen level was also noted during July 1995. Cell 7 (0.7 

m compacted plus 0.3 m uncompacted Avalon soil) produced lasting anaerobic conditions in 
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the coal waste, with carbon dioxide concentrations of 5% which is the maximum that the 

monitor could measure. 

All cells with 0.3 m (cell 8) or 0.7 m (cell 6, 9 and 10) of compacted Estcourt soil, beneath 0.7 

m or 0.3 m of uncompacted Avalon soil, respectively, showed anaerobic conditions in the 

waste throughout most of the study period and an increasing carbon dioxide concentration that 

reached 5% towards the end of the 1993-4 wet season. However, the increase is not evident in 

cells 9 and 10 with the sloped surfaces, as the determinations were started only in January, 

1994. 

pH of coal waste 

The mean pH of the two coal waste samples from each cell at each sampling is recorded in Fig. 

14. The pH of cells 1 to 3, consisting of uncompacted (1 and 3) or compacted waste (2) 

without a cover, declined steadily to lower values than the pH of cell 7, with a 1-m Avalon soil 

cover, or cells 6 and 8-10 with 1-m covers of Estcourt and Avalon soil. 

The pH of the coal waste below the 0.3-m Avalon soil cover of cell 4 also showed a decline in 

the mean pH similar to that of cells 1-3 during the 22-month study period. Cells 5 and 7 both 

showed downward and upward fluctuations throughout the test period, but there seemed to be 

a clear downward trend in pH in cell 5. The cells with both Estcourt and Avalon soil covers 

(cells 6 and 8-10) showed rather stable pH values mainly in the range pH 5-6, although with 

some fluctuations. 

Populations (MPN counts) of iron-oxidizing and thiosulphate-oxidizing bacteria in coal 

waste 

Populations of acidophilic iron-oxidizing bacteria in coal waste samples obtained from cells 1-

10 from September 1993 to June 1995 are shown in Table 13. Appendix II shows how the 

populations were calculated using the appropiate table of De Man (1983). Appendix III 

(Appendix Tables 1-13) shows the category and 95% confidence limits of each MPN 

determination according to De Man (1983), as well as the position of each sample in the cells, 

its moisture content and pH. 
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Table 13. 	Populations (MPN, with incubation at 26°C) of acidophilic high ferrous iron-oxidizing 

organisms in coal waste samples from the pilot scale dump rehabilitation experiment 
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To investigate relationships of the iron-oxidizing bacterial populations with dump construction 

and time of sampling, the mean log populations for each cell at the various samplings are 

plotted against sampling time in Fig. 15. The uncovered cells 1 to 3 and cells 4 and 5 covered 

with 0.3 or 0.5 m Avalon soil tended to show higher counts (mainly from about 102  to 105/g 

coal waste) than cell 7 covered with 1 m Avalon soil (mainly from about 102  to 103/g coal 

waste) and cells 6 and 8-10 covered with 1 m Estcourt plus Avalon soil (mainly from about 

101  to 104/g coal waste). Marked fluctuations in the counts occurred throughout the study 

period. The counts of August 1994, after a lengthy dry period, and most of those of January 

1993 and November 1994 dropped to low levels. 

The counts of the acidophilic iron-oxidizing microorganisms shown in Table 13 are grouped in 

Table 14 according to population size and pH of sample. It is evident from this cross-

tabulation that the larger populations tended to be associated with the more acid samples 

(lower pH) and the smaller populations with the less acid samples (higher pH). 

The populations of moderately acidophilic iron-oxidizing bacteria counted by the MPN 

procedure for Metallogenium are shown in Table 15, with further detail in Appendix III 

(Appendix Tables 9, 11, 12). The counts tended to be very low, mainly less than 100/g dry 

coal waste, and many were less than 10 /g. The counts were usually much smaller than those of 

the highly acidophilic T ferrooxidans type of iron-oxidizing bacteria. 

Populations of acidophilic thiosulphate-oxidizing organisms in the coal waste from six 

samplings and of non-acidophilic thiosulphate-oxidizing organisms in the waste from three 

other samplings are shown in Tables 16 and 17, respectively (see also Appendix Tables 1-3, 5, 

7 and 10 for the acidophilic group and 4, 6 and 8 for the non-acidophilic group). The 

populations of both groups of organisms were generally very low (often smaller than 10/g dry 

mass of coal), with only 18 out of 120 individual samples showing >100 acidophilic 

thiosulphate-oxidizers/g dry coal waste and 6 out of 60 individual samples showing >100 non-

acidophilic thiosulphate-oxidizers/g dry coal waste. 
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Table 14. 	Distribution of acidophilic iron-oxidizing microbial populations of different sizes in coal 
waste samples of different pH from the pilot scale dump rehabilitation experiment 
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aND = not determined. 
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Table 16. 	Populations (MPN) of acidophilic thiosulphate-oxidizing microorganisms in coal waste 

samples from cells of the pilot scale dump rehabilitation experiment 

'tbiosu!phate-oxidizin 
dry mass of coal waste' sampi 
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Table 17. 	Populations (M:PN) of non-acidophilic thiosulphate-oxidizing microorganisms in coal 

waste samples from the pilot scale dump rehabilitation experiment 

aND = not determined. 
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DISCUSSION 

Microbiological Characteristics of Coal Duff and Coal Waste Considered for Use in Pilot 

Scale Experiment  

The combustion of the Corby Rock duff ensured that it could not be used for the construction of 

pilot scale experimental dumps at the Dudley Wallsend Mine, but the fact that it had undergone 

acidification (Table 7) made it unsuitable. The need was for non-acidified coal or coal waste in the 

mini-dumps (cells) without and with soil covers, so that acidification could be monitored, together 

with the monitoring of concentrations of oxygen, carbon dioxide and iron-oxidizing 

microorganisms. It could not be concluded from the MPN counts of these organisms in incubated 

Corby Rock duff (Table 8) that 9K or HJJ medium was the best for the counts, but although the 

HJJ medium seemed less reliable in this incubation study, it was used subsequently for MPN counts 

of highly acidophilic iron-oxidizing micr000rganisms in the coal waste from the Kilbarchan Mine, 

yielding few test results which were not in the most satisfactory category (1) of De Man (1983). 

The coal waste used for the construction of the pilot scale cells, obtained from the Kilbarchan Mine 

main dump, had more than 95% of its particles smaller than 3 mm in cross-section. This fine 

material was suitable for mini-dump construction as it facilitated sampling and handling of the 

material. As the surface area of the coal waste was larger than it would have been if the particles 

were larger, more pyrite should theoretically have been exposed to oxygen and pyrite-oxidizing 

microbial populations than in the case of material with larger particles. The pyrite-oxidizing 

bacteria should have utilized the smaller particles more effectively than they would have utilized 

larger particles (Caruccio, 1970; Good et al., 1970), thereby readily acidifying and leaching the 

pyrite in this fine waste material. 

Studies of the acidophilic iron-oxidizing bacteria present in the coal waste from the Kilbarchan 

Mine (samples KJA1, K/A2, K/B1, K/D 1, K/D2, K/E1, KJE2) and their growth therein, indicated 

mainly moderate populations initially in the waste material (mostly 102-103/ g dry coal mass). The 

highest counts after incubation for 44 days were in three samples which showed signs 
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of acidity (K/A2, K/D2, KJE1); the pH of these three sample's was within the pH range ( pH 3.0 to 

pH 5.0) suitable for the development of T. ferrooxidans but that of the non-acid samples was above 

the reported maximum (Buchanan and Gibbons, 1974). The three types of coal waste represented 

by samples K/A to E from the Kilbarchan mine thus all had the potential to undergo acidification. 

However, this test material was subsequently included in a dump and covered with clay and topsoil 

and was therefore lost for this experiment. 

Samples of coal waste that remained available (samples KJF1 and K/G1 with a pH of 5.85 and 5.75, 

respectively) were therefore analysed to determine the suitability of this waste as a material for 

sustaining large microbial populations and its potential to undergo acidification. After inoculation 

of KJF1 into Hll, Starkey's or Beijerinck's medium at a rate of 10 g/ 100 ml medium all cultures 

showed a complete metabolism of substrate after incubation at 26°C for 33-35 days. Further 

investigation of the responsible organisms (MPN determinations) in KJG1 showed moderate 

populations of acidophilic ferrous iron-oxidizing and thiosulphate-oxidizing bacteria, but a very low 

population of non-acidophilic thiosulphate-oxidizing organisms. The most important representatives 

of the first two groups are T. ferrooxidans and T. thiooxidans, respectively, which may both play a 

role in the production of acidity from pyrite (Lizama and Suzuki, 1991b; Norris and Kelly, 1982), 

although T ferrooxidans is regarded as the major organism involved. The presence of these 

populations in the coal waste at the presumed unfavourable measured pH of 5.75 suggests that they 

may initiate the process of microbially catalyzed acid formation in pyrite-containing micro-

environments, with limited production of acidity, before the measured pH of a 10-g sample shows a 

decrease. 

The responses of ferrous iron-oxidizing and thiosulphate-oxidizing microorganisms in coal waste 

K/G1, without and following inoculation with two levels of an enrichment culture of iron-oxidizing 

bacteria from sample K/F1, were compared after incubation at 26°C. An initial decrease in the 

ferrous iron-oxidizing bacteria in the uninoculated sample K/G1 with a possible slight rise later, as 

well as the possible slight increases over time with both of the K/F1- inoculated treatments seemed 

to indicate that the coal waste was able to sustain a moderate population of ferrous iron-oxidizing 

bacteria. However, these populations were far smaller than the large thiosulphate-oxidizing 

populations (> 105/ g coal waste) in the inoculated samples at the end of the incubation period. 

These MPN counts showed that most of the orgainisms oxidizing thiosulphate must have been 
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acidophilic organisns other than T feiTooxidans, a likely possibility is T. thiooxidans for which 

Starkey's medium is an enrichment medium (Allen, 1957). 

The enrichment and subculturing of iron-oxidizing and thiosulphate-oxidizing organisms from the 

Corby Rock duff and Kilbarchan coal waste confirmed the microbial nature of these oxidants in the 

MPN flasks. The opportunity did not arise to attempt isolations and most of the cultures were lost 

by the end of 1994. The remaining active cultures were given to Mr. H. MOdinger to attempt the 

isolation of iron-oxidizing bacteria for identification and comparison with further iron-oxidizing 

bacteria isolated from other coal waste and acid mine drainage in northern Kwazulu-Natal. 

The results of the studies discussed in this section suggested that the Kilbarchan coal waste would 

support populations of acidophilic iron-oxidizing bacteria and thiosulphate-oxidizing bacteria which 

could catalyse acid mine drainage formation from pyrite. Microbiologically the coal waste therefore 

seemed suitable for use in the pilot scale dump rehabilitation experiment. 

Pilot Scale Experiment near Kilbarchan Mine 

Chemical and physical characteristics of coal waste in mini-dump cells 

The acid potential of the coal waste used to construct the mini-dump cells, from analysis of 

oxidized waste by Prof F.D.I. Hodgson and colleagues, was neutralized by 24.5004 mg CaCO3/g, 

which far exceeded the total base potential (equivalent to 0.7804 mg CaCO3/g) of the waste. This 

acid potential was equivalent to 0.77% unoxidized sulphur in the coal waste, corresponding well 

with one of the two values (0.81 and 4.15% sulphur) obtained by Mrs. L. Strydom, as well as one 

of the two values (0.91 and 1.54% sulphur) supplied by Wates, Meiring and Barnard (1995b). 

These sulphur concentrations indicated that the chemical and bacterial reactions responsible for the 

oxidation of sulphur would yield significant acidity and hence acid mine drainage. 

Texture analysis performed by Lorentz ei al. (Wates, Meiring and Barnard, 1995a) on the coal 

waste used in the construction of the mini-dumps indicated that more than 90% of the coal waste 

was of sand particle size ( > 0.05 mm cross section) with small amounts of silt- and clay-sized 

particles. According to this texture analysis, the coal waste resembled a sandy soil (Soil 

Classification Working Group, 1991). The compacted and uncompacted coal samples revealed 
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little difference in their particle size distribution and density. The compacted and the uncompacted, 

treated and vegetated coal waste used in cells 2 and 3, respectively, had the lowest porosity and 

permeability of the uncovered cells. A higher bulk density and lower porosity in cells 2 and 3 

indicated that the infiltration of water and gases from the atmosphere into these cells would be 

reduced compared to that of the uncompacted coal waste in cell 1. These results corresponded well 

with the decline in the outflow from cell 1 to 3, although the differences were not large (Wates, 

Meiring and Barnard, 1995a,b). Lorentz et al. (Wates, Meiling and Barnard, 1995a,b) found that 

the coal waste was generally able to retain 40% of its pore water at a matric pressure head of 100 

cm, indicating that in this respect the coal waste was probably comparable to a sandy loam soil 

(Gray and Williams, 1971) implying good drainage of water and diffusion of gases. 

Characteristics of soil cover materials 

The Avalon soil consisted of 37-44% sand, 26-29% silt and 30-34% clay and the Estcourt soil of 

47% sand, 20% silt and 33% clay. According to the texture chart of the Soil Classification 

Working Group (1991) the Avalon soil was a clay loam and the Estcourt soil a sandy clay loam. 

However, the higher bulk density of the Estcourt soil (compacted) than that of the Avalon soil 

(compacted or uncompacted) indicated a closer packing of the particles of the Estcourt soil. No 

conclusion could be drawn from the particle density values as they were almost all the same. The 

porosity determinations confirmed that the Avalon soil (compacted or uncompacted) was more 

porous than the compacted Estcourt soil. The permeability (saturated hydraulic conductivity) of 

the uncompacted and compacted Avalon soil was also greater than that of the compacted Estcourt 

soil by at least an order of magnitude while the permeability of the uncompacted Avalon soil was 

one order of magnitude greater than that of the compacted Avalon soil when measured using the 

small ring infiltrometer or Guelph permeameter, indicating that the larger pore sizes were 

significantly reduced by compaction of the material. The Estcourt soil also retained more water 

than the Avalon soil at comparable matric pressures (Wates, Meiring and Barnard, 1995 a,b). 

The porosity, permeability and water retention characteristics of the Estcourt and Avalon soils 

provided the reasons for placing the Estcourt soil as the "clay" layer below the Avalon "soil" layer 

in the experimental cells. However, as the Estcourt and Avalon soils had similar clay contents and 

as the Avalon soil exhibited "clayey" water retention characteristics, it seemed possible that a 

sufficient amount of compacted Avalon soil might prove almost as effective as the Estcourt soil in 
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limiting the diffusion of gases and infiltration of water to the underlying coal waste. Compaction of 

the Avalon soil would reduce the large void spaces in the macrostructure of the soil, thereby 

reducing the porosity and hence permeability. 

However, clays have a tendency to crack under extreme conditions of desiccation (Daniel and Wu, 

1993). The negative consequences resulting from this condition may have a far reaching effect on 

the material underlying the layer of clay. Water and oxygen may infiltrate into the underlying 

material and create conditions favourable for a bacterial bloom. At the end of the 1995 winter large 

cracks were noted in the Estcourt soil side walls and walls separating the cells from each other. At 

the same time smaller cracks were noted in the Avalon soil cover on most of the cells. This was not 

suprising as the Avalon soil had a high clay content. If the barrier layer of Estcourt soil underneath 

the Avalon soil cover in cells 6, 8, 9 and 10 should also desiccate to such an extent that cracks 

occur, atmospheric gases and water might reach the waste material, resulting in microbial 

proliferation and generation of sulphuric acid. Any water infiltrating into these cells would 

subsequently flush out the acid resulting in acid mine drainage. Acid formation did not become 

evident in the present study in cells with the barrier layer of Estcourt soil, but the problem requires 

further investigation. 

Temperature conditions 

Atmospheric temperatures.  The large fluctuations of the air temperature at the site (Fig. 9) had a 

significant effect on vegetation growth and the state of the covers on the mini-dumps. High 

temperatures with summer rain (Fig. 10) provided conditions for the vegetation growth from the 

beginning of the 1994-5 summer although the relatively low rainfall of this summer may not have 

been particularly favourable, whereas the very low minimum temperatures (-7°C) in winter caused 

frosting of the vegetation. On the other hand, the warm dryish summer conditions preceded and 

followed by periods of winter drought, caused the Avalon soil cover and particularly the Estcourt 

soil walls that separated the cells to dry out to such an extent that large cracks (20 mm and wider) 

were formed at the surface, with the possible implications outlined in the previous section. 

Soil and coal waste temperatures.  Continuous fluctuations of daily and weekly mean maximum 

and minimum temperatures were expected as the soil covers or coal waste were exposed to the 
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daily air temperature variations. However, there was very little fluctuation from week to week of 

the mean maximum and minimum values in cell 6 (Fig. 9) at the interface between the Avalon and 

Estcourt soil layers (0.30 m depth) and almost none at greater depths in the Estcourt soil (0.72 m) 

and coal waste (1.65 m). Longer term variations (over several weeks or months) were found to be 

associated with seasonal variations in the air temperature over the same periods. 

The Estcourt soil layer at 0.72 m depth and particularly the coal waste layer seemed to take longer 

than the upper Avalon soil layer to show seasonal changes of temperature following change in the 

air temperature, either downwards or upwards. The little variation in the temperature of the layer 

of coal waste at 1.65-m depth can be attributed to its separation by the materials above it from the 

marked fluctuations of the the air temperature. During the summer months the constant 

temperature of about 24°C in the coal waste layer would have been favourable for sustaining large 

microbial populations. Thiobacillus ferrooxidans and related species would proliferate readily at 

this temperature in the mesophilic temperature range (Harrison, 1984; Kleinmann et al., 1981). A 

drop in temperature to about 15°C in the winter might cause the bacterial population to decline as 

biological processes slowed down by about 50% for every 10°C drop in temperature (Atlas and 

Bartha, 1987). 

Moisture conditions 

Rainfall. The highest rainfall occurred during the summer months (October to February), with 

lower precipitation from March to May and dry conditions in the winter months (late May to 

September). The frequency and intensity of the rainfall on the soil covers can significantly influence 

the infiltration rate. A high volume of rain over a short period on the covers will cause a water-

saturated zone close to the surface of the cover material, thereby reducing rapid water infiltration 

deeper into the cover and underlying material. Wates, Meiring and Barnard (1995a,b) found that 

the rainfall followed this pattern, occurring mainly as events lasting for 1 to 2 hours. Continuous 

rain over long periods ( > 1 day) rarely occurred. 

Moisture content of coal waste. Almost all the cells throughout the test period showed coal 

waste moisture levels of 8% and higher, but seldom exceeding 16% (Fig. 11). The uncovered coal 

waste in cells 1 to 3 was less moist than that in the cells with an Avalon or Avalon plus Estcourt 
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soil cover. This was to be expected as the waste of cells 1 to 3 was exposed to the atmosphere, so 

that drying by evaporation, assisted by wind and solar radiation, would have been more pronounced 

than drying of the covered coal waste in cells 4 to 10. The moisture in the upper 0.3 m of the coal 

waste should, however, have been favourable for microbial development and acidification most of 

the time. The high moisture levels in cells 1 and 3 during September 1994 and June 1995, 

respectively, may have been caused by the 25 mm of rain that occurred in late August 1994 and the 

47 mm of rain that occurred during the first 2 weeks of May 1995, respectively, although it is not 

clear why similar levels were not observed in the other uncovered cells. 

The moisture in the cells covered with Avalon soil (cells 4, 5 and 7) stabilized at about 8-10%, 

suggesting that the Avalon soil cover tended to buffer the underlying coal waste against fluctuating 

moisture levels. 

Cells 6, 8, 9 and 10, with covers of both Estcourt and Avalon soil, showed considerable fluctuation 

in moisture content through most of the study period. Higher upward fluctuations than in the 

uncovered cells 1 to 3, or cells 4, 5 and 7 with covers of only Avalon soil, were evident. Low 

moisture in most cells during August and November 1994 followed dry periods where very little 

rain occurred at the experimental site. The reason for the declines to the low levels of April 1994 

is not clear. 

It appears that the soil covers did not prevent water penetration to the waste, or if it was reduced, 

the reduction was at least balanced by the conservation of moisture in the cells by the covers. 

Two waste samples from cell 10 in September and two in May 1994, as well as a sample from cell 9 

in September 1994 following the 23 mm of rain during late August, showed particularly high 

moisture levels (17%-21%). Some of these samples were taken from at or near the bottom of the 

downward slope and may have become saturated with water that had drained to the bottom of the 

cell. 

Low moisture conditions (i.e. during the winter months) caused populations of bacteria to be 

generally lower. As sufficient moisture is a prerequisite for sustainable cellular development in 

microbial populations a severe drop in moisture in the bacterial environment might have caused the 

microorganisms to reduce cellular activity or die off completely (Borek, 1994). The high moisture 
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content of the coal waste in the uncovered cells during the summer months may have caused a 

proliferation in microbial populations due to the favourable conditions. However, heavy rains on 

the covered mini-dumps could cause the Avalon soil and Estcourt "clay" covers to become 

saturated, resulting in anaerobic conditions unfavourable for the aerobic microbial populations. 

Oxygen and carbon dioxide measurements 

Cell 3 maintained the most aerobic conditions throughout the test period. Although grass seeds 

germinated in the limed and fertilized coal waste, the seedlings quickly died off. However, the 

aerobic conditions in cell 3 would facilitate acidification, thereby making the waste unfavourable 

for seedling growth. 
v 

The small decreases in the oxygen levels noted in cells 1 and 2 during January 1994 were probably 

due to the heavy rains at the experimental site and high moisture levels in the waste at the beginning 

of that month. The rainfall during the last week of December 1993 and the first week of January 

1994 was more than 80 mm. Corresponding rises in the carbon dioxide levels were noted during 

the same time in the cells I and 2, which was to be expected. Cells 1 to 3 remained mostly aerobic 

(oxygen usually > 17%; carbon dioxide usually < 2%) during the remainder of the 22 months of the 

test period. 

Compaction of the coal waste did not seem to inhibit the diffusion of oxygen into cell 2, as it was 

just as aerobic as the uncompacted coal waste of cell I. 

The 0.3-m cover of Avalon soil (uncompacted) on cell 4, in spite of its clay content of 30-34% and 

its silt content of 26-29%, proved ineffective in creating and sustaining anaerobic conditions. The 

coal waste therefore remained aerobic throughout the experiment creating a favourable 

environment for high microbial populations. 

Although cell 5 covered with 0.5 m of compacted Avalon soil was anaerobic for much of the 

experimental period, increases in the oxygen level in August and November 1994 and again in July 

1995 were noted. The prolonged dry winter conditions may have desiccated the cover material, 

causing it to become porous and even crack, permitting diffusion of air into the underlying coal 
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waste. However, cell 7 covered with 0.7 m compacted and 0.3 m uncompacted Avalon soil 

remained anaerobic throughout the 22-month study period. 

Cells 6 and 8-10, with covers of Estcourt (0.3 m or 0.7 m compacted) plus Avalon soil (0.7 m or 

0.3 m uncompacted) provided (essentially) the same exclusion of oxygen as cell 7. They caused 

the waste to become anaerobic rapidly during the first wet season and remain essentially anaerobic 

thereafter. 

The conclusions from the oxygen and carbon dioxide studies are that the upper 15 cm of coal waste 

of the uncovered cells in the pilot scale dump rehabilitation experiment remained highly aerobic, 

while all the cells with an Avalon or Estcourt plus Avalon soil cover, except cell 4 with the 0.3-m-

thick Avalon soil cover only, became anaerobic. Although the cell with the 0.5-m compacted 

Avalon cover became anaerobic, it became aerobic temporarily in August 1994 and November 

1994. It appeared that the overall soil thickness was of great significance, with between 0.5 and 

1.0 m of a clay soil (with at least 0.3-0.5 m compacted) being required to create anaerobic 

conditions. At such thickness the Avalon soil on its own could provide an adequate barrier to 

oxygen penetration of the dumps, but the oxygen and carbon dioxide monitoring did not indicate 

whether two-layer Estcourt-Avalon combinations were better or not. 

pH of coal waste 

The uncovered cells 1-3 showed steadily progressing acidification, to a mean pH of approximately 

pH 3 at the last sampling. A similar decline in pH was observed in cell 4 where the 0.3 m cover of 

uncompacted Avalon soil caused little reduction of the oxygen concentration in the underlying coal 

waste. The acidification of these aerobic cells would have created conditions favourable for high 

populations of iron-oxidizing bacteria and continued acidification at an accelerated rate (Harrison, 

1984). However, the acidification of the cells over the 22-month experimental period was slow in 

comparison with that in a pilot scale experiment conducted near Witbank (Mpumalanga) by Loos et 

al. (1990b). All the uncovered dumps in that experiment showed acidification within 81 days of 

dump construction. Furthermore, the pH of the effluent from all the dumps was below pH 3.0 by 

120 days. 
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Samples from the Avalon soil-covered cells 5 and 7 showed fluctuations in pH values between pH 

3.5 and 6.4. Iindividual samples with low pH values, some of which produced downward 

fluctuations in the mean pH graph, may reflect acidification of isolated pockets of waste in the cells, 

or in the waste before the cells were constructed. The latter possibility is more likely in view of the 

anaerobic conditions in these cells during most of the study period. 

The Avalon and Estcourt soil-covered cells 6 and 8-10 with pH values between pH 4.5 and 7.0 

showed no clear signs of acidification during the 22 months of the test period, in spite of the pH 

fluctuations among individual samples. Low pH samples from these cells may also have come from 

pockets of acid coal waste produced before or during construction of the cells. Wates, Meiring and 

Barnard (1995b) also concluded from studies of the chemical composition of leachate water from 

the cells (all cells) that acidification had taken place at localized sites in the coal waste but that the 

leachate water had been neutralized by reaction with carbonate minerals (calcite, dolomite and 

magnesite) at other sites. This hypothesis was developed to explain the high concentrations of 

sulphate in the leachate water which had a pH of 6.7-7.4 and also contained elevated concentrations 

of calcium and magnesium. 

Most probable number (MPN) counts of bacteria 

The counts of acidophilic iron-oxidizing microorganisms able to grow in HJJ medium, as presented 

in Fig. 15, show marked fluctuations but also certain underlying trends. The uncovered cells (1-3) 

tended to show higher counts of these bacteria than the cells covered with 1 m of Avalon soil (cell 

7) or Estcourt plus Avalon soil (cells 6, 8, 9 and 10). This tendency can be explained by the aerobic 

nature of the bacteria, which are expected to be T. ferrooxidans (Staley et al., 1989; Belly and 

Brock, 1974), and the oxygen concentrations in the various cells. The aerobic conditions and the 

moisture in the upper 30 cm of the coal waste in the uncovered cells and cell 4 with the 0.3 m cover 

of uncompacted Avalon soil would have been favourable for their development most of the time. 

Moderately large populations (102-105/g waste) of acidophilic iron-oxidizing bacteria persisted in 

these cells, resulting in a decline in pH (acidification), over the 22 months from September 1993 to 

July 1995. 

The 0.5 m of compacted Avalon soil covering cell 5 was unable to sustain anaerobic conditions and 
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populations of acidophilic iron-oxidizing organisms between 104  and 105/g waste were often 

observed, particularly in acid samples. The distribution pattern suggests that the coal waste 

contained pockets of acidified materials at the time of construction of the cell. The barrier effect of 

the cover to oxygen diffusion during the wet season had no consistent detrimental effect on the 

populations of the acidophilic iron-oxidizing bacteria in the coal waste. The thicker covers (Avalon 

soil or Estcourt and Avalon soil) on cells 6-10 caused the atmospheric oxygen to diffuse very 

slowly or not at all to the underlying coal waste, resulting in anaerobic conditions and relatively low 

counts (mostly less than 104/ g dry coal waste) of acidophilic iron-oxidizing bacteria most of the 

time. 

The counts of acidophilic iron-oxidizing bacteria were usually highest during the wet seasons, 

particularly during February 1994, September 1994, January-February 1995 and June 1995 (Fig. 

15) following the good rains of January to February 1994, late August 1994, December to January 

1995 and early May 1995, respectively (Fig. 10). High rainfall seemed to result in increases in the 

numbers of these bacteria throughout most of the cells. This can be attributed to the need of iron-

oxidizing bacteria, like other microorganisms, for relatively moist conditions to sustain osmolarity, 

normal cell functions and growth. The counts of August and November 1994, after dry periods, 

dropped to lower levels in most cells, and a drop in counts was also noted during April 1995 in 

most of the cells, after the low rainfall (less than 70 m) that occurred in March 1995. Thus, lack of 

rain, particularly in winter (Fig. 10), appeared to cause drying of the coal waste to levels which 

were not ideal for sustaining high microbial counts. 

The cross-tabulation in Table 14 of the counts of acidophilic iron-oxidizing microorganisms 

according to population size and pH of the sample showed that the larger populations tended to be 

associated with the more acid samples (lower pH) and the smaller populations with the less acid 

samples (higher pH). This is the trend that would be expected from the acidophilic nature of the 

organisms and their demonstrated role in the acidification of pyrite-containing materials (Kleinmann 

and Crerar, 1979). According to Staley et al. (1989), T. ferrooxidatts actively oxidizes Fe2+ in the 

pH range 1.3-4.5, with the optimum pH between 2 and 4. 

It is not clear how the pH of the waste was reduced from the initial pH of approximately pH 6 to 

lower levels favourable for the growth of the acidophilic iron-oxidizing bacteria. Walsh and 

Mitchell (1972) postulated a role of Metallogenium in initiating acidification of coal at about pH 
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4.5 or 5.0 (Walsh, 1978), which they supposed to be too high for growth of T ferrooxidans. 

Moderately acidophilic Metallogenhan-type iron-oxidizers showed very low counts in the coal 

waste samples from all the cells during November 1994 to April 1995 (much lower than many of 

the corresponding counts of acidophilic iron-oxidizing bacteria). It can be concluded from these 

results that Metallogeniuni probably played no role in acidification of the pilot scale dumps, in 

agreement with Kleinmann and Crerar (1979). 

Possibly the abiotic oxidation of pyrite initiated the acidification process (Kleinmann et al., 1981) 

without help from microorganisms until the pH had become low enough for acidophilic iron-

oxidizing species such as T. ferrooxidans to catalyse the process. An early reaction of the 

microorganisms might have been attachment to the pyrite and promotion of its oxidation by the 

direct mechanism (Kleinmann et al., 1981; Lundgren et al., 1972), possibly reducing the pH in 

microhabitats before any pH decline was measured in the coal waste samples. 

The media for the MIPN counts of acidophilic and non-acidophilic thiosulphate-oxidizing bacteria 

were designed for bacteria such as T. thiooxidans and Thiobacillus thioparus, respectively (Allen, 
1957). Strains of T ferrooxidans may also be acidophilic thiosulphate oxidizers (Staley et al., 

1989). However, the low populations of acidophilic thiosulphate-oxidizing microorganisms in 

Table 16 compared to the generally higher populations of iron-oxidizing bacteria (Appendix Tables 

1-3, 5, 7 and 10) indicate that the same organisms were not responsible for the two oxidations. If 

they were, the populations with this dual ability (thiosulphate-oxidizing T ferrooxidans) formed a 

minority in most of the iron-oxidizing microbial populations. The consistently low populations of 

both the acidophilic and the non-acidophilic thiosulphate-oxidizing microorganisms in the coal 

waste on the dates when they were determined (Tables 16 and 17, Appendix Tables 1-8 and 10) 

suggest that they had no or little effect on the process of acidification of the pilot scale dumps. 

There were also no obvious indications that the acidophilic or non-acidophilic thiosulphate-

oxidizing populations were influenced by the different dump structures. 
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CONCLUSIONS 

An important aim of the present investigation, namely, determination of the effectiveness of 

various types and depths of soil cover material in creating conditions in coal waste dumps 

unfavourable for the growth of acid-generating micriobial populations, has to date supplied 

valuable information over two rainy seasons. 

Aerobic conditions, notable decreases in pH and moderately high populations of iron-oxidizing 

bacteria were observed in the uncovered cells and in the coal waste beneath the 0.3-m cover of 

uncompacted Avalon soil. The moderately high clay (34%) and silt (28%) content was 

obviously not adequate to create unfavourable conditions for iron-oxidizing bacterial 

populations in Avalon soil of that thickness and hence could not prevent the formation of acid 

mine drainage in the underlying waste. A compacted Avalon soil cover of 0.5 m thick 

appeared also not quite adequate to prevent acid mine drainage generation. 

The results with the other covers provide valuable guidelines to the type of soil covers that can 

be used to rehabilitate coal waste dumps. The 0.7-m compacted with 0.3-m uncompacted 

Avalon soil cover was just as effective as all the combinations of Estcourt (lower layer) and 

Avalon (upper layer) soils with a total depth of 1 m. The total thickness of the covers could 

possibly have been reduced without loss of effectiveness, but not by more than 50% according 

to the results with the treatments involving Avalon soil alone. 

The presence of a vegetation cover may also prove valuable, by preventing the erosion of soil 

covers on dumps and reducing the diffusion of oxygen to the coal waste, but these advantages 

remain to be demonstrated 

The quantitative studies of the various microbial groups possibly associated with the 

generation of acidity in the waste of the pilot scale dumps at the Kilbarchan Mine indicate the 

dominance of acidophilic iron-oxidizing bacteria. As these also seem to be the dominant acid-

generating bacteria in coal waste dumps in other regions of the world, appropriate conclusions 

from acid mine drainage research elsewhere can be applied in KwaZulu-Natal. 
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Appendix Fig. 1. Record during 1993 of iron-oxidizing enrichment cultures CD1, 
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Appendix Fig. 4. Record during 1993 of iron-oxidizing enrichment cultures K/D1 
and K/D2 from very fine slurry from the coal-washing process at the 
Kilbarchan Mine incubated at 26°C with shaking at 80 r.p.m. 
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Appendix Fig. 5. Record during 1993 of iron-oxidizing enrichment cultures KJE1 
and K/E2 from fine waste from the duff-washing process at the 
Kilbarchan Mine incubated at 26°C with shaking at 80 r.p.m. 
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Appendix Fig. 6. Record during 1993 of iron-oxidizing enrichment cultures KJF/1 
and K/F/2 from samples of coal waste used to construct cells of pilot 
scale dump rehabilitation experiment near the Kilbarchan Mine 
incubated at 26°C with shaking at 80 r.p.m. 

Stellenbosch University http://scholar.sun.ac.za/



Transfer to fresh medium 

8/7 	916 	 .8110 

1. 
I 	 T 

2 xi . III IN M 

2/12 

T 

I 

/ 

/ 

sr 

I .  
I 

/ / 

G1 

Transfer to fresh medium 
CD1 

14/3 	3/5 	3/6 	17/6 	1 17 	18/7 

. 002 

2 003 7- 

/ 

	

1/ 	 
3/6 	17/6 	1/7 	18/7 3/5 14/3 

100 

6/5 	1 1 /5 517 8/7 29/7 9/8 30/8 6/9 8/10 15/11 2/12 
Time (date in 1993) 

Appendix Fig. 7. Record during 1993 of iron-oxidizing enrichment culture IC/GI 
from sample of coal waste used to construct cells of pilot scale 
dump rehabilitation experiment near the Kilbarchan Mine 
incubated at 26°C with shaking at 80 r.p.m. 
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Appendix Fig. 8. Record during 1994 of enrichment cultures CDI, CD2 and CD3 
(see Appendix Fig. 1) incubated at 26°C with shaking at 80 r.p.m. 
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Appendix Fig. 9. Record during 1994 of iron-oxidizing enrichment cultures K/A1 
and K/A2 (see Appendix Fig. 2), incubated at 26°C with shaking 
at 80 r.p.m. 
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Appendix Fig. 10. Record during 1994 of iron-oxidizing enrichment cultures KilD1 
and K/D2 (see Appendix Fig. 4), incubated at 26°C with shaking 
at 80 r.p.m. 
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and K/E2 (see Appendix Fig. 5), incubated at 26°C with shaking 
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Appendix Fig. P. Record during 1994 of iron-oxidizing enrichment cultures 
K/F1/1 and K/F1/2 (see Appendix Fig. 6), incubated at 26°C 
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Appendix Fig. 13. Record during 1994 of iron-oxidizing enrichment cultures IC/G1 
(see Appendix Fig. 7) incubated at 26°C with a shaking at 80 
r.p.m. 
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APPENDIX II: EXAMPLE OF MPN CALCULATIONS, WITH MOISTURE 

CORRECTION, USING TABLE OF DE MAN (1983) 

Sample K1/N3 of 21 November 1994, MPN count using HJJ medium 

Dilution : 100  10-1  10-2  10-3  10-4 10-5  10-6  10-7  10-8  10-9  
Positives: 3 3 3 3 3 2 0 0 0 0 

MPN count/g wet coal or coal waste = 9.3 x 104  
Moisture/100g dry coal or coal waste = 11.87g 
Correction factor for moisture= 1/( lx 100/111.87) = 1.1187 
MPN/g dry coal or coal waste = MPN/g wet coal or coal waste x 1.1187 
MPN count/g dry coal or coal waste = 10.4039 x 104= 104039 
95% Confidence limits = 18000 to 360000/g wet coal or coal waste 
95% Confidence limits = 20137 to 402732/g dry coal or coal waste 
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APPENDIX DI DETAILS OF pH, MOISTURE AND MPN DETERMINATIONS OF 

MICROBIAL POPULATIONS OF COAL WASTE SAMPLES FROM nit, TEN 

EXPERIMENTAL MINI-DUMPS CONSTRUCTED NEAR THE KILBARCHAN 

MINE 

Appendix Sampling Microbial population investigated besides Page 

Table date iron-oxidizing microorganismsa 

1 27-28/9/93 Acidophilic thiosulphate-oxidizing 106 

2 22/11/93 Acidophilic thiosulphate-oxidizing 107 

3 18/1/94 Acidophilic thiosulphate-oxidizing 108 

4 28/2/94 Non-acidophilic thiosulphate-oxidizing 109 

5 11/4/94 Acidophilic thiosulphate-oxidizing 110 

6 28/5/94 Non-acidophilic thiosulphate-oxidizing 111 

7 1/8/94 Acidophilic thiosulphate-oxidizing 112 

8 26/9/94 Non-acidophilic thiosulphate-oxidizing 113 

9 21/11/94 Presumed Metallogenium 114 

10 16/1/95 Acidophilic thiosulphate-oxidizing 115 

11 27/2/95 Presumed Metallogenium 116 

12 10/4/95 Presumed Metallogenium 117 

13 6/6/95 

a Microbial populations able to oxidize ferrous iron in HIT medium were counted by MPN in 

all samples. 
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Appendix Table 1. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and acidophilic thiosulphate-oxidizing microbial populations (including category and 95% 
confidence limits) of coal waste samples obtained on 27-28 September 1993 from the 10 experimental mini-
dumps constructed near the Kilbarchan Mine 

K1/S7 5.07 8.91 4683 1 982 - 19700 4 1 1-20 
K1/W8 5.85 9.39 102 1 20 - 386 82 1 19 - 218 
K2/E3 5.64 7.31 160965 1 32200 - 410000 23 2 3-43 
K2/W2 5.87 10.59 4202 1 995 - 11500 22 0 6-42 
K3/E7 5.73 7.63 100 1 19 - 387 8 1 2-21 
K3/E9 5.38 5.45 253 1 42 - 1040 2425 1 527 - 9200 
K4/S4 5.89 8.51 101 1 20 - 391 47 1 10- 196 
K4/W1 6.06 9.21 102 20 - 393 25 1 5 - 103 
K5/S2 2.83 8.38 46603 1 9750- 196000 2 1 0.5 - 10 
K5/S6 5.17 9.43 16414 1 3280 - 41600 470 1 98 - 1980 
K6/N7 5.91 8.95 47 1 10 - 197 25 1 5 - 102 
K6/W8 6.17 10.63 48 1 10 - 200 25 1 6- 104 
K7/E4 6.10 9.63 26311 1 4360- 109000 1019 1 197 - 3950 
K7/W9 6.14 11.58 479 1 100 - 2020 16 1 3 - 42 
K8/E6 6.00 10.02 3080 3 990- 10300 102 1 20 - 396 
K8/E9 6.21 10.13 47 1 10 - 199 47 1 10- 199 
K9/E3 6.17 7.92 809 1 183 - 2150 2 1 0.5 - 10 
K9/E5 4.45 9.23 2512 1 546- 10300 4 1 1 - 10 
K10/N10 5.78 20.19 1802 1 361 - 4570 11177 1 2160 - 43300 
K10/W7 5.92 19.43 5135 1 1070 - 21600 513 1 107 - 2160 

N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with 1 m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b  pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

Mean of duplicate determinations. 

d  MPN, category and 95% confidence limits according to De Man (1983). 

Stellenbosch University http://scholar.sun.ac.za/



107 

Appendix Table 2. Details of pH, moisture and MPN determinations of acidophiIic high ferrous iron-
oxidizing and acidophilic thiosulphate-oxidizing microbial populations (including category and 95% 
confidence limits) of coal waste samples obtained on 22 November 1993 from the 10 experimental mini-dumps 
constructed near the 1Cilbarchan Mine 

K1/W5 5.32 12.06 5 1 1 - 20 3 0.6- 11 
K1/N2 3.29 9.97 16496 1 3300 - 41700 5 1 - 20 
K2/S4 5.77 9.56 47 1 10- 198 1019 197- 3940 
K2/S8 6.08 10.21 231 2 33 - 441 42 10- 115 
K3/S10 5.69 11.25 2559 1 556- 10500 7 3 2 - 20 
K3/E8 5.39 10.46 1027 1 199 -3980 13 3 3-40 
K4/W5 6.23 12.64 4280 1 1010- 11700 3 1 0.6 - 11 
K4/S5 6.32 14.82 49 1 10- 208 24 2 3-46 
K5/N8 3.69 14.41 24026 2 3430 - 45800 49 10 - 207 
K5/W8 6.12 12.49 48 1 10 - 204 5 1 - 20 
K6/N4 6.23 10.80 103 1 20- 399 3 0.6- 10 
K6/W4 6.34 11.54 84 1 19 - 222 2 0.3 - 4 
K7/E7 5.84 13.29 105 1 20 - 408 17 3-43 
K7/W5 6.37 11.58 26 1 6 - 105 8 2 - 22 
K8/S3 6.69 23.49 11 1 2 -44 5 1 - 22 
K8/S7 6.54 10.00 47 1 10- 199 5 1 - 20 
K9/E9 6.72 10.62 1659 1 332 - 4200 5 1 - 20 
K9/E8 6.66 9.30 102 1 20 - 393 3 0.5 - 10 
K10/W4 6.56 18.38 272 1 59 - 1110 5 1 -21 
KI0/S3 5.98 9.45 164 1 33 - 416 1 0.2 - 4 

N=North side, 1-10 east to west (w th 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with 1 m interval). 

W=West side, 1-10 north to south (with 1 in interval). 

pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

Mean of duplicate determinations. 

d  MPN, category and 95% confidence limits according to De Man (1983). 
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K1/W8 4.71 14.26 4913 1 1030-20600 4913 1 1030 - 20600 
K1/S4 5.94 10.35 83 1 19 - 220 0.5 I 0.1 - 2 
K2/N2 6.26 8.99 47 1 10- 197 2 1 0.3 - 4 
K2/S8 6.09 10.29 47 1 10 - 200 25 1 6 - 104 
K3/S10 4.89 9.70 82 1 19- 218 47 1 10 - 199 
K3/W2 4.29 8.17 10060 1 1940 - 38900 10 1 2-39 
K4/W9 6.31 13.69 49 1 10 - 206 1 1 0.2 - 4 
K4/W3 5.87 12.07 26 1 6- 105 104 1 20 - 403 
K5/E6 5.87 11.75 123 3 45 -391 0.3 1 0.06 - 1 
K5/S6 6.15 9.68 823 1 186 - 2180 0.3 1 0.05 - 1 
K6/S9 6.00 10.33 47 1 10 - 200 1 1 0.2 - 4 
K6/E5 6.22 14.94 26 1 6 - 108 0.3 1 0.06 - 1 
K7/N1 6.32 10.07 231 2 33 - 440 47 1 10 - 199 
K7/S3 5.99 15.29 496 1 104 - 2090 0.3 1 0.06 - 1 
K8/E8 6.56 14.06 262 1 57 - 1070 2 2 0.3 - 5 
K8/S2 6.31 12.13 48 1 10 - 203 0.8 1 0.2 - 2 
K9/E3 6.15 8.60 3 1 0.5 - 10 0.3 1 0.05 - 1 
K9/E1 6.26 8.68 130 3 33 - 391 0.8 1 0.2 - 2 
K10/E6 6.00 9.19 415 1 98 - 1130 25 1 5 - 103 
K10/S7 5.99 9.40 821 1 186 -2180 0.8 1 0.2 - 2 

108 

Appendix Table 3. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and acidophilic thiosulphate-oxidizing microbial populations (including category and 95% 
confidence limits) of coal waste samples obtained on 18 January 1994 from the 10 experimental mini-dumps 
constructed near the Kilbarchan Mine 

N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 in interval). 

E=East side, 1-10 north to south (with 1 in interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b  pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

Mean of duplicate determinations. 

d  MPN, category and 95% confidence limits according to De Man (1983). 
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Appendix Table 4. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and non-acidophilic thiosulphate-oxidizing microbial populations (including category and 95% 
confidence limits) of coal waste samples obtained on 28 February 1994 from the 10 experimental mini-dumps 
constructed near the Kilbarchan Mine 

K1/W8 4.15 8.33 100747 1 19500 - 390000 2 1 0.5 - 10 
Kl/S1 3.92 6.94 245962 1 53500 - 1010000 2 1 0.5 - 10 
K.2/S2 3.84 10.63 25445 1 5350- 104000 3 1 0.6 - 10 
K2/N1 5.71 9.37 4703 1 984- 19800 3 1 0.5 - 10 
K3/S8 4.69 8.90 1013 1 196 -3920 0.2 3 0.05 -0.4 
K3/N8 2.68 10.27 23157 2 3308 -44100 3 1 0.6 - 10 
K4/E9 5.37 12.23 258 1 56- 1055 5 1 1 - 20 
K4/N6 5.44 10.33 2317 2 331 -4413 3 1 0.6 - 10 
K5/S9 4.63 16.17 13940 3 3485 -41800 3 1 0.6 - 11 
K5/W7 4.96 10.71 25463 1 5540 - 104000 5 1 1 - 20 
K6/E4 5.41 16.08 27 1 6 - 109 5 1 1 -21 
K6/E7 5.65 13.92 26 1 6 - 107 3 1 0.6 - 11 
K7/E2 5.64 10.24 254 1 55 - 1036 NlDe  
K7/N2 5.65 12.38 258 1 56 - 1056 8 2 - 22 
K8/W1 5.69 16.57 2448 2 350 -4663 11 2 -42 
K8/W4 5.42 10.54 48 10 -200 3 0.6- 10 
K9/E5 5.27 9.44 164 1 33 - 416 3 0.5 - 10 
K9/S5 5.52 10.75 255 1 55 - 1040 3 1 0.6- 10 
K1 0/S2 5.46 7.68 248 1 54 - 1010 2 0.5 - 10 
K10/S7 5.50 15.32 4959 1 1040 -20900 3 1 0.6 - 11 

• N=North side, 1-10 east to west (with 1 in interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with I m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b  pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

• Mean of duplicate determinations 

d  MPN, category and 95% confidence limits according to De Man (1983). 

• ND : Not determined. 
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Appendix Table 5. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and acidophilic thiosulphate-oxidizing microbial populations (including category and 95% 
confidence limits) of coal waste samples obtained on 11 April 1994 from the ten experimental mini-
dumps constructed near the 1Cilbarchan Mine 

Mitil--- 
dump/4 

sarnopleilLi 
‘ •P' "44 

* 

pH 

MOIStUren 
.0  imnPle 

bilicligliferrous, 
loxidizag4  

..1110,-,v4rt 
,*,. 

Acideibilialties'  ulphate- 
:oxidizing ' 

100 
drynir I' 

‘ 

Cate- 
goiyftml 

5% 
utidence 

i MPN/go 
Cate 

95%,  
o 	d 	ce 

IliMrtee  

Kl/N9 4.38 9.37 164 1 33 - 416 102 1 20 - 394 
K1/E3 2.94 9.45 47064 1 9851 - 198000 5 1 1-20 
1C2/W3 4.92 8.29 412 1 97 - 1126 10 1 2-39 
1C2/S5 4.63 11.16 25567 1 5558 - 104000 8 1 2-22 
K3/N5 3.31 10.72 4761 1 996 - 20180 476 1 100 - 2004 
K3/E4 3.48 10.10 2532 1 551 - 10300 165 1 33 - 418 
K4/N10 4.70 9.58 102 3 20 - 394 22 2 5-42 
K4/S9 5.21 11.16 3779' - 974- 10476 4 1 1-12 
K5/S3 5.34 7.91 46401 1 9712 - 195000 25 1 5 - 101 
K5/W1 2.31 10.08 16512' - 4975 - 41927 10 1 2-40 
K6NS6 4.34 8.45 130 3 33 - 390 2 1 0.5 - 10 
K6/S2 5.29 7.91 15 2 4 - 38 2 1 0.5 - 10 
K7/N6 5.52 8.44 101 1 20- 390 5 1 1 - 20 
K7/E10 5.62 10.23 474 1 99 - 1995 474 1 99 - 1995 
K8/E2 5.81 9.30 251 1 55 - 1027 4 1 1 -20 
K8/W10 5.89 6.99 14979 2 4280 - 37400 5 I 1-20 
K9/N1 5.80 7.58 1000 1 194 - 3873 8 1 2-21 
K9/W2 5.81 11.20 3114 3 1001 - 10453 8 1 2-21 
K10/N4 5.88 8.48 250 1 54 - 1020 23 2 3-43 
K10/E9 5.87 9.89 252747 1 54900 - 1034000 231 2 33 - 440 

• N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with 1 in interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b  pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

• Mean of duplicate determinations. 

d  MPN, category and 95% confidence limits according to De Man (1983). 

• MPN according to American Public Health Association et al. (1955); no category; 95 % 

confidence limits according to Dr. J. H. Randall (Biometry Unit, University of Stellenbosch, 

personal communication). 
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Appendix Table 6. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and non-acidophilic thiosulphate-oxidizing microbial populations (including category and 95% 
confidence limits) of coal waste samples obtained on 28 May 1994 from the 10 experimental mini-dumps 
constructed near the Kilbarchan Mine 

K1/S7 3.44 8.57 2280 2 326 -4343 8 2 - 22 
K1/S9 3.45 9.93 102 1 20 - 396 3 0.5 - 10 
K2/S10 4.42 10.20 2535 1 551 - 10359 4 1-11 
K2/N10 4.73 10.34 474 1 99- 1997 4 1-11 
K3/E4 3.78 9.35 1017 1 197- 3937 3 0.5- 10 
K3/N2 3.36 8.74 228354 2 32600 - 435000 3 0.5 - 10 
K4/N6 4.38 8.19 101 1 32 - 389 2 0.5 - 10 
K4/W4 5.20 9.97 220 2 55 - 418 5 1 - 20 
K5/S10 5.08 8.69 152 2 43 - 380 250 54 - 1022 
K5/W1 5.18 11.93 48 1 10- 203 5 1 - 20 
K6/S4 5.45 9.73 102 1 20 - 395 5 1 - 20 
K6/E6 4.42 10.67 103 1 20 - 398 8 2 - 22 
K7/E7 5.49 12.94 486 1 102 - 2044 486 102 - 2044 
K7/W9 6.04 11.15 256 1 56- 1045 22 2 6 - 42 
K8/W3 6.10 16.60 17 1 3-11 16 2 5-41 
K8/N3 4.81 12.31 258 1 56- 1056 104 20 - 404 
K9/E2 5.50 12.69 259 1 56- 1059 3 0.6 - 11 
K9/N7 5.81 10.51 829 1 188 - 2199 4 0.6 - 11 
K10/E8 5.90 18.17 1099 1 213 -4254 3 0.6 - 11 
K10/W2 5.86 17.33 5045 1 1056 - 21200 3 0.6 - 11 

N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 in interval). 

E=East side, 1-10 north to south (with 1 in interval). 

W=West side, 1-10 north to south (with 1 m interval). 

pH of suspension of 10 g sample in 25 nil distilled water, mean of duplicate determinations. 

Mean of duplicate determinations. 

d  MEN, category and 95% confidence limits according to De Man (1983). 
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K1/W9 4.97 8.89 41 I 10 - 113 10 1 2 - 39 
K1/W7 4.81 9.48 47 1 10 - 198 25 1 5 - 103 
K2/N2 4.47 8.75 1305 3 326 - 3915 3 1 0.5- 10 
K2/W10 4.26 9.28 16392 1 3278 - 41500 47 1 10- 198 
K3/N1 4.65 10.18 220 0 55 - 419 8 1 2 - 22 
K3/E2 4.54 9.61 102 1 20 - 395 10 1 2-39 
K4/E5 4.77 7.64 161 1 32 - 409 2 1 0.5 - 10 
K4/W6 5.06 10.56 166 1 33 - 420 8 1 2 -22 
K5/S6 5.20 10.70 25 1 6 - 104 155 2 44 - 387 
K5/E8 5.37 10.14 165 1 33 - 419 3 0.6- 10 
K6/N8 5.56 10.76 25 1 6 - 104 5 1 1 -20 
K6/S8 5.61 11.37 26 1 6 - 105 26 1 6- 105 
K7/N10 5.70 10.28 254 1 55 - 1037 47 1 10 - 200 
K7/E1 5.76 10.58 25 1 6 - 104 10 1 2-40 
K8/W1 5.82 9.69 25 1 5 - 103 8 1 2 - 22 
K8/W4 5.87 9.12 25 1 5 - 103 47 1 10- 198 
K9/N4 5.84 11.33 26 1 6 - 105 42 1 10- 116 
K9/N3 5.86 8.65 25 1 5 - 102 25 1 5 - 102 
K10/E9 5.86 9.17 10 1 2-39 5 1 1 - 20 
KI0/E7 5.85 9.01 25 1 5 - 102 25 1 5 - 102 
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Appendix Table 7. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and acidophilic thiosulphate-oxidizing microbial populations (including category and 95% 
confidence limits) of coal waste samples obtained on 1 August 1994 from the 10 experimental mini-dumps 
constructed near the Kilbarchan Mine 

N=North side, 1-10 east to west (with I m ii terval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with I m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

pH of suspension of 10 g sample in 25 ml distilled water, mean of duplicate determinations. 

Mean of duplicate determinations. 

d  MPN, category and 95% confidence limits according to De Man (1983). 
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Appendix Table 8. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and non-acidophilic thiosulphate-oxidizing microbial populations (including category and 
95% confidence limits) of coal waste samples obtained on 26 September 1994 from the 10 
experimental mini-dumps constructed near the Kilbarchan Mine 

Mini-,, , 	.., 
dump/ I 

sample 

-Moisture in 
sample, 

Acldophmc IOW:ferrous; 	' 
:itarileiiiii 

Non-acidophiliczthiesulphate-
,oxidizing% - 

N , mp  $,..g0-01  
' . 5% 

iMpdence 
' f ' 6(  41P 

, c 
''' goryd ,. 

V 
ci';'nfidence 

limite 

KI/S10 3.75 17.14 108940 1 21100 - 422000 1 1 0.2 - 4 
K 1 /E8 3.58 13.23 260429 1 56600- 1070000 0.5 ' 	1 0.1 -2 
K2/N3 3.91 9.70 16455 1 3291 -41700 10 1 2-39 
K2/W5 4.04 10.08 0.3 1 0.05 - 1 0.8 1 0.2 - 2 
K3/N8 3.13 7.49 1000 1 193 -3869 0.1 1 0.02 - 0.4 
K3/E6 3.42 8.31 46573 1 9748- 196000 0.04 1 0.002 - 0.2 
K4/N1 3.88 9.41 47046 1 9847 - 198000 5 1 1-20 
K4/N9 4.35 8.21 8116 1 1840 - 21500 3 1 0.5 - 10 	• 
K5/S9 4.33 9.99 3190 3 990 - 10340 1023 1 198 - 3960 
K5/W10 4.69 8.96 2615' - 952 - 10263 16 1 3-41 
K6/E3 5.18 10.74 26 1 6 - 104 3 1 0.5 - 10 
K6/W1 5.35 10.03 25 1 6 - 103 3 1 0.5 - 10 
K7/E1 5.97 10.51 254 1 55 - 1039 166 1 33 - 420 
K7/S4 5.92 10.23 121 3 44 - 386 5 1 1-20 
K8/W4 5.96 11.40 479020 1 101000 - 2020000 256 1 56 - 1047 
K8/S2 6.01 8.75 25 1 5- 102 7 3 2- 20 
K9/S5 6.00 20.54 1121 1 217 - 4339 11 1 2-43 
K9/W3 5.58 11.82 104 1 20 - 403 3 1 0.6 - 11 
K I 0/N6 5.98 9.50 47 1 10- 198 2 2 0.3 -4 
K 1 0/E4 5.78 9.03 10140 1 1963 - 39300 5 1 1 -20 

- 
' N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with I m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

• Mean of duplicate determinations. 

• MPN, category and 95% confidence limits according to De Man (1983). 

• MPN according to American Public Health Association etal. (1955); no category; 95 % 

confidence limits according to Dr. J. H. Randall (Biometry Unit, University of Stellenbosch, 

personal communication). 
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Appendix Table 9. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and presumptive Metallogenium populations (including category and 95% confidence limits) 
of coal waste samples obtained on 21 November 1994 from the 10 experimental mini-dumps 
constructed near the Kilbarchan Mine 

Mini-  
. dump/ 

sample' p 

Moisture 

0  
mass) 

IttiippicAigkferrolislrpli 
-' oxidizin 

Mill 

A 
lly,,e3frfailosenium,. 

MP, / 

Cate- 
gory" lithlts 

% 
Confidence bad= 

, MPS/ 
ate- 

0  

... 
A 	- 

Confidence ., 
.iiinitid  

KI/N3 3.04 11.87 104039 1 20137 - 402732 5` - 1-12 
K1/W4 3.12 11.30 3896 0 1002 - 10462 0.2 . 	1 0.06 - 0.4 
K2/W1 3.19 10.27 1654 1 331 - 4190 1 1 0.2 - 4 
K2/E1 3.63 9.90 473 1 99- 1989 <0.03 1 0.0 - 0.1 
K3/W8 4.42 10.69 2546 1 553 - 10405 1 1 0.2 -4 
K3/E4 ND f  ND ND - - ND - - 
K4/E5 3.71 8.28 812 1 184 - 2155 1 1 0.2 - 4 
K4/S4 3.94 9.55 3944 0 986- 10298 3 1 0.5 - 10 
K5/N7 3.44 10.57 1659 1 332 - 4202 8 1 2-22 
K5/S8 ND ND ND - - ND - - 
K6/S10 4.66 12.85 49 1 10 - 204 17 1 3-43 
K6/N4 5.08 10.26 25 1 6- 104 0.3 3 0.1 - 1 
K7/N9 5.19 10.60 1029 1 199 - 3982 51 1 10 - 219 
K7/N5 5.32 10.43 166 1 33 - 420 10 1 2-40 
K8/E7 5.41 10.07 102 1 20- 396 2 2 0.3 -4 
K8/S2 5.50 9.28 47 I 10- 198 1 1 0.2 -4 
K9/S5 5.54 9.17 251 1 55 - 1026 3 1 0.5 - 10 
K9/N1 5.56 9.28 1007 1 195 - 3898 10 1 2-39 
Kb/Si 5.48 8.90 131 3 33 - 392 3 I 0.5 - 10 
KI0/N10 5.50 18.06 89 1 20 - 235 51 1 11 - 214 

' N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with 1 m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b  pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

• Mean of duplicate determinations. 

d MPN, category and 95% confidence limits according to De Man (1983). 

• MPN according to American Public Health Association etal. (1955); no category; 95 % 

confidence limits according to Dr. J. H. Randall (Biometry Unit, University of Stellenbosch, 

personal communication). 

ND: Not determined. 

Stellenbosch University http://scholar.sun.ac.za/



115 

Appendix Table 10. Details of pH, moisture and MPN determinations of acidophilic high ferrous 
iron-oxidizing and acidophilic thiosulphate-oxidizing microbial populations (including category and 
95% confidence limits) of coal waste samples obtained on 16 January 1995 from the 10 experimental 
mini-dumps constructed near the Kilbarchan Mine 

- 

um 
sample: 

- 

p 
 

 	., 
,Moisturr,e in 

11U10.1e k,•••(', 	. 

Acidophilic high,terrouslron-- , 
oxldlZlig 

Audop'hibellnosnlphate-oxidizm 	• 
, 

0 , dry m403lr .3s 
 o 

o 
d

,a 

m 
-1ntsd4 

:•• 

Cate- 
go_ 

%-• 
Confidence ,.: 

K1/E8 3.83 12.24 10438 1 2020 - 40046 4826 1 1010 - 20315 
K 1 /N2 3.32 11.51 479 1 100 - 2018 3 1 	• 0.6 - 10 
K2/S 7 2.88 12.33 10447' - 4005 -42000 5 1 1 - 20 
K2/E9 3.96 11.87 425 1 101 - 1163 48 1 10 - 202 
K3/S9 3.93 11.65 424 1 100- 1161 3 1 0.6 - 11 
K3/S6 3.51 11.38 2561 1 557- 10470 3 1 0.6 - 10 
K4/E1 3.27 7.64 12917 3 3229 - 38750 2 1 0.5 - 10 
K4/W2 4.15 7.25 24668 1 5363 - 100815 2 1 0.5 - 10 	. 
K5/S3 2.86 9.71 25233 1 5486 - 103127 3 1 0.5 - 10 
K5/N6 3.95 8.96 46853 1 9806 - 197218 8 1 2-22 
K6/W5 4.77 11.57 48 1 10 - 202 10 1 2-40 
K6/W8 5.09 10.93 48 1 10- 201 5 1 1 -20 
K7/W7 5.29 9.39 230 2 33 - 438 4704 1 985 - 19800 
K7/E4 5.35 12.63 105 1 20 - 405 11 1 2-41 
K8/E6 5.41 10.43 475 1 99 - 1999 25 1 6 - 104 
K8/W1 5.68 9.90 47 1 10- 199 3 1 0.6 - 10 
K9/S1 5.46 8.35 3143 3 975- 10727 3 1 0.5 - 10 
K9/N10 5.62 10.91 255 1 55 - 1043 103 1 20 - 399 
K10/E5 5.71 12.06 8405 1 1905 - 22300 26 1 6 - 105 
K10/S5 5.72 9.88 703 3 176 - 1989 13 3 3-40 

• N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with 1 m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

• Mean of duplicate determinations. 

• MPN, category and 95% confidence limits according to De Man (1983). 

e MPN according to American Public Health Association etal. (1955); no category; 95 % 

confidence limits according to Dr. J. H. Randall (Biometry Unit, University of Stellenbosch, 

personal communication). 
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K1/W5 2.53 9.65 41667 1 9869- 114036 32 3 10- 109 
K1/N7 2.68 9.56 164340 1 32868 - 416328 102 1 20- 394 
1(2/N9 3.18 9.27 16391 1 3278 - 41523 23 2 3 - 143 
K2/E6 3.68 9.23 25123 1 5462- 102676 16 1 3 - 42 
K3/W10 4.24 8.72 22831 2 3262 - 74880 0.3 1 0.05 - 1 
K3/E1 2.87 10.63 47571 1 9957 - 200240 10 1 2 - 40 
K4/N2 2.96 7.64 46 1 10 - 195 4 1 1-11 
K4fW8 4.71 9.13 46926 1 9822- 197525 0.8 1 0.2 - 2 
K5/N1 5.16 9.28 164 1 33 - 415 10 1 2 - 39 
K5/W7 3.04 8.95 21790 1 5448 - 41401 10 1 2 - 39 
K6/N6 5.47 12.42 26 1 6 - 106 8 1 2 - 22 
K6/W4 5.26 14.14 26 1 6 - 107 106 1 21 -411 
K7/S8 5.12 8.95 4685 1 981 - 19720 5 1 I - 20 
K7/W3 4.94 8.74 101 1 20 - 391 250 1 54 - 1022 
K8/S1 5.39 11.67 4802 1 1005 - 20212 104 1 20 - 402 
K8/E9 5.53 11.53 84 1 19 - 222 10 1 2-40 
K9/S2 5.67 7.06 9957 1 1927 - 38542 2 1 0.5 - 10 
K9/W4 5.88 12.68 10479 1 2028 - 40565 3 1 0.6 - 11 
K10/S6 4.79 10.34 165510 1 33102 - 419292 25 1 6- 10 
K10/N5 4.22 12.01 8401 1 1904 - 22290 7 3 2-20 
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Appendix Table 11. Details of pH, moisture and MPN determinations of acidophilic high ferrous iron-
oxidizing and presumptive Metallogenium populations (including category and 95% confidence limits) of coal 
waste samples obtained on 27 February 1995 from the 10 experimental mini-dumps constructed near the 
Kilbarchan Mine 

N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with 1 m interval). 

W=West side, 1-10 north to south (with I m interval). 

pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

Mean of duplicate determinations. 

d  MPN, category and 95% confidence limits according to De Man (1983). 
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Appendix Table 12. Details of pH, moisture and MPN determinations of acidophilic high ferrous 
iron-oxidizing and presumptive Metallogenium populations (including category and 95% confidence 
limits) of coal waste samples obtained on 10 April 1995 from the 10 experimental mini-dumps 
constructed near the Kilbarchan Mine 

Mini- 
dump/ " •  

sample 1 

.. 

P 

Moisture311,  in; 
sample 

- . . 	. 

Q°4's 

AcLdop i 1 iclugh „ferrous iron 
k-.- ,,,--  

PresumptivelK.etiOggenium 

MPN/g"  ..„. 	. 

' 	3E1'  
t 

0 

li  • . 	. 
Confidence r •  

' 

56/0  

,-.; Km/ 
ate- i - . , 
0, 
- 

, 
,confidence 

finite , 	, 

K1/E6 3.25 13.94 490 1 103 - 2062 9 1 2-23 
K1/N9 2.76 11.27 4785 1 1001 - 20140 48 1 10 - 201 
K2/E1 2.86 11.55 10374 1 2008 - 40158 0.4 0 0.1 - 1 
1C2/W5 2.83 10.26 33 3 1 - 105 17 1 3-42 
K3/E4 3.08 12.04 803 3 201-2028 10 1 2-40 
K3/E10 2.67 11.53 424 1 100 - 1160 1 1 0.2 - 4 
K4/E5 2.74 9.43 25 3 5 - 103 2 2 0.3 - 4 
K4/W7 3.52 8.53 4775' - 1830- 19154 3 3 1 - 10 
K5/N6 6.01 8.71 47 1 10- 197 0.5 1 0.2 - 2 
K5/W3 2.92 8.22 4653 1 974 - 19588 1 3 0.3 -4 
K6/S8 6.05 9.29 25 1 5 - 103 0.3 3 0.1 - 1 
K6/N5 6.23 9.26 470 1 98 - 1978 5 1 1 - 20 
K7/E2 6.16 8.57 25 2 5 - 102 2 1 0.3 - 4 
K7/W2 5.66 7.54 100 1 19 - 387 3 3 1-10 
K8/E3 6.03 7.92 1004 1 194 - 3885 16 1 3-41 
K8/N10 6.14 8.24 41 1 10 - 113 2 1 0.5 - 2 
K9/S2 4.46 7.00 1605 3 321 -4066 2 1 0.3 -4 
K9/W4 6.03 9.81 102123 1 19766 - 395316 5 1 1-20 
KI0/N1 6.45 7.87 46 1 10- 195 2 1 0.4 - 4 
K I 0/S9 6.57 16.79 444 3 105 - 1215 11 3 2-42 

' N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with 1 m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b  pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

• Mean of duplicate determinations. 

MPN, category and 95% confidence limits according to De Man (1983). 

• MPN according to American Public Health Association et al. (1955); no category; 95 % 

confidence limits according to Dr. J. H. Randall (Biometry Unit, University of Stellenbosch, 

personal communication). 
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Appendix Table 13. Details of pH, moisture and MPN determinations of acidophilic high ferrous 
iron-oxidizing populations (including category and 95% confidence limits) of coal waste samples 
obtained on 6 June 1995 from the 10 experimental mini-dumps constructed near the 1Cilbarchan Mine 

ninp 
-saint,* ,p 

Moisture in , ' 

	

,,, 	.4 
sample 	: 

040philfau li_!fenroiii Ire 
d .'" o 	r,., 

., 	. 
100 

c142,main) 

Mini-  

;!'''1%1P14/g 
fCate- 

0 
Contierte 

h  

KI/N3 2.98 10.84 103155 1 19966 - 399312 
K1/E3 2.66 10.15 3109 3 984- 10273 
K2/E8 2.59 8.73 1022814 1 197964 - 3959280 
K2/S10 2.57 8.69 16304 1 3261 -41302 
K3/N6 3.20 16.09 2671 1 581 - 10916 
K3/E4 2.82 16.82 17523 1 3505 - 44392 
K4/N1 3.05 9.86 230706 1 54930- 439440 
K4/S9 3.38 8.57 468184 1 97992 - 1970728 
K5/W7 5.01 11.71 12229 3 4468 - 39095 
K5/E10 3.59 10.12 13214 3 3304 - 39643 
K6/S4 4.44 10.27 103 1 20- 397 
K6/S8 5.96 9.57 31775 3 9861 - 108474 
K7/N2 6.28 8.89 102 1 20 - 392 
K7/W9 5.33 7.18 2144 0 536 - 4073 
K8/N4 5.98 9.90 47257 1 9891 - 198919 
K8/E1 4.96 6.20 15929 1 5186 - 40358 
K9/W3 6.08 8.01 162' - 49 -411 
K9/E9 5.76 8.47 16271 1 3254 - 41219 
K I 0/S6 5.56 9.89 47 1 10 - 199 
K I 0/E6 5.92 9.35 394 0 98 - 1028 

' N=North side, 1-10 east to west (with 1 m interval). 

S=South side, 1-10 east to west (with 1 m interval). 

E=East side, 1-10 north to south (with I m interval). 

W=West side, 1-10 north to south (with 1 m interval). 

b pH of suspension of 10 g sample in 25 ml distilled water; mean of duplicate determinations. 

• Mean of duplicate determinations. 

MPN, category and 95% confidence limits according to De Man (1983). 

• MPN according to American Public Health Association etal. (1955); no category; 95 % 

confidence limits according to Dr. J. H. Randall (Biometry Unit, University of Stellenbosch, 

personal communication). 
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