
     

 
The dynamics of microbial ferric and sulfate reduction 

in acidic mine lake sediments and  

their impact on water quality 

 
 

Huynh Anh Pham, B.Sc. (Hons.)  

 

 

 

 
School of Environmental Systems Engineering 

Faculty of Engineering, Computing and Mathematics 

 

 

This thesis is presented in fulfillment of the requirements for the degree of  

Doctor of Philosophy 

The University of Western Australia 

 

February 2009 

 

 





     





 

 i 

      

ABSTRACT      
 

Acidic mine lakes are formed as a result of the oxidation and dissolution of 

metal sulfide minerals and are primarily characterized by low pH values of 2 – 4. Many 

strategies for the bioremediation of acidic mine lakes depend on the alkalinity 

generation capabilities of microbial ferric and/or sulfate reducing bacteria. However 

nearly all mine lakes are oligotrophic, with very low concentrations of available organic 

carbon and nutrients; all required for healthy microbial growth. There is also an unusual 

class of mine lakes characterized by low concentrations of organic carbon and also very 

low concentrations of dissolved iron and sulfate. Our ability to promote microbial 

activity in these systems is especially challenging. This study focuses on one of these 

systems, Lake Kepwari, a coal mine lake in Western Australia. 

Numerical modeling of remediation strategies is an efficient way of testing 

scenarios prior to expensive in-field trials. However such modeling relies on good 

descriptions of microbial processes, including kinetic parameterizations of ferric and 

sulfate reduction. There has been little research to date on the study of kinetic 

parameterizations of the chemical and biological alkalinity generation in acidic mine 

lakes.  

The objectives of this thesis were to investigate the viability of microbial ferric 

and sulfate reduction in an ultraoligotrophic, acidic mine lake, to assess the impact of 

these microbial processes on water quality and to parameterize the Dual Monod kinetics 

of neutralization under dual limitation conditions.  

Molecular analyses including most probable number, DNA extraction, 

polymerase chain reaction, polymerase chain reaction – denaturing gradient gel 

electrophoresis were used to examine the microbial communities in the lake sediments. 

Known sulfate reducing bacteria belonging to the genera Desulfomonile, Desulfococcus, 

Desulfobacterium and Desulfomicrobium were detected. However, no known ferric 

reducing bacteria were detected.  

A series of microcosm experiments were conducted on littoral and benthic 

sediments and lake water. Multiple treatments (conditions) were created by adding 

different concentrations of organic carbon (OC), ferric and sulfate to sediment-water 

incubations, followed by intensive measurements of water chemistry and microbial 

growth. Under anoxic conditions, microbial ferric and sulfate reduction occurred in both 
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littoral and benthic sediments. As expected in the absence of OC microbial iron and 

sulfate reduction processes were limited. Results confirmed that microbial ferric and 

sulfate reduction processes as well as methanogenesis occurred in lake sediments. 

Under dual limitation, a maximum ferrous production rate of 0.93 – 1.81 mmol L-1 day-1 

and an average sulfate reduction rate of 0.45 – 0.74 mmol L-1 day-1 were observed.  

 The Monod maximum specific microbial growth rates with respect to 

dissolved organic carbon and ferric,  and as determined in batch 

experiments, were 0.07 ± 0.01 and 0.048 ± 0.02  day-1, respectively, and their 

corresponding Monod half saturation constants  and  were 14.37 and 5.6   

mmol L-1. The Monod maximum consumption rates under ferric and OC limitation were 

also estimated.  

 The Monod maximum specific microbial growth rates with respect to  

dissolved organic carbon and sulfate, ,  and  were 0.05 ± 0.01, 

0.08 ± 0.01 and 0.07 ± 0.02 day-1, respectively, and their corresponding Monod half 

saturation constants ,  and  were 75.5, 131.8 and 10.2 mmol L-1. The 

Monod maximum consumption rates under sulfate and OC limitation were also 

estimated.  

The results of this study suggest that strategies for the remediation of 

ultraoligotrophic, acidic mine lakes may rely on microbial ferric and sulfate reduction, 

however additions of both organic carbon and sulfate/ferric are essential. These results 

can be immediately applied to mesocosm studies in outdoor enclosures and to the 

management of acidic mine lakes. Furthermore, this thesis has provided a new, valuable 

understanding on the Dual Monod kinetic parameterizations of neutralization for an 

ultraoligotrophic, acidic mine lake environment. These parameterizations are essential 

for the lake ecological models that will be used to investigate remediation scenarios for 

acidic mine lakes. 
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*The term ‘acidic’is used throughtout this thesis to describe waters with high concentration of protons.  

    

1 

1         INTRODUCTION 

1.1 Motivation 

 Acidic mine lakes often occur due to mining of iron ore, coal and metal 

sulfides. The oxidation of pyrite (FeS2) and other sulfide minerals associated with the 

ore bodies produce acidic and metal-rich water. When this water flows into the mine 

void, acidic mine lakes are formed. Several thousands acidic mine lakes are present 

worldwide and often pose a detrimental impact on the surrounding ecosystem and the 

environmental impacts last for decades or even centuries. In particular, the 

contaminated, acidic lake water may cause devastating effects on aquatic life and 

terrestrial ecosystem, livestock and humans if it is discharged into the groundwater and 

down-gradient surface water. In addition, bridges, concrete structures and other 

infrastructure may also be damaged by corrosion caused by the acidic lake water. 

Therefore, these acidic mine lakes must be remediated to prevent environmental 

contamination and potential health hazards. Moreover, water is the most precious 

resource on earth which all living things depend on to survive and so it would be 

prudent and possibly profitable to find a way to neutralize these acidic mine lakes so 

that these mine lakes may serve as a useful water resource. 

 The ultimate goal that motivates this PhD thesis was to develop possible 

remediation strategies to improve the water quality of an oligotrophic, acidic mine lake 

so it could be used as a regional water resource. In particular, the role played by ferric 

and sulfate reducing bacteria to assist the neutralization of the acidic mine lake 

environment was comprehensively investigated. 

1.2 Research overview 

 Acidic mine lakes generally have pH values between 2 to 4 and high 

concentration of iron and sulfate as well as other metals. Hence, acidic mine lakes 

which have pH values of 4 – 5 and low concentrations of iron and sulfate are rare and 

unusual. Although acidity production and biological oxidation of pyrite in an acidic 

mine lake environment have been well investigated, the kinetic study of the chemical 
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and biological alkalinity generation in acidic mine lakes is rare; in particular, kinetic 

studies of acidic lakes with pH values between 4 to 5 and low concentrations of iron and 

sulfate has not been previously presented. 

 The biological in-situ remediation of acidic mine lakes is more cost effective 

and environmental friendly compared to other treatments. Under anoxic conditions, the 

microbial ferric and sulfate reduction are stimulated in the presence of an organic 

carbon (OC) source. However, in these acidic mine lakes, the availability of organic 

carbon is often limited, therefore both microbial ferric and sulfate reduction are often 

limited or inhibited.  

 This thesis investigates both ferric and sulfate reduction processes, their 

impact on biogeochemical dynamics at the anoxic sediment-water interface and their 

ultimate influence on water quality. From 2007 to 2008, three different field samplings 

and laboratory experiments were conducted to examine the iron and sulfate reduction 

processes. Finally, the kinetic parameterizations were derived to describe the growth 

rate of microorganisms as a function of substrate and the substrate consumption rate as a 

function of microbial biomass and substrate concentration. 

1.2.1  Hypothesis 

 This thesis hypothesized that the addition of an OC source to an ultra-

oligotrophic lake sediments with lake water pH values between 4 to 5, Lake Kepwari in 

Western Australia could drive sufficient microbial alkalinity generation via both ferric 

and sulfate reduction to ameliorate lake pH. 

1.2.2 Objectives 

 Four objectives were designed to examine this hypothesis, 

Objective 1.  Determine sediment microbial community dynamics and investigate the 

existence of indigenous ferric reducing bacteria and sulfate reducing bacteria 

Objective 2.    Evaluate the impact of ferric and sulfate reduction on acidic lake water 

Objective 3.  Determine the rates of ferric and sulfate reduction under different 

conditions 

Objective 4. Derive kinetic parameterizations in Dual Monod kinetic equations 
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 These objectives are illustrated conceptually in Figure 1.1, in which a 

horizontal cross section of an acidic mine lake is shown, where there are sediments, 

acidic lake water,  ferric reducing bacteria (FRB) and sulphate reducing bacteria (SRB) 

in the sediments and major chemical species. The link between ferric reduction, sulfate 

reduction and the microbes are indicated by arrows and are numbered according to the 

objectives.  
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Figure 1.1 Thesis research objectives. 
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1.2.3 Approach 

 The objectives mentioned previously were proposed to provide an 

understanding of the microbial diversity in the acidic mine lake sediments at different 

water depths and the influence of the microbial ferric and sulfate reduction on the 

overlying, acidic and oligotrophic mine lake water. To examine the first objective, lake 

sediments at different water depths were collected in 2006 to identify indigenous ferric 

reducing bacteria and sulfate reducing bacteria and determine what types of bacteria 

were present. To resolve the second and third objectives, the anoxic microcosm model 

which represents the anoxic sediment-water interface were set up to examine the impact 

of ferric and sulfate reduction on acidic lake water. Three different field samplings were 

conducted from 2007 to 2008 to determine how the microbial communities in lake 

sediments change over time and thus affect the reduction of ferric and sulfate in the 

water/sediments microcosms. Chemical as well as microbial parameters within the 

microcosms were analyzed, and the results were examined to determine how to improve 

the water quality for the acidic lake water, what drives the success of microbial 

alkalinity generation and ultimately the implications of possible remediation strategies 

for oligotrophic, acidic mine lakes.  

1.3  Thesis outline 

 Due to the complexity and multidisciplinary nature of this research project 

involving environmental chemistry, environmental microbiology and kinetic 

mathematics, this thesis consists of eight chapters. Chapter 1 of this thesis provides an 

introduction to the motivation behind this research study, research overview and thesis 

outline. 

 Chapter 2 provides an overview of the acidic mine lakes: how they are formed, 

the problems they pose, possible solutions to these problems, a literature review of past 

research. A background is also given to kinetic descriptions of alkalinity generation via 

microbial processes. 

 Chapter 3 presents a detailed description of all experimental techniques and 

procedures used in the laboratory. Molecular techniques including most probable 

number (MPN), DNA extraction, polymerase chain reaction (PCR), polymerase chain
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reaction – denaturing gradient gel electrophoresis (PCR – DGGE) and DNA sequencing 

are described in detail. Construction of microcosms, analyzes of the microbial 

population in the sediments, measurements of chemical species in the water column and 

gas/es production in the headspace of the microcosms are discussed in detail. Finally the 

characteristics of our study site, Lake Kepwari is also given. 

 Chapter 4 has been published and Chapter 5 and 6 will be submitted as 

manuscripts to journals and thus, the background of literature that is particularly 

relevant to that chapter is presented in detail. The description of experimental methods 

and the study site are mentioned in each manuscript and thus there are some repetitions 

in the introduction and experimental methods of these chapters.  

 Chapter 4 presents the first objective of this thesis. The microbial communities 

in Lake Kepwari sediments at different water depths were characterized to investigate 

the water depth at which FRB and SRB exist and to quantify the microbial population in 

the sediments that were capable of growing in the ferric reducing medium and sulfate 

reducing medium. 

Chapter 5 addresses the second, third and fourth research objectives of the thesis 

and is a detailed investigation into the temporal iron reduction dynamics, coupled with 

OC oxidation, in both littoral and benthic sediments. The impact of microbial ferric 

reduction on overlying water quality and the regulation of pH is also investigated. In 

particular, this chapter explores the effect of iron reduction and OC oxidation explicitly 

on redox potential, total iron, gas production, volatile fatty acids formation in the water 

column and bacterial population in the water/sediments overtime. In addition this 

chapter also shows how the experimental data was used to derive kinetic parameters for 

Dual Monod equations. The results presented in this chapter are important for 

geochemical modeling, design of outdoor experimental enclosures (mesocosms) or 

future lake remediation. 

 Chapter 6 addresses the second, third and fourth research objectives of the 

thesis. It mirrors Chapter 5 except that it focuses on sulfate reduction dynamics. 

 Chapter 7 sets out the Conclusions of the thesis, where the significant key 

findings are summarized and suggestions for future work are also given. 

 Chapter 8 lists all referred literature. 
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 Appendices present the photographs of pure bacterial cultures, DNA products, 

PCR products and PCR-DGGE products and the microcosm study to support the results 

presented in Chapter 4, 5and 6. 
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2         BACKGROUND 

2.1 Formation of acidic mine lakes 

  Acidic mine lakes are formed due to mining exploitation of coal, iron ore and 

metal sulfide minerals (DeNicola and Stapleton, 2002; Akcil and Koldas, 2006; Zhao et 

al., 2007; Castro and Moore, 2000). Pyrite (FeS2) is the most abundant sulfide mineral 

found in the earth’s crust and is found abundantly in coal and some metals mine lakes 

(Baker and Banfield, 2003). Pyrite is quite stable in anoxic and dry environments, 

however, when pyrite is exposed to both water and air, sulfuric acid is formed and at 

low pH condition, metals such as Fe, Mn, Al and heavy metals are dissolved into the 

water from the sediments/overburden (Evangelou, 1998; DeNicola and Stapleton, 

2002). The oxidation of pyrite and other sulfide minerals can occur chemically and 

biologically (Christensen et al., 1996).  

The closure of mining operation typically results in cessation of mine 

dewatering; therefore the acidic and metal-rich water produced from the oxidation of 

sulfide minerals, together with rising groundwater and any surface run-off, flow into the 

mine voids. Eventually, these voids are transformed into acidic mine lakes. The 

geochemical processes creating the acidic inflows are also known as acid mine drainage 

(AMD) or acid rock drainage (ARD) (Akcil and Koldas, 2006). Acidic mine lakes are 

usually characterized by low pH values, often between 2 to 4 or sometimes ≤ 2, and 

high concentrations of iron, sulfate and heavy metals as well as other metals 

(Christensen et al., 1996; Bilgin et al., 2005; Akcil and Koldas, 2006). Therefore, water 

quality of the mine lake is polluted and degraded considerably by AMD.  

It should be noted that not all mine lakes are acidic that there could exist some 

neutral or even alkaline mine lakes (Castro and Moore, 2000). This occurs when the 

acidity generated from the pyrite oxidation and other sulfide minerals is neutralized by a 

carbonate source (i.e. carbonate-cemented sedimentary rock, including limestones and 

dolomite) or carbonate veins from the ore body. As a result, the lake water is neutral or 

alkaline for a period of time depending on the quantity of carbonate present.  Once the 

carbonate source is depleted, these lakes will become acidic. 
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2.1.1  The oxidation of sulfide minerals 

 Iron, which typically is the dominant metal in acidic mine lakes, can exist as 

ferrous and ferric ions form depending on the lake water redox conditions and pH. In 

extremely acidic mine lakes, the lake water is red due to large amount of dissolved 

ferric ions and at slightly higher pH, the lake water is orange-yellow due to the rich 

precipitation of ferric hydroxide, which is also known as “yellow boy” (Johnson and 

Hallberg, 2003). In oxygenated mine lake water, the ferrous ions are oxidized to ferric 

ions and precipitate as crystalline ferric hydroxide which often coats sediments on the 

lake floor. Under aerobic and anaerobic conditions, pyrite can be oxidized abiotically 

and spontaneously with both ferric ions and water, which act as oxidants, to produce 

acidity. The oxidation of pyrite is shown below via a series of chemical reactions 

(Johnson and Hallberg, 2003): 

 

FeS2 + 6Fe3+ + 3H20 → 7Fe2+ + S2O3
2- + 6H+                (2.1) 

 

  The ferrous product formed from Eq. 2.1 will then react with molecular 

oxygen to generate ferric iron, Eq. 2.2; and this reaction primarily occurs via biological 

pathways  in acidic lake waters with pH value < 4: 

 

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O                                (2.2) 

 

  The oxidation of ferrous ions is the rate limiting step in biological acid 

production (Singer and Stumm, 1970) and is catalyzed by iron oxidizing bacteria such 

as Acidithiobacillus ferrooxidans (Kusel, 2003). The thiosulfate product formed during 

the pyrite oxidation process (Eq. 2.1) is then oxidized biologically by bacteria and 

archaea to generate sulfuric acid: 

 

S2O3
2- + 2O2 + H2O → 2H+ + 2SO4

2-                       (2.3) 
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  Spontaneously, the ferric ions formed in Eq. 2.2 are hydrolyzed to produce 

acidity and iron hydroxide and often jarosite which coat the sediments and generates an 

orange-yellow colour: 

 

Fe3+ + 2H2O → Fe(OH)3 solid + 3H+                              (2.4)  

 

  Some of the ferric ions from Eq. 2.2 that are not reacted through hydrolysis 

shown in Eq. 2.4 can cause further acidity by oxidizing additional pyrite (Akcil and 

Koldas, 2006): 

 

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2- + 16H+     (2.5) 

  The rate of acidity production is influenced by chemical, biological and 

physical factors including pH, temperature, the concentration of dissolved oxygen in the 

lake water column, chemical activity of ferric ion, the exposed surface area of metal 

sulfide minerals, chemical activation energy needed to start acid production and 

bacterial activity (Akcil and Koldas, 2006).  

   The microbial activity in mine lakes is the dominant process that drives the 

acidity production, alkalinity production and metal availability. A number of microbial 

communities involved in AMD and sulfide mineral dissolution have been well studied 

(Baker and Banfield, 2003; Wendt-Potthoff and Koschorreck, 2002; Edwards et al., 

1999; Wenderoth and Abraham, 2005; Pohler et al., 2002).  The oxidation of sulfide 

minerals can be increased by several orders of magnitude in the presence of iron 

oxidizing bacteria, sulphur oxidizing bacteria and archaea (Johnson and Hallberg, 2003; 

Church et al., 2007; Baker and Banfield, 2003). Studies have shown that at low pH, iron 

oxidizing bacteria can increase the oxidation rate of sulfide minerals by a factor of 106 

(Marchand and Silverstein, 2003).  Acidithiobacillus ferrooxidans and Leptospirillum 

ferrooxidans are two iron-oxidizing species that have been the subject of much research 

(Schrenk et al., 1998; Kusel, 2003; Hansford, 1998). These two species can accelerate 

the pyrite oxidation rate significantly (Edwards et al., 1999); and the release of iron 

from pyrite was found to be 6 10-18 mol Fe cell-1 s-1 and 5 10-18 mol Fe cell-1 s-1 in the 

presence of Thiobacillus ferrooxidans and Leptospirillum ferriphilum respectively 

(Baker and Banfield, 2003). Acidophilic bacteria have been found to be the dominant 
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iron oxidizing bacteria in lake environments with pH values of 2 – 3 (DeNicola and 

Stapleton, 2002) and they are classified using phylogenetic (molecular) data and a 

number of different physiological traits such as temperature, pH optima, energy 

requirements, growth requirements, range of electron acceptors, and the ability to 

oxidize iron and/or sulfur, or reduce iron, sulfate or nitrate (Gould and Kapoor, 2003).   

2.1.2  Impact of acidic mine lakes 

  Acidic streams and lakes are present worldwide and often pose a detrimental 

impact on the surrounding ecosystem. In Western Australia, it is estimated that there are 

more than 1800 abandoned mine voids (Johnson and Wright, 2003). In USA, the US 

Environmental Protection Agency and the US Forest Service claim that approximately 

7000 km of streams in eastern United States and 8000 - 16000 km of streams in western 

United States are contaminated by AMD (Baeseman et al., 2006) and more than 12 000 

km of streams in Appalachian region of northern USA are also affected by AMD 

(DeNicola and Stapleton, 2002). In the United Kingdom, over 700 km of streams and 

rivers are contaminated by wastewaters from mines and spoil heaps (Jarvis and 

Younger, 2000). Germany, Poland and Czech Republic also have numerous acidic coal 

mine lakes with pH values as low as 2 (Kusel, 2003). Approximately 120 acidic mine 

lakes have been formed in the Lusatia region of eastern Germany and most of them 

have pH values less than 3 (Fauville et al., 2004). Large amounts of money has been 

spent to treat AMD globally and the treatment process may continue for centuries 

(Pandey et al, 2007); more than $15 billion was spent to treat AMD in Pennsylvania, 

USA alone (DeNicola and Stapleton, 2002). 

  When the contaminated, highly toxic, acidic lake water is discharged into the 

groundwater and downstream surface waters, aquatic life and terrestrial ecosystem, 

livestock and humans may be affected dramatically (Zhao et al, 2007; Kolmert and 

Johnson, 2001; Akcil and Koldas, 2006). Acidic mine lakes are likely to remain a severe 

environmental problem for decades or even centuries because the oxidation of sulfide 

minerals occurs continuously during and after mining operations (Christensen et al., 

1996). Research has shown that the acidity in mine lake environments reduces the 

abundance and diversity of macroinvertebrate and algal communities in the benthos. 

Moreover benthic invertebrates and algae in these environments usually have high metal 
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levels (DeNicola and Stapleton, 2002) and the rate of primary production in these lakes 

is typically low (Kusel et al., 2001). Furthermore, bridges, concrete structures and other 

infrastructure may also be damaged by corrosion caused by the acidic lake water 

(Dugan, 1975). In addition, the problems of human health associated with the release of 

heavy metals in acidic lake water include nerve disorder, damage of bones and liver, 

reproductive system and birth defects (Malik, 2004). Therefore, these acidic mine lakes 

must be remediated to prevent environmental contamination and potential health 

hazards. 

2.2 Remediation of acidic mine lakes 

  Acidic mine lakes have the potential to be turned into a valuable water 

resource once remediated.  There are a few remediation strategies available to treat acid 

mine lakes such as passive treatment, active treatment and electrolytic oxidation 

processes (Cheng et al., 2007; Moosa et al., 2005). There are two main types of 

remediation strategies, abiotic and biological treatments (Johnson and Hallberg, 2005). 

In abiotic treatments, there are active systems (e.g. aeration and lime addition) and 

passive systems (e.g. anoxic limestone drains). Similarly, in biological treatments, there 

are active systems (e.g. off-line sulphidogenic bioreactors) and passive systems (e.g. 

aerobic wetlands, compost reactors/wetlands, permeable/reactive barriers and packed 

bed iron-oxidation bioreactors) (Johnson and Hallberg, 2005). All treatments aim to 

raise the pH of acidic lake water and remove iron and sulfate as well as other metals 

from the water column. 

  Acidic mine lakes are often treated by using abiotic, active strategies in which 

alkaline compounds such as lime (calcium oxide), sodium hydroxide and calcium 

carbonate are added to acidic lake water to neutralize the acidity and precipitate metals 

as metal hydroxides (Johnson and Hallberg, 2005; Hammack, et al., 1994). However, 

the disadvantage of this chemical treatment is the high cost of chemical reagents 

involved and the production of bulky sludge which must be disposed of (Garcia et al., 

2001; Johnson and Hallberg, 2005). Other active treatments include ion exchange, 

reverse osmosis, liquid membrane extraction, solvent extraction and biological 

treatments (Moosa et al., 2005). 
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  Passive treatments involve the oxidation, reduction, adsorption and 

precipitation biologically and physicochemically in which anoxic limestone drains, 

aerobic wetlands, compost reactors/wetlands are used to treat acidic mine lake waters 

(Moosa et al., 2005). Although passive treatments have a number of advantages 

including low operation, low maintenance cost, and low addition of chemical reagents, 

these processes can not be controlled, to be effective they require a large area of land for 

operation, and produce heavy metal-rich sludges.  

 The biological in-situ remediation of acidic mine lakes is more desirable and is 

considered more cost effective and environmental friendly compared to other treatments 

(Frommichen et al., 2003; Moosa, et al., 2002) because clean water is produced and the 

removal of sulfur and metals (as metal sulfide precipitate) is permanent. Under anoxic 

conditions, the microbial ferric and sulfate reduction are stimulated in the presence of an 

organic carbon (OC) source, however, the availability of organic carbon in these acidic 

mine lakes is often limited. Therefore both microbial ferric and sulfate reduction are 

often significantly limited or inhibited. 

  The addition of OC to acidic mine lake water has been suggested as a suitable 

approach to generate alkalinity via microbial ferric and sulfate reductions (Koschorreck 

et al., 2002; Kaksonen et al., 2003; Bilgin et al., 2005).  Frommichen et al. (2004) 

investigated the efficiency of organic carbon additions for alkalinity generation in an 

extremely acidic mine lake (pH 2.5 - 3) in Germany. Laboratory scale microcosm and 

mesocosm studies demonstrated that the addition of organic carbon sources can 

stimulate the chemical and microbial neutralization processes via microbial iron and 

sulfate reductions (Frommichen et al., 2004; Fauville et al., 2004; Wendt-Potthoff et al., 

2002). Upon the addition of Carbokalk (an economical sugar industry by-product) and 

wheat straw, the acidity of the lake water was consumed and alkalinity was generated. 

Elevating pH of lake water from 2.6 to 6.5 was observed throughout the microcosm. 

Some successful works on remediation of acid mine lakes in the US were reported by 

Castro and Moore (2000). Five coal acidic mine lakes in Kentucky with initial pH 

values of 3.3 – 4.3 were successfully treated by adding agricultural limestones to the 

spoil piles where acidity was generated. A final pH value of 6.7 was observed after 18 

months of treatment. In addition a small stream in Ohio which had been affected by 

AMD was successfully remediated via sulphate reducing process. 
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2.2.1  Sulfate reduction process 

 Sulfate reducing bacteria (SRB) are obligately anaerobic microorganisms. SRB 

use simple organic compounds as electron donors and convert sulfate, as electron 

acceptor, to sulfide (Gould and Kapoor 2003; Zagury et al., 2006). SRB have been 

detected in different environments including anaerobic sludges, digestive tracts of 

animals and humans, terrestrial hot springs, petroleum hydrocarbon contaminated 

aquifers, deep offshore petroleum reservoirs and geothermal groundwater (Oyekola and 

Pletschke, 2006; Daumas et al., 1988). The optimal pH for SRB growth is above pH 5.5 

although some SRB isolates can operate at low pH conditions (Bilgin et al., 2005).  

Research has shown sulfate reduction is efficient in raising pH and removing metals and 

sulfate from mine water in bioreactors and artificial wetlands (Christensen et al., 1996). 

Addition of lactate, pyruvate, acetate and ethanol to the microcosms which contained 

acidic mine lake water/sediments promoted bacterial sulfate reduction and hence the pH 

of lake water increased from 4.5 to 6.0 (Fauville et al., 2004). 

  The sulfate reduction process results in the production of hydrogen sulfide and 

bicarbonate and this leads to the generation of alkalinity: 

 

2CH2O + SO4
2-   H2S + 2HCO3

-                        (2.6) 

 

where CH2O represents an OC source. 

  The bicarbonate ions which are formed during the sulfate reduction decrease 

acidity and produce carbon dioxide gas that results in lake water pH values between 6 

and 7 (Bratcova et al., 2002): 

 

HCO3
-  +  H+     CO2 (g)   +  H2O   (2.7) 

 

H2S     H+   +  HS-      (2.8) 

 

  Spontaneously, the hydrogen sulfide molecules dissociate into a proton and 

hydrogen sulfide ion which will then react with metals from the mine lake water to form 

insoluble metal sulfide precipitates (Christensen et al., 1996): 
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M2+ +  HS-    MS  +   H+  (2.9) 

 

where M represents a metal cation from the mine lake water. Moreover, sulfate 

reduction processes have an advantage in that heavy metals such as Co, Ni, Pb and Zn 

from the mine lake water can also be removed as metal-sulfide precipitates (Oude 

Elferink et al., 1994). 

  Eq. 2.6 to 2.9 show that SRB have the capability to drive removal of protons, 

sulfate and metals from the mine lake water. Thus, they have the potential to play a very 

critical role in regulating the pH of the lake water provided that the lake system is 

maintained under anoxic conditions. 

2.2.2  Iron reduction process 

  In acidic mine lake environments, the water is typically rich in both ferrous 

and ferric ions due to their high solubility at low pH < 2.5 (Baker and Banfield 2003). 

Ferric reducing bacteria (FRB) are obligately anaerobic microbes, use OC as the 

electron donor and ferric ions as the electron acceptor for growth. Their respiration is 

very important in the geochemical processes, mineral formation and the oxidation of 

organic matter in marine sediments, deep pristine aquifers, shallow contaminated 

aquifers and freshwater sediments (Roh et al., 2002). FRB such as Acidiphilium cryptum 

has the ability to couple the reduction of iron to the oxidation of glucose (Gould and 

Kapoor 2003). It was reported that under anoxic conditions, Acidiphilium cryptum used 

glucose, produced Fe2+ and CO2 and increased the pH from 3.2 to 5.8 (Bilgin et al., 

2004). Acidity and ferric in mine lake water can be reduced in the presence of an OC, 

Eq. 2.10 resulting in the precipitation of iron sulfide which is stored in the lake 

sediments, Eq. 2.11. The ferric reducing reactions are expressed by Blodau and Peiffer 

(2003) and Kusel (2003) as: 

 

1/4CH2O + Fe(OH)3 + 2H+ → Fe2+ + 1/4CO2 + 11/4H2O  (2.10) 

 

where CH2O represents an OC source. 

 

Fe2+ + H2S → FeS + 2H+  (2.11) 
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  Sulfate and iron reducers can thus drive the reverse reactions of acidity 

production (Eq. 2.6 to 2.11), that is, they can ameliorate the quality of mine lake water 

(Gould and Kapoor 2003).  The acidity can be removed from the mine lake water 

through the two processes of microbial sulfate and iron reduction (Wendt-Potthoff et al., 

2002) which occur simultaneously in the lake environment and the combined reaction of 

iron and sulfate reduction can be shown as:  

 

15CH2O + 4FeOOH + 8SO4
2- + 16H+  15CO2 + 4FeS2 + 25H2O  (2.12) 

 

  Microbial iron and sulfate reduction can only occur in the presence of an OC 

source, Eq. 2.1 – Eq. 2.12. Iron reduction by heterotrophic acidophilic bacteria results in 

more reducing conditions and thus provides a more suitable environment for the growth 

of SRB (Bilgin et al., 2005).  

2.3  Kinetic parameterization of microbial growth and 

substrate consumption 

  Microbes can vary greatly in their kinetic response to substrate concentrations 

but substrate processing is commonly described by zero-order, first-order, or second-

order kinetics (Nordstrom and Southam, 1997). Several models including Monod, 

Blackman, Moser, Teissier, Dabes, Powell and Contois have been developed to describe 

the microbial growth rate as a function of the concentration of a growth-limiting 

substrate (Lendenmann and Egli, 1998; Heijnen and Romein, 1995; Hu et al., 2002). 

Amongst those, the Monod model has been commonly used. The Monod microbial 

growth kinetic model was proposed by Monod in 1942 (Kovarova-Kovar and Egli, 

1998) and assumes the concentration of one single growth-limiting medium substrate 

determines the rate of microbial growth (Lendenmann and Egli, 1998).  It has been 

found that the microbial growth rate is also affected by the complexity of the growth 

medium (Lendenmann and Egli, 1998). It is not known whether the model has the 

ability to represent microbial dynamics in nature where the microorganisms consume a 

mixture of nutrients simultaneously. However, the model has been used extensively to 

illustrate the rates of microbial substrate processing in the ecosystem (Lendenmann and 
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Egli, 1998; Park and Jaffe, 1995) and has been used to model biodegradation in 

reactors, industrial wastewater and dairy effluents (Castillo et al., 1999). 

2.3.1 Parameterization of microbial growth 

The Monod microbial growth kinetic model was traditionally written as: 

  (2.13) 

 

where  is the specific microbial growth rate (day-1),  is the maximum specific 

growth rate (day-1),  is the substrate concentration (mmol L-1),  is the substrate 

saturation constant (mmol L-1). , and  can be found experimentally, as 

described below. 

 

The growth rate of microorganisms is expressed (Gaudy et al., 1967) as: 

 

    (2.14) 

 

where  is the specific growth rate (day-1) and  is the concentration of bacterial cells 

(cell L-1). 

Integrating Eq. (2.14), the concentration of bacterial cells, can be calculated at 

time : 

 

 (2.15) 

 

Taking the natural logarithm of each side gives: 

 

   (2.16) 

 

, the microbial growth rate can be determined from the experimental data . 
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  There are two methods to determine the maximum specific growth rate,  

and the substrate saturation constant,  in Eq. 2.13 (Gaudy et al., 1967). In the first 

method,  values are plotted as a function of substrate concentration.  can be 

determined graphically as the point on the curve where the experimental data becomes 

asymptotic to an upper limit (Gaudy et al., 1967), and  can be determined as the 

substrate concentration at which . In contrast, in the second method,  

and  can be evaluated from the reciprocal graph which was devised by Lineweaver 

and Burk (Gaudy et al., 1967) as: 

 

  (2.17) 

 

2.3.2  Parameterization of substrate consumption 

  The production of bacterial cells and the consumption of substrate occur 

simultaneously and this expression is given by Benitez et al. (1999) as: 

 

  (2.18) 

 

where  is the substrate (mmol L-1) and  is the specific consumption rate of 

substrate (mmol cell-1 day-1) which can be determined from the experimental data 

( , , ). 

The specific substrate consumption rate,  as a function of substrate concentration is 

written as: 

 

  (2.19) 
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where  is the maximum specific substrate consumption rate (mmol cell-1 day-1). 

 and  can be determined graphically from the plot of versus  (Benitez 

et al., 1999):  

 

   (2.20) 

 

 and  values are obtained from the experimental data. 

2.3.3   The Dual Monod kinetic parameterizations 

  The dual Monod kinetic equation is a model that is used to relate the microbial 

growth rate to the concentration of two substrates (Bae and Rittman, 1995). It has been 

used to study the microbial reduction of chromium (VI) to chromium (III) by 

Shewanella alga Simidu (Guha, 2004).  In the acidic mine lake environment, anaerobic 

ferric and sulfate respiration are expected to consume the added electron donor (e.g., 

OC) and added electron acceptors (e.g., iron and sulfate). The dual Monod kinetic 

equation that shows a relationship between both substrates and the specific microbial 

growth rate is: 

 

  (2.21) 

 

where  is specific microbial growth rate ,  is the concentration of substrate ,  

is the concentration of substrate ,  is the substrate saturation constant of ,  is 

the substrate saturation constant of  and  is the maximum microbial specific 

growth rate.  

  The dual Monod kinetic equation is also used to predict the rate of electron 

donor substrate consumption,  and electron acceptor substrate consumption,   

(mmol L-1day-1). The rate of substrate consumption is expressed as a function of 

maximum specific rate of substrate consumption, microbial biomass, concentrations of 
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substrates and the Monod half saturation constants. The electron donor substrate 

consumption,  is written as (Vanbriesen et al., 2000): 

 

  (2.22) 

 

where  is the maximum specific rate of the electron donor substrate consumption, 

 is the microbial concentration,  is the concentration of the electron donor 

substrate (mmol L-1),  is the concentration of the electron acceptor substrate (mmol 

L-1),  is the half saturation constant of the electron donor substrate (mmol L-1) and 

 is the half saturation constant of the electron acceptor substrate  (mmol L-1).  

The rate of the electron acceptor substrate consumption,  is expressed as (Borden 

and Bedient, 1986): 

 

  (2.23) 

 

where  is the maximum specific rate of the electron donor substrate consumption 

and  is the ratio of  to  consumed. 

 

Eq. 2.23 can also be written as: 

 

   (2.24) 

 

where  in this case is the maximum specific rate of the electron acceptor substrate 

consumption (Petrunic et al., 2005). 
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3         MATERIALS AND METHODS 

3.1 Preparation of media 

 To culture indigenous anaerobic bacteria, sulfate reducing bacteria (SRB) and 

ferric reducing bacteria (FRB) from Lake Kepwari sediments, sulfate reducing medium 

(SRM) and ferric reducing medium (FRM) were used. SRM and FRM were anaerobic 

solutions and were prepared under nitrogen gas according to the Hungate technique to 

achieve anoxic condition (Hungate, 1969). 

3.1.1 Sulfate reducing medium 

 Bacteria were grown in modified Desulfovibrio medium DSMZ 63. SRM 

contained 0.5 g of K2HPO4, 1 g of NH4Cl, 1 g of Na2SO4, 0.1 g of CaCl2.2H2O, 2 g of 

MgSO4.7H2O, 1.1 g of FeSO4.7H2O, 1.1 g of C3H3O3Na, 0.2 g of yeast extract and 

0.075 g of Na2S.9H2O per litre, 0.1 mL of 100  concentrated Shewanella trace element 

solution (Myers and Nealson, 1988) and a few granules of rezarurine. FeSO4.7H2O, 

C3H3O3Na, yeast extract and Na2S.9H2O were prepared separately as anaerobic, filter-

sterilized stock solutions and were added to sterile SRM to obtain final concentrations 

as specified previously. To maintain anoxic conditions, the medium was boiled, cooled, 

flushed and dispensed under nitrogen gas. The pH of the medium was adjusted to 4.8 

using concentrated 18M sulfuric acid and 2M sodium hydroxide. The bottle containing 

SRM was then sealed with a butyl rubber stopper and an aluminum crimp. For the 

isolation and sub-culturing of microbes, Hungate tubes were used to contain SRM. 

SRM was then autoclaved for 15 min at 121○C at 15 psi for sterilization. 

3.1.2 Ferric reducing medium 

 Bacteria were grown in modified FRM (Kusel et al., 1999). FRM contained 1.5 

g of NH4Cl, 0.6 g of KH2PO4, 0.1 g of KCl, 3.2 g of Fe2(SO4)3, 0.9 g of glucose, 0.2 g 

of yeast extract per litre and 0.1 mL of 100  Shewanella concentrated trace element 

solution (Myers and Nealson, 1988). Yeast extract, glucose and Fe2(SO4)3 were 

prepared as anaerobic, filter-sterilized stock solutions and were added to sterile FRM to 

achieve final concentrations as mentioned previously.  FRM was prepared in the same 

way as discussed in the previous section 3.1.1 on how to make-up SRM. The final pH of 
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FRM was adjusted to 4.8 using concentrated 18M sulfuric acid and 2M sodium 

hydroxide.  

3.2 Bacterial culture methods 

3.2.1  Lake sediments/lake water sampling 

 Sediment samples were collected from Lake Kepwari as described in detail in 

section 3.10. The samples were stored in the esky container at ambient temperature and 

were transported back to the laboratory immediately. Upon arrival, the samples were 

processed in the anaerobic chamber immediately for the study of enumeration of 

bacteria and laboratory scale microcosm study. Unless stated otherwise, samples were 

frozen at -80°C for DNA analyses. Detailed description of the study site and lake 

sediments will be given in section 3.10. 

3.2.2  Enumeration, isolation and cultivation of bacteria 

3.2.2.1 Most probable number (MPN) 

 Enumeration of culturable bacteria that were capable of growing in SRM and 

FRM was performed using MPN viable counts in microplates of 8  12 wells (Kopke et 

al., 2005). This work was carried out in an anaerobic chamber (Coy Laboratory 

Products). Sediments slurries were prepared by mixing 20 mL of wet sediment and 30 

mL of anoxic SRM (pH = 4.8) or FRM (pH = 4.8) into sterile 50 mL Sarstedt tubes. All 

tubes containing sediment slurries were shaken vigorously to detach microorganisms 

from the sediments. Serial decimal dilutions to 10-10 were prepared in triplicate for each 

sediment depth sampled. To perform the MPN experiment, 900 µL of fresh SRM (pH = 

4.8) or FRM (pH = 4.8) was placed into the microplate wells. Then, 100 µL aliquot of 

the sediment slurry was placed into the first wells. Next, the serial dilutions were 

performed by using a multi-channel pipette. This process was continued until serial 

dilution had been carried out to the 10-10 dilution. All inoculated SRM microplates and 

FRM microplates were stored in the anaerobic chamber and incubated at room 

temperature (18°C ± 2°C) for 20 days and 57 days respectively. Growth in MPN 

cultures was determined by using a phase-contrast microscopy. 
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3.2.2.2  Isolation and cultivation of bacteria 

 Cultivation of microbes from the sediment samples was performed in SRM 

and FRM. Microbial biomass from the highest positive dilutions of the MPN series was 

used as innoculum for the isolation of pure strains of SRB and FRB and that was 

performed by using serial decimal dilution (Kopke et al., 2005). In the anaerobic 

chamber, the microbial biomass of the highest positive dilution of the MPN experiment 

were pooled together and inoculated into 25 mL of fresh SRM or FRM. The cultures 

were incubated in the anaerobic chamber at room temperature. Once the bacterial 

culture grew up, further serial dilution was carried out to isolate a pure strain. Hungate 

tubes which contained 9.5 mL of fresh SRM or FRM were used in the isolation of 

bacteria. Serial decimal dilutions to 10-8 were used for each sample and this was 

performed using sterile syringes and needles. 0.5 mL of the grown-up culture was 

inoculated to the first Hungate tube (10-1 dilution) which contained 9.5 mL of fresh 

SRM or FRM. Next, 0.5 mL of the 10-1 dilution was withdrawn and inoculated to the 

next Hungate tube (10-2 dilution). This process was continued until the 10-8 dilution had 

been carried out. The serial dilution process was repeated three times to obtain a pure 

culture and purity of the culture was confirmed by sequencing. 

  To subculture the bacteria, 0.5 mL of the grown-up bacterial culture was 

inoculated into 9.5 mL of fresh SRM or FRM using a sterile syringe and a needle. All 

subcultures were incubated at room temperature of 18°C ± 2°C. 

3.3  DNA extraction protocol 

3.3.1  DNA extraction protocol from the sediments 

 All DNA extraction reagents were made in double distilled water (ddH2O) and 

were stored at 4°C, unless stated otherwise. 

 

2X Buffer A 

 Poly A reagent contained 200 mM of NaCl, 200 mM of Tris base, 2 mM of 

Na3C6H5O7.2H2O, 10 mM of CaCl2, and 50 mM of EDTA per litre. The pH of the 

solution was adjusted to 8.0 with HCl. The solution was then autoclaved and stored at 

room temperature. 
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Phosphate Buffered Saline (PBS) 

 PBS reagent contained 8.0 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4 and 

0.24 g of KH2PO4  per litre. The pH of the solution was adjusted to 1.8 with HCl, was 

autoclaved and then stored at room temperature. 

 

Polyadenylic acid (Poly A) 

 10 mg of polyadenylic acid (Poly A) was dissolved in 1 mL of distilled, sterile 

ddH2O in a 1.5 mL tube and stored at -20°C. 

 

Sodium pyrophosphate stock solution 

 10 g of sodium pyrophosphate was added to 100 mL of sterile ddH2O and was 

filter-sterilized with a 0.2 µm Acrodisc filter. The reagent was stored at room 

temperature. 

 

Lysozyme 

 100 mg of lysozyme was dissolved in 1 mL of sterile ddH2O in a 1.5 mL tube. 

The lysozyme reagent was freshly prepared prior to use. 

 

Sodium lauryl sulfate (SDS) stock solution  

 20 g of SDS was added to 100 mL of sterile ddH2O and the solution was 

heated gently to dissolve the SDS. 

 

Proteinase K 

 20 mg of Proteinase K was dissolved in 1 mL of sterile ddH2O in a 1.5 mL 

tube and was stored at -20°C. 

 

Phenol: Chloroform: Isoamyl Alcohol (24:24:1) 

 A premixed solution (Sigma-Alderich Chemicals) was saturated with pH 8.0 

Tris and was stored at 4°C. 

 

100% Isopropanol (2-Propanol) and  70 % Ethanol 

 These reagents were stored at -20°C. 
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3 M Sodium acetate 

 The reagent was prepared with ddH2O to achieve a concentration of 3 M. The 

pH of the solution was adjusted to 5.2 with acetic acid, was autoclaved and then stored 

at 4°C. 

 The sediment samples collected at four different water depths; 0 m, 10 m, 18 m 

and 29 m were used to analyze microbial diversity and to investigate the existence of 

SRB and FRB. Ultimately we wished to determine the potential for microbial ferric and 

sulfate reduction to be used as remediation strategies for Lake Kepwari.  

 Total genomic DNA was extracted from sediment samples using a previously 

described method (Plumb et al., 2001). Frozen sediment samples were thawed at room 

temperature.  2 g of sediments were weighed into a 1.5 mL sterile tube; in total 16 g of 

sediments were used. 0.5 mL of PBS (pH =1.8) was added and the tubes were shaken 

vigorously to allow the sediment and PBS solution to fully mixed. The sediments were 

then separated from the water phase by centrifugation at approximately 4000  g for 1 

min. The supernatants were collected and pooled together so that each tube contained 1 

mL of supernatant. The bacterial cells were harvested from 1 mL of supernatant by 

centrifugation at 16000  g for 8 min. The bacterial pellets were resuspended in 250 µL 

of 2X Buffer A and were pooled together again so that each tube contained 500 µL of 

liquid. 20 µL of Poly A, 20 µL of 10 % pyrophosphate and 30 µL of lysozyme were 

added to the samples and incubated for 40 min at 37°C in a water bath. Next, 10 µL of 

20 % SDS and 60 µL of proteinase K were added and the samples were incubated in the 

water bath for 30 min at 50°C. After the incubation, 200 µL of 20 % SDS and 500 µL of 

phenol/chloroform were added and mixed thoroughly by vortexing for 30 sec. The 

samples were then spun for 16000  g for 3 min at 4 °C. Approximately 600 µL of 

supernatant was collected into a fresh 1.5 mL tube. The samples were then extracted by 

adding 500 µL of phenol/chloroform and were spun for 2 min at 16000  g at room 

temperature. The aqueous upper layer was pipetted into another sterile tube. The nucleic 

acids were precipitated by adding 500 µL of isopropanol and 50 µL of 3 M sodium 

acetate (pH = 5.2). All samples were incubated on ice for 20 min and were then 

centrifuged at 16000  g for 20 min at 4°C. The supernatants were subsequently 

decanted and brown bacterial DNA pellets were collected. The DNA pellets were then 

rinsed with 500 µL cold 70 % ethanol and the tubes were air-dried for 30 min. The 
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pellets were then resuspended in 30 µL sterile ddH2O. The DNA samples were 

visualized by electrophoresis on a 1 % agarose gel with a quantitative molecular weight 

marker (HyperLadder I, BIOLINE) (refer to section 3.4) and ethidium bromide stain. 

 The DNA was purified using the UltraCleanTM PCR clean up kits (MO BIO 

Laboratories, Inc.) and the purified DNA products were checked again by 

electrophoresis on the 1 % agarose gel with a HyperLadder I marker and ethidium 

bromide stain. 

3.3.2  DNA extraction from pure bacterial culture – Direct lysis 

 First, the cells were visualized under the phase contrast microscope to 

determine the density of the bacterial population. In duplicate, each sterile tube was 

filled with 1.5 mL of bacterial culture. Cells from the culture were collected by 

centrifugation at 16000  g for 8 min. The supernatant was then removed and the 

bacterial pellet was resuspended in 0.3 mL of PBS (pH = 7.2). Next, the resuspended 

culture was checked under the phase contrast microscope to determine whether the cells 

had been lysed. In the case they had not been completely lysed, the cells were then 

further lysed by freezing in the -80°C freezer for 20 min. The culture was then thawed 

and was used as DNA template for PCR amplification (refer to section 3.5). 

3.4 Visualizing DNA products on agarose gel 

50X TAE 

 The 50X TAE stock reagent contained 242 g of trizma base, 54.1 mL of acetic 

acid and 100 mL of 0.5 M EDTA (in which NaOH was added to dissolve EDTA 

granules; pH of EDTA solution was adjusted to 8) per litre. The stock solution was then 

autoclaved and diluted to be used at 1X concentration. 

 

Ethidium bromide  

 It was prepared with distilled water at a final concentration of 10 mg mL-1 and 

stored in a dark cupboard at room temperature. 
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Orange G 

0.35 g of orange G and 3.0 g of sucrose were dissolved in 10 mL of sterile ddH2O 

and the reagent was stored at -20°C. 

 

Molecular Weight Marker 

 The DNA Molecular Weight Marker; HyperLadder I (Bioline) was used to 

quantify and determine the size of the DNA/PCR fragments from 200 bp to 10000 bp on 

a 1 % w/v agarose gel during electrophoresis of DNA. The HyperLadder IV (Bioline) 

was used to quantify and determine the PCR-DGGE products from 100 bp to 1000 bp 

on a 7 % gel with a denaturing gradient of 40 – 60 % during electrophoresis.  Both 

HyperLadder I and HyperLadder IV were stored at - 20°C and immediately after use, 

they were placed back in the freezer.  

     
(a) (b) 

Figure 3.1 (a) HyperLadder I (Bioline). (b) HyperLadder IV (Bioline).  

Photo: http://www.bioline.com 
 

Agarose gel 

 Agarose was dissolved in 1X TAE buffer solution such that the final 

concentration of agarose was 1 % w/v. To dissolve the agarose, the solution was boiled 

gently in the microwave for approximately 60 - 90 sec. For every 40 mL gel solution, 2 
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µL of ethidium bromide solution of 10 mg mL-1 was added. The solution was swirled 

well to diffuse the ethidium bromide and poured into the gel rack with combs to 

generate a gel with sample wells. When the gel solidified, the comb was removed; the 

gel was then placed into its tank and was covered completely with 1X TAE solution. 5 

µL of DNA or PCR products were mixed thoroughly with 1 µL of the loading dye 

(orange G) and the mixture was loaded in the gel wells. 2 µL of HyperLadder I was 

used and placed into the well to quantify the concentration and determine the size of the 

DNA/PCR gene fragments. A current of 90 V was applied to the gel for 30 - 40 min. 

The DNA/PCR products stained with ethidium bromide were viewed using a UV 

transilluminator. 

3.5 Polymerase Chain Reaction (PCR)  

 A HotStarTag Master Mix and bacterial primers used in PCR were obtained 

from QIAGEN and Geneworks Pty Ltd respectively. PCR amplification of bacterial 16S 

rRNA gene and the short segments of the V3 variable region of the 16S rRNA gene 

fragment were performed using bacterial primers (Table 3.1). The primers were used at 

a concentration of 25 pmol per reaction. 

 

Table 3.1 Sequence of primers used to amplify the bacterial 16S 
rRNA gene fragments.  

 
Primer Primer sequence (5’→ 3’) 

27F GAGTTTGATCCTGGCTCAG 

1492R TACGGYTACCTTGTTACGACTT 

V3BACTF - no GC CCT ACG GGA GGC AGC AG 

V3BAC with GC CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACG
GGGGGCCTACGGGAGGCAGCAG 

907rR CCGTCAATTCMTTTRAGTTT 
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3.5.1  PCR amplification of 16S rRNA gene  

 The purified DNA was diluted 5 - 10 fold quantification to avoid any traces of 

inhibitors as DNA samples were extracted from an acidic mine lake sediments. It was 

found that if the DNA template was not diluted, then no PCR products would be 

formed. All PCR amplifications were set up in replicate and each PCR reaction 

consisted of 25 µL of HotStarTag (Qiagen), 1 µL of 27F primer, 1 µL of 1492R primer, 

22 µL of Dnase/Rnase free water and 1 µL of purified DNA template. The genomic 

DNA of E.coli was used as a positive control and no DNA template was added in the 

negative control.  The amplification of 16S rRNA was carried out in a Peltier Thermal 

Cycler (MJ Research) with the following temperature cycle. The initial denaturation 

step was carried out at 95°C for 15 min. Then, the primer annealing was carried out at 

45°C for 1 min and was followed by primer extension at 72°C. The cycle was repeated 

35 times. The PCR products were then confirmed by agarose gel electrophoresis and 

were purified with the UltraCleanTM PCR Clean-up Kits (MO BIO Laboratories Inc). 

The purified PCR products were also checked visually by agarose gel electrophoresis. 

3.5.2  PCR amplification of segments of V3 variable region of 16S 

rRNA gene  

 PCR amplification was prepared as mentioned previously (refer to section 

3.5.1) except that both V3bacft with GC clamps and 907R primers were used instead to 

amplify the short segments of V3 variable region of the 16S rRNA (Muyzer et al., 1993; 

Hawkes et al., 2006). In order to get good DNA variation between sediments samples 

collected at different water depths, PCR reactions were set up in triplicate for each 

sediments depth sample and were pooled together before loading on the denaturing gel 

to ensure all types of bacteria present (refer to section 3.7). The PCR cycle was 

programmed with an initial denaturation step at 95°C for 15 min. The temperature was 

then dropped to 60°C (annealing temperature 10 above the required temperature). The 

annealing temperature was subsequently decreased by 1°C per cycle (20 in total) until it 

reached 53°C and finally the primer extension was preceded at 75°C.   
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3.6 Purify DNA products/PCR products/ PCR-DGGE 

products 

 The extracted DNA/PCR products samples were purified with the 

UltraCleanTM PCR Clean-up Kits (MO BIO Laboratories Inc). The purification was 

performed according to the manufacturer’s protocol. Briefly, 150 µL of Spin Bind was 

added to each sample and the resulting mixture was transferred to a spin filter unit 

which was then centrifuged for 30 sec at 10000  g. The liquid which flew through the 

filter was discarded and 300 µL of Spin Clean buffer was added to the sample which 

was then centrifuged for 60 sec at 10000  g. Next, the liquid collected at the bottom of 

the spin filter unit was discarded and the sample was further centrifuged for 60 sec at 

10000  g. To follow this, the spin filter was transferred to a clean, sterile collection 

tube in which 50 µL of Elution buffer solution (10 mM Tris) was added into the filter 

membrane where the DNA was stored. To follow that, the sample was spun for 60 sec at 

10000  g to release DNA into the collection tube from the filter membrane whilst the 

Elution buffer passed through. The purified DNA was stored at - 20°C. 

3.7 Polymerase Chain Reaction – Denaturing Gradient Gel 

Electrophoresis (PCR – DGGE) 

 Denaturing gradient gel electrophoresis (DGGE) was used to separate the 

unique PCR products (Muyzer et al., 1993).  The DGGE reagents for a 7 % gel were 

prepared as followed: 

 

0 % Denaturing solution  

 The 0 % denaturing reagent contained 17.5 mL of 40 % Acrylamide/Bis, 2 mL 

50X TAE buffer and 80.5 mL of ddH2O.  

 

30 % Denaturing solution  

 The 30 % denaturing solution contained 17.5 mL of 40 % Acrylamide/Bis, 2 

mL 50X TAE buffer, 12 mL of formamide, 12.6 g of urea and ddH2O to make up to a 

final volume of 100 mL.  
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40 % Denaturing solution  

 The 40 % denaturing solution contained 17.5 mL of 40 % Acrylamide/Bis, 2 

mL 50X TAE buffer, 16 mL of formamide, 16.8 g of urea and ddH2O to make up to a 

final volume of 100 mL.  

 

60 % Denaturing solution  

 The 60 % denaturing solution contained 17.5 mL of 40 % Acrylamide/Bis, 2 

mL 50X TAE buffer, 24 mL of formamide, 25.2 g of urea and ddH2O to make up to a 

final volume of 100 mL.  

 

80 % Denaturing solution  

 The 80 % denaturing solution contained 17.5 mL of 40 % Acrylamide/Bis, 2 

mL 50X TAE buffer, 32 mL of formamide, 33.6 g of urea and ddH2O to make up to a 

final volume of 100 mL.  

 

All denaturing solution were filtered through a 0.45 µm Acrodisc syringe filter, 

wrapped in aluminium foil and stored in a 4°C fridge. 

 

Ammonium persulfate 

 0.1 g of ammonium persulfate was dissolved in 1 mL of sterile dd H2O and 

was stored at -20°C. 

 

 DGGE was performed with a BIO-RAD DcodeTM Universal Mutation 

Detection System model according to the manufacture’s instruction. Parallel denaturing 

gels with a denaturing gradient range of 30 - 80 % and 40 - 60 % were used. 

 To begin with, the low density and high density gel solutions were prepared 

separately as followed: 16 mL of denaturing solution (0 %, 30 %, 40 %, 60 % and 80 % 

denaturing solution), 128 µL of ammonium persulfate and 12.8 µL of TEMED were 

mixed well. 25 µL of purified PCR product of each sediments sample and 10 µL of 

orange G dye were mixed thoroughly and were loaded on the 7 % acrylamide gel in 1 × 

TAE buffer with a denaturing gradient of 30 – 80 % or 40 - 60 %. The gel was 

electrophoresed at a constant voltage of 150 V and 60○C for 3 hours. After 
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electrophoresis, the acrylamide gel was stained with SYBR Gold for 15 min.  

Subsequently, the DGGE band profiles were viewed visually under UV 

transillumination.  

 The gel with a 40 - 60% denaturing gradient had a better resolution of the 16S 

rDNA compared to that of the gel with a 30 - 80 % denaturing gradient. Therefore, 

twenty four DNA bands from the gel with a denaturing gradient of 40 - 60 % were 

excised using sterile scalpel blades under the UVP Dual Intensity Transilluminator. 

They were then suspended in 20 µL of sterile ddH2O and were mixed well. The 

supernatant which was obtained from the mixture of the excised DNA band and sterile 

water was used as DNA template for the amplification of partial 16S rRNA gene. The 

PCR reactions were performed as mentioned previously except that primers V3BACFT 

without GC clamps and 907R were used.  The PCR products were verified and purified 

as described previously. The purified PCR products were then sequenced for the 

identification of bacteria (refer to section 3.8.1). 

3.8 Sequencing 

3.8.1 Sequencing protocol for the identification of bacteria 

  Six primers used in the sequencing of the pure bacterial cultures were 27F, 

530F, 926F, 519R, 907R and 1492R (Table 3.2). In contrast, the purified PCR products 

obtained from DGGE were sequenced in a similar way as mentioned previously except 

that only one primer, either V3BACT or 907R, was used. The concentration of all 

primers used was 1.6 pmol per reaction. The purified PCR products were sequenced 

using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The 

sequencing reaction was carried out in a sterile 0.2 mL tube. Each sequencing reaction 

consisted of 4 µL of BigDye Terminator v3.1, 1 µL of primer, 3.5 µL of sterile water 

and 1.5 µL of purified PCR products. In total, for each pure strain of bacteria, there 

were 6 different sequencing reactions as there were six different kinds of primers. The 

sequencing reactions were carried out in a Peltier Thermal Cycler (MJ Research) with a 

30 second denaturation stop at 96°C followed by primer annealing for 30 seconds at 

48°C. Then, primer extension was carried out at 60°C for 4 min. This was repeated 25 

times. The sequencing products were then purified according to the instruction of the 
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Big Dye Terminator v3.1 Cycle Sequencing Kit (refer to section 3.8.2). The purified 

sequencing products were submitted to Western Australian Genome Resource Centre 

(located at Royal Perth Hospital – Western Australia) for electrophoresis. The 

sequences were then compared with the published accessible sequences in the Genbank 

database using the Basic Local Alignment Search Tool (BLAST) algorithm to identify 

sequences with a high level of similarity (Altschul et al., 1990).  

 

Table 3.2 Primers used for 16S rRNA sequence determination. 

 
Primer Primer sequence (5’→ 3’) 

27F GAGTTTGATCCTGGCTCAG 

519R GWATTACCGCGGCKGCTG 

530F GTGCCAGCMGCCGCGG 

907R CCGTCAATTCMTTTRAGTTT 

926F AAACTYAAAKGAATTGACGG 

1492R TACGGYTACCTTGTTACGACTT 

V3BAC CT ACG GGA GGC AGC AG 
 
 

3.8.2 Purifying the sequencing products 

 The sequencing products were purified according to the 

Ethanol/EDTA/Sodium Acetate Precipitation method in the BigDye Terminator v3.1 

Cycle Sequencing Kit protocol (Applied Biosystem). To begin with, 1 µL of EDTA 

(125 mM) and 1 µL of sodium acetate were added to the sequencing product samples 

and the resulting mixture was mixed thoroughly. Following this, 25 µL of 100 % 

ethanol was added to the samples, mixed well and then incubated at room temperature 

for 15 min in the dark. Next, the samples were centrifuged at 4000  g for 30 min. 

Immediately, the supernatant was discarded and the samples were further centrifuged 

for 1 min at approximately 2500  g. After that, 35 µL of 70 % ethanol was added to 

the samples and they were centrifuged for 15 min at 5000  g at 4°C and then for 10 

min at 2500  g. The samples were covered completely to protect from the light while 
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they were drying in the UV laminar flow. Electrophoresis of the purified sequencing 

products were performed at the Genome Resource Centre. 

 

Note: Due to the nature of this work which involved bacterial DNA, glassware was 

washed and soaked in Deconex for at least 30 min. They were then immersed in 10 % 

nitric acid bath for at least 30 min. Subsequently they were rinsed with tap water and DI 

water thoroughly before air-dried in the cabinet.  

All tubes, pipette tips, pipettes, syringes, needles, syringes’ filters used were sterile 

upon purchase or autoclaved in the laboratory. For all DNA work, tubes and pipette tips 

used were sterile, non-pyrogenic, DNA-free, RNA-free and ATP-free. All DNA work 

was performed in the UV laminar flow. In addition, the bench works were always wiped 

with 70 % ethanol solution before any work was carried out. When handling DNA, 

sterile gloves were worn at all times to prevent contamination. 

3.9 Microcosm experiment 

 Laboratory scale microcosm studies were performed to investigate the 

biological iron and sulfate reduction processes at the anoxic sediment-water interface 

and their ultimate influence on regulating the pH of Lake Kepwari water. The closed 

anoxic microcosms which represents the anoxic sediment-water interface were set up to 

examine the impact of ferric and sulfate reduction on acidic lake water and were filled 

with Lake Kepwari sediments/water. To stimulate the growth of indigenous Kepwari 

SRB and FRB and derive the kinetic parameterization in the dual Monod equations for 

acidic mine lake environment, all microcosms were treated with different concentrations 

of substrates; namely the electron donor (OC) and electron acceptors (ferric and 

sulfate).  

3.9.1 Substrates  

 Glucose, ammonium sulfate, ferric sulfate and ethanol were used as substrates 

and were prepared as anaerobic, filter - sterilized stock solutions with concentrations of 

90 g L-1, 310.8 g L-1 and 321.2 g L-1 respectively. Glucose and ferric substrates were 

used as the electron donor and electron acceptor respectively in the iron reduction 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

37 

microcosm study. Whereas, ethanol and sulfate were used as the electron donor and 

electron acceptor respectively in the sulfate reduction microcosm study. 

3.9.2 Microcosm set-up 

 All microcosms were set up in the anaerobic chamber to maintain anoxic 

conditions. The anaerobic chamber contained 96 % nitrogen gas and 4 % hydrogen gas. 

In the anaerobic chamber, microcosms were constructed by placing 20 g of Lake 

Kepwari littoral or benthic sediments and 80 mL of Lake Kepwari water into 100 mL 

anaerobic-sterile serum bottles. Each serum bottle was then capped with a butyl rubber 

stopper and an aluminium crimp before they were taken out of the anaerobic chamber. 

All bottles were then injected with glucose (Glu), ethanol (Eth), ammonium sulfate 

(Sul) and/or ferric sulfate (Fe) using sterile syringes and needles. Different treatments 

were set up by varying the concentrations of glucose, ferric, ethanol and sulfate (Table 

3.3 and Table 3.4). 

 

Table 3.3 Treatments of the ferric reduction microcosm study. Each 
treatment was set up in triplicate. 

 
Treatments [Carbon] 

in 
Glucose  (mmol L-1) 

[Ferric] 
(mmol L-1) 

[Carbon] 
in 

Ethanol (mmol L-1) 

Control (untreated)    

Low Glu Low Fe 30 16  

High Glu Low Fe 75 16  

Low Glu High Fe 30 40  

High Glu High Fe 75 40  

Low Glu Low Eth 30  120 

High Glu High Eth 75  300 

Low Fe  16  

High Fe  40  

Sodium azide    
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Table 3.4 Treatments of the sulfate reduction microcosm study. Each 
treatment was set up in triplicate. 

 
Treatments [Carbon]  

in  
Ethanol (mmol L-1) 

 [Sulfate]  
(mmol L-1) 

         [Carbon]  
in 

Glucose (mmol L-1) 

Control (untreated)    

Low Eth Low Sul 120 23  

High Eth Low Sul 300 23  

Low Eth High Sul 120 59  

High Eth High Sul 300 59  

VeryHigh Eth High Sul 855 59  

Low Glu Low Eth 120  30 

High Glu High Eth 300  75 

Low Sul  23  

High Sul  59  

Sodium azide    
  

 

 All treatments were labeled according to the low or high addition of substrates: 

glucose, ethanol as the electron donors, ferric and sulfate as the electron acceptors 

(Table 3.3 and Table 3.4). Untreated microcosms served as controls. To investigate 

whether the ferric and sulfate were reduced biologically or abiotically, a sodium azide 

treatment was set up that contained Kepwari lake water/sediments and 2 % w/v of 

sodium azide to deactivate the microbial activity within the microcosms. 
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(a) (b)  

Figure 3.2 Photographs of microcosm study. (a) The High Glu High 
Fe microcosm which contained lake sediments and acidic lake water 
supplemented with high glucose and high ferric addition. (b) The Low 
Eth Low Sul microcosm which contained lake sediments and acidic 
lake water supplemented with low ethanol and low sulfate addition.  

 

 To determine how the microbial communities in Lake Kepwari sediments 

change over time and thus affect the reduction of ferric and sulfate in the 

water/sediments microcosms, three different field samplings were conducted from 2007 

to 2008 to collect Lake Kepwari water, littoral and benthic sediments. Lake Kepwari 

littoral sediments were used in the May07 and Mar08 experiments. Lake Kepwari 

benthic sediments which were collected at 19 m water depth were used in the July07 

experiment.  Both May07 and July07 microcosms were incubated at room temperature 

(18°C ± 2). In contrast, March08 microcosms were incubated in the 30°C ± 1 incubator 

to more closely simulate late summer field conditions. The duration course of May07, 

July07 and Mar08 (March08) experiment was 48, 72 and 36 days respectively. On a 

daily basis, the bottles were shaken vigorously for 1 min to diffuse the chemical species 

in the water phase within the microcosms. 

3.9.3 Sampling and Analytical Methods 

 During the incubation period, Lake Kepwari water samples were withdrawn 

from the serum bottles using sterile syringes and needles.  Chemical as well as 

microbial parameters within the microcosms were analyzed. 
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- During the May07 experiment, the lake water was analyzed daily for 20 days 

and weekly there after.  

- During the July07 experiment, the lake water was analyzed daily for 22 days and 

weekly there after. 

- During the Mar08 experiment, the lake water was analyzed daily for 22 days and 

weekly there after. 

 The concentrations of glucose, ferrous, ethanol, sulfate, volatile fatty acid 

(VFA), total iron, dissolved organic carbon (DOC) and total sulphur in treated Lake 

Kepwari water were analyzed over time. The pH and redox potential of the lake water 

were also constantly monitored using a SentixH electrode (WTW, Germany) and 

SentixORP (WTW, Germany) respectively. The alkalinity of the lake water was also 

determined regularly. Bacterial growth in lake sediments slurry was determined 

periodically. Bacterial population in the sediments was also measured at the start and 

end of the experiment. To determine the production of carbon dioxide, methane and 

hydrogen sulfide gas in the microcosms, the headspace gas of the microcosms was 

withdrawn and analyzed regularly. The analytical methods used are described in detail 

in the following sections. 

3.9.3.1 Ferrous analysis 

 The concentration of ferrous in the Lake Kepwari water sample was measured 

using a 1, 10 phenanthroline method using a HACH iron ferrous reagent powder pillow 

for a 25 mL sample. Each ferrous reagent powder pillow contained 1, 10 phenanthroline 

indicator which reacted with ferrous in the sample to produce an orange colour. The 

intensity of the orange color was proportional to the ferrous concentration.  

 Each ferrous reagent powder pillow was diluted in 1500 µL of distilled water. 

To 100 µL of ferrous reagent, 10 µL of the sample and 1990 µL of distilled water were 

added. The solution was mixed thoroughly and allowed to stand for 3 min at room 

temperature (18°C ± 2) for the reaction to proceed. Then, the absorbance of the solution 

was measured at a wavelength of 510 nm, using a Unicam Helios Epsilon 

spectrophotometer. A ferrous calibration curve was prepared by measuring the 

absorbance of standard solutions of ferrous sulfate (FeSO4.7H2O) with ferrous 

concentrations in the range of 0.009 – 0.058 mmol L-1 (Fig. 3.3). 
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Figure 3.3 Standard curve for ferrous determination. Regression line 
(y = 7.736x, R2 = 0.97) of absorbance of ferrous measured at 510 nm.  

 

 The concentration of ferrous in the water samples which were taken from the 

microcosms was calculated from the measured absorbance and the prepared ferrous 

calibration curve.  

3.9.3.2 Sulfate analysis 

 The concentration of sulfate was measured by using a turbidometric method 

and a HACH SulfaVer 4 reagent powder pillow for a 10 mL sample. Each SulfaVer4 

contained barium which reacted with the sulfate in the water sample to form a barium 

sulfate precipitate: 

 

 BaCl2 + SO4
2- → BaSO4 + Cl2   (3.1) 

 

 The sulfate concentration was proportional to the turbidity. Each SulfaVer 4 

reagent powder pillow was diluted in 250 µL of distilled water. To 50 µL of sulfate 

reagent, 20 µL of the sample and 1980 µL of distilled water were added. The solution 

was mixed thoroughly and allowed to stand for 5 min at room temperature (18°C ± 2) to 

allow the precipitation of barium sulfate. The absorbance of the solution was then 

measured at a wavelength of 450 nm using a Unicam Helios Epsilon spectrophotometer. 
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A sulfate calibration curve was obtained by measuring the absorbance of the standard 

solutions of potassium sulfate (K2SO4) with sulfate concentrations in the range of 0.02 – 

0.65 mmol L-1 (Fig. 3.4). 

 

Figure 3.4 Standard curve for sulfate determination. Regression line 
(y = 0.464x, R2 = 0.99) of absorbance of sulfate measured at 450 nm.  

 

 The concentration of sulfate in the water samples which were taken from the 

microcosms was calculated from the measured absorbance and the prepared sulfate 

calibration curve.  

3.9.3.3 Glucose analysis 

 The concentration of glucose was monitored quantitatively using a Glucose 

Assay Kit (Sigma). The glucose reagent powder was mixed with sterile ddH2O 

according to the manufacture’s instruction. The glucose reagent contained nicotinamide 

adenine dinucleotide (NAD), adenosine triphosphate (ATP), hexokinase catalyst, 

glucose-6-phosphate dehydrogenase catalyst (G6PDH) and preservatives (sodium 

benzoate and potassium sorbate). The following Eq. 3.2 – 3.3 show the chemical 

reactions of the glucose reagent and a sample containing glucose when they were mixed 

together (Glucose Assay Kit, Sigma): 

 

Glucose + ATP Glucose-6-Phosphate + ADP (3.2) 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

43 

Glucose-6-Phosphate + NAD 6-Phosphogluconate + NADH  (3.3) 

 

 Glucose analysis was carried out according to the manufacturer’s protocol. To 

1 mL of glucose reagent, 20 µL of the water sample were added in a clean glass tube. 

The solution was mixed thoroughly and incubated for 15 min at room temperature 

(18°C ± 2). The absorbance of the resulting solution was measured at a wavelength of 

340 nm by Cary UV-Vis spectrophotometer. A glucose calibration curve was obtained 

by measuring the absorbance of the standard solutions of glucose (C6H12O6) with 

glucose concentrations in the range of 5.5 10-4 – 0.016 mmol L-1 (Fig. 3.5). 

  

Figure 3.5 Standard curve for glucose determination. Regression line 
(y = 119.51x + 0.12, R2 = 0.99) of absorbance of glucose measured 
at 340 nm.  

 

 The glucose in the water samples which were taken from the microcosms was 

calculated from the measured absorbance and the prepared glucose calibration curve. 

Due to the interference between the treated lake water and the glucose enzyme, each 

average point of the triplicate was normalized by a factor of 2.98 as the initial 

concentration of glucose was known. 

 1.5 mL of the treated water was withdrawn from the microcosms and 

centrifuged at 16000  g for 10 min to deposit the sediments. 1 mL of the supernatant 
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was diluted in 19 mL of dd H2O and immediately the water samples were submitted to 

the Marine and Freshwater Research Laboratory Environmental Science (MAFRL) at 

Murdoch University (in Western Australia) for total iron, DOC and total sulphur 

analyses. 

3.9.3.4  Protocol of DOC analysis 

 The method used was based on the combustion/non-dispersive infrared gas 

analysis method using a Shimadzu TOC 5000A organic carbon analyzer. 

3.9.3.5  Protocol of Total Fe analysis  

 The homogenized, acidified sample was digested with nitric and hydrochloric 

acid to release organically or inorganically bound iron for total Fe analysis. The sample 

solution was then introduced to the Varian ICP-AES for analysis. 

3.9.3.6 Protocol of Total Sulfur analysis 

 The sample solution was digested in aqua regia (1:3 HNO3/HCl mixture) and 

analyzed by the Varian ICP-AES (ISO 15587-1). 

 

 The headspace gas in the microcosms was withdrawn and was analyzed 

immediately. There are two different approaches used to analyze gas production and 

these are described in detail in the following sections. 

3.9.3.7  July07 experiment – Characterization of headspace gas  

 To determine whether carbon dioxide, hydrogen sulfide and methane gases 

were produced during incubation, the headspace gas in each microcosm was withdrawn 

at the end of the experiment.  

 5 mL of the headspace gas in the microcosm was withdrawn using a sterile 5 

mL syringe and needle. The headspace gas was injected into a 1.6 mL glass vial and 

immediately the vial was sealed with an aluminum cap which had a butyl rubber lining 

inside. The headspace gas was analyzed by a GC MS 6890 S975 inert XLMSD. The 

Agilent GC/MSD ChemStation Software programme was used to determine the peak’s 

location and identify which gases were produced in the microcosms. 
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3.9.3.8  Mar08 experiment – Quantitative analyses of headspace gas  

 In this experiment, carbon dioxide, hydrogen sulfide and methane gases were 

quantitatively determined weekly.  Due to the small volume of the headspace of each 

microcosm, the gas sampling method described in section 3.9.3.7 was not feasible. To 

overcome this difficulty, the following method was adapted. First, a 5 mL sterile 

syringe was washed thrice with helium gas and then purged with 5.5 mL of helium gas. 

Then, the helium gas from the syringe was released so that the volume of the helium gas 

in the syringe was 4 mL exactly. Immediately, the syringe containing helium gas was 

inserted through the microcosms’ butyl rubber stopper to withdraw 1 mL of the 

microcosm headspace gas. Instantly, the gases in the syringe were transferred to a 

closed 1.6 mL glass vial that subsequently was analyzed by GC MS 6890 S975 inert 

XLMSD. To achieve optimal precision, 100 % concentration of nitrogen and a series of 

different concentrations of 5 %, 10 %, 20 % of methane, hydrogen sulfide and carbon 

dioxide were prepared fresh on the day of sampling (Figs. 3.6 - 3.8) and the samples 

were analyzed at the same time as the microcosms’ headspace gas samples. The 

standard samples of methane, hydrogen sulfide and carbon dioxide of concentrations of 

1 %, 2 %, 5 %, 10 % and 20 % were also prepared such that each syringe contained 

1mL of the standard gas and 4 mL of the helium gas. The gas chromatograms were 

analyzed by Agilent GC/MSD ChemStation Software programme. The area under the 

peak curve of each type of gas was integrated to work out the abundance of molecules 

which was then divided by the total gas ions (TIC) and the fractions were compared 

with the standard gas curve to determine the concentration of the gas produced in the 

headspace of the microcosm at that time. 
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Figure 3.6 Standard curve for carbon dioxide determination. 
Regression line (y = 1.05x - 0.01, R2 = 0.99). 

 

 

 

Figure 3.7 Standard curve for hydrogen sulfide determination. 
Regression line (y = 1.80 x + 0.50, R2 = 0.99). 
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Figure 3.8 Standard curve for methane determination.  

Regression line (y = 9.02 x – 1.66, R2 = 0.99). 

 

3.9.3.9  Protocol of volatile fatty acids (VFAs) analysis 

 An internal standard, 1 - propanol solution, contained 3 mL of 1-propanol and 

30 mL of 4.5 M HCl per litre and was stored in the 4°C fridge. The degradation of the 

electron donors (glucose and ethanol) over time, and the production of ethanol, acetate, 

propanoate and butanoate as intermediate products of the degradation of ethanol and 

glucose were examined. Briefly, 1.5 mL of the treated water samples was withdrawn 

from the microcosms and centrifuged at 16000  g for 2 min to settle the sediments 

from the water. After the addition of 200 µL of the internal standard into a clean 1.6 mL 

glass vial, immediately 1.4 mL of the supernatant of the sample was added and sealed 

off instantly to prevent the evaporative loss of VFAs to the atmosphere. A GC FID 6890 

GC machine was used for the VFAs analysis. A series of standard curves of ethanol, 

acetate, propanoate and butanoate were prepared at different concentrations (Figs. 3.9 - 

3.12). To achieve optimal precision, standard solutions of ethanol, acetate, propanoate 

and butanoate were prepared weekly and together they were analyzed at the same time 

as the water samples. To determine the abundance of the VFA ions over time, the peaks 

of VFA compounds were integrated using Agilent GC/MSD ChemStation Software 
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programme. The concentrations of the VFA compounds were then calculated from the 

integration and the standard VFA curve. 

 

Figure 3.9 Standard curve for ethanol determination.  

Regression line (y = 2 10-9 x + 1.5 10-3, R2 = 0.98). 

 

 

 

Figure 3.10 Standard curve for acetic acid determination.  

Regression line (y = 2 10-9 x + 1 10-4, R2 = 0.99). 
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Figure 3.11 Standard curve for propionic acid determination. 
Regression line (y = 1 10-9 x - 6 10-5, R2 = 0.99). 

 

 

 

Figure 3.12 Standard curve for butyric acid determination.  

Regression line (y = 5 10-10x - 6 10-5, R2 = 0.99). 
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3.9.3.10  Total alkalinity measurement 

 Total alkalinity was measured weekly using the standard acid titration method 

(APHA, 1998). A 10 mL microburette was filled with hydrochloric acid solution of 

either 0.02 M or 0.2 M. 2 mL of water was withdrawn from the microcosms and pH of 

the unfiltered water sample was immediately measured. Then the water sample was 

titrated against hydrochloric acid of either 0.02 M or 0.2 M until the new pH value 

equaled the initial pH which was measured on day 1 of the experiments. The following 

mathematical formula was used to calculate total alkalinity: 

 

  (3.4) 

 

where  

vacid = volume of acid used to titrate to the endpoint 

Nacid = normality of acid 

gfw = gram formula weight of carbonate species in mg mol-1 (gfw = 1.01 105 mg mol-

1) 

z| = absolute value of charge associated with the carbonate species (z = 2 as alkalinity is 

measured as mg L-1 of CaCO3) 

3.9.3.11  Phospholipid - P analysis 

 Total microbial biomass concentration in Kepwari sediments was monitored 

by measuring the concentration of lipid-bound phosphates in the sediments. The 

phospholipid - P analysis was performed according to Findlay et al. (1989). 

 

Potassium persulfate  

 5 g of potassium persulfate was dissolved in 100 mL of 0.36 M sulfuric acid 

and was stored at at 4°C. 

 

Sodium molybdate  

  4 parts of 0.1 M sodium molybdate was mixed with 4 parts of 2 M HCL and 

was stored at 4 °C. 
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Malachite green and polyvinyl alcohol (PVA) 

 0.04 g of malachite green and 1.0 g of PVA were dissolved in 100 mL sterile 

ddH2O and was stored at 4°C. 

 

Blight-dyer 

 500 mL of chloroform, 1000 mL of methnol and 400 mL of ddH2O were 

mixed well and was stored at room temperature. 

 

7.8 % concentrated sulfuric acid 

 It was stored at 4°C. 

 

 Glassware including 50 mL screw- cap tube and 15 mL Hungate tubes used in 

the phospholipid P analysis had to be extremely clean. First, they were washed and 

soaked in concentrated dichromate acid for 20 min. Then they were washed and soaked 

in concentrated 16M HCl acid for 1 hour, followed by rinsing with DI water and drying 

completely before use. 

 To prevent the anaerobic bacteria in the anoxic microcosms from degrading on 

exposure to the atmosphere, the serum bottles were opened up in the anaerobic 

chamber. Approximately 1.8 – 2 g of wet sediments from each bottle was taken out and 

placed in sterile 1.5 mL tubes and the sediments samples were immediately frozen in 

the -80°C freezer. When phospholipid-P analysis was to be carried out, the sediments 

samples were taken out from the freezer and thawed at room temperature. Exactly 1 g of 

sediments was weighed and placed in 50 mL screw-cap glass tube. Each treatment was 

performed in triplicate. Bligh-Dyer solvent and chloroform are highly toxic, thus the 

phospholipid-P test was performed in a fume hood and appropriate gloves were worn at 

all times. Lipids were recovered from the sediments samples using the chloroform-

methanol protocol. In the fume hood, 30 mL of Blight-Dyer solvent was added to each 

tube containing 1 g of sediments so that the ratio of chloroform, methanol and distilled 

water were 1 : 2: 0.8 (the chloroform volume in mL had to be at least seven times that of 

the weight of the sediment in grams).  The sediments and solvent were mixed well and 

allowed to stand in the fridge at a temperature of 4°C for 24 h. The lipid containing 

chloroform was then separated by adding 6 mL of chloroform and 6 mL of ddH2O. The 
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mixture was then allowed to stand until the aqueous (upper) and lipid (lower) phase 

were completely separated.  

 The lipid-bound phosphate was liberated by using the potassium persulfate 

extraction method. In the fumehood, the lipid containing chloroform layer was extracted 

and transferred into a 10 mL clean screw-cap glass test tube using a sterile long glass 

pipette. Then the solvent was removed under a stream of nitrogen until almost dry. 

Next, 1 mL of potassium persulfate solution was added to convert organic phosphate to 

inorganic phosphate and all the screw-cap glass tubes were heat sealed and incubated at 

105°C for 2 h. 

 To a 200 µL aliquot of the sample, 700 µL of sodium molybdate solution  and 

300 µL of malachite green and PVA solution were mixed and allowed to react for 5 

min, followed by the addition of 2 mL of 7.8 % H2SO4. The resulting solution was 

allowed to stand for 1 h so that the production of a colored complex was formed. The 

absorbance of the solution was measured at 618 nm by a Unicam Helios Epsilon 

spectrophotometer. 

 To calculate the bacterial biomass, the following empirically derived formula 

was used: 

 

  (3.5) 

 

 A calibration curve of phosphate was prepared by measuring the absorbance of 

the standard solutions of sodium hydrogen phosphate with phosphate concentrations in 

the range of 0 - 1.8 10-4 mol L-1 (Fig. 3.13). 
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Figure 3.13 Standard curve for phosphate determination. Regression 
line (y = 3244.5x – 1.89 10-2, R2 = 0.99). 

 

3.9.3.12 Direct cell count 

 Microcosms were shaken vigorously to detach microbes from the sediments 

and 0.5 mL of the sediment slurry was withdrawn from the microcosms. The samples 

were then vortexed for 30 sec at maximum speed to detach microbes from the sediments 

and then centrifuged at 4000  g for 1 min to separate the sediments from the water. 10 

µL of the supernatant was placed on the Helber Counting Chamber and a direct cell 

count was determined by phase contrast microscopy at 1000  magnification. To 

calculate the bacterial biomass, the following mathematical formula was used: 

 

  (3.6) 
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3.9.3.13  Photomicrography 

 Agarose gel was dissolved in sterile ddH2O so that the final concentration of 

agarose in the water was 1% w/v. The solution was boiled in the microwave to dissolve 

the agar completely in the water. A microscopic slide was prepared as followed: 500 µL 

of the agar solution was placed on the slide and allowed to stand for approximately 10 

min to let the agar solidify. Due to the relatively slow growth of the anaerobic bacteria, 

the anaerobic pure cultures were centrifuged for 5 min at 16000  g to concentrate the 

bacterial population. 10 µL of the concentrated bacterial culture was then placed on top 

of the microscopic agar slide. The bacterial photographs were then taken by a Zeiss 

Axio Imager.M1 (Germany) equipped with an AxioCam HRM camera at 1000  

magnification. 

3.10 Site description  

 Lake Kepwari, formerly known as WO5B, is situated in the Collie Coal Basin 

region, 160 km south-southeast of Perth, Western Australia (Figs. 3.14 and 3.15). The 

Collie Basin consists of the Cardiff and Premier sub-basins which are separated by the 

Stockton Ridge (Varma, 2002). The Collie Basin has a mediterranean climate which is 

characterized by hot, dry summers and cold, wet winters. The temperature can reach as 

high as above 40˚C in summer and as low as below zero in winter. The 100-year 

average annual rainfall in the nearby town of Collie is 950 mm, however the average 

annual rainfall in the last 20 years was 840 mm and up to 80% of the annual rainfall 

occurs in the winter period from May to September (Varma, 2002).  
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Figure 3.14 Lake Kepwari in Collie coal basin, Western Australia 
(Varma, 2002). 

 

 Lake Kepwari is an abandoned mine void of a former open-cut coal mine 

which was in operation from 1970 to 1997. Since dewatering of the mine was ceased in 

1997, groundwater, river water and surface run-off has flowed into the mine void and 

eventually the mine void became a mine lake. The lake is approximately 2 × 1 km, has a 

maximum depth of 65 - 70 m and had a volume of approximately 24 GL of water in 

2005. Although, Lake Kepwari received additional water in winter from the diverted 

Collie river (pH = 6.8), Lake Kepwari water is still acidic and its pH ranges from 4.3 to 

5. Native Australian vegetation has been re-established along the shoreline and 

overburden of Lake Kepwari. Currently Westfamers Premier Coal owns and manages 

Lake Kepwari which is expected to be used in the future by the local communities for 

recreational activities such as swimming, boating and water-skiing.  

 

Lake Kepwari 
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           Figure 3.15 Lake Kepwari in June, 2005. Photo: H. Pham 

 

3.10.1  Characteristics of Lake Kepwari  

 Lake Kepwari is characterized by moderate acidity and extremely low 

concentrations of iron and sulfate. The geological, hydrodynamic and chemical 

characteristics of Lake Kepwari along with an assessment of the internal and external 

controls on lake water quality are described by Salmon et al. (2008). A comparison of 

the water chemistry of Lake Kepwari and some oligotophic acidic mine lakes in 

Germany (Wenderoth and Abraham, 2005) showed that Lake Kepwari water contained 

the lowest amount of sulfate (100 - 110 mg L-1) compared to the German lakes (507 – 

3040 mg L-1). Moreover, the ferric concentrations in Lake Kepwari water (0.01 – 1.6 

mg L-1) was also lower than those of the German lakes (25 to 710 mg L-1). In addition, 

the concentration of aluminium (1.2 - 1.3 mg L-1), calcium (30 - 32 mg L-1) and total 

organic carbon (TOC) (0.8 -1.8 mg L-1) of Lake Kepwari water were also lower. These 

analytical results indicate that Lake Kepwari is ultraoligotrophic (Salmon et al., 2008). 
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Table 3.5 A comparison of water chemistry among Lake Kepwari and 
some acidic mine lakes in Germany. Concentrations are in mg L-1. 

 
Lake pH TOC Fe3+  Total Fe  SO4

2-  Al3+  Ca2+  

Lake 
Kepwari 

4.5-5 0.8-1.8 0.01-1.6 0.02-2.3 110-110 1.2-1.3 30-32 

AML 75 2.67 5.26 74  815 3.7 170 

AML 107 2.52 5.17 710  3040 58 400 

AML 111 2.7 3.65 130  1330 38 220 

AML 116 2.78 4.73 25  507 2.0 110 
 

 

3.10.2 Kepwari sediments characterization 

 In March 2006 the littoral Kepwari sediments (GPS location of 33○27'34S 

116○13'59E) and benthic sediments at different water depths of 10 m, 18 m, 19 m and 

29 m (approximately at GPS location of 33○27'24S 116○13'50E) were collected by a 

stainless steel spoon and a Ponar Dredge sampler (Figs. 3.16 and 3.17). A distinctive 

sulfide odour was detected in the littoral sediments. Lake Kepwari water was also 

collected for laboratory scale microcosm study. Sterile Pyrex® bottles were used to store 

the lake sediments and lake water. The spoon, Ponar Dregde sampler and bottles were 

rinsed with lake water before use. 
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Figure 3.16 Sampling site. Sampling locations are marked with O and 
X where O represents littoral sampling point and X represents benthic 
sampling point. 

 

                                   

Figure 3.17 The Ponar Dredge sampler used to collect benthic 
Kepwari sediments. Photo: H. Pham. 
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 Triplicate unfiltered sediments samples were oven-dried for 24 hours at 40°C 

prior to submitting to Ultra Trace Geoanalytical Laboratories, Western Australia for 

total combustion analysis of TOC and X-ray fluorescence spectrometry (XRF) analyses 

of chloride and metal oxides, which included silicon dioxide, aluminium oxide, calcium 

oxide, iron (III) oxide, potassium oxide, magnesium oxide, sodium oxide and sulphur 

trioxide. The unfiltered and dried Kepwari sediments samples were different visually 

among themselves in texture, colour and size of sedimentary particles (Fig. 3.18). The 

variations in the sediments samples collected at different water depths indicated that the 

morphology of the lake floor is heterogeneous. Visually, the 0 m sediments sample 

consisted of grey, coarse sedimentary particles, small orange gravel, small pieces of 

coal residue and some fine plant roots likely from the vegetation around the shore of the 

lake. The 10 m sediments sample consisted of fine, grey sediments and large pieces of 

coal residue. The 18 m sample was made of grey, yellow and coarse sedimentary 

particles. In contrast, the 29 m sample was composed of extremely fine, silver-grey 

sedimentary particles. 

 

 

Figure 3.18 The unfiltered, oven-dried Kepwari sediments samples 
collected at different water depths; 0m, 10m, 18m and 29m. Due to 
the oven-drying process, the sediments typically clumped together 
and formed large pieces of dried sediment. Photo: H. Pham. 

 

 The percentage composition of the metal oxide compounds and TOC in 

sediment samples is presented in Table 3.6. The results show that the highest and lowest 

percentages of metal oxide composition in all types of sediments were SiO2 and CaO 

respectively. Aluminium oxide was the second most abundant metal oxide compound. 

The littoral (0 m) sediments contained more SiO2 (85 %) than those of benthic 
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sediments, the 29 m sediments sample had lowest SiO2 amount (54 %).  In contrast, 

lowest (7.5 %) and highest (28 %) Al2O3  levels were detected in the 0 m and 29 m 

sediment samples respectively. The results also revealed that the percentage of iron (III) 

oxide, potassium oxide, magnesium oxide, sodium oxide and sulphur trioxide in all 

sediments were extremely low (≤ 2 %). Furthermore, the chloride content in all 

sediment samples was almost negligible (0.05 %). In addition, low concentration of 

TOC (≤ 3.5 %) was found in all sediment samples. 

 

Table 3.6 Results of XRF analysis of metal oxides, Cl and total 
combustion analysis of TOC in Kepwari sediments. Presented values 
are the averages (± S.D) of the triplicates (where S.D is not shown, 
S.D = 0). 

 
Sample SiO2 

(%) 
Al2O3 

(%) 
CaO 
(%) 

Fe2O3 

(%) 
K2O 
(%) 

MgO 
(%) 

Na2O 
(%) 

SO3 

(%) 
Cl 
(%) 

TOC 
(%) 

0m 85.1 
± 1 

7.5 
± 0.4 

0.05 
 

1.2 
± 0.4 

0.2 
 

0.06 
 

0.07 
 

0.1 
 

0.01 
 

1.06 
 

10m 70.2 
± 
0.7 

14.5 
 

0.05 
 

1.7 
 

1.5 
 

0.1 
 

0.17 
 

0.1 
 

0.03 
 

3.5 
± 0.3 

18m 79.5 
± 1 

10.2 
± 0.6 

0.05 
 

1.7 
± 0.2 

0.6 
 

0.08 
 

0.1 
 

0.1 
 

0.03 
 

1.6 
 

29m 53.9 
± 
1.4 

28.0  
± 0.8 

0.04 
 

2.0 
± 0.1 

0.9 
 

0.1 
 

0.1 
 

0.1 
 

0.04 
 

2.4 
 

 

  

 Littoral sediments and benthic sediments at 19 m water depth, were collected 

in May 2007 and July 2007 respectively. Wet sediment samples were submitted to Ultra 

Trace Geoanalytical Laboratories for metal analysis. Trace metals in sediments samples 

were measured by inductively coupled plasma (ICP) optical emission spectrometry and 

inductively coupled plasma mass spectrometry.The results showed both littoral and 

benthic sediments did not contain silver, boron, bismuth, cadmium, germanium, 

rhenium, antimony, selenium, and tellurium (Table 3.7). The benthic sediments did not 
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contain cobalt whilst the littoral sediments contained cobalt at a concentration of 10 

ppm. In contrast, the benthic sediments had thallium at 0.3 ppm and tungsten at 1 ppm, 

both of which were not found in littoral sediments. Also, the benthic sediments had 

twice the aluminium content (6 %) than that of the littoral sediments. This agreed well 

with the metal oxide analysis in 2006 indicating that the benthic sediments had higher 

aluminium oxide (14 – 28 %) than that of the littoral sediments (7 %). High 

concentrations of phosphorous, sulphur, vanadium, ziroconium, barium and nickel were 

also found in the lake sediments. In general, benthic sediments had higher metal content 

compared to those of littoral sediments. Approximately 100 ppm and 75 ppm of 

phosphorus were found in benthic and littoral sediments respectively. Results also 

indicated that the benthic sediments contained twice the amount of sulphur (400 ppm) 

compared to that of littoral sediments. 

 

Table 3.7 Results of Ultra Trace metal-analysis for littoral and benthic 
Lake Kepwari sediments. Analysis was performed in duplicate. 

 
Element Unit Littoral sediments  Littoral sediments  19m sediments  19m sediments  
Ag ppm 0 0 0 0 
Al % 3.44 3.78 6.08 6.11 
As ppm 3 2 2 2 
B ppm 0 0 0 0 
Ba ppm 64 65 310 296 
Be ppm 0.4 0.4 0.6 0.8 
Bi ppm 0 0 0 0 
Ca % 0.02 0.02 0.02 0.02 
Cd ppm 0 0 0 0 
Ce ppm 27.2 27 39.4 47.2 
Co ppm 10 10 0 0 
Cr ppm 200 200 200 200 
Cs ppm 0.2 0.2 0.6 0.7 
Cu ppm 8 6 8 6 
Dy ppm 1.05 1.1 1.6 2 
Er ppm 0.6 0.65 0.9 1.05 
Eu ppm 0.25 0.3 0.55 0.65 
Fe % 2.47 1.31 1.39 1.16 
Ga ppm 9.6 9.2 14.8 13.8 
Gd ppm 1.4 1.2 2 2.4 
Ge ppm 0 0 0 0 
Hf ppm 8 8 10 10 
Ho ppm 0.2 0.22 0.32 0.38 
In ppm 0.02 0.02 0.04 0.04 
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Table 3.7 Results of Ultra Trace metal-analysis for littoral and benthic 
Lake Kepwari sediments (Continued) 

 
Element Unit Littoral sediments  Littoral sediments  19m sediments  19m sediments  
K % 0.17 0.19 1.01 0.94 
La ppm 12.6 12.7 20.4 24.5 
Li ppm 6.5 7 8 8.5 
Lu ppm 0.08 0.08 0.14 0.14 
Mg % 0.02 0.03 0.05 0.04 
Mn ppm 60 60 66 50 
Mo ppm 1.5 1 1 1 
Na % 0.02 0.02 0.06 0.04 
Nb ppm 20 25 40 30 
Nd ppm 8.65 8.5 14.2 17.3 
Ni ppm 12 10 12 6 
P ppm 100 50 100 100 
Pb ppm 16 13 24 25 
Pr ppm 2.6 2.54 4.26 5.34 
Rb ppm 6.8 7.4 41.4 39.6 
Re ppm 0 0 0 0 
S ppm 200 200 350 450 
Sb ppm 0 0 0 0 
Sc ppm 4 4 5 6 
Se ppm 0 0 0 0 
Si % 41.3 41.6 36.6 37 
Sm ppm 1.6 1.6 2.55 3.15 
Sn ppm 1 1 2 2 
Sr ppm 8 8 32.5 32 
Ta ppm 0.4 0.4 0.8 0.7 
Tb ppm 0.2 0.2 0.3 0.36 
Te ppm 0 0 0 0 
Th ppm 14 13.4 19 20.7 
Ti % 0.33 0.36 0.44 0.45 
Tl ppm 0 0 0.3 0.3 
Tm ppm 0.08 0.08 0.14 0.16 
U ppm 1.7 1.4 2 2.2 
V ppm 100 40 50 50 
W ppm 0 0 1 1 
Y ppm 5.7 6 8.4 10.4 
Yb ppm 0.6 0.65 0.9 1 
Zn ppm 12 12 12 12 
Zr ppm 370 390 380 410 
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4         THE DIVERSITY OF BENTHIC  

MICROORGANISMS IN ACIDIC MINE LAKE 

SEDIMENTS  

 

Huynh A. Pham1, 2, Carolyn E. Oldham1 and Jason J. Plumb2. Published in Advanced 

Materials Research, 20-21, 489 – 492. 2007. 
1School of Environmental Systems Engineering, University of Western Australia, 

Crawley, WA, 6009 Australia 
2CSIRO Land and Water, Wembley, WA, 6913 Australia 

 

4.1 Abstract 

  The sediment microbial communities of a disused coal mine lake, Lake 

Kepwari (pH~4.5-5) were studied to understand how the natural microbial processes in 

an oligotrophic acidic mine lake system influence the iron and sulphur cycles.  Most 

probable number (MPN) viable counts were used to enumerate the benthic bacteria at 

different depths. MPN results revealed an abundance of bacteria that were capable of 

growing in sulfate reducing medium with numbers in the range of 1 × 107 – 1 × 108 

cells.g-1 of wet sediment. In contrast, MPN results showed much lower numbers of 

bacteria that were capable of growing in ferric reducing medium with 1 × 102 – 2 × 103 

cells.g-1 of wet sediment detected. Serial decimal dilution cultures were used to isolate 

pure strains of benthic bacteria. Strains HP1, HP2 and HP3 were isolated from benthic 

lake sediments at 18 m, 0 m and 10 m water depths respectively. 16S rRNA gene 

sequence analysis of strain HP1 showed that the strain belonged to the genus 

Enterobacter, strain HP2 belonged to the Order Rhizobiales and strain HP3 belonged to 

the sub-order Micrococcineae. Denaturing gradient gel electrophoresis (DGGE) analysis 

of 16S rRNA gene fragments was used to profile the diversity of the benthic microbial 

communities at different depths. DGGE profiling of benthic sediments revealed that 

sediments contained mostly members of the Proteobacteria, Actinobacteria and 

Firmicutes phyla. 
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4.2 Introduction 

 When open-cut mines are de-commissioned, dewatering stops and thus the 

mine voids fill with water and eventually these mine voids are transformed into lakes. 

Pyrite (FeS2) is the most abundant mineral sulfide found in the Earth’s crust (Baker and 

Banfield, 2003) and is found abundantly in ores, in coal and other minerals recovered 

using open pit mining. The dissolution pyrite and other sulfide minerals at the 

abandoned mine sites generates acidic, low pH mine lake water and lead to increased 

concentrations of metals such as Fe, Mn, Al and heavy metals in the water (Evangelou, 

1998). Acidic mine lakes are a severe environmental problem worldwide. The lake 

water acidity can be neutralised through the two microbial processes of sulfate reduction 

and iron reduction (Wendt-Potthoff et al., 2002). Lake Kepwari (pH~4.5-5) is a disused 

open-cut coal mine void near Collie, 160 km south-southeast of Perth, Western 

Australia. In 1997, the mine activities were ceased and the pit was filled with 

groundwater and by diverting flow from the nearby Collie River (Zdun, 2001). The 

volume and the maximum depth of the lake are approximated at 22 x 106 ML and 65 m 

respectively (Zdun, 2001). The total organic carbon content in Lake Kepwari water 

measured on 10 May 2005, was in the range from 0.8 to 1.8 mg/L (Salmon, per.com), 

indicating that Lake Kepwari is a highly oligotrophic environment. The aim of this 

study was to assess the diversity of Lake Kepwari sediment microbial communities and 

their potential to neutralise the lake acidity via microbial sulfate or iron reduction. In 

order to achieve this, MPN viable counts were used to quantify bacteria in the sediment 

microbial community and DGGE analysis of the 16S rRNA gene was used to profile the 

microbial diversity in benthic sediments at different depths.   

4.3 Materials and Methods 

 Kepwari sediment samples in quadruplicate were collected on 21 March 2006 

from four different water depths; 0 m (littoral), 10 m, 18 m and 29 m. The last three 

samples were collected by a sediment grabber. A distinctive sulfide odour was detected 

in the 0 m depth sample.  

 Cultivation of the sediment samples was performed in sulfate reducing 

medium (SRM) and ferric reducing medium (FRM). SRM was prepared using standard 
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published methods and FRM was prepared according to Kusel et al., 1999, except that 

yeast extract was added at 0.2 g L-1 instead of 0.5 g L-1 for both media because the 

Collie lakes have a low organic carbon content. A trace element solution was added also 

(Myers and Nealson, 1988). The pH of the media was adjusted to 4.8 using concentrated 

H2SO4 or 2 M NaOH. Enumeration of culturable benthic bacteria that were capable of 

growing in SRM and in FRM was performed using MPN viable counts in microplates. 

Sediment slurries were prepared from each sediment depth sample by mixing 20 mL of 

wet sediment and 30 mL of SRM or FRM. The MPN serial decimal dilutions were 

prepared with a 1 mL total volume in microplates. Inoculated growth media were 

incubated anaerobically at room temperature (~22°C) for 20 days for the SRM and 57 

days for FRM. Growth in MPN cultures was determined by phase contrast microscopy. 

Biomass in the highest positive dilutions of the MPN tests were used as inocula for 

isolation of pure strains of sulfate reducing bacteria (SRB) and ferric reducing bacteria 

(FRB) by serial decimal dilution. 16S rRNA genes were directly amplified and 

sequenced as described previously (Hawkes et al., 2006).  

 Total genomic DNA was extracted from sediment samples using a previously 

described method (Plumb et al., 2001). The extracted DNA was purified with the 

UltraCleanTM PCR clean up kits (MO BIO). PCR amplification of bacterial 16S rRNA 

fragments and subsequent analysis of the fragments using DGGE was performed as 

previously described (Hawkes et al., 2006). 

4.4 Results 

 Results for MPN viable counts are given in Table 4.1. At high dilutions, cells 

cultured in SRM were predominantly motile small rods in all sediment samples. Curved 

rods, large coccobacilli and cocci of varying size were observed in the 10 m, 18 m and 

29 m sample respectively. Of the four sediment depth samples tested, the greatest viable 

counts were detected at 0 and 29 m depths. Viable counts in SRM at 10 and 18 m depths 

were roughly an order of magnitude lower. In contrast, highest and lowest viable counts 

in FRM were found in the 10 m and 0 m sediment samples. Viable counts in FRM were 

much lower than viable counts using SRM in all samples and growth in FRM was 

typically much slower than that in the SRM. Cell morphotypes of microorganisms 

cultured in FRM from all samples were predominantly bacilli. 
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Table 4.1 Viable counts using SRM and FRM in sediment samples 
from depths of 0 m, 10 m, 18 m and 29 m by MPN. MPN results are 
given in cells per gram of wet Kepwari sediment.  

 

Sediment sample depth SRM MPN (cells.g-1 wet 
sediment) after 20 days. 

FRM MPN (cells.g-1 wet 
sediment) after 57 days. 

0 m 1.8 × 108 1.4 × 102 

10 m 1.2 × 107 1.9 × 103 

18 m 1.7 × 107 2.0 × 102 

29 m 1.1 × 108 1.8 × 103 
 

 

 Strains HP1, HP2 and HP3 were isolated from the 18 m, 0 m and 10 m 

sediments respectively. HP1 grew rapidly in SRM. In contrast, HP2 and HP3 grew 

slowly in SRM. HP1 were motile short-fat rods, HP2 were highly motile tiny-curved 

rods and HP3 were short-thin rods. Based on 16S rRNA gene sequence analysis strains 

HP1, HP2 and HP3 were identified as Enterobacter asburiae (99% similarity), 

Rhizobiales bacterium RR54 (96% similarity) and Cellulomonas terrae (96 % 

similarity), respectively. Isolation of pure strains from FRM cultures was unsuccessful. 

  DGGE profiling of total sediment bacterial populations using the 16S rRNA 

gene revealed the differences between the sediment samples of 0 m, 10 m, 18 m and 29 

m. Six DGGE bands from each sample were sequenced to reveal the identity of the 

bacteria. The results of 16S rRNA gene sequence analysis obtained from DGGE 

profiling are displayed in Table 4.2. 
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Table 4.2 Summary of results obtained by sequencing the 16S rRNA 
gene of DGGE bands.  

 

Sample 
Depth 

Phylum detected No of 
bands 

Closest sequence match (% similarity) 

0 m  α-Proteobacteria  
δ-Proteobacteria  
 
 
Unknown 
bacterium 

1 
4 
 
 
1 

DMSP – degrading marine bacterium JA25 
(88%) 
Desulfomonile limimaris (91%); 
Desulfococcus biacutus (88%); 
Syntrophobacter sp, strain TSUA1 (96%);  
δ-Proteobacterium K18 (92%) 
Uncultured bacterium Clone LCSA-GLU60  
(98%) 

10 m Actinobacteria 
 
α-Proteobacteria 
Acidobacteria 
Unknown 
bacterium 

2 
 
1 
1 
2 

Streptomyces sp. 322C10 (92%); 
Uncultured Rubrobacteridae bacterium 
clone EB1084 ( 97%) 
α-Proteobacterium AP-21 (86%) 
Bacterium Ellin5258 (86%) 
Uncultured bacterium clone 1894a-17 
(99%); Uncultured bacterium clone 
aab57g07 (90%) 

18 m 
 
 
 
 
 
 

γ-Proteobacteria 
Firmicutes 
 
δ-Proteobacteria 
 
α-Proteobacteria 
Actinobacteria 

1 
2 
 
1 
 
1 
1 

Legionella-like amoebal pathogen (95%) 
Uncultured bacterium,clone AV9-8 (89%); 
Moorella thermoacetica strain ET-5a (84%) 
Desulfobacterium catecholicum strain DSM 
3882 (86%) 
Methylosinus trichosporium (90%) 
Uncultured organism Actinomycete species 
(clone Ep   T1.240) (93%) 

29 m  δ-Proteobacteria 
 
Firmicutes 
 
 
α-Proteobacteria 

2 
 
2 
 
 
2 

Desulfomicrobium apsheronum, strain KB1 
(92%); δ-Proteobacterium LacK9 (90%) 
Candidatus Heliobacillus elongatus, isolate 
JHB2 (94%); Cryptanaerobacter phenolicus 
strain LR7.2 (88%) 
Rhodospirillum rubrum (94%); 
Phaeospirillum sp. MPA1(88%) 
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 According to Table 4.2, the sediment populations mostly comprised of 

members of the Proteobacteria, Actinobacteria and Firmicutes phyla. The phylum 

Acidobacteria was only found in the 10 m sample. Five sequenced DGGE bands from 

the 0 m sample belonged to the phylum Proteobacteria. In contrast, the six sequenced 

bands of the 10 m sample matched with sequences from the phyla Actinobacteria, 

Proteobacteria and Acidobacteria. Members of the 18 m sample yielded three phyla of 

bacteria, namely Proteobacteria, Firmicutes and Actinobacteria. Only the two phyla 

Proteobacteria and Firmicutes were detected for the 29 m sample. The greatest bacterial 

diversity was found in the 10 and 18 m samples whereas the lowest bacterial diversity 

was found in the 0 m sample. SRB belonging to the genera Desulfomonile, 

Desulfococcus, Desulfobacterium, Desulfomicrobium were found in the 0m, 18 m and 

29m samples. No SRB were detected in the 10 m sample. No known FRB were detected 

from the DGGE profiling of benthic sediment. 

4.5 Discussion  

  Low viable counts in FRM, unsuccessful isolation of pure strains of FRB and 

the absence of known FRB in the DGGE profile suggest very low numbers of FRB in 

Lake Kepwari sediments. ‘Ferromicrobium acidophilum’ and Acidiphilium spp. which 

were frequently detected in an abandoned mine site in North Wales, an acidic mine 

drainage in the USA, and AML 111 with pH = 2.7 in Germany (Wenderoth and 

Abraham, 2005) were not discovered in Lake Kepwari. Acidphilum cryptum JF-5 and 

AML 78,  isolated from an acidic coal mine lake with pH < 3 in Germany, reduces 

ferric iron (Kusel et al., 1999; Wenderoth and Abraham, 2005). Under anoxic 

conditions, A. cryptum oxidises glucose, via ferric reduction to produce Fe2+ and CO2 

and increases the pH from 3.2 to 5.8 (Bilgin et al., 2004). Acidithiobacillus ferrooxidans 

and Acidiphilium spp. reduce ferric iron under acidic conditions with sulfur as the 

electron donor (Wendt-Potthoff et al., 2002). Perhaps the higher pH value of Lake 

Kepwari prevented the growth of Acidiphilium spp. in the lake sediments. The sequence 

identities of HP1, HP2 and HP3 indicate they are not SRB. Further study is underway to 

confirm any ability they have to grow via sulfate reduction. 

 In general there was no correlation between the culturable diversity and the 

diversity detected using DGGE profiling. No sequences of Enterobacter spp., 
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Rhizobiales spp. or Micrococcineae spp. were observed in the DGGE profiles. MPN 

results using SRM showed that the 0 m sediment sample had the highest viable count, 

possibly fermenting microorganisms or SRB. This fits well with the sulfide odour 

detected in the 0 m sediment sample during sampling. The sulfide odour was probably 

due to sulfate reduction or a sulphur fermenting process in the littoral sediments where 

organic carbon is available due to surrounding vegetation. Bacteria of Proteobacteria 

phylum were detected at all sample depths. Members of the Proteobacteria phylum are 

commonly found in aquatic or sediment environments including estuarine water, marine 

sediments, soil, brackish water, forest soil, and lake sediments. Members of the δ-

Proteobacteria were detected in three of the four sediment samples using DGGE 

profiling, however, each of the three samples contained different δ-Proteobacteria 

sequences. Low sequence similarity with previously described species makes it difficult 

to determine much about the physiology of these bacteria, however it indicates that the 

sequences belong to known genera of SRB: Desulfomonile, Desulfococcus, 

Desulfobacterium, Desulfomicrobium. Sequences probably represent novel species 

within each genus. The insufficient physiological identification could be advanced by 

using clone libraries and sequencing the whole 16S rRNA gene. More research is 

required to understand the microbial ecology of lake sediments and their potential to 

generate alkalinity by sulfate or ferric reduction.  

4.6 Conclusions 

 Lake Kepwari sediments appear to contain SRB but not FRB. However, the 

abundance of these populations is not known. Members of the SRB population possibly 

represent novel species. The presence of SRB suggests there is potential for exploitation 

of sulfate reduction as a remediation strategy for neutralisation of the acidic lake waters, 

although more research is required to provide a better understanding of the ability of the 

lake sediments to generate alkalinity biologically.  
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5         MICROBIAL IRON REDUCTION IN AN 

ULTRAOLIGOTROPHIC ACIDIC MINE LAKE: 

LABORATORY MICROCOSM EXPERIMENT 

 

Huynh A. Pham1, 2, Carolyn E. Oldham1 and Jason J. Plumb2 
1School of Environmental Systems Engineering, University of Western Australia, 

Crawley, WA, 6009 Australia 
2CSIRO Land and Water, Wembley, WA, 6913 Australia 

 

5.1 Abstract 

 Inhibition of natural alkalinity generation via microbial ferric reduction is 

usually observed in acidic pit lakes. These lakes are typically characterized by low pH 

values of 2 – 4 and high concentrations of iron and sulfate; thus an ultraoligotrophic 

acid pit lake with pH values of 4 – 5 and low iron and sulfate content is unusual, and the 

kinetics of neutralization under dual limitation by both ferric and organic carbon 

appears not to have been studied before. Microbial ferric reducing processes in littoral 

and benthic sediments of an ultraoligotrophic acidic mine lake, Lake Kepwari, a coal 

mine lake in Western Australia were investigated to determine how they influence the 

overlying acidic lake water. Serum bottles were filled with lake sediments/acidic lake 

water and spiked with low or high concentrations of glucose and/or ethanol and ferric 

solutions (as electron donor and electron acceptor, respectively) to stimulate microbial 

alkalinity generation. Under anoxic conditions, it was observed that microbial ferric 

reduction occurred in both littoral and benthic sediments and resulted in a reduction of 

Fe (III) levels in the lake water overtime. The percentage of Fe (III) reduction achieved 

was as high as 100 % in the treatment with both glucose and Fe (III) additions. An 

increase in pH was observed in the lake water; e.g. in the low Fe (III) treatments a pH of 

4.9 was reached after an initial value of 2.5. At ambient temperature (18˚± 2˚C) the rates 

of Fe (II) production in the littoral sediments were approximately 2.2 – 8.7 times higher 

than those in the benthic sediments. The process of glucose oxidation coupled with 

ferric reduction reduced acidity in lake water, produced carbon dioxide, methane and 
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hydrogen sulfide gas. The degradation of glucose resulted in the formation of volatile 

fatty acids including acetic acid, ethanol and butyric acid.  Microbial activities in lake 

sediments were supported due to the availability of both electron donor and electron 

acceptor in lake water and hence, an increase in cell number was observed across all 

treatments. The Monod maximum specific microbial growth rate with respect to 

dissolved organic carbon and ferric,  and determined in batch 

experiments, were 0.07 ± 0.01 and   0.048 ± 0.02  day-1, respectively, and their 

corresponding Monod half saturation constants  and  were 14.37 and 5.6   

mmol L-1. The Monod maximum consumption rate with respect to dissolved organic 

carbon and ferric,  and  were 1.45 10-10 ± 4.66 10-11 and 4.65 10-10 ± 

2.04 10-10 mmol cell-1 day-1, respectively and their corresponding Monod half 

saturation constants  and  were 36.75 and 0.15 mmol L-1. 

5.2 Introduction 

  Cessation of mining for coal, iron ore and metal sulfide minerals may 

ultimately lead to the formation of acidic mine lakes (DeNicola and Stapleton, 2002; 

Akcil and Koldas, 2006; Zhao et al., 2007). Pyrite (FeS2) is the most abundant sulfide 

mineral found in the earth’s crust and is frequently found in coal and metal deposits 

(Baker and Banfield, 2003). Pyrite is quite stable under an anoxic and dry environment; 

however, when pyrite is exposed to both water and the atmosphere, sulfuric acid is 

formed and under low pH conditions, metals such as Fe, Mn, Al and heavy metals from 

the sediments/overburden are dissolved into the water (Evangelou, 1998; DeNicola and 

Stapleton, 2002). The oxidation of pyrite and other sulfide minerals can occur 

chemically and biologically (Christensen et al., 1996; Johnson and Hallberg, 2003; 

Singer and Stumm, 1970). This process is also known as acid mine drainage (AMD) or 

acid rock drainage (ARD) (Akcil and Koldas, 2006). The overall reaction of the 

oxidation of pyrite is expressed as (Frommichen et al., 2003): 

 

FeS2 + 3.75O2 + 3.5 H2O  Fe(OH)3 + 2SO4
2- + 4H+     (5.1) 
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Acidic mine lakes are usually characterized by low pH values of 2 to 4 and 

high concentrations of iron and sulfate as well as other metals (Christensen et al., 1996; 

Bilgin et al., 2005; Akcil and Koldas, 2006). Accordingly, acidic mine lakes which have 

pH values between 4 to 5 and low concentrations of iron and sulfate are considered 

unusual. It should be noted that not all mine lakes are acidic that there could exist some 

neutral or even alkaline mine lakes (Castro and Moore, 2000). This occurs when the 

acidity generated from the pyrite oxidation and other sulfide minerals is neutralized by a 

carbonate source (i.e. carbonate-cemented sedimentary rock, including limestones and 

dolomite) or carbonate veins from the ore body. As a result, the lake water is neutral or 

alkaline for a period of time depending on the quantity of carbonate present.  Once the 

carbonate source is depleted, these lakes will become acidic. There has been extensive 

research on acidity production and biological oxidation of pyrite at acidic mine lakes, 

however, there has been little to date on the kinetics of the chemical and biological 

alkalinity generation in these acidic mine lakes. In particular, the kinetic study of acidic 

lakes which have pH values of between 4 to 5 and low concentrations of iron and sulfate 

appear not to have been examined before.  

  Under anoxic conditions, microbial ferric reduction is stimulated in the 

presence of an organic carbon (OC) source; however, the availability of organic carbon 

in these acidic mine lakes is often limited, therefore the microbial ferric reduction is 

often considerably limited or inhibited. In order to stimulate the biological iron 

reduction successfully, an OC source must be added to the acidic mine lake 

environment. Research studies have been conducted in laboratory studies, constructed 

wetlands and mesocosm studies to examine this hypothesis (Koschorreck et al., 2007). 

The research studies have shown that acidity can be removed from mine lake water 

through the two processes of microbial sulfate reduction and iron reduction (Wendt-

Potthoff et al., 2002). This combined reaction can be shown via the equation below: 

 

15CH2O  +  4FeOOH  +  8SO4
2-  +16H+       15CO2  +  4FeS2 +  25H2O   (5.2) 

 

  Results of microcosm and mesocosm studies have shown that the addition of 

organic carbon sources can stimulate microbial iron and sulfate reduction (Frommichen 

et al., 2004; Fauville et al., 2004; Wendt-Potthoff et al., 2002). Frommichen et al. 
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(2004) showed that upon the addition of Carbokalk (an economical sugar industry by-

product) and wheat straw, the acidity of lake water was consumed and hence alkalinity 

was generated, resulting in pH increasing from 2.6 to 6.5. 

  The Monod, Blackman, Moser, Teissier, Dabes, Powell and Contois models 

have been developed to describe the microbial growth rate as a function of the 

concentration of a growth-limiting substrate (Lendenmann and Egli, 1998; Heijnen and 

Romein, 1995; Hu et al., 2002). Compared to other models, the Monod model has been 

extensively used to illustrate the rate of microbial and chemical process in the 

ecosystem as it describes well the experimental data (Lendenmann and Egli, 1998; Park 

and Jaffe, 1995).   

 The Dual Monod kinetic equation is a model that is used to relate the microbial 

growth rate to the concentration of two substrates (Bae and Rittman 1995). In the acidic 

mine lake environment, anaerobic ferric and sulfate respiration are expected to consume 

the added electron donor (e.g., OC) and added electron acceptors (e.g., iron and sulfate). 

The Dual Monod kinetic equation that shows a relationship between both substrates and 

the specific microbial growth rate is: 

 

       (5.3) 

 

where  is specific microbial growth rate (day-1),  and  are the concentration of 

substrate  and ( mmol L-1),  and  are the substrate saturation constant of  

and  (mmol L-1),  and  is the maximum microbial specific growth rate (day-1).  

  The Dual Monod kinetic equation is also used to predict the rate of substrate 

consumption,   (mmol L-1 day-1). The rate of substrate consumption is expressed as a 

function of maximum specific rate of substrate consumption, microbial biomass, 

concentrations of substrates and the Monod half saturation constants. The substrate 

consumption,  is written as (Vanbriesen et al., 2000): 
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      (5.4) 

 

where  is the maximum specific rate with respect to substrate S (mmol cell-1 day-

1),  is the microbial concentration (cell L-1),  and  are the concentration of 

substrate S and A respectively (mmol L-1),  and  are the half saturation constant 

of the substrate  and    (mmol L-1).  

 The aims of this paper were to (1) determine whether indigenous ferric 

reducing bacteria (FRB) were present in lake sediments of an ultraoligotrophic, acidic 

mine lake with pH values of 4 to 5, (2) investigate their influence on the overlying 

acidic lake water upon the addition of the electron donor (organic carbon) and the 

electron acceptor (ferric), (3) quantify the microbial ferric reduction rate under different 

conditions and finally (4) derive the kinetic parameterizations for iron reduction using 

the Dual Monod kinetic equations for the ultraoligotrophic, acidic mine lake 

environment.  

5.3 Materials and Methods 

5.3.1 Description of the study site and sampling  

 Lake Kepwari, formerly known as WO5B, is situated in the Collie Coal Basin 

region, Western Australia. Lake Kepwari is an abandoned mine void of a former open-

cut coal mine which was in operation from 1970 to 1997. Since dewatering of the mine 

was ceased in 1997, groundwater and surface run-off has flowed into the mine void and 

it has gradually transformed into a mine lake. The lake is approximately 2 x 1 km, has a 

maximum depth of 65 - 70 m and a volume of approximately 24 GL of water in 2005. 

Lake Kepwari also receives additional water from the nearby Collie river (pH = 6.8) 

which is diverted into the lake in winter to regulate the water level. Native Australian 

vegetation has been planted along the shoreline and overburden of Lake Kepwari. 

 Lake Kepwari remains moderately acidic with pH values between 4 to 5, and 

has extremely low concentrations of iron and sulfate. The geological, hydrodynamic and 

chemical characteristics of Lake Kepwari along with an assessment of the internal and 

external controls on lake water quality are described by Salmon et al. (2008). A 
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comparison of Lake Kepwari with some oligotrophic acid mine lakes in Germany 

(Table 5.1) indicates that Lake Kepwari contained the lowest amount of total organic 

carbon (TOC), ferric, total Fe, sulfate, aluminum and calcium. 

 

Table 5.1 A comparison of water chemistry in Lake Kepwari and 
some acidic mine lakes (AML) in Germany (Wenderoth and Abraham, 
2005). Concentrations are in mg L-1. 

 
Lake pH TOC 

 
Fe3+ 

 
Total Fe SO4

2- 
 

Al3+ 
 

Ca2+ 
 

Lake 
Kepwari 

4.5-5 0.8-1.8 0.01-1.6 0.02-2.3 100-110 1.2-1.3 30-32 

AML 75 2.67 5.26 74  815 3.7 170 

AML 107 2.52 5.17 710  3040 58 400 

AML 111 2.7 3.65 130  1330 38 220 

AML 116 2.78 4.73 25  507 2.0 110 
  

 

 The sediment microbial communities in Lake Kepwari at different water 

depths (0 m, 10 m, 18 m and 29 m) were characterized in 2006 using different 

molecular techniques including most probable number (MPN), PCR, PCR-DGGE  by 

Pham et al. (2007). Results demonstrated that known FRB were not detected in all 

sediments samples although sulfate reducing bacteria were present in some samples. A 

low number of anaerobic microbes growing in ferric reducing medium was observed, 

ranging from 1.4 102 to 1.9 103 cells. g-1 wet sediments. This characterisation of 

microbial communities in Kepwari sediments was used as the basis for determining 

whether or not indigenous FRB were crucial in the development of remediation 

strategies for Lake Kepwari. Even though no known FRB were detected in the DGGE 

profile that do not imply they are not present in Lake Kepwari sediments. A possible 

explanation could be the low FRB abundance in the sediments that was below the 

detection limit of PCR-DGGE analysis. 

 Kepwari lake water and Kepwari sediments samples were collected over three 

separate events; in May 2007 (May07), July 2007 (July07) and March 2008 (Mar08). 
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The littoral sediments were collected in May 2007 and March 2008 at GPS location of 

33○27'34S 116○13'59E and the benthic sediments were collected by a Ponar Dregde 

sampler at 19 m water depth in July 2007 at GPS location of 33○27'24S 116○13'50E. A 

distinctive sulphidic odour was detected in the littoral sediments. The samples were 

stored away from sunlight at ambient temperature and transported back to the laboratory 

immediately. Upon arrival, the samples were immediately processed in the anaerobic 

chamber, in preparation for the study of ferric reduction processes in laboratory scale 

microcosms, as described below. 

5.3.2 Source of electron donor and electron acceptor  

 Glucose was used as an electron donor for the iron reduction experiments as it 

has been reported that under anoxic conditions, the iron reducers,  Acidiphilium cryptum 

use glucose, produce Fe2+ and CO2 and increase the water pH from 3.2 to 5.8 (Bilgin et 

al., 2004). Glucose, ethanol and ferric sulfate were prepared as anaerobically filter-

sterilized stock solutions with glucose concentration of 90 g L-1 and ferric sulfate 

concentration of 321.2 g L-1. Glucose/ethanol and ferric were used as the electron donor 

and electron acceptor, respectively. 

5.3.3 Microcosm construction 

 To maintain anoxic conditions, the microcosms were constructed in the 

anaerobic chamber (Coy Laboratory Products). 20 g of lake sediments were weighed 

and placed into 100 mL anaerobic-sterile serum bottles, followed by the addition of 80 

mL of the Kepwari lake water using a 25 mL sterile pipette. Each serum bottle was then 

capped with a butyl rubber stopper and an aluminium crimp before being taken out of 

the anaerobic chamber. All serum bottles were then injected with glucose (Glu), ethanol 

(Eth), and ferric sulfate (Fe) using sterile syringes and needles. Different treatments 

were set up by varying the concentrations of glucose, ethanol and ferric (Table 5.2).  
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Table 5.2 Treatments of the ferric reduction microcosm study. Each 
treatment was set up in triplicate. 

 

Treatments [Carbon] 
in 

Glucose  (mmol L-1) 

[Ferric] 
(mmol L-1) 

[Carbon] 
in 

Ethanol (mmol L-1) 

Control (untreated)    

Low Glu Low Fe 30 16  

High Glu Low Fe 75 16  

Low Glu High Fe 30 40  

High Glu High Fe 75 40  

Low Glu Low Eth 30  120 

High Glu High Eth 75  300 

Low Fe  16  

High Fe  40  

Sodium Azide    
 

 

 Each microcosm (treatment) was labeled according to the level of added 

substrates (whether low or high) and each treatment was prepared in triplicate. 

Untreated microcosms served as controls. Microcosms were incubated at temperatures 

similar to ambient field conditions; the May07 and July07 microcosms (collected in the 

southern hemisphere winter) were incubated at room temperature (18°C ± 2) for 48 days 

and 72 days, respectively, whilst the Mar08 microcosms (collected in the summer) were 

incubated at 30°C ± 2 for 36 days. To investigate whether the iron reduction occurred 

biotically or abiotically, sodium azide (2 % w/v) was used to deactivate biological 

activity within the microcosms containing littoral sediments and these microcosms were 

incubated for 72 days. All microcosms were shaken daily to diffuse the chemical 

species evenly throughout the lake water phase.  
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5.3.4 Water sampling and analytical methods: 

 During the incubation, water samples from the bottles were withdrawn using 

sterile syringes and needles. A number of chemical and biological parameters were 

measured during the incubation. Sampling for ferrous analysis was performed daily 

during the May07 and the July07 experiments for a period of 20 days and 22 days, 

respectively and thereafter, it was measured on a weekly basis. During the Mar08 

experiment, water was sampled on a weekly basis for a period of 36 days. 

 Ferrous ions in the water samples were determined by using the 1,10 

phenanthroline method with HACH ferrous reagent and a Unicam Helios Epsilon 

spectrophotometer (wavelength of 510 nm). Dissolved organic carbon (DOC) was 

determined using the combustion/non-dispersive infrared gas analysis method on a 

Shimadzu TOC 5000A organic carbon analyzer. To measure Fetot in lake water, the 

samples were acidified and digested with nitric and hydrochloric acid to release 

organically or inorganically bound iron and the samples were then introduced to an 

inductively coupled plasma atomic emission spectrophotometer (Varian ICP-AES). The 

pH of the water samples was determined using a SentixH electrode (WTW, Germany) 

and the redox potential (Eh) of the water was monitored using a SentixORP electrode 

(WTW, Germany). Microbial biomass in the sediments was measured at the start and 

end of the experiment using the phospholipid-P method (Findlay et al., 1989) and the 

direct cell count was enumerated using a Helber counting chamber and a phase contrast 

microscope at 1000  magnification. During the Mar08 experiment, glucose 

consumption was measured using a Glucose Assay Kit (Sigma). Volatile fatty acids 

(VFAs) including acetic acid, propionic acid and butyric acid were determined using 

gas chromatograohy (FID 6890). A 1-propanol solution was used as an internal standard 

in the analysis of VFAs. Alkalinity was also determined by titrating the treated lake 

water with hydrochloric acid solution with a concentration of either  0.02 M or 0.2 M 

until the pH value of the lake water equaled the pH measured on day 1 (APHA, 1998). 

To quantify the formation of carbon dioxide, methane and hydrogen sulfide gas in the 

microcosms, the microcosm headspace gas was withdrawn and analyzed weekly using a 

GC MS 6890 S975 inert XLMSD.  
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5.4 Results  

5.4.1 Changes in ferrous production (ferric reduction) 

 Increased ferrous concentrations were measured during all treatments (Figs. 

5.1 - 5.6) indicating that ferric reduction was occurring in all environments. The rate of 

production of ferrous ions varied in time and across the microcosms; analysis of the 

trends give indications of the controls on the reduction process. During the first 10 days 

of the May07 experiment (Fig. 5.1), similar amounts of ferrous were produced on a 

daily basis among the low ferric treatments and the high ferric treatments irrespective of 

whether the treatments contained organic carbon. However, after 10 days, the treatments 

with glucose and low iron had higher levels of ferrous produced compared to the 

treatments with low ferric but no glucose. Similarly, the treatments with glucose and 

high ferric addition had more ferrous produced than the treatment with high ferric but 

no glucose. High conversion levels (78 - 100%) of ferric to ferrous were observed in all 

incubations with Fe and glucose additions (Fig. 5.4). In contrast, low conversion rates 

(32 – 50%) were observed in incubations without glucose additions. Addition of glucose 

alone increased ferrous concentrations relative to the controls while ferrous production 

in the sodium azide treatments was inhibited.  

 The production of ferrous differed between the littoral sediments and the 

benthic sediments. Although ferric reduction occurred in the benthic sediments (as 

evidenced by the increase in ferrous concentration over time, (Fig. 5.2); only 44 to 53 % 

conversion of ferric was achieved in all treatments, whether the glucose and ferric 

additions or the ferric only addition (Fig. 5.5). During the 72 days, similar amounts of 

ferrous were produced per day in these treatments regardless of whether or not the 

treatment had glucose additions. Low conversion level of ferric to ferrous (44 – 53%) 

was observed in benthic sediment microcosms containing low/high ferric additions with 

or without glucose addition. Ferric reduction was also observed in the controls and the 

microcosms containing glucose addition alone.  

 During the first 15 days of incubation, the Mar08 Low Glu High Fe 

microcosms with littoral sediments incubated at 30˚C had higher amounts of ferrous 

produced than that of the May07 Low Glu High Fe microcosms with littoral sediments 

incubated at ambient temperature. However, from day 15 onwards, the ferrous in the 
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Mar08 Low Glu High Fe treatments was not increased further whereas ferrous was 

continuously increased in the May07 Low Glu High Fe treatments. Accordingly, by day 

36, only 68 % reduction of ferric was observed in the Mar08 Low Glu High Fe 

treatments (Fig. 5.6).  

 

 

 

Figure 5.1 Water column ferrous concentrations over the duration of 
the May07 littoral sediment incubations at ambient temperature. 
Presented values are the averages (± S.D) of triplicate microcosms. 
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Figure 5.2 Water column ferrous concentrations over the duration of 
the July07 benthic sediment incubations at ambient temperature. 
Presented values are the averages (± S.D) of triplicate microcosms. 

 

Figure 5.3 Water column ferrous concentrations over the duration of 
the Mar08 littoral sediment incubations at 30˚C. Presented values are 
the averages (± S.D) of triplicate microcosms. 
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Figure 5.4 Conversion of water column ferric to ferrous 
concentrations in the May07 littoral sediment incubations.  

 

Figure 5.5 Conversion of water column ferric to ferrous 
concentrations in the July07 benthic sediment incubations.  

 



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 84 

     

 

Figure 5.6 Conversion of water column ferric to ferrous 
concentrations in the Mar08 littoral sediment incubations. 

 

5.4.2 Changes in DOC 

  In the May07 littoral sediment incubations DOC consumption was observed in 

the control treatments and the treatments which contained both glucose and ferric 

additions (Fig. 5.7). DOC concentrations in the treatments which had organic carbon 

additions alone varied among the three replicates. A decrease in DOC concentration in 

the control treatments was observed while there was a small increase in DOC 

concentration (3.3 ± 0.2 to 5.4 ± 0.1 mmol L-1) in the sodium azide treatment. 

 In the July07 benthic sediment incubations that had both glucose and ferric 

additions or ferric addition alone, DOC concentrations decreased over the 72 day 

experiment (Fig. 5.8). A decline in DOC concentration was also detected in the Low 

Glu Low Eth and High Glu High Eth microcosms.  

 DOC concentrations in the Mar08 control incubations containing littoral 

sediments increased slightly over the 36 days period (2.7 ± 0.3 mmol L-1) whilst a 

decrease in DOC concentration (15 ± 4.7 mmol L-1) in the Mar08 Low Glu High Fe 

treatments was detected. 
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Figure 5.7 Water column DOC concentrations in the May07 littoral 
sediment incubations. Presented values are the averages (± S.D) of 
triplicate microcosms except for those of the May07 Low Glu Low Eth 
and High Glu High Eth treatments in which the DOC trend of each 
microcosm was plotted. 

 

Figure 5.8 Water column DOC concentrations in the the July07 
benthic sediment incubations. Presented values are the averages (± 
S.D) of triplicate. 
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5.4.3 Changes in microbial biomass and direct cell count in sediments 

5.4.3.1 Microbial biomass measured by phospholipid - P 

 In general the microbial biomass in the benthic sediments was higher than in 

the littoral sediments (Figs. 5.9 – 5.12). Microbial biomass differed slightly among the 

May07 treatments (Figs. 5.9 and 5.10). On day 48, the Low Glu High Fe treatments had 

the highest microbial biomass of 2.2 109 ± 1.2 108 cell mL-1. Although the microbial 

activities in the sodium azide treatment should have been inactive, nevertheless the 

experimental data indicated a final concentration of 7.1 108 ± 3 108 cell mL-1. 

 In contrast, the microbial biomass in the benthic sediments were in the range of 

8.3 108 ± 6.5 107 to 4.9 109 ± 2.8 109 and 7.5 108 ± 4.7 108 to 4.7 109 ± 4.7 109 

cell mL-1 on the 22th and the 72th day, respectively (Figs. 5.11 and 5.12). Lowest and 

highest microbial biomass in benthic sediments on day 22 were observed in the controls 

and Low Glu High Fe treatments, respectively. However, insignificant difference in 

microbial biomass was observed between treatments on day 72.  
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Figure 5.9 Microbial biomass by day 20 of the May07 littoral 
sediment incubations determined using phospholipid - P analysis, 
except for those of sodium azide incubations that were analyzed on 
day 22. Presented values are the averages (± S.D) of triplicate 
microcosms. 
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Figure 5.10 Microbial biomass by day 48 of the May07 littoral 
sediment incubations determined using phospholipid - P analysis, 
except for those of sodium azide incubations that were analyzed on 
day 72. Presented values are the averages (± S.D) of triplicate 
microcosms. 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

89 

 

Figure 5.11 Microbial biomass by day 22 of the July07 littoral 
sediment incubations determined using phospholipid - P analysis. 
Presented values are the averages (± S.D) of triplicate microcosms. 
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Figure 5.12 Microbial biomass by day 72 of the July07 littoral 
sediment incubations determined using phospholipid - P analysis. 
Presented values are the averages (± S.D) of triplicate microcosms. 

 

5.4.3.2 Direct cell counts 

 The bacterial cell number in the benthic sediments in all treatments increased 

until day 60 and then decreased towards the end of the experiment (Fig. 5.13). During 

the first 18 days, the same order of magnitude of cells was detected for all treatments. 

However, from day 18 onwards, the variation in bacterial growth among treatments 

became more obvious. Both the Low Glu Low Eth and High Glu High Eth treatments, 

which received a higher OC addition compared to other treatments had a higher value of 

cell count of 8.3 107 ± 2.2 107  and 8.5 107 ± 2 107 cell mL-1, respectively by day. 

The incubations containing high ferric and glucose additions (i.e. Low Glu High Fe and 

High Glu High Fe) had higher cell numbers compared to the treatments with high iron 

but no glucose additions. Cell numbers in the control treatments increased slightly 

during the first 32 days and thereafter remained within the range of 1 107 - 2 107 cell 

mL-1. 
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 Similarly, with the Mar08 littoral sediments incubations, the Low Glu High Fe 

treatments contained more bacteria than that of the control treatments (Fig 5.14). The 

cell numbers in the control treatments increased slowly during the first 32 days when a 

maximum bacterial concentration of 9.3 107 ± 7.6 106 cell mL-1 was observed. In 

contrast, the growth curve of the Low Glu High Fe treatments increased from day 1 to 

day 29 and then decreased towards the end of the experiment.  Maximum bacterial 

numbers of the Low Glu High Fe treatments was found at a concentration of 2.3 108 ± 

9.8 106 cell mL-1. 

 

Figure 5.13 Cell numbers in the July07 benthic sediments 
incubations, as determined by direct cell counts method. Presented 
values are the averages (± S.D) of triplicate microcosms. 
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Figure 5.14 Cell numbers in the Mar08 littoral sediment incubations, 
as determined by direct cell counts method. Presented values are the 
averages (± S.D) of triplicate microcosms. 

 

5.4.4 Changes in redox potential 

 The redox potential (Eh) of all microcosms containing the benthic sediments 

decreased overtime from positive values to negative values (Fig. 5.15). The initial Eh of 

the microcosms which had ferric additions were in the range of 381 to 404 mV and their 

final Eh was in the range of - 32 to - 234 mV. On the other hand the initial Eh of the Low 

Glu Low Eth and High Glu High Eth treatments which had only OC addition had an 

initial Eh of 63 and 54 mV respectively and by day 72, their final  Eh was observed to be 

- 270 and - 251 mV. Out of these microcosms, the High Glu High Fe treatments had the 

highest Eh (- 32 mV) and the Low Glu Low Eth treatment had the lowest Eh (- 296.7 

mV). A final negative Eh (- 110.9 mV) was also detected in the control treatment. 

 Similarly, Eh of the Mar08 control and Low Glu High Fe incubations also 

decreased overtime and their final Eh values were - 80.8 and - 186 mV, respectively (Fig 

5.16) . 
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Figure 5.15 Water column redox potential in the July07 benthic 
sediment incubations. Presented values are the averages (± S.D) of 
triplicate microcosms. 

 

 

Figure 5.16 Water column redox potential in the Mar08 littoral 
sediment incubations. Presented values are the averages (± S.D) of 
triplicate microcosms. 
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5.4.5 Changes in total iron 

 Total iron concentrations in the July07 incubations increased over the 

experiment (Fig. 5.17). The control treatments had the smallest increase in total Fe 

concentration (0.3 ± 0.04 mmol L-1 over the experiment). Across the incubations 

containing the low iron addition, those treatments with higher glucose addition (High 

Glu Low Fe) had a higher increase in total Fe compared to treatments with the low 

glucose or no glucose addition (Low Glu Low Fe and Low Fe). Amongst the 

incubations containing high iron addition, the higher glucose incubations had the greater 

increase in total Fe concentrations.  Out of all treatments, the High Glu High Eth 

treatments had highest increase in total Fe concentration.  

 Total iron concentrations in the Mar08 control incubations appeared to remain 

unchanged (0.6 ± 0.1 mmol L-1) while an increase in total iron concentration (7.2 ± 3.6 

mmol L-1 in the Mar08 Low Glu High Fe incubations was detected. 

 

Figure 5.17 Water column total iron concentrations in the July07 
benthic sediment incubations. Presented values are the averages (± 
S.D) of triplicate microcosms. 
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5.4.6 Degradation of glucose and production of volatile fatty acids 

 During the Mar08 incubations, volatile fatty acids (VFA) were determined as 

intermediate products of glucose degradation (Figs. 5.18 and 5.19).  Specifically 

production of ethanol, acetic acid, and butyric acid were detected. However, the 

formation of propionic acid was not detected during the incubation.  

 

Figure 5.18 Water column glucose concentrations during the Mar08 
Low Glu High Fe incubations. Presented values are the averages (± 
S.D) of triplicate microcosms. 
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Figure 5.19 Concentrations of water column volatile fatty acids 
(acidic acid, propionic acid and butyric acid) during the Mar08 Low 
Glu High Fe incubations. The formation of ethanol was also detected 
during the degradation of glucose. Presented values are the averages 
(± S.D) of triplicate microcosms. 

 

5.4.7 Microcosm headspace gas production 

 At the end of the July07 experiment the headspace gas of each treatment was 

analyzed in duplicate to determine whether hydrogen sulfide had been produced. 

Hydrogen sulfide gas was detected in the High Glu Low Fe, Low Glu High Fe and High 

Glu High Fe treatments (Table 5.3). Hydrogen sulfide gas did not form in the Low Glu 

Low Fe treatment. The formation of H2S gas was not detected in the control treatment 

and sodium azide treatment. Moreover, H2S production was not observed in the 

treatments which had only one substrate addition. 
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Table 5.3 Analysis of headspace gas for the production of hydrogen 
sulfide. Analysis was performed in duplicate for each treatment. 

 
Treatments H2S formation 

Control No 

Low Glu Low Fe No 

High Glu  Low Fe Yes 

Low Glu High Fe Yes 

High Glu High Fe Yes 

Low Glu Low Eth No 

High Glu High Eth No 

Low Fe No 

High Fe No 

*Sodium Azide No 

 

*The sodium azide treatment contained littoral Kepwari sediments. Other treatments 

without the asterisk contained benthic Kepwari sediments. 

 

 The microcosm headspace gas analysis also indicated carbon dioxide gas was a 

major product during glucose oxidation and ferric reduction in the Mar08 Low Glu 

High Fe incubations (Fig 5.20) and it was also the major product in the control 

treatment (Fig. 5.21). Methane and hydrogen sulfide gas were also produced in the Low 

Glu High Fe and the control treatments; however their concentrations were below 32 

mmol L-1.  
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Figure 5.20 Gas chromatographic analysis of microcosm headspace 
gas of the Mar08 Low Glu High Fe incubations containing littoral 
sediments. Presented values are the averages (± S.D) of triplicate 
microcosms. 

 

 

Figure 5.21 Gas chromatographic analysis of microcosm headspace 
gas of the Mar08 control incubations containing littoral sediments. 
Presented values are the averages (± S.D) of triplicate microcosms. 
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5.4.8 Changes in pH 

 The pH of all treatments which had both glucose and ferric addition increased 

significantly (Figs. 5.22 – 5.24). Also, in the May07 and July07 incubations, treatments 

with ferric additions alone showed significant increases in pH. Interestingly, the pH in 

treatments with no ferric additions increased steadily to pH 6.3 for a short period from 

day 1 to day 22 and then decreased again. The pH of the control incubations also 

increased.  

 

 

Figure 5.22 Water column pH measurements during May07 littoral 
sediment incubations. Presented values are the averages (± S.D) of 
triplicate microcosms.  
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Figure 5.23 Water column pH measurements during July07 benthic 
sediment incubations. Presented values are the averages (± S.D) of 
triplicate microcosms.  

 

 

 

Figure 5.24 Water column pH measurements during Mar08 littoral 
sediment incubations. Presented values are the averages (± S.D) of 
triplicate microcosms.  
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5.4.9  Alkalinity production 

 The alkalinity produced from glucose oxidation coupled with the reduction of 

ferric in the Low Glu High Fe treatment increased gradually from an initial value of 1.5 

± 0.1  mmol L-1 to a final value of 6.1 ± 0.5 mmol L-1 by day 36 (Fig. 5.25). A slight 

increase in alkalinity (0.4 mmol L-1) was detected in the control treatment during the 36 

day period. 

 

Figure 5.25 Water column alkalinity measured in the Mar08 control 
and Low Glu High Fe incubations. Presented values are the averages 
(± S.D) of triplicate microcosms.  

 

5.5 Kinetic parameter estimation 

5.5.1 Rate of ferrous production 

 The maximum ferrous production rate (ferric reduction rate) per day was 

determined during the rapid conversion phase of ferric to ferrous and the average rate 

was determined as the difference between the initial and the final concentration of 

ferrous, over the time period from day 1 to the day when ferrous concentrations did not 

increase any further (Table 5.4). The estimated maximum iron reduction rates in the 

littoral sediment incubations were approximately 2.2 – 8.7 times higher than those in the 

benthic sediment incubations. In both the littoral and benthic sediment incubations, 
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higher maximum rates were observed in the microcosms containing the high iron with 

glucose treatments. In general, the average ferrous production rate per day across all 

treatments containing the littoral sediments was higher (1.5 to 3.5 times) than those 

containing the benthic sediments. 

 

Table 5.4 Rates of ferrous formation in the littoral (May07 and Mar08) 
and benthic (July07) sediment incubations. Rates are expressed as 
maximum rates and average rates. 

 
Treatments Rate of Fe(II) 

formation 
May07 

(mmol L-1 day-1) 
 
Max rate; Ave rate 

Rate of Fe(II) 
formation 

July07 
(mmol L-1 day-1) 

 
Max rate; Ave rate 

Rate of Fe(II) 
formation 

Mar08 
(mmol L-1 day-1) 

 
Max rate; Ave rate 

Low Glu Low Fe 0.93       ;    0.21 0.16       ;    0.08  

High Glu Low Fe 0.95       ;    0.23 0.14       ;    0.09  

Low Glu High Fe 1.57       ;    0.77 0.45       ;    0.22 1.81        ;    0.11 

High Glu High Fe 1.49       ;    0.74 0.68       ;    0.21  

Low Fe 1.02       ;    0.04 0.12       ;    0.08  

High Fe 0.73       ;    0.34 0.26       ;    0.22  
 

 

5.5.2 Stoichiometric equation for ferric reduction and glucose 

oxidation 

 Glucose and ferric were used as the electron donor and the electron acceptor in 

the incubations. A chemical equation coupling glucose oxidation to the reduction of 

ferric reduction was given by Bilgin et al. (2005) as: 

 

C6H12O6  +  24Fe(OH)3  +  48H+  6CO2  +  24Fe2+ +  66H2O    (5.5) 
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Eq. 5.5 shows that for every 1 mole of glucose oxidized and 24 moles of ferric 

hydroxide reduced, 24 moles of ferrous ions are produced. This process consumes 48 

moles of acidity and produces 6 moles of carbon dioxide gas. 

 Based on the molar ratio from the theoretical stoichiometric equation, the DOC 

consumption was calculated and compared with the experimentally determined 

consumption of DOC overtime (Table 5.5).  

 The calculation indicated the organic carbon in the May07 littoral incubations, 

the Low Glu Low Fe, High Glu Low Fe, Low Glu High Fe and High Glu High Fe 

treatments was used approximately at a 15.8, 10.7, 4.9 and 2.4 times, respectively, 

higher than what it was expected to be consumed. 

 Similarly in the July07 benthic sediment incubations, DOC consumption in the  

the Low Glu Low Fe, High Glu Low Fe, Low Glu High Fe and High Glu High Fe 

treatments were 7.5, 11.6, 2.5 and 4.2 times the predicted amount. 

 Results of the Mar08 Low Glu High Fe incubations showed DOC was used at 

a 2.7 times higher than what it was theoretically. Moreover, the theoretical 

stoichiometry predicted that 0.9 mmol L-1 of glucose would be consumed when 21.8 

mmol L-1 of ferric converted to ferrous simultaneously. However, the analysis of 

glucose indicated 1.28 mmol L-1 of glucose was used and that confirmed more glucose 

was used during the iron reduction process. 
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Table 5.5 Summary of experimental DOC consumption and DOC 
consumption calculated based on the theoretical stoichiometric 
equation in treatments under dual limitation by both ferric and organic 
carbon. Concentrations are in mmol L-1. 

 

Treatments Experimental 
Fe (II) 

production 

Theoretical 
stoichiometric 

DOC 
consumption 

Experimental 
DOC 

consumption 

May07 Low Glu Low Fe 10.1 2.5 39.4 

May07 High Glu Low Fe 11.5 2.9 31.1 

May07 Low Glu High Fe 37.1 9.3 46.1 

May07 High Glu High Fe 35.6 8.9 21.6 

July07 Low Glu Low Fe 5.4 1.3 9.7 

July07 High Glu Low Fe 6.8 1.7 19.8 

July07 Low Glu High Fe 15.9 3.9 9.7 

July07 High Glu High Fe 15.2 3.8 15.9 

Mar08 Low Glu High Fe 21.9 5.5 14.9 

 

 

5.5.3  Dual Monod kinetic parameterizations  

 Using the data of the ferrous production, DOC consumption and microbial cell 

count, the Monod kinetic parameters including specific microbial growth rate with 

respect to organic carbon and ferric,   and were calculated  (Figs. 5.26 and 

5.27). The data suggests the specific microbial growth rate in lake sediments increased 

with increasing DOC concentrations up to 74.9 mmol L-1; however when the DOC 

concentration was greater than 74.9 mmol L-1, the specific microbial growth rate 

declined. The specific growth rate was almost the same at both low and high ferric 

concentrations. The specific consumption rates of DOC,  also increased with 
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initial OC additions (Fig. 5.28). In contrast, the specific ferric consumption rates,  

were not significant different for the low and high ferric additions (2.49 10-10 ± 

6.21 10-11 and 4.65 10-10 ± 2.04 10-10 (mmol cell-1 day-1)). These Monod kinetic 

parameters are summarized in Table 5.6.  

 

Table 5.6 Summary of Monod kinetic parameters for an oligotrophic, 
acidic mine lake with lake water pH value of 4 – 5. 

 
Monod 

kinetic parameters 
Value  

   ;      0.07 ± 0.01 (day-1)    ;    14.37 (mmol L-1) 

  ;     0.048 ± 0.02  (day-1)   ;    5.6   (mmol L-1) 

   ;     1.45 10-10 ± 4.66 10-11 (mmol cell-1 day-1);  36.75 (mmol L-1) 

  ;     4.65 10-10 ± 2.04 10-10 (mmol cell-1 day-1);   0.15 (mmol L-1) 

 

 

 

Figure 5.26 Specific microbial growth rates with respect to DOC as a 
function of the initial DOC additions in benthic lake sediments under 
dual limitation conditions. Presented values are the average of the 
triplicates of a single treatment or the average of treatments which 
contained the same amount of DOC additions (± SD). 
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Figure 5.27 Specific microbial growth rates with respect to ferric as a 
function of the initial ferric additions in benthic lake sediments under 
dual limitation conditions. Presented values are the average of the 
triplicates of a single treatment or the average of treatments which 
contained the same amount of ferric additions (± SD). 

 

 

 

Figure 5.28 DOC consumption rate is expressed as a function of the 
initial OC additions under dual limitation conditions. Presented values 
are the average of the triplicates of a single treatment or the average 
of treatments with the same amount of DOC additions (± SD). 
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5.6 Discussion 

 The experimental data of the May07, July07 and Mar08 demonstrated that 

under anaerobic conditions, ferric reduction occurred; there was an increase in ferrous 

concentrations over time in both the littoral and the benthic sediments, across all 

treatments. Ferric reduction was also observed visually in all bottles containing ferric 

additions; the overlying lake water turned from a dark orange-red color to a colourless 

solution. In addition, a black precipitate formed around the inner wall of the bottles, 

most likely ferrous sulfide. No ferrous production was observed in the sodium azide 

treatments suggesting that ferric reduction in all other treatments resulted exclusively 

from microbial activity.  

 Microbial ferric reduction in the littoral sediments in the May07 incubations 

occurred rapidly. Microbial ferric reduction was detected 2 days after the addition of 

glucose and ferric solutions. Similar results were observed in acidic lake sediments in 

Mining Lake 111 but only after 7 days (Wendt-Potthoff et al., 2002). The May07 data 

suggests that without organic carbon additions to the water column, microbial iron 

reduction occurred at a lower rate. The results clearly indicate that for the littoral 

sediments, organic carbon plays a very important role in the microbial iron reduction 

process. In contrast the benthic sediments showed no significant increase in ferrous 

production after OC addition. Similar rates of ferrous production were observed in all 

treatments and this suggests that the population of FRB did not vary significantly across 

treatments. The direct cell counts were also consistent across all treatments. It is 

possible that other strains of microorganisms in the anoxic benthic sediments 

outcompeted the FRB (e.g. fermenting bacteria, SRB, denitrifiers, methanogens) or the 

benthic sediments contained some inhibitor compounds that hindered the growth of 

FRB. It is possible that the benthic sediments in general contained a higher metal 

content (Chapter 3) compared to that in littoral sediments and that possibly restricted the 

growth of FRB in benthic sediment incubations. Towards the end of the experiment, the 

cell count number decreased probably due to limitation by trace nutrients. 
 The rate of ferrous production in the littoral sediments was greater than in the 

benthic sediments, this suggests that there were more FRB in the littoral sediments than 

that in the benthic sediments. Note that the littoral and benthic sediments were sampled 
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at different times (May07 and July07) however both these samplings took place during 

the winter period when there was no major variation in the geochemistry of lake water 

as the lake was completely mixed. The littoral sediments contained slightly higher 

organic matter content than that in the benthic sediments; probably due to the littoral 

sediments proximity to native vegetation growing along the shore of the lake. The 

decomposition of dissolved organic matter in the littoral sediments likely stimulated the 

growth of FRB. Future studies are needed to confirm whether the dissolved organic 

matter from the degradation of surrounding vegetation does indeed stimulate the growth 

of FRB in the littoral sediments and whether the microbial communities change 

seasonally. In summer the lake is thermally stratified, higher temperatures are 

experienced at the surface of the lake compared to that in the benthos and major 

differences in water chemistry occur with water depth (including dissolved oxygen, 

chlorophyll a, and nutrients) and may effect the sediment microbial diversity in both the 

littoral sediments and the benthic sediments. 

 The Mar08 ferric reduction experiment showed FRB were still present in the 

littoral sediments at the beginning of autumn when ambient temperatures (and 

experimental incubations temperatures reached 30˚C). Over the duration of the Mar08 

experiment, a lower ferric to ferrous conversion was observed compared to the winter 

rates. Interestingly a higher cell count was observed in the Mar08 experiment, yet the 

ferric conversion was lower suggesting possibly a reduced FRB population. It is 

possible that during the incubation at the elevated temperatures, other microorganisms 

outcompeted FRB and thus less ferrous was produced over time despite an increased 

cell count. 

  The ferrous formation rates ranged from 0.14 – 1.81 mmol L-1 day-1 under 

dual limitation by both organic carbon and ferric (Table 5.4)  and are comparable to 

those measured in acidic iron-rich mine lake sediments (0.833 mmol L-1 day-1) after 

addition of glucose (Kusel and Dorsch, 2000). Our ferrous formation rates are also 

comparable to those measured at acidic Mining Lake 111 (ML 111) (in Germany) 

(Wendt-Potthoff et al., 2002); an iron reduction rate of 3.5 mol m2- yr-1 (0.96 mmol L-1 

day-1) was observed in the field and a rate of 25.3 mol m2- yr-1 (6.93 mmol L-1 day-1)  

was observed in a batch assay under laboratory conditions. Possible causes of the 

variations in rates across sites include differences in sediment microbial diversity, the 
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addition of different substrates, the incubation temperature and the time course of the 

experiment. Note that our experiment was performed on a shorter time scale. The 

maximum ferrous production rates were not likely to be underestimated as they were 

calculated during the rapid increase of ferrous concentrations, when secondary 

formation of Fe(II) minerals was not likely to occur. However the average ferrous 

production rates could have been underestimated as there was a possibility that 

secondary Fe(II) minerals (e.g. siderite and iron sulfide) formed later in the incubations. 

 Microbial iron respiration occurred in the presence of an organic carbon 

source. The simultaneous consumption of OC and the reduction of ferric ions during 

incubations indicate that the microbes were consuming both OC and ferric and as a 

result microbial biomass was generated.  In some treatments, the final concentration of 

DOC was higher at the end of the experiment than its initial concentration, presumably 

due to the death of the microbes by the end of the experiment as observed in Figures 

5.13 and 5.14, thus resulting in an increase in DOC. Ethanol, acetic acid and butyric 

acid were formed as intermediate products during glucose degradation process. Other 

intermediate products such as lactic acid and pyruvic acid can also be formed during the 

biodegradation of glucose however in this study only ethanol, acetic acid, propionic acid 

and butyric acid formation were analyzed. Similar results were found in a study of the 

treatment of acid mine water by sulfate reducing bacteria (Christensen et al., 1996); 

VFAs including acetic acid, propionic acid and butyric acid were formed during the 

degradation of organic carbon (whey) and acetic acid was formed at higher 

concentration compared to the other two acids. In our experiments, during the 

decomposition of glucose, acetic acid was produced at higher concentrations compared 

to butyric acid. Ethanol and butyric acid had been consumed completely 2 weeks after 

they were formed, whilst acetic acid was consumed completely 3 weeks after it was 

formed. This indicated there were microorganisms in Lake Kepwari sediments that were 

capable of consuming ethanol, butanoate and acetate. It had been reported that acetic 

acid can enhance algal growth in Lake Grunewalde water (in Germany) (Fyson et al., 

2006), hence it is possible that the formation of acetic acid in Lake Kepwari water 

during incubations may have stimulated the generation of OC from primary production. 

 As mentioned previously, the microbial biomass analyzed by using 

phospholipid-P protocol indicated that there was a higher microbial biomass in the 



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 110 

     

benthic sediments than in the littoral sediments and the difference in microbial biomass 

among treatments was insignificant in the benthic sediments. Although the 

phospholipid-P method is widely used for the estimation of microbial biomass in 

environmental samples, the phospholipid-P method measures the lipid-bound phosphate 

in fungi and protozoa as well was in bacteria (Boetius and Lochte, 1996). Petersen et al. 

(1991) reported that fungi may constitute 60 to 80 % of microbial biomass in sediments. 

Planktonic and benthic taxa including Chlamydomonas sp. (Chlorophyta), Eunotia 

exigua (Bacillariophyta) and Euglena mutabilis have always been found in extremely 

acidic waters (Nixdorf et al., 2001). Hence the population of FRB among treatments 

should not be assumed from the results of the phospholipid-P analysis. In addition, 

some strains of microorganisms grew in chains and each sediment sample contained a 

mixed culture in which some microbial communities were tightly attached. Thus during 

the direct cell counting, these communities were not quantitatively counted individually 

under the microscope at 1000  magnification. Hence, the cell count number could have 

been underestimated. This is supported by comparing the direct cell count (Fig. 5.13) 

and microbial biomass obtained from phospholipid-P method (Figs. 5.11 and 5.12). A 

higher concentration of microbial biomass was detected in the phospholipid-P than that 

in the direct cell count. However, the phospholipid-P method provided information on 

the active microbial communities within the microcosms. 

 The microbial glucose oxidation and ferric reduction processes produced 

carbon dioxide as expected, but also methane and hydrogen sulfide gas, indicating that 

methanogenesis and sulfate reduction process also occurred during the incubations. 

Similarly, the study in acidic Mining Lake 111 showed sulfate and ferric reduction 

occurring concurrently in lake sediments and the two processes resulted in the 

generation of alkalinity (Wendt-Potthoff et al., 2002). The Kepwari sediments used in 

the incubations contained a mixed culture and it is likely that sulfate reducing bacteria 

as well as methanogens were present in lake sediments.  The anaerobic conditions and 

the availability of OC and sulfate supported the growth of sulfate reducers, 

methanogens and possibly also other anaerobic microorganisms. Carbon dioxide gas 

increased gradually from day 1 to day 29 but decreased dramatically thereafter. A 

possible explanation is that SRB may then have dominated, which could use carbon 

dioxide gas as a sole carbon source for growth (Klemps et al., 1985; Min and Zinder, 
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1990). Moreover, Thauer and Shima (2006) showed that carbon dioxide can also be 

produced from the anaerobic oxidation of methane coupled with sulfate reduction, 

resulting in a decrease in acidity (CH4 + SO4
2- + H+  CO2 + HS- + H2O).  

 The pH value of littoral and benthic sediment incubations increased except 

the OC amended microcosms (Low Glu Low Eth and High Glu High Eth). The high OC 

additions were likely not consumed completely during the incubations and were 

transformed into VFAs, hence a decline of lake water pH value was observed over time. 

Triplicate pH values of treatments over the time course of the experiment were 

compared simultaneously through Analysis of Variance (ANOVA) using the SPSS 

statistics 17 program to determine whether pH values between the treatments differed 

significantly. The p values for pH values of the May07, July07 and Mar08 were all ≤ 

0.001 indicating that there was a significant difference between the treatments at the 

95% confidence level. However for pair-wise comparisons, the p values for pH values 

of the May07 Low Glu High Fe and High Glu High Fe; and July07 Low Glu Low Fe 

and High Glu Low Fe were 0.72 and 0.68, respectively suggesting no difference 

between these two treatments. 

 More organic carbon was consumed in the incubations than was predicted by 

the theoretical stoichiometry of ferric reduction. This supports our previous findings that 

in addition to ferric reducers other types of anaerobic microorganisms were present such 

as sulfate reducers, fermentating microbes, methanogens and denitrifiers, all of which 

used organic carbon for growth. It is also possible that aerobic bacteria in the lake 

sediments and water consumed organic carbon. In particular, the aerobic microbes 

would likely be present in the littoral sediments which were exposed to the atmosphere 

and oxygenated water in site prior to sampling. However Bilgin et al. (2005) have 

previously shown that iron reduction by a pure culture of A. cryptum (ATCC 33463) 

consumed more organic carbon than predicted by stoichiometry. The synthesis of 

cellular material and the consumption of organic carbon via aerobic respiration 

accounted for the additional organic carbon consumption.  

 Numerous kinetic research studies have been conducted on aerobic 

biodegradation of organic carbon using pure strains of bacteria (Okpokwasili and 

Nweke, 2005) but there have been no kinetic parameterizations of microbial ferric 

reduction in ultraoligotrophic acidic lakes with pH 4 – 5. Therefore comparisons of our 
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kinetic parameters with any other kinetic studies must be done cautiously. Large 

variability in kinetic parameters has been found, even at the same site likely due to 

variability in microbial populations resulting in different rates of biodegradation 

(Schirmer et al., 1999).  

 The growth of the anaerobic microorganisms in our study was very slow, thus 

accounted for the low values. Tables 5.7 and 5.8 demonstrated some literature 

and values. Okpokwasili and Nweke (2005) reported that a high value as 

high as 0.927 ± 0.086 and a low value of 0.11 ± 0.01 (h-1) were observed. However 

when those values were compared to our study, our values obtained for acidic 

mine lake environment were much lower (0.07 ± 0.01 and 0.048 ± 0.02 day-1 for OC 

and ferric sources, respectively). These data provided an indication that the anaerobic 

microbial population in acidic mine lake sediments in our treatments grew at a very 

slow rate. Low  values of 2.192 10-11 mmol cell-1 day-1 and 1.67 10-12 mmol cell-1 

day-1 were observed in the consumption of 3,4 and 2,4 dimethylphenol by a mixed 

culture.  Those results were quite comparable to our calculated  values with respect to 

OC and ferric for acidic mine lake environment (1.45 10-10 ± 4.66 10-11 and 4.65 10-

10 ± 2.04 10-10 mmol cell-1 day-1, respectively). Nevertheless a high  value of 

1.01 108 mmol cell-1 day-1 was reported for the aerobic respiration of Pseudomobas 

strain K3-2. Results indicated that in general, the kinetic of aerobic biodegradation of 

organic carbon process is higher (higher and  values) than that of the process of 

OC oxidation coupled to ferric reduction at the water-sediment interface by a mixed 

anaerobically indigenous culture which was collected from an ultraoligotrophic, acidic 

mine lake sediments. The review of AMD study conducted by Kalin et al. (2006) 

confirmed that the kinetics of the nitrate, manganese, iron and sulfate reduction 

processes in these acidic mine lake environment are quite slow. 
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Table 5.7 Some maximum specific microbial growth rates, 
during degradation of organic carbon sources (Okpokwasili and 

Nweke, 2005). 

 
 Experimental conditions 

0.86 ± 0.01 (h-1) Aerobic biodegradation of toluene by a pure culture of 
Pseudomobas putida F1 at 30˚C. 

0.73  ± 0.03 (h-1) Aerobic biodegradation of benzene by batch culture of 
Pseudomobas putida F1. 

0.11 ±  0.01 (h-1) Aerobic biodegradation of phenol by Pseudomobas putida F1. 

0.927 ±  0.086 (h-1) Biodegradation of sodium dodecyl sulfate (SDS) by microbial 
communities in an activated sludge. 

0.414 ±  0.011 (h-1) Biodegradation of T-Maz-80 by microbial communities in an 
activated sludge 

3.48 ±  1.188 (day-1) Aerobic degradation of 2,4-S by suspended culture of 
Pseudomobas strain K3-2. 

 

 

Table 5.8 Some maximum specific substrate consumption rates, 
during degradation of organic carbon sources (Okpokwasili and 

Nweke, 2005). 

 
 Experimental conditions 

10.5 µmol mg of protein-1 h-1 

(2.192 10-11 mmol cell-1 day-1 ) * 
Consumption of 3,4 and 2,4 dimethylphenol by 
a mixed culture. 

0.8 µmol mg of protein-1 h-1 

(1.67 10-12 mmol cell-1 day-1 )  * 
Consumption of 3,4 and 2,4 dimethylphenol by 
a mixed culture. 

1.01 ± 0.256 108 mmol cell-1 
day-1 

Aerobic degradation of 2,4-S by suspended 
culture of Pseudomobas strain K3-2. 

*Assuming 8.7 10-11 mg of protein per bacterial cell (Teather et al., 1984). 
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5.7 Conclusions 

 The potential for microbial neutralization of the ultraoligotrophic acidic mine 

lake, such as Lake Kepwari via microbial iron reduction process is promising. 

Experimental data suggested the promotion of FRB growth in lake sediments offers a 

remediation strategy to improve lake water quality.  The addition of an organic carbon 

source stimulated the growth of FRB in lake sediments and that resulted in microbial 

and chemical alkalinity generation in the overlying acidic lake water. However, the 

microbial iron reduction at Lake Kepwari may not be achieved successfully if the 

organic carbon is the only substrate source added to Lake Kepwari water column. The 

theoretical stoichiometry equation for iron respiration suggested complete alkalinity 

generation via microbial ferric reduction can only be successfully achieved in the 

presence of both the electron donor (organic carbon) and the electron acceptor (ferric). 

In addition, the total Fe analysis indicated that the more OC was added to the 

microcosms, the higher total Fe was observed. The quantity of OC addition to the lake 

water influenced the iron release from the lake sediments. It is important to remember 

that these results were obtained from a small-scale laboratory study. The impact of OC 

addition on Fe sediment fluxes in Lake Kepwari water may not be detectable in the lake 

because of the large volume of water with a maximum depth of 65 - 70 m; mesocosm 

studies are needed to investigate iron fluxes to/from lake sediments after the addition of 

OC. Therefore, the availability of both organic carbon and ferric sources in Lake 

Kepwari water should be investigated in mesocosm studies. The long-term influence of 

microbial ferric reduction in lake sediments on the overlying acidic lake water should 

also be the focus of future studies.  

 We have provided the Monod kinetic parameterizations for iron reduction in 

an ultraoligotrophic, acidic mine lake environment which have not been previously 

presented. The kinetics of microbial growth and substrate consumption are now ready to 

be implemented into an ecological lake model to investigate remediation scenarios for 

acidic mine lakes.  
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6         MICROBIAL SULFATE REDUCTION IN AN 

ULTRAOLIGOTROPHIC ACIDIC MINE LAKE: 

LABORATORY MICROCOSM EXPERIMENT 

 
Huynh A. Pham1, 2, Carolyn E. Oldham1 and Jason J. Plumb2 
1School of Environmental Systems Engineering, University of Western Australia, 

Crawley, WA, 6009 Australia 
2CSIRO Land and Water, Wembley, WA, 6913 Australia 

6.1 Abstract 

 Acidic mine lakes are frequently characterized by low pH values of 2 to 4 and 

high concentrations of iron and sulfate. Therefore an ultraoligotrophic acidic mine lake 

with low concentrations of iron and sulfate is unusual and the kinetics of neutralization 

under dual limitation by both sulfate and organic carbon appears not to have been 

studied before. Microbial sulfate reduction in the littoral and the benthic sediments of an 

ultraoligotrophic, acidic coal mine lake, Lake Kepwari (pH 4 - 5) in Western Australia 

were investigated to determine how they influenced the overlying water. Serum bottles 

were filled with lake sediments and water and were spiked with different concentrations 

of ethanol, glucose and sulfate (as sources of an electron donor and an electron 

acceptor) to stimulate microbial alkalinity generation. Under anoxic conditions, 

decreased sulfate concentrations and increased pH were observed in those incubations 

that had been amended with organic carbon and sulfate. 99.5 % sulfate reduction was 

achieved in the treatments in which both organic carbon and sulfate were available. At 

incubation temperatures of 18˚, a sulfate reduction rate of 0.5 mmol L-1 day-1 was 

observed in both the littoral and benthic sediments. However, when the incubation 

temperature was increased to 30˚, a higher sulfate reduction rate of 0.74 mmol L-1 day-1 

was obtained. Methanogenesis was also detected during the incubations. The Monod 

maximum specific microbial growth rates with respect to dissolved organic carbon and 

sulfate, ,  and determined in batch experiments, were 0.05 ± 

0.01, 0.08 ± 0.01 and 0.07 ± 0.02 day-1, respectively, and their corresponding Monod 
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half saturation constants ,  and  were 75.5, 131.8 and 10.2 mmol L-1. 

The Monod maximum consumption rates with respect to dissolved organic carbon and 

sulfate, ,  and were 5.4 10-11 ± 2.3 10-11, 2.3 10-10 ± 

9.5 10-11 and 9.5 10-10 ± 3.1 10-10 mmol cell-1 day-1, respectively, and their 

corresponding Monod half saturation constants ,  and  were 42.9, 

213 and 3.3 mmol L-1. 

6.2 Introduction 

  The exploitation of coal, iron ore and metal sulfide minerals has frequently 

resulted in the formation of acidic mine lakes (DeNicola and Stapleton, 2002; Akcil and 

Koldas, 2006; Zhao et al., 2007). Pyrite (FeS2) which is found abundantly in the earth’s 

crust is quite stable in anoxic and dry environments. However, when pyrite is exposed 

to both water and the atmosphere, sulfuric acid is formed and under low pH conditions, 

metals such as Fe, Mn, Al and heavy metals from sediments/overburden dissolved into 

the water (Baker and Banfield, 2003; Evangelou, 1998; DeNicola and Stapleton, 2002). 

The oxidation of pyrite and other sulfide minerals can occur chemically and biologically 

(Christensen et al., 1996; Johnson and Hallberg, 2003; Singer and Stumm, 1970). This 

acidification process in mine lakes is analogous to acid mine drainage (AMD) and acid 

rock drainage (ARD) (Akcil and Koldas, 2006). The overall reaction of the oxidation of 

pyrite is expressed as (Frommichen et al., 2003): 

 

FeS2 + 3.75O2 + 3.5 H2O  Fe(OH)3 + 2SO4
2- + 4H+     (6.1) 

 

  Acidic mine lakes are generally characterized by low pH values of 2 - 4 and 

high concentrations of iron and sulfate as well as other metals (Christensen et al., 1996; 

Bilgin et al., 2005; Akcil and Koldas, 2006). Consequently, acidic mine lakes which 

have pH values of 4 to 5 and low concentrations of iron and sulfate are considered 

unusual. It should be noted that not all mine lakes are acidic that there could exist some 

neutral or even alkaline mine lakes (Castro and Moore, 2000). This occurs when the 

acidity generated from the pyrite oxidation and other sulfide minerals is neutralized by a 

carbonate source (i.e. carbonate-cemented sedimentary rock, including limestones and 
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dolomite) or carbonate veins from the ore body. As a result, the lake water is neutral or 

alkaline for a period of time depending on the quantity of carbonate present.  Once the 

carbonate source is depleted, these lakes will become acidic. Numerous research on 

acidity production and biological oxidation of pyrite at acidic mine lakes have been 

investigated; however, there has been little research to date on kinetic parameterizations 

of the chemical and biological alkalinity generation. In particular, the kinetic 

parameterizations for acidic lakes which have pH values of 4 to 5 and low 

concentrations of iron and sulfate appear not to have been quatified before.   

 Research studies have shown that acidity can be removed from mine lake 

water through the microbial sulfate reduction process. Sulfate reducing bacteria (SRB) 

are obligately anaerobic microorganisms. SRB use simple organic compounds as 

electron donors and convert sulfate as electron acceptor to sulfide (Gould and Kapoor 

2003; Zagury et al., 2006). SRB have been found in different environments including 

anaerobic sludge, digestive tracts of animals and humans, terrestrial hot spring, 

petroleum hydrocarbon contaminated aquifers, deep offshore petroleum reservoirs and 

geothermal groundwater (Oyekola and Pletschke, 2006; Daumas et al., 1988).  Under 

anoxic conditions, the microbial sulfate is stimulated in the presence of an organic 

carbon (OC) source however the water in acidic mine lakes often contains low 

concentrations of OC. Therefore microbial sulfate reduction is often considerably 

limited or inhibited. Nevertheless, microbial sulfate reduction had been observed in 

sulfide-rich mine tailings where acidic pH conditions (pH 3 – 4) and low organic carbon 

sediments were observed. (Fortin et al., 1996). These SRB likely obtained organic 

substrates for growth from the dead microbial biomass of other bacteria in the tailings. 

To stimulate biological sulfate reduction successfully, an OC source must be added to 

the acidic mine lake environment. Research studies have shown that sulfate reduction in 

bioreactors and artificial wetlands is an efficient means of removing acidity, metals and 

sulfate from mine water and ultimately increased the pH of the water (Christensen et al., 

1996). Fauville et al. (2004) showed that the addition of lactate, pyruvate, acetate and 

ethanol to microcosms which contained acidic mine lake water/sediments promoted 

bacterial sulfate reduction and hence, increased the pH value of the lake water from 4.5 

to 6.0. Other studies have shown that the addition of organic carbon sources could 

stimulate microbial iron and sulfate reduction (Frommichen et al., 2004; Fauville et al., 
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2004; Wendt-Potthoff et al., 2002). Upon the addition of Carbokalk (an economical 

sugar industry by-product) and wheat straw to the lake water/sediments, the acidity of 

the lake water was consumed resulting in an increase in the pH of lake water from 2.6 to 

6.5 (Frommichen et al., 2004).  

 Sulfate reduction results in the production of hydrogen sulfide and bicarbonate 

and this leads to the generation of alkalinity: 

 

2CH2O + SO4
2-   H2S + 2HCO3

-   (6.2) 

 

where CH2O represents an OC source. 

 The bicarbonate ions formed during sulfate reduction decrease acidity and 

produce carbon dioxide gas (Eq. 6.3) that results in pH values of the lake water between 

6 and 7 (Bratcova et al., 2002): 

HCO3
-  +  H+     CO2 (g)   +  H2O   (6.3) 

 

H2S     H+   +  HS-      (6.4) 

 

 Spontaneously, the hydrogen sulfide molecules dissociate into a proton and 

hydrogen sulfide ion, which will then react with metals from the mine lake water to 

form insoluble metal sulfide, precipitates (Christensen et al., 1996): 

 

M2+ +  HS-    MS  +   H+  (6.5) 

 

where M represents a metal cation from the mine lake water. Moreover, sulfate 

reduction has an advantage in that heavy metals such as Co, Ni, Pb and Zn from the 

mine lake water can also be removed as metal-sulfide precipitates (Oude Elferink et al., 

1994). 

 The Monod model has been extensively used to describe the microbial growth 

rate as a function of the concentration of a growth-limiting substrate (Lendenmann and 

Egli, 1998; Park and Jaffe, 1995). The Dual Monod model has been used to relate the 

microbial growth rate to the concentration of two substrates (Bae and Rittman 1995). In 

acidic mine lake environments, anaerobic iron and sulfate respiration are expected to 
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consume the added electron donor (e.g., OC) and the added electron acceptors (e.g., iron 

and sulfate). In this paper, two Dual Monod models were used to parameterize the 

relationship between the growth limiting substrates, the specific microbial growth rate 

(Eq. 6.6) and substrate consumption rate (Eq. 6.7) as: 

 

 (6.6) 

 

and 

  (6.7) 

 

A detail description of the Dual Monod equations was given in Chapter 5. 

 The aims of this paper were to (1) determine whether indigenous sulfate 

reducing bacteria were present in lake sediments of an ultraoligotrophic, acidic mine 

lake with pH values of 4 to 5, (2) investigate their influence on the overlying water 

quality after the addition of an electron donor (organic carbon) and an electron acceptor 

(sulfate), (3) quantify the microbial sulfate reduction rate under a range of conditions, 

and finally (4) derive the parameterizations for suphate reduction using the Dual Monod 

kinetic models. 

6.3 Material and Methods 

6.3.1 Description of the study site and sampling  

 Lake Kepwari (WO5B), an abandoned void of a former coal mine which 

operated from 1970 to 1997, is situated in the Collie Coal Basin region, Western 

Australia. Since dewatering was terminated in 1997, the mine void has filled with 

groundwater, diverted river flow and surface run-off. The lake is approximately 2 × 1 

km, has a maximum depth of 65 - 70 m and in 2005 had a water volume of 

approximately 24 GL. Although Lake Kepwari has been predominantly filled with 

diverted river water at  pH~6.8 it remains acidic with pH values ranging between 4 to 5 

(Salmon et al., 2008). A comparison of the water chemistry between Lake Kepwari and 
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some oligotrophic acidic mine lakes (AML) in Germany was described in detail in 

Chapter 5. Note that Lake Kepwari contained the lowest amount of sulfate (100 - 110 

mg L-1) compared to those AML (507 - 3040 mg L-1). 

 Pham et al. (2007) characterized the sediment microbial communities in Lake 

Kepwari at different water depths using different molecular techniques including most 

probable number (MPN), PCR and PCR-DGGE. According to the DGGE profile, 

known SRB belonging to the genera Desulfomonile, Desulfococcus, Desulfobacterium 

and Desulfomicrobium were detected in Lake Kepwari sediments. The viable counts of 

anaerobic microbes growing in sulfate reducing medium were in the range of 1.2 107 

and 1.8 108 cells. g-1 wet sediments.  

 As described in detail in Chapter 5, Lake Kepwari water and sediments 

samples were collected on three separate occasions: May 2007 (May07), July 2007 

(July07) and March 2008 (Mar08), were immediately transported to the laboratory and 

subsequently used to establish microcosms.  

6.3.2 Source of electron donor and electron acceptor  

To support efficient sulfate reduction, ethanol was used as an OC source for the 

sulfate reduction experiments as it is the most useful carbon source to stimulate the 

growth of SRB (White and Gadd, 1997) and is a low cost substrate (Negpal, 2000). 

Glucose, ethanol and ammonium sulfate were prepared as anaerobically filter-sterilized 

stock solutions with glucose concentration of 90 g L-1 and ammonium sulfate 

concentration of 310.8 g L-1. 

6.3.3 Microcosm construction 

 As described in Chapter 5, 20 g of Kepwari sediments were weighed and 

placed into 100 mL anaerobic-sterile serum bottles, followed by the addition of 80 mL 

of Kepwari lake water using a 25 mL sterile pipette. Each serum bottle was then capped 

with a butyl rubber stopper and an aluminium crimp before being taken out of the 

anaerobic chamber. All serum bottles were then injected with ethanol (Eth), glucose 

(Glu) and ammonium sulfate (Sul) using sterile syringes and needles. Different 

treatments were set up by varying the concentrations of ethanol, glucose and sulfate. A 
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series of different treatments with various initial concentrations of glucose, ethanol and 

ferric are shown in Table 6.1. 

Table 6.1 Treatments of the sulfate reduction microcosm study. Each 
treatment was set up in triplicate. 

 
Treatments [Carbon]  

in  
Ethanol (mmol L-1) 

[Sulfate]   
(mmol L-1) 

         [Carbon]  
in 

Glucose (mmol L-1) 

Control (untreated)    

Low Eth Low Sul 120 23  

High Eth Low Sul 300 23  

Low Eth High Sul 120 59  

High Eth High Sul 300 59  

VeryHigh Eth High Sul 855 59  

Low Glu Low Eth 120  30 

High Glu High Eth 300  75 

Low Sul  23  

High Sul  59  

Sodium Azide    
 

 

Each microcosm was labeled according to the level of added substrates 

(whether low, high or very high) and each treatment was prepared in triplicate. 

Untreated microcosms served as controls. Microcosms were incubated at temperatures 

similar to ambient field conditions (see Chapter 5). To examine whether the sulfate 

reduction occurred biotically or abiotically, a sodium azide solution was added to some 

of the microcosms so that its final concentration in the microcosms was 2 % w/v.  

6.3.4 Water sampling and analytical methods 

A number of chemical and biological parameters were measured during the 

incubations. Sampling for sulfate analysis was performed daily during both the May07 

and the July07 incubations for a period of 20 days and 22 days, respectively and 
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thereafter, they were sampled on a weekly basis. With the Mar08 incubations, water 

chemistry was analyzed on a weekly basis for a period of 36 days. 

Sulfate in the water samples was measured using the turbidometric method with 

HACH SulfaVer 4 reagent and a Unicam Helios Epsilon spectrophotometer 

(wavelength of 450 nm). Dissolved organic carbon (DOC) measurement was performed 

based on the combustion/non-dispersive infrared gas analysis method using a Shimadzu 

TOC 5000A organic carbon analyzer. To measure Fetot, the water samples were 

acidified and digested with nitric and hydrochloric acid to release organically or 

inorganically bound iron and the samples were then introduced to an inductively 

coupled plasma atomic emission spectrophotometer (Varian ICP-AES). To analyze total 

sulphur, the water samples were digested in aqua regia (1:3 HNO3/HCl mixture) and 

analyzed by the Varian ICP-AES. The pH of the water samples was determined using a 

SentixH electrode (WTW, Germany) and the redox potential (Eh) of the water was 

monitored using a SentixORP electrode (WTW, Germany). Microbial biomass in the 

sediments was measured at the start and end of the experiment using the phospholipid-P 

method (Findlay et al., 1989) and the direct cell count was enumerated using a Helber 

counting chamber and a phase contrast microscope at 1000  magnification. Volatile 

fatty acids (VFAs) including acetic acid, propionic acid and butyric acid were measured 

using gas chromatography (FID 6890) and a 1-propanol solution as an internal standard. 

To quantify the formation of carbon dioxide, methane and hydrogen sulfide gas in the 

headspace of the microcosms, the headspace gas was withdrawn and analyzed using a 

GC MS 6890 S975 inert XLMSD.  

6.4 Results  

6.4.1 Changes in sulfate reduction 

The sulfate concentration in all incubations containing littoral (May07) and 

benthic (July07) sediments fluctuated strongly during the first 20 days and 22 days, 

respectively (Figs. 6.1 and 6.2) except for the sodium azide incubations. However, 

thereafter sulfate concentrations began to decrease in the ethanol and sulfate amended 

microcosms. 
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In the littoral sediment incubations, treatments with low sulfate and ethanol 

additions showed 77 – 80.9 % of sulfate was reduced by day 48 of the incubations (Fig. 

6.4). In contrast, in the high sulfate and ethanol additions only 7.5 – 31.2 % of sulfate 

concentration declined. A low conversion of sulfate (10 – 13 %) was also observed in 

those incubations without ethanol additions. Note that the addition of ethanol alone did 

cause decreases in sulfate concentrations relative to the controls.  

In the July07 benthic sediment incubations, the low sulfate and ethanol 

additions exhibited very high reduction of sulfate (98.5 – 99.1 %) (Fig. 6.5). A lower 

reduction rate (51 %) was achieved in the incubations containing high sulfate and 

ethanol additions. Low rates of sulfate reduction (1 – 25 %) were observed in those 

incubations that did not have ethanol additions.  

In the Mar08 littoral sediment incubations at 30˚C, the Low Eth Low Sul 

treatments showed a very high reduction of sulfate (99.5 %) by day 22 of the 

incubations (Figs. 6.3 and 6.6). Moreover, a reduction of total sulphur of 18.8 ± 0.7 

mmol L-1 was observed in the Low Eth Low Sul incubations over the 36 day period. 

The controls also showed a reduction of total sulphur (0.6 mmol L-1) over the duration 

of the experiment. 
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Figure 6.1 Water column sulfate concentrations over the duration of 
the May07 littoral sediment incubations. Presented values are the 
averages (± S.D) of triplicate microcosms. 

 

Figure 6.2 Water column sulfate concentrations over the duration of 
the July07 benthic sediment incubations. Presented values are the 
averages (± S.D) of triplicate microcosms. 
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Figure 6.3 Water column sulfate concentrations over the duration of 
the Mar08 littoral sediment incubations. Presented values are the 
averages (± S.D) of triplicate microcosms. 

 

 

Figure 6.4 Percentage reduction of water column sulfate 
concentrations during the May07 littoral sediment incubations. 
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Figure 6.5 Percentage reduction of water column sulfate 
concentrations during the July07 benthic sediment incubations. 

 

Figure 6.6 Percentage reduction of water column sulfate 
concentrations during the Mar08 littoral sediment incubations. 
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6.4.2 Changes in DOC 

In the May07 littoral sediment incubations, DOC consumption varied among 

the treatments (Fig. 6.7). DOC concentrations decreased in some treatments over the 

first 20 days, however did not continue to decrease over the course of the experiment. 

High variance in DOC concentrations was also observed among some of the triplicates 

(High Eth High Sul, Low Glu Low Eth and High Glu High Eth).  

In the July07 benthic sediment incubations, DOC concentrations decreased 

over the 72 day period in all treatments (Fig 6.8). 

In the Mar08 littoral sediment incubations, DOC concentrations increased 

during the 36 day period in all incubations. A change in DOC concentration of 2.7 ± 0.3 

mmol L-1 was observed in the controls. In contrast, a final DOC concentration of 92.8 ± 

2.6 mmol L-1 was observed in the Low Eth Low Sul incubations, 2.3 times its initial 

concentration. Interestingly, the total iron concentration remained unchanged over the 

duration of the incubations in the controls (0.6 ± 0.1 mmol L-1) and Low Eth Low Sul 

treatments (0.8 ± 0.1 mmol L-1). 

 

Figure 6.7 Water column DOC concentrations over the duration of 
the May07 littoral sediment incubations. Presented values are the 
averages (± S.D) of triplicate microcosms except for those of the 
May07 Low Glu Low Eth and High Glu High Eth treatments in which 
the DOC trend of each microcosm was plotted. 
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Figure 6.8 Water column DOC concentrations over the duration of 
the July07 benthic sediment incubations. Presented values are the 
averages (± S.D) of triplicate microcosms. 

 

 

6.4.3 Changes in microbial biomass and direct cell counts in sediments 

6.4.3.1  Microbial biomass measured by phospholipid-P 

The microbial biomass did not differ significantly between the littoral and 

benthic sediment incubations (Figs 6.9 – 6.12). Although the microbes in the sodium 

azide treatment should have been inactive, a final concentration of 7.1 108 ± 3 108 

cell mL-1 was observed. 
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Figure 6.9 Microbial biomass by day 20 in the May07 littoral sediment 
incubations, determined using phospholipid - P analysis, except for 
those of the sodium azide incubations that were analyzed by day 22. 
Presented values are the averages (± S.D) of triplicate microcosms.  
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Figure 6.10 Microbial biomass by day 48 in the May07 littoral 
sediment incubations, determined using phospholipid - P analysis, 
except for those of the sodium azide incubations that were analyzed 
on day 72. Presented values are the averages (± S.D) of triplicate 
microcosms. 
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Figure 6.11 Microbial biomass by day 22 in the July07 benthic 
sediment incubations, determined using phospholipid - P analysis. 
Presented values are the averages (± S.D) of triplicate microcosms. 
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Figure 6.12 Microbial biomass by day 72 in the July07 benthic 
sediment incubations, determined using phospholipid - P analysis. 
Presented values are the averages (± S.D) of triplicate microcosms. 

 

6.4.3.2 Direct cell counts 

 In the benthic sediment incubations, cell numbers within a range of 2.7 106 ± 

1.2 106 to 1 107 ± 3.5 106 cell mL-1 were observed on day 13 and thereafter the 

bacterial number increased progressively in all treatments (Fig 6.13). Higher growth 

rates of bacterial cell numbers were detected in the incubations containing organic 

carbon additions compared to other treatments. Cell numbers in the control treatments 

increased slightly during the 67 day period. 

Similarly, in the Mar08 littoral sediment incubations, cell numbers in the 

control treatments increased over the experiment (Fig 6.14). 
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Figure 6.13 Cell numbers during the July07 benthic sediment 
incubations, as determined by direct cell counts. Presented values 
are the averages (± S.D) of triplicate microcosms. 

 

 

Figure 6.14 Cell numbers during the Mar08 littoral sediment 
incubations, as determined by direct cell counts. Presented values 
are the averages (± S.D) of triplicate microcosms. 
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6.4.4 Changes in redox potential 

The redox potential (Eh) of all microcosms containing littoral and benthic 

sediments decreased (Figs. 6.15 and 6.16). It should be noted that most of the decrease 

occurred in the first week – 10 days. 

 

Figure 6.15 Water column redox potential over the duration of the 
July07 benthic sediment incubations. Presented values are the 
averages (± S.D) of triplicate microcosms. 
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Figure 6.16 Water column redox potential over the duration of the 
Mar08 littoral sediment incubations. Presented values are the 
averages (± S.D) of triplicate microcosms. 
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6.4.5 Degradation of ethanol and production of volatile fatty acids 

During the Mar08 incubations, degradation of ethanol generated intermediate 

volatile fatty acids (VFAs) (Figs. 6.17 – 6.18). In particular, acetic acid, propionic acid 

and butyric acid were formed as a result of ethanol degradation.  

 

Figure 6.17 Water column ethanol concentrations during the Mar08 
Low Eth Low Sul incubations. Presented values are the averages (± 
S.D) of triplicate microcosms. 
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Figure 6.18 Water column volatile fatty acids concentrations (acetic 
acid, propionic acid and butyric acid) during the Mar08 Low Eth Low 
Sul incubations. Presented values are the averages (± S.D) of 
triplicate microcosms. 

 

6.4.6 Microcosm headspace gas production 

At the end of the July07 experiment the headspace gas of each treatment was 

analyzed in duplicate to determine whether hydrogen sulfide had been produced. 

Hydrogen sulfide gas was only detected in the incubations with both ethanol and sulfate 

additions (Table 6.2). The formation of H2S gas was not detected in the control 

treatments, sodium azide treatments and in the incubations which had only one substrate 

addition, either organic carbon additions (glucose/ethanol) or sulfate additions. 
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Table 6.2 Analysis of microcosm headspace gas for the production of 
hydrogen sulfide in the microcosms containing benthic sediments. 

 

Treatments          H2S production 

Control  No 

Low Eth Low Sul Yes 

High Eth Low Sul Yes 

Low Eth High Sul Yes 

High Eth High Sul Yes 

Low Glu Low Eth No 

High Glu High Eth No 

Low Sul No 

High Sul No 

*Sodium azide No 
 

       *N.B. The sodium azide treatments contained littoral Kepwari sediments. 

 

Analysis of headspace gas from the Mar08 littoral sediment incubations, 

carbon dioxide, methane and hydrogen sulfide gas were produced (Figs 6.19 and 6.20). 

Carbon dioxide was the major gas produced in the control incubations whilst methane 

was the major gas produced in the Low Eth Low Sul incubations. 
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Figure 6.19 Gas chromatographic analysis of microcosm headspace 
gas of the Mar08 Low Eth Low Sul incubations. Presented values are 
the averages (± S.D) of triplicate microcosms. 

 

 

Figure 6.20 Gas chromatographic analysis of microcosm headspace 
gas of the Mar08 control incubations. Presented values are the 
averages (± S.D) of triplicate microcosms. 
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6.4.7 Changes in pH 

pH values of 5.5 – 5.6 were measured in the overlying water of the May07, 

July07 and Mar08 incubations which had both ethanol and sulfate additions (Figs. 6.21 

– 6.23). Interestingly, in the May07 and July07 incubations, the pH of the control 

incubations and those with sulfate additions alone also increased. In contrast, the pH in 

treatments with only organic carbon additions decreased over time.  

 

Figure 6.21 Water column pH measurements during the May07 
littoral sediment incubations. Presented values are the averages (± 
S.D) of triplicate microcosms.  
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Figure 6.22 Water column pH measurements during the July07 
benthic sediment incubations. Presented values are the averages (± 
S.D) of triplicate microcosms.  

 

 

 

Figure 6.23 Water column pH measurements during the Mar08 
littoral sediment incubations. Presented values are the averages (± 
S.D) of triplicate microcosms.  
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6.5 Kinetic parameter estimation 

6.5.1  Rate of sulfate reduction 

The sulfate reduction rate of each treatment was determined as the difference 

between the initial and the final sulfate concentration divided by the time period from 

day 1 to the day when sulfate concentration did not reduce any further (Table 6.3). The 

sulfate reduction rate was not determined for those treatments where changes in sulfate 

concentration were considered insignificant. Higher sulfate reduction rates were 

observed at 30°C incubations compared to 18°C incubations. 

 

Table 6.3 Rates of sulfate reduction in the littoral (May07 and Mar08) 
and benthic (July07) sediment incubations. Rates are expressed as 
average rates. 

 
Treatments Rateave May07 

(mmol L-1 day-1) 
Rateave July07 

(mmol L-1 day-1) 
Rateave Mar08 

(mmol L-1 day-1) 

Low Eth Low Sul 0.52 0.57 0.74 

High Eth Low Sul 0.54 0.45  

Low Eth High Sul n.d 0.53  

High Eth High Sul n.d 0.51  

Low Sul n.d n.d  

High Sul 0.07 0.09  

VeryHighEth High 
Sul 

0.12   

 

 

6.5.2  Stoichiometric equation for sulfate reduction and ethanol 

oxidation 

In the sulfate reduction process, ethanol and sulfate were used as the electron 

donor and electron acceptor, respectively. The following chemical reactions showed the 

oxidation of ethanol and its major degradation intermediate product, acetate, coupled to 

the reduction of sulfate (Oude Elferink et al., 1994): 
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2CH3CH2OH + SO4
2-  2CH3COO- + HS- + H+ + 2H2O                  (6.8) 

 

CH3COO- + SO4
2-  2HCO3

- + HS-          (6.9) 

 

The overall reaction can be shown as: 

 

2CH3CH2OH + 3SO4
2- + 3H+  3HS- + 6H2O + 4CO2 (6.10)  

 

The bicarbonate increases alkalinity and produces carbon dioxide gas. Eq. 6.10 shows 

that for every 2 moles of ethanol oxidized, 3 moles of sulfate are reduced and this 

process consumes 3 moles of protons and produces 4 moles of carbon dioxide gas. 

 Based on the stoichiometric ratios, DOC consumption by sulfate reduction was 

predicted for each treatment then compared with measured DOC consumption over 

time. Note that where there was no sulfate reduction or no DOC consumption detected, 

stoichiometric predictions were not possible. In the May07 littoral sediment incubations, 

the Low Eth Low Sul treatments had 25.9 mmol L-1 of sulfate reduced over the 48 day 

period and the stoichiometry predicted that 17.3 mmol L-1 of DOC would be consumed. 

However, 63.3 mmol L-1 of DOC was in fact consumed, 3.6 times the expected 

consumption. 

 In the July07 benthic sediment incubations, the changes in sulfate 

concentrations for the Low Eth Low Sul, Low Eth High Sul and High Eth High Sul 

treatments were 34.6, 31.8 and 30.7 mmol L-1, respectively, and their corresponding 

consumptions of DOC based on the stoichiometric ratio were 23.1, 21.2 and 20.5 mmol 

L-1. The change in measured DOC concentrations over the 72 day period for the Low 

Eth Low Sul, Low Eth High Sul and High Eth High Sul incubations were 6.2, 4.7 and 

4.8 mmol L-1, respectively, approximately one quarter of the predicted DOC 

consumption. In contrast, in the High Eth Low Sul treatments 22.6 mmol L-1 of sulfate 

was reduced and 24.1 mmol L-1 of measured DOC was oxidized which is 1.6 times the 

predicted amount. 
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 Similarly, in the Mar08 Low Eth Low Sul treatments, 16.1 mmol L-1 of sulfate 

was reduced and  16.2 mmol L-1 of measured DOC was oxidized over 36 day period 

that is 1.5 times the amount of DOC predicted to be consumed.  

6.5.3 Dual Monod kinetic parameterizations 

The experimental data for sulfate reduction, DOC consumption and microbial 

cell counts were used to determine the Monod kinetic parameters including the specific 

microbial growth rates with respect to organic carbon,  and sulfate,  (Figs. 

6.24 and 6.25). The specific microbial growth rate increased steadily with DOC 

concentrations within the range of 0 to 374 mmol L-1 (Fig 6.24). Interestingly, there 

appear to be two maximum microbial growth rates with respect to DOC substrate. The 

first maximum specific microbial growth rate with respect to DOC, , was found 

graphically at the point on the curve where the experimental data becomes asymptotic to 

DOC concentration of 149 to 299 mmol L-1. The second maximum specific microbial 

growth rate,  was obtained when the concentration of DOC increased from 299 to 

374 mmol L-1. The maximum specific microbial growth rates with respect to DOC, 

 and  were 0.05 ± 0.01 and 0.08 ± 0.01 day-1, respectively, and their 

corresponding Monod half saturation constants were 75.5 and 131.8 mmol L-1. The 

specific microbial growth rate with respect to sulfate,  increased with increasing 

concentrations of sulfate (Fig. 6.25). Accordingly, the maximum specific microbial 

growth rate with respect to sulfate,  and the Monod half saturation constant 

were 0.07 ± 0.02 day-1   and 10.2   mmol L-1, respectively. DOC consumption increased 

with initial DOC additions up to 299 mmol L-1 (Fig. 6.26). However when the 

concentration of DOC additions exceeded 299 mmol L-1, a decline in  was 

observed. There were again two maximum specific DOC consumption rates evident 

from our experimental data;  and were 5.43 10-11 ± 2.3 10-11 and 

2.3 10-10 ± 9.5 10-11 mmol cell-1 day-1, respectively. Similarly, the specific sulfate 

consumption rate,  for the low and high sulfate additions were calculated to be 

5.4 10-10 ± 3.9 10-10 and 9.5 10-10 ± 3.1 10-10 mmol cell-1 day-1, respectively. The 
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difference in  between the low and high sulfate additions incubations was 

insignificant and the latter was determined to be the maximum specific consumption 

rate of sulfate, . 

 

Figure 6.24 Specific microbial growth rate plotted against the initial 
DOC additions for the oxidation of DOC and reduction of sulfate 
under dual limitation conditions. Presented values are the averages of 
the triplicates of one treatment or the averages of treatments which 
contained the same amount of DOC additions (± SD). 

 

Figure 6.25 Specific microbial growth rate plotted against the initial 
sulfate additions for the oxidation of DOC and reduction of sulfate 
under dual limitation conditions. Presented values are the averages of 
the triplicates of one treatment or the averages of treatments which 
contained the same amount of DOC additions (± SD). 
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Table 6.4 Summary of Monod kinetic parameters determined from 
sediment/water incubations. 

 
Monod 

kinetic parameters 
Value 

   ;      0.05 ± 0.01 (day-1)    ;    75.5 (mmol L-1) 

   ;     0.08 ± 0.01 (day-1)    ;    131.8 (mmol L-1) 

  ;     0.07 ± 0.02  (day-1)   ;    10.2   (mmol L-1) 

   ;     5.4 10-11 ± 2.3 10-11 (mmol cell-1 day-1);  42.9 (mmol L-1) 

   ;   2.3 10-10 ± 9.5 10-11 (mmol cell-1 day-1);  213 (mmol L-1) 

  ;     9.5 10-10 ± 3.1 10-10 (mmol cell-1 day-1);   3.3 (mmol L-1) 

 

 

 

Figure 6.26 DOC consumption rates plotted against the initial DOC 
additions under dual limitation conditions. Presented values are the 
averages of the triplicates of one treatment or the averages of 
treatments which contained the same amount of DOC additions (± 
SD). 
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6.6 Discussion 

 The experimental data highlighted strong fluctuations in sulfate concentrations 

in the first 1 – 3 weeks of the experiments. A possible explanation for these fluctuations 

is that although the microcosm construction was set up in the anaerobic chamber, the 

lake water contained some dissolved oxygen which perhaps supported the growth of 

aerobic bacteria in lake sediments and lake water, particularly sulfur oxidizing bacteria 

and iron oxidizing bacteria. Such oxidizing bacteria have been found abundantly in coal 

mining lake sediments. Acidithiobacillus thiooxidans, Leptospirillum ferrooxidans and 

Acidithiobacillus ferrooxidans have been commonly detected in acid mine lakes 

(Johnson and Hallberg, 2003). The experimental data suggests that during the initial 

period, aerobic and anaerobic microorganisms were competing with each other, thus 

resulting in fluctuations in the sulfate concentrations.   

 In contrast, no fluctuations in sulfate concentrations were observed in the 

sodium azide treatments. This confirmed that the initial fluctuations and later reduction 

in sulfate concentrations observed in the other microcosms occurred due to microbially 

mediated sulfate processes exclusively. We hypothesize that over time, dissolved 

oxygen in the lake water was consumed, thus limiting the growth of aerobic bacteria in 

lake sediments and lake water and resulting in favorable conditions for SRB. A 

reduction of sulfate was observed from day 25 (May07 experiment), day 29 (July07 

experiment) and day 8 (Mar08 experiment). 

 A higher percentage reduction of sulfate was observed in the July07 benthic 

sediment incubations with sulfate and ethanol additions compared to those containing 

littoral sediments (May07 experiment) because the experimental period for the July07 

experiment was longer (72 days) than that of the May07 experiment (48 days). A higher 

sulfate reduction would probably have been achieved if the May07 experiment was 

carried over a longer period of time.  

 Virtually no sulfate reduction was observed in the microcosms supplemented 

with sulfate only (Low Sul and High Sul treatments). This indicates clearly that in the 

absence of an OC source, microbial sulfate reduction in the lake sediments was 

inhibited.  
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 The Mar08 experimental data showed SRB were present in the littoral 

sediments at the beginning of autumn and at 30˚C incubation. A higher sulfate reduction 

rate (0.74 mmol L-1 day-1) was observed in the Mar08 incubations compared to the 

winter conversion rate. This indicates the higher temperature favored the growth of 

SRB.  

 The May07, July07 and Mar08 incubations showed that indigenous SRB in 

Kepwari sediments were present in both the littoral/benthic sediments in winter and in 

littoral sediments in autumn. Their growth was stimulated in OC and sulfate rich 

environment. 

Sulfate reduction was also observed visually in the incubations containing 

sulfate and ethanol additions; black precipitate formed around the inner wall of the 

bottles, most likely metal sulfide precipitates. In addition a hydrogen sulfide odor was 

detected during sampling. 

A simultaneous decrease in sulfate and dissolved organic carbon 

concentrations indicated that microorganisms in the lake sediments consumed both 

sulfate and organic carbon for growth, resulting in an increase in microbial biomass. In 

some incubations in the May07 and Mar08 experiments, the final DOC concentrations 

were higher than their initial concentrations. As mentioned previously in Chapter 5, it is 

possible that microbial death contributed to an increase in DOC concentration. 

Moreover, the littoral sediment zone likely contained more dissolved organic carbon 

matter than that of the benthic sediment zone, possibly due to the littoral sediments 

proximity native vegetation growing along the shore of the lake. 

During the ethanol degradation process, volatile fatty acids including acetic 

acid, propionic acid and butyric acid were formed as intermediate products. Other 

intermediate products such as lactic acid and pyruvic acid could have been formed 

during the oxidation process of ethanol however in this study only acetic acid, propionic 

acid and butyric acid were studied. As mentioned earlier in Chapter 5, in the treatment 

of acid mine water by SRB studied by Christensen et al. (1996) the formation of acetic 

acid, propionic acid and butyric acid were detected during the degradation of organic 

carbon (whey) and acetic acid was formed at higher concentrations compared to the 

other two acids. Similar results were also found in our experiment; during the 

degradation of ethanol, acetic acid was produced abundantly at a higher concentration 
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compared to propionic acid and butyric acid. The ethanol source was consumed 

completely over the duration of the experiment. This suggests that Lake Kepwari 

sediments contained microbes that were capable of breaking down the ethanol 

compounds. However, acetic acid, propionic acid and butyric acid were not completely 

degraded. Note that the concentrations of VFAs formed from the degradation of ethanol 

in our sulfate reduction experiments were significantly higher than those formed from 

the degradation of glucose in our iron reduction experiment (Chapter 5). Despite Lake 

Kepwari sediments containing microorganisms that were capable of oxidizing the acetic 

acid and butyric acid (Chapter 5) a complete consumption of VFAs was not possible 

when the concentrations of VFAs were comparatively high and the duration of the 

incubations was relatively short (36 days). Fyson et al. (2006) reported that acetic acid 

enhanced algal growth in Lake Grunewalde water (in Germany) hence the formation of 

acetic acid in Lake Kepwari water could boost the OC generation from primary 

production. 

The microbial biomass analyzed using the phospholipid-P protocol indicated 

that it did not vary significantly between the littoral and benthic sediment incubations. 

As described earlier in Chapter 5 the phospholipid-P method is widely used to estimate 

the microbial biomass in environmental samples however the analysis measures both 

the lipid-bound phosphate in fungi and protozoa as well as in bacteria (Boetius and 

Lochte, 1996). In addition, the direct cell counts could have been underestimated 

(Chapter 5) thus explaining higher concentrations of microbial biomass detected from 

the phospholipid-P method compared to those from the direct cell counting method. 

Similar observation was also found in the iron experiment (Chapter 5). However, the 

phospholipid-P method provided information on the active microbial communities 

within the microcosms. 

The direct cell counting data indicated that more bacteria were detected in the 

littoral sediment incubations at 30˚C than those found in the benthic sediment 

incubations at 18˚C suggesting that high temperature significantly enhanced bacterial 

growth. Towards the end of the experiment, no increase in cell counts was observed 

possibly due to the limitation of trace nutrients. 

The oxidation of ethanol and reduction of sulfate produced carbon dioxide and 

hydrogen sulfide, as expected but also methane gas, indicating methanogenesis also 
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occurred in the incubations. An overpressure in the microcosm headspace and the 

formation of gas bubbles in the sediments were observed during the incubations. 

Kepwari sediments used in the microcosms contained a mixed culture and it is possible 

that SRB as well as methanogens were present in the sediments.  The anaerobic 

conditions and the availability of OC and sulfate supported the growth of sulfate 

reducers, methanogens and possibly other anaerobic indigenous microorganisms. By 

day 22, when the sulfate concentration in the Mar08 Low Eth Low Sul incubations 

reduced completely, the methane gas concentration increased significantly indicating 

that methanogens may then have dominated. In the Mar08 control treatments containing 

littoral sediments carbon dioxide concentrations were higher than hydrogen sulfide and 

methane gas. This was possibly due to the fermentation of dissolved organic carbon in 

the littoral sediments. In addition, we found that ferric reduction also occurred in the 

control incubations and the experimental data confirmed the presence of FRB in Lake 

Kepwari littoral sediment incubations (see Chapter 5). Since carbon dioxide is the major 

gas produced from iron reduction and sulfate reduction, a high concentration of carbon 

dioxide was expected in the control incubations.  

The pH value of both littoral and benthic sediment incubations increased except for 

those with only organic carbon additions (Low Glu Low Eth, High Glu High Eth). As 

discussed previously in Chapter 5, high organic carbon additions were probably not 

consumed completely during the incubations and were likely converted into VFAs, 

therefore a decline in pH was observed. Triplicate pH values of treatments during the 

incubation period were compared simultaneously through Analysis of Variance 

(ANOVA) using the SPSS statistics 17 program to determine whether pH values 

between treatments differed significantly. The p values for pH values of the May07, 

July07 and Mar08 were all less than 0.001 indicating that there was a significant 

difference between the treatments at the 95% confidence level. However for pair-wise 

comparisons, with the May07 incubations containing both OC and sulfate additions, the 

p values for pH values were ≥ 0.05 between all treatments, except the Very High Eth 

High Sul incubations, suggesting no difference in pH values. Similarly, with the July07 

incubations, the p values between all treatments having both OC and sulfate additions 

were ≥ 0.05. 
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 Higher than predicted consumption of DOC was measured in some 

incubations. This confirmed that under anoxic conditions, in addition to SRB, other 

types of anaerobic microorganisms such as FRB, fermentating microbes, methanogens 

and denitrifiers as well as aerobic microbes (e.g. sulphur oxidizing bacteria) were likely 

present in the sediments. All of these microbes use organic carbon for growth.  

 Table 6.4 shows that at 18˚C a similar rate of sulfate reduction was obtained 

for the littoral and the benthic sediment incubations. The sulfate reduction rates were 

within the range of 0.45 - 0.57 mmol L-1 day-1 under dual limitation by both organic 

carbon and sulfate. However, a sulfate reduction rate of 0.74 mmol L-1 day-1 was 

observed in the Mar08 incubations when the incubation temperature was increased to 

30˚C. This suggests that high incubation temperature supported the growth of SRB in 

the lake sediments. Our results are comparable to those measured in acidic Mining Lake 

111 (pH = 2.6) in Germany, where a sulfate reduction rate of 3.5 mol m2- yr-1 (0.95 

mmol L-1 day-1) was observed in the field (Wendt-Potthoff et al., 2002). A similar 

microbial sulfate reduction rate of 2.04 mmol m-2 day-1 (0.24 mmol L-1 day-1) was 

measured in the acidic sediments of Lake Caviahue in Argentina, being a naturally 

acidified glacial lake with a pH value of 2.6 (Koschorreck et al., 2003). Sulfate 

reduction rates measured for ML116, ML77, ML B and ML Grunewalder Lanch (in 

Germany) were 17 - 130, 6, 240 and 57 - 265 nmol cm-3 d-1, respectively (0.02 – 0.13, 6 

× 10-3, 0.24, 0.057 – 0.265 mmol L-1 day-1) (Koschorreck, et al., 2007). The incubation 

temperature, sediment microbial diversity at sites and the addition of different substrates 

to lake water were possible factors causing differences in rates across sites. 

The average sulfate reduction rates were unlikely to have been underestimated. 

The water column sulfate concentrations in the incubations which did not have OC 

additions were steady over the entire experiment For example May07 High Sul and 

July07 Low Sul incubations had only 9.8 % ± 7.4 % and 1 % sulfate removal, 

respectively suggesting no secondary sulfate mineral precipitation occurred during the 

time course of the experiment. Though there was a possibility that gypsum could have 

been formed initially, as carbon dioxide was building up in the microcosms, calcium 

carbonate would have precipitated leaving sulfate ions in the lake water. The rate of 

sulfate removal over the duration of the experiment, was therefore highly unlikely to 

have been underestimated. 
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 One of the most interesting findings across the iron (Chapter 5) and sulfate 

(Chapter 6) reduction incubations is the difference in FRB and SRB activity between 

the littoral and benthic sediments at 18˚C. Interestingly, the average ferrous production 

rates in the benthic sediments were lower compared to those in the littoral sediments 

indicating that FRB activity in benthic sediments was limited even though a reduction 

of ferric was observed. In contrast, the average rates of sulfate reduction in benthic and 

littoral sediment zone were similar suggesting that the population and activity of SRB in 

both sediment zones were comparable. DGGE studies confirmed the presence of SRB in 

Kepwari sediments (Chapter 4) and they thrived successfully in both littoral and benthic 

sediments providing that the environment was rich in OC and sulfate.  

 There are not previously reported kinetic parameterizations of microbial 

sulfate reduction in an ultraoligotrophic, acidic mine lake with pH value of 4 - 5, thus 

comparisons of our calculated kinetic parameters with any other kinetic studies must be 

made carefully. The growth of the anaerobic indigenous microorganisms in our sulfate 

reduction processes was slow, thus a slow specific microbial growth rate was observed 

in all treatments. When compared with published literature values (Table 5.7 in Chapter 

5) our maximum specific microbial growth rates were very low. This was also 

accompanied by low microbial growth rates observed in our iron reduction incubations 

(Chapter 5). Our maximum specific DOC and sulfate consumption rates do not 

significantly differ from other systems except that our values were slightly higher due to 

high concentrations of organic carbon and sulfate being used in incubations (Table 5.8 

in Chapter 5). Kalin et al. (2006) verified that the kinetics of sulfate, iron, nitrate and 

manganese reduction in an acidic mine lake environment are very slow. 

 Differences in microbial populations between sites can cause variations in 

rates of biodegradation (Schirmer et al., 1999). In addition, the calculation of kinetic 

parameters using different forms of the kinetic equations may also have resulted in 

different calculated constants between various research groups studying the same 

subject. 

6.7 Conclusions 

The in-situ remediation strategies of sulfate reduction and iron reduction 

processes offer a possible means to treat acidic mine lake water. The availability of an 
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electron donor (organic carbon) and an electron acceptor (sulfate) drive the microbial 

alkalinity generation successfully and efficiently. The addition of OC and sulfate to the 

water column of an ultraoligotrophic, acidic mine lake stimulated the growth of 

indigenous SRB in the lake sediments, resulting in microbial and chemical alkalinity 

generation. Since Lake Kepwari contains a limited amount of DOC and sulfate, both the 

electron donor as well as the electron acceptor must be added to promote the growth of 

SRB. The amount of organic carbon and sulfate additions should be the subject of future 

studies as our treatments showed that under some conditions, a complete sulfate 

reduction was achieved successfully. In particular, the quantity of organic carbon and an 

electron acceptor added must be carefully examined to ensure the successful removal of 

acidity from lake water and to prevent an unused excessive load of organic carbon and 

nutrients to the lake water. Further studies are needed to determine how to maintain 

anoxic conditions at the sediment-water interface. 

 We have provided the Dual Monod kinetic parameterizations for an 

ultraoligotrophic, acidic mine lake environment, that have not been presented before. 

The kinetics of microbial growth and substrate consumption should now be 

implemented into an ecological lake model to investigate remediation scenarios for 

acidic mine lakes.  
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7         CONCLUSIONS AND RECOMMENDATIONS 

7.1  Conclusions 

                The objectives of this thesis were to investigate the viability of microbial ferric 

and sulfate reduction in an ultraoligotrophic, acidic mine lake, to assess the impact of 

these microbial processes on water quality and to parameterize the Dual Monod kinetics 

of neutralization under dual limitation (oxidant and reductant) conditions.  

  In Chapter 4, the sediment microbial communities at different water depths 

were examined using molecular analyses. Viable counts in the sulfate reducing medium 

(SRM) were significantly higher compared to those in the ferric reducing medium 

(FRM). Moreover the isolation of pure strains of sulfate reducing bacteria (SRB) and 

ferric reducing bacteria (FRB) was not possible. However, DGGE analysis allowed 

detection of known SRB in Kepwari sediments whilst known FRB were not detected. 

The low viable counts in FRM and the absence of known FRB in the DGGE profiles 

suggested that microbial ferric reducing activity in the lake sediments was not possible. 

However we hypothesized that seed stock of FRB was present, though not detectable, 

and that FRB activity would be promoted by the addition of organic carbon and iron. 

Detailed experiments were conducted using incubated microcosms of lake 

sediments and lake water. As expected from the microbial characterization work 

outlined in Chapter 4, without addition of organic carbon to the microcosms, microbial 

ferric and sulfate reduction in the lake sediments were limited. However, FRB and SRB 

activity were indeed promoted in both littoral and benthic sediments after the addition 

of organic carbon, iron and sulfate (Chapter 5 and Chapter 6). Consequently, the pH of 

lake water was increased overtime from an initial value as low as 2.2 to a final value as 

high as 4.9 for the iron reduction process and a final pH value of 5.6 – 5.7 was obtained 

from the sulphate reduction process. Stronger FRB activity was observed in littoral 

sediments than in the benthic sediments. In contrast, a similar SRB activity was detected 

in both littoral and benthic sediments. Methanogenesis was also detected in the 

microcosms. 

The addition of organic cabron, ferric and sulfate to the water stimulated the 

growth of indigenous SRB and FRB in the sediments, resulting in the removal of ferric 

and sulfate from the water and increasing the pH.   
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In the iron reduction microcosm experiments, acetic acid and butyric acid were 

detected, most likely generated as intermediate products of the degradation of glucose. 

In the sulfate reduction microcosm experiments, acetic acid, propionic acid and butyric 

acid were detected during the degradation of ethanol. 

The findings obtained from this study are essential for future mesocosm 

studies in outdoor enclosures and for the management of ultraoligotrophic, acidic mine 

lakes. The Monod kinetic parameterizations derived from this study have not been 

previously presented and provide new understanding of the dynamic controls of the 

electron donor (organic carbon) and electron acceptor (ferric and sulfate) sources on 

indigenous anaerobic respiration in ultraoligotrophic, acidic mine lake environments. In 

particular, the parameterizations are ready to be implemented in lake ecological models 

which can then be used to test remediation strategies reliant on the addition of organic 

carbon as well as ferric and sulfate sources and to examine remediation strategies for 

water quality of acidic mine lakes. 

7.2 Recommendations 

Future work in this area should focus on the following: 
• Determine whether indigenous FRB and SRB communities in Lake Kepwari 

sediments change over seasonal or annual timescales, using DGGE analysis. 

• Examine FRB activity in Kepwari sediments at different water depths under dual 

limitation by organic carbon and ferric substrates, to confirm whether sediments 

at depth host higher rates of ferric reduction compared to littoral sediments. 

• Investigate iron reduction rates in both littoral and benthic sediments to 

determine whether FRB activity changes over seasonal/annual timescales. 

• Conduct microcosm/mesocosm studies to quantify the electron donor (organic 

carbon) source required to ensure successful removal of acidity from lake water 

and to prevent excessive organic carbon and nutrients loading to the lake water.  

• Conduct microcosm/mesocosm study to quantify the minimum amount of 

electron acceptor (ferric and sulfate) required to promote ferric and sulfate 

reduction. 

• Use different sources of organic carbon to determine what FRB favor most, 

specially the more cost-effective organic carbon substrates e.g. woodchips, 
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mulch, compost, manure. Results from Chapter 5 suggest that FRB favor 

dissolved organic matter leached from vegetation. 

• Compare the iron and sulfate reduction rates between our microcosm 

experiments and upscaled mesocosm experiments.  

• Quantify volatile fatty acids formation during the degradation of organic carbon 

in mesocosms to determine their influence on the overlying water pH. 

• Quantify the secondary Fe(II) mineral precipitation and sulfide mineral 
formation in lake sediments, to examine whether rates of ferric and sulfate 
reduction will be affected by the mineral formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 158 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

159 

8         REFERENCES 

 

Akcil, A and Koldas, S., 2006. Acid Mine Drainage (AMD): causes, treatment and case 

studies. Journal of Cleaner Production, 14, 1139 – 1145. 

Altschul, S. F., Gish, W., Miller, W., Myers, E. W and Lipman, D. J., 1990. Basic local 

alignment search tool. Journal of Molecular Biology, 215, 403 – 410. 

APHA., 1992. Standard methods for the examination of water and wastewater. 18th ed. 

American Public Health Association, Washington, DC. 

Bae, W and Rittmann, B, E., 1996. A structured model of dual-limitation kinetics.    

Biotechnology and Bioengineering, 49, 683 – 689. 

Baeseman, J. L., Smith, R. L and Silverstein, J., 2006. Denitrification potential in 

stream sediments impacted by acid mine drainage: effects of pH, various 

electron donors, and iron. Microbial Ecology, 51, 232 – 241. 

Baker, B. J and Banfield, J. K., 2003. Microbial communities in acid mine drainage. 

FEMS Microbiology Ecology, 44, 139  –  152. 

Benitez, F. J, Beltran-Heredia, J., Torregrosa, J and Dominguez, J. R., 1999. Aerobic 

treatment of black olive wastewater and the effect of an ozonation stage. 

Bioprocess Engineering, 20, 355 – 361. 

Bilgin, A. A., Silverstein, J and Hernandex, M., 2005. Effects of soluble ferri-hydroxide 

complexes on microbial neutralization of acid mine drainage. Environmental 

Science & Technology. 39, 7826 – 7832. 

Bilgin, A. A., Silverstein, J and Jenkins, J. D., 2004. Iron respiration by Acidiphilum 

cryptum at pH 5. FEMS Microbiology Ecology, 49, 137 – 143. 

Blodau, C and Peiffer, S., 2003. Thermodynamics and organic matter: constraints on 

neutralization processes in sediments of highly acidic waters. Applied 

Geochemistry, 18, 25 – 36. 

Boetius, A and Lochte, K., 1996. Effect of organic enrichments on hydrolytic potentials 

and growth of bacteria in deep-sea sediments. Marine Ecology Progress Series, 

140, 239 – 250. 



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 160 

     

Borden, R. C and Bedient, P. B.., 1986. Transport of dissolved hydrocarbons influenced 

by oxygen-limited biodegradation 1. Theoretical development. Water 

Resources Research, 22, 1973 – 1982. 

Bratcova, S., Groudev, S and Georgiev, P., 2002. The effect of some essential 

environment factors on the microbial dissimilatory sulfate reduction. Mining 

and Mineral Processing, 44  –  45, 123-127.  

Castillo, A., Llabres, P and Mata-Alvarez, J., 1999. A kinetic study of a combined 

anaerobic aerobic system for treatment of domestic sewage. Water Research, 

33, 1742 – 1747. 

Castro, J. M and Moore, J. N., 2000. Pit lakes: their characteristics and the potential for 

their remediation. Environmental Geology, 39, 1254 – 1260. 

Cheng, S., Dempsey, B. A and Logan, B. E., 2007. Electricity generation from synthetic 

acid mine drainage (AMD) water using fuel cell technologies. Environmental 

Science & Technology, 41, 8149 – 8153. 

Christensen, B., Laake, M and Lien, T., 1996. Treatment of acid mine water by sulfate-

reducing bacteria; results from a bench scale experiment. Water Research, 30, 

1617 – 1624. 

Church, C. D., Wilkin, R. T., Alpers, C. N., Rye, R. O and McCleskey, R. B., 2007. 

Microbial sulfate reduction and metal attenuation in pH 4 acid mine water. 

Geochemical Transactions. 8:10. doi 10.1186/1467-4866-8-10. 

Daumas, S., Cord-Ruwisch, R and Garcia, J. L., 1988. Desulfotomaculum 

geothermicum sp. nov., a thermophilic, fatty acid-degrading, sulfate-reducing 

bacterium isolated with H2 from geothermal ground water. Antonie van 

Leeuwenhoek, 54, 165 – 178. 

DeNicola, D. M and Stapleton, M. G., 2002. Impact of acid mine drainage on benthic 

communities in streams: the relative roles of substratum vs. aqueous effects. 

Environmental Pollution, 119, 303 – 315. 

Dugan, P. R., 1975. Bacterial ecology of strip mine areas and its relationship to the 

production of acidic mine drainage. The Ohio Journal of Science, 75, 266 – 

279. 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

161 

Edwards, K. J., Gihring, T. M and Banfield, J. F., 1999. Seasonal variations in microbial 

populations and environmental conditions in an extreme acid mine drainage 

environment. Applied  Environmental Microbiology, 65, 3627 – 3632. 

Evangelou V.P., 1998, “Pyrite in Oxidation Chemistry” in Environmental Soil and 

Water chemistry principles and Application, John Wiley and Sons, New York. 

Fauville, A., Mayer, B., Frommichen, r, Friese, K and Veizer, J., 2004. Chemical and 

isotopic evidence for accelerated bacterial sulfate reduction in acid mining 

lakes after addition of organic carbon: laboratory batch experiments. Chemical 

Geology, 204, 325 – 344.  

Findlay, R. H., King, G. M and Watling, L., 1989. Efficacy of phospholipid analysis in 

determining microbial biomass in sediments. Applied and Environmental 

Microbiology, 55, 2888 – 2893. 

Fortin, D., Davis, B and Beveridge, T. J., 1996. Role of Thiobacillus and sulfate-

reducing bacteria in iron biocycling in oxic and acidic mine tailings. FEMS 

Microbiology Ecology, 21, 11 – 24. 

Frommichen, R., Kellner, S and Friese, K., 2003. Sediment conditioning with organic 

and/or inorganic carbon sources as a first step in alkalinity generation of acid 

mine pit lake water (pH 2-3). Environmental Science & Technology, 37, 1414 

– 1421. 

Frommichen, R., Wendt-Potthoff., Friese, K and Fischer, R., 2004. Microcosm studies 

for neutralization of hypolimnic acid mine pit lake water (pH 2.6). 

Environmental Science & Technology, 38, 1877 – 1887. 

Fyson, A., Nixdorf, B and Kalin, M., 2006. The acidic lignite pit lakes of Germany – 

Microcosms experiments on acidity removal through controlled 

eutrophication. Ecological Engineering, 28, 288 – 295.  

Garcia, C., Moreno, D. A., Ballester, A., Blazquez, M. L and Gonazalez, F., 2001. 

Bioremedation of an industrial acid mine water by metal-tolerant sulfate-

reducing bacteria. Minerals Enginerring, 14, 997 – 1008. 

Gaudy, A. F., Ramanathan, M and Rao, B. S., 1967. Kinetic behavior of heterogeneous 

populations in completely mixed reactors. Biotechnology and Bioengineering, 

9, 387 – 411.  



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 162 

     

Gould, W.D and Kapoor, A., 2003. “Chapter 10: The microbial of acid mine drainage. 

Environmental aspects of mine wastes” in Environmental aspects of mine 

wastes, V31, Mineralogical Association of Canada. 

Guha, H., 2004. Biogeochemical influence on transport of chromium in manganese 

sediments: experimental and modeling approaches. Journal of Contaminant 

Hydrology, 70, 1 – 36. 

Hammack, R. W., Edenborn, H. M and Dvorak,  D. H., 1994. Treatment of water from 

an open-pit copper mine using biogenic sulfide and limestone: A feasibility 

study. Water Research, 28, 2321 – 2329. 

Hansford, G. S., 1998. Studies on the mechanism and kinetics of bioleaching. 

Fizykochemiczne Problemy Mineralurgii, 32, 281 – 291. 

Hawkes, R. B., Franzmann, P. D and Plumb, J. J., 2006. Moderate thermophiles 

including “Ferroplasma cupricumulans” sp. nov. dominate an industrial-scale 

chalcocite heap bioleaching operation. Hydrometallurgy, 229 – 236. 

Heijnen, J. J and, B., 1995. Derivation of kinetic equations for growth on single 

substrates based on general properties of a simple metabolic network. 

Biotechnology Progress, 11, 712 – 716. 

http://www.bioline.com 

Hu, W. C., Thayanithy, K and Forster, C. F., 2002. A kinetic study of the anaerobic 

digestion of ice-cream wastewater. Process Biochemistry, 37, 965 –  971. 

Hungate, R. E., 1969. A roll tube method for cultivation of strict anaerobes. In: Norris, 

J.R, Ribbons, D. W., (ed). Methods in Microbiology, vol 3B. Academic Press, 

New York, 117 – 132. 

Jarvis, A. P and Younger, P. L., 2000. Broadening the scope of mine water 

environmental impact assessment: a UK perspective. Environmental Impact 

Assessment Review, 20, 85 – 96. 

Johnson, D. B and Hallberg, K. B. 2003. The microbiology of acidic mine waters. 

Research in Microbiology, 154, 466 – 473. 

Johnson, D. B and Hallberg, K. B., 2005. Acid mine drainage remediation options: a 

review. Science of the Total Environment, 338, 3 – 14. 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

163 

Johnson, S. L and Wright, A. H., 2003. Mine void water resource issues in Western 

Australia, water and Rivers Commission, Resource Science Division, Western 

Australia, Report no. HG9. 

Kaksonen, A. H., Franzmann, P. D and Puhakka, J. A., 2003. Performance and ethanol 

oxidation kinetics of a sulfate-reduicing fluidized-bed reactor treating acidic 

metal-contianing wastewater. Biodegradation, 14, 207  –  217. 

Kalin, M., Fyson, A and Wheeler, W. N., 2006. The chemistry of conventional and 

alternative treatment systems for the neutralization of acid mine drainage. 

Scinece of the Total Environment, 366, 395 – 408. 

Klemps, R., Cypionka, H., Widdel, F and Pfennig, N., 1985. Growth with hydrogen, 

and further physiological characteristics of Desulfotomaculum species. 

Archives of Microbiology, 143, 203 – 208.  

Kolmert, A and Johnson, D. B., 2001. Remediation of acidic waste waters using 

immobilized, acidophilic sulfate-reducing bacteria. Journal of Chemical 

Technology and Biotechnology, 76, 836 – 843. 

Kopke, B., Wilms, R., Engelen, B., Cyionka, H and Sass, H., 2005. Microbial diversity 

in coastal subsurface sediments: a cultivation approach using various electron 

acceptors and substrate gradients. Applied and environmental microbiology, 

71, 7819 – 7830. 

Koschorreck, M., Bozau, E., Frommichen, R., Geller, W., Herzsprung, P and Wendt – 

Potthoff, K., 2007. Processes at the sediment water interface after addition of 

organic matter and lime to an acid mine pit lake mesocosm. Environmental 

Science and Technology, 41, 1608 – 1614. 

Koschorreck, M., Frommichen, R., Herzsprung, P., Tittel, J and Wendt-Potthoff, K., 

2002. Functions of straw for in situ remediation of acidic mining lakes. Water, 

Air, and Soil Pollution: Focus, 2, 97 – 109. 

Koschorreck, M., Kleeberg, A., Herzsprung, P and Wendt-Potthoff, K., 2007. Effects of 

benthic filamentous algae on the sediment-water interface in an acidic mining 

lake. Hydrobiologia. 592, 387 – 397.  

Koschorreck, M., Wendt-potthoff, K and Geller, W., 2003. Microbial sulfate reduction 

at low pH in sediments of an Acidic Lake in Argentina. Environmental 

Science and Technology, 37, 1159 – 1162. 



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 164 

     

Kovarova-Kovar, K and Egli, T., 1998. Growth kinetics of suspended microbial cells: 

from single-substrate-controlled growth to mixed-substrate kinetics. 

Microbiology and Molecular Biology Reviews, 62, 646 – 666. 

Kusel, K and Dorsch, T., 2000. Effect of supplemental electron donors on the microbial 

reduction of Fe(III), sulfate, and CO2 in coal mining-impacted freshwater lake 

sediments. Microbial Ecology, 40, 238 – 249. 

Kusel, K., 2003. Microbial cycling of iron and sulfur in acidic coal mining lake 

sediments. Water, Air, and Soil Pollution, 3, 67-90. 

Kusel, K., Dorsch, T., Acker, G and Stackebrandt, E., 1999. Microbial reduction of Fe 

(III) in acidic sediments: isolation of Acidiphilium cryptum JF-5 capable of 

coupling the reduction of Fe (III) to the oxidation of glucose. Applied and 

Environmental Microbiology, 65, 3633 – 3640. 

Kusel, K., Roth, U., Trinkwalter, T and Peiffer, S., 2001. Effect of pH on the anaerobic 

microbial cycling of sulfur in mining-impacted freshwater lake sediments. 

Environmental and Experimental Botany, 46, 213-223. 

Lendenmann, U and Egli, T., 1998. Kinetic models for the growth of Escherichia coli 

with mixtures of sugars under carbon-limited conditions. Biotechnology and 

Bioengineering, 59, 99 – 107. 

Malik, A., 2004. Metal bioremediation through growing cells. Environment 

International, 30, 261 – 278.  

Marchand, E. A and Silverstein, J., 2003. The role of enhanced heterotrophic bacterial 

growth on iron oxidation by Acidithiobacillus ferroxidans. Geomicrobial 

Journal, 20, 231 – 244. 

Min, H and Zinder, S. H., 1990. Isolatin and characterization of a thermophilic sulfate-

reducing bacterium Desulfotomaculum thermoacetoxidans sp. nov. Archives 

of Microbiology, 153, 399 – 404.  

Moosa, S., Nemati, M and Harrison, S. T. L., 2005. A kinetic study on anaerobic 

reduction of sulfate, part II: incorporation of temperature effects in the kinetic 

model. Chemical Engineering Science, 60, 3517 – 3524. 

Moosa, S., Nematic, M and Harrison, S. T. L., 2002. A kinetic study on anaerobic 

reduction of sulfate, Part I: Effect of sulfate concentration. Chemical 

Engineering Science, 57, 2773 – 2780. 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

165 

Muyzer, G., De Waal, E and Uitterlinden, A. G., 1993. Profiling of complex microbial 

populations by denaturing gradient gel electrophoresis analysis of polymerase 

chain reaction-amplified genes coding for 16S rRNA. Applied and 

Environmental Microbiology, 59, 695 – 700. 

Myers, C. R. and Nealson, K. H., 1988. Bacterial manganese reduction and growth with 

manganese oxide as the sole electron acceptor. Science, 240, 1319 – 1321. 

Negpal, S., Chuichulcherm, S.; Peeva, L and Livingston, A., 2000. Microbial sulfate 

reduction in a liquid-solid fluidized bed reactor. Biotechnology and 

Bioengineering, 70, 370 – 380. 

Nixdorf, B., Fyson, A and Krumbeck., 2001. Review: plant life in extremely acidic 

waters. Environmental and Experimental Botany, 46, 203 – 211. 

Nordstrom, D. K and South, G., 1997. Chapter 11: Geomicrobiology of sulfide mineral 

oxidation. In Banfield, J. F and Nealson, K. H [ed], Geomicrobiology: 

Interactions between microbes and minerals. Mineralogical Society of 

America. 

Okpokwasili, G. C and Nweke, C. O., 2005. Microbial growth and substrate utilization 

kinetics. African Journal of Biotechnology, 5 (4), 305 – 317. 

Oude Elferink, S. J. W. H., Visser, A., Hulshoff Pol, L. W and Stams, A. J. M., 1994. 

Sulfate reduction in methanogenic bioreactors. FEMS Microbiology Reviews, 

15, 119 – 136. 

Oyekola, O and Pletschke, B., 2006. ATP-Sulphurylase: An enzymatic marker for 

biological sulfate reduction. Soil Biology and Biochemistry, 38, 3511 – 3515. 

Pandey, P. K., Shrma, R., Roy, M and Pandey, M., 2007. Toxic mine drainage from 

Asia’s biggest copper mine at Malanjkhand, India. Environmental 

Geochemistry and Health, 29, 237 – 248. 

Park, S. S and Jaffe, P. R., 1995. Development of a sediment redox potential model for 

the assessment f postdepostional metal mobility. Ecological Modelling, 91, 

169 – 181. 

Petersen, S. O., Henriksen, K., Blackburn, T. H and King, G. M., 1991. A comparison 

of phospholipid and chloroform fumigation analyses for biomass in soil: 

potentials and limitations. FEMS Microbiology Ecology, 85, 257 – 268. 



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 166 

     

Petrunic, B. M., MacQuarrie and Al, T. A, 2005. Reductive dissolution of Mn oxides in 

river-recharged aquifers: a laboratory column study. Journal of Hydologyl, 

301, 163 – 181. 

Pham, H. A., Oldham, C. E and Plumb, J. J., (2007).The diversity of benthic 

microorganisms in acidic mine lake sediments. Advanced Materials Research 

20 –21, 489 – 492. 

Plumb, J. J., Bell, J and Stuckey, D. C., 2001. Microbial populations associated with 

treatment of an industrial dye effluent in an anaerobic baffled reactor. Applied 

and Environmental Microbiology, 67, 3226 – 3235. 

Pohler, I., Wenderoth, D. F., Wendt-Potthoff, K and Hofle, M. G., 2002. 

Bacterioplankton community structure and dynamics in enclosures during 

bioremediation experiments in an acid mining lake.Water, Air, and Soil 

Pollution: Focus, 2, 111 – 121. 

Roh, Y., Liu, S. V., Li, G, Huang H, Phelps, T. J and Zhou., 2002. Isolation and 

characterization of metal-reducing Thermoanaerobacter strains from deep 

subsurface environments of the Piceance Basin, Colorado. Applied and 

Environmental Microbiology, 68, 6013 – 6020. 

Salmon, S. U., Oldham, C. E and Ivey, G. I., 2008. Assessing internal and external 

controls on lake water quality: limitations on organic carbon-driven alkalinity 

generation in acidic pit lakes. Water Resources Research, 44, W10414. 

Salmon, U., 2005. Personal communication. 

Schirmer, M., Butler, B. J., Roy, J. W., Frind, E. O and Barker, J. F., 1999. A relative-

least-squares technique to determine unique Monod kinetic parameters of 

BTEX compounds using batch experiments. Journal of Contaminant 

Hydrology, 37, 69 – 86. 

Schrenk, M. O., Edwards, K. J., Goodman, R. M., Hamers, R. J and Banfield, J. F., 

1998. Distrubutiob of Thiobacillus ferrooxidans and Leptospirillum 

ferrooxidans: Implications for generation of acid mine drainage. Science, 279, 

1519 – 1521. 

Singer, P. C and Stumm, W., 1970. Acid mine drainage: the rate determining step. 

Science, 167, 1121-1123. 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

167 

Teather, R. M., Mahadevan, S., Erfle, J. D and Sauer, F. D.,1984. Negative correlation 

between protozoal and bacterial levels in rumen samples and its relation to the 

determination of dietary effects on the rumen microbial population. Applied 

and Environmental Microbiology, 47, 566 – 570. 

Thauer, R. K and Shima, S., 2006. Methane and microbes. Nature, 440, 878 – 879. 

Vanbriesen , J. M., Rittmann, B. E., Xun, L., Girvin  C and Bolton H. Jr., 2000. The 

rate-controlling substrate of nitrilotrieacetate for biodegradation by 

Chelatobacter heintzii. Environmental Science & Technology. 34, 3346 – 

3353. 

Varma, S., 2002. Hydrogeology and groundwater resources of the Collie Basin, Western 

Australia, Report HG5, Water and Rivers Commission of Western Australia, 

Perth, Australia. 

Wenderoth, D. F and Abraham, W. R., 2005. Microbial indicator groups in acidic 

mining lakes .Environmental Microbiology, 7, 133 – 139.  

Wendt-Potthoff, K and Koschorreck, M., 2002. Functional groups and activities of 

bacteria in a highly acidic volcanic mountain stream and lake in Patagonia, 

Argentina. Microbial Ecology, 43, 92 – 106. 

Wendt-Potthoff, K., Frommichen, R., Herzsprung, P and Koschorreck, M., 2002. 

Microbial Fe (III) reduction in acidic mining lake sediment after addition of an 

organic substrate and lime. Water, Air, and Soil Pollution: Focus, 2, 81 – 96. 

White, C and Gadd, G. M., 1997. An internal sedimentation bioreactor for laboratory-

scale removal of toxic metals from soil leachates using biogenic sulfide 

precipitation. Journal of Industrial Microbiology and Biotechnology, 18 (6), 

414 – 421. 

Zagury, G. J., Kulnieks, V. I and Neculita, C. M., 2006. Characteriszation and reactivity 

assessment of organic substrates for sulfate-reducing bacteria in acid mine 

drainage treatment. Chemosphere, 64, 944 – 954. 

Zdun, T., 2001. Modelling the hydrodynamics of Collie Mining Void 5B”, Honours 

Thesis, Centre for Water Research, University of Wester Australia. 

Zhao, F., Cong, Z., Sun, H and Ren, D., 2007. The geochemistry of rare earth elements 

(REE) in acid mine drainage from the Sitai cola mine, Shanxi Province, North 

China. International Journal of Coal Geology, 70, 184 – 192. 



Pham, H. A 
PhD Thesis, The University of Western Australia 
 
 
 

 

 168 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The dynamics of microbial ferric and sulfate reduction in acidic mine lake sediments and their impact on 
water quality 

 
 
 

  

    

169 

APPENDIX A: PHOTOMICROGRAPHS OF PURE 

CULTURES 

 

 
Figure A1. Phase contrast photomicrograph of HP1, Enterobacter asburiae strain 

isolated from the 18 m sediments sample. Strain HP1 was short-fat rods that were 0.86 

µm in diameter and 1.46µm in length. 

 

 

 
Figure A2. Phase contrast photomicrograph of HP2, Rhizobiales bacterium strain 

isolated from the 0 m sediments sample. Strain HP2 was curved rods that were 0.39 

µm in diameter, and the length a single curved rod could be as long as 1.34 µm 

(measured in straight line).  
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Figure A3. Phase contrast photomicrograph of HP3,Cellulomonas terrae strain isolated 

from the 10 m sediments sample. Strain HP3 was short-thin rods that were 0.41 µm in 

diameter and 1.51µm in length. 

 

 

After Chapter 4 was published, HP4 was obtained and was identified as Isoptericola 

variabilis (96 % similarity).  

 

 
Figure A4. Phase contrast photomicrograph of HP4, Isoptericola variabilis strain 

isolated from the 29 m sediments sample. Strain HP4 was short-thin rods which were 

0.46 µm in diameter and 1.68 µm in length. HP4 strain was capable of growing in SRM, 

however, its growth was very slow. 
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APPENDIX B: PHOTOGRAPHS OF DNA, PCR AND PCR - 

DGGE PRODUCTS 

 

 
Figure B1. Ethidium bromide-stained agarose gel (1%) of PCR amplified 16S rDNA 

genes of cultured isolates. E.coli was used as a positive control and no DNA was used 

in the negative control. The loading sequence of the gel is as follows: Lane 1: 

HyperLadder I; Lane 2: E.coli; Lane 3: negative control; Lane 4: HP1. 

 

 

 
Figure B2. Ethidium bromide-stained agarose gel (1%) of PCR amplified 16S rDNA 

genes of cultured isolates. E.coli was used as a positive control and no DNA was used 

in the negative control. The loading sequence of the gel is as follows: Lane 1: 

HyperLadder I; Lane 2: E.coli; Lane 3: negative control; Lane 4: HP2; Lane 5: HP3. 
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Figure B3.  Ethidium bromide-stained agarose gel (1%) of PCR amplified 16S rDNA 

genes of cultured isolates. E.coli was used as a positive control and no DNA was used 

in the negative control. The loading sequence of the gel is as follows: Lane 1: E.coli; 

Lane 2: negative control; Lane 3: HP4; Lane 4: HyperLadder I. 

 

 

. 

Figure B4. Ethidium bromide-stained agarose gel (1%) of DNA extracted from the 0 m 

and 10 m sediment samples in duplicate. The loading sequence of the gel is as follows: 

Lane 1: HyperLadder I; Lane 2 - 3: DNA of the 0 m sediment samples; Lane 4 - 5: DNA 

of the 10 m sediment samples. 
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Figure B5. Ethidium bromide-stained agarose gel (1%) of DNA extracted from the 18 

m and 29 m sediment samples in duplicate. The loading sequence of the gel is as 

follows: Lane 1: HyperLadder I; Lane 2 - 3: DNA of 18 m sediment samples; Lane 4 - 5: 

DNA of the 29 m sediment samples. 

 

 

 
Figure B6. Ethidium bromide-stained agarose gel (1%) of PCR amplified 16S rDNA 

genes of bacterial DNA extracted from the sediment samples collected at 0, 10, 18 and 

29 m water depth. E.coli was used as a positive control and no DNA was used in the 

negative control. The loading sequence of the gel is as follows: Lane 1: HyperLadder I; 

Lane 2: E.coli; Lane 3: negative control; Lane 4 – 6: PCR products of the 0 m sediment 

sample; Lane 7 - 9: PCR products of the 10 m sediment samples; Lane 10 – 12: PCR 

products of the 18 m sediment samples; Lane 13 – 15: PCR products of the 29 m 

sediment samples. 
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Figure B7. DGGE fingerprinting of sediment microbial communities at different water 

depths; 0m, 10m, 18m and 29m. Denaturing conditions were made up using a 40 - 60 

% denaturing gradient. The position of the DNA bands was marked with a number and 

these bands were excised, amplified and sequenced for the identification of bacteria 

(see Table B1 for further detail).  

 

 
Figure B8. Ethidium bromide-stained agarose gel (1%) of PCR amplified 16S rDNA-V3 

genes of bacterial DNA bands which were excised from the DGGE acrylamide gel. No 

DNA was used in the negative control. The loading sequence of the gel is as follows: 

from left to right Lane 1: HyperLadder I; Lane 2: negative control; Lane 3: Band 1; Lane 

4: Band 2: Lane 5: Band 3; Lane 6: Band 4; Lane 7: Band 5; Lane 8: Band 6 ; Lane 9: 

Band 7; Lane 10: Band 8; Lane 11: Band 9; Lane 12: Band 10; Lane 13: Band 11; Lane 

14: Band 12; Lane 15: Band 13; Lane 16: Band 14; Lane 17: Band 15; Lane18: Band 

16; Lane 19: Band 17; Lane 20: Band 18; Lane 21: Band 19; Lane 22: Band 20; Lane 

23: Band 21; Lane 24: Band 22; Lane 25: Band 23; Lane 26: Band 24; Lane 27: 

HyperLadder I. 
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Table B1. Results obtained by sequencing the 16S rNA gene of DGGE bands. 

Band number correspond to numbering of Figure B7 % match Phylum 

1 DMSP – degrading marine bacterium JA25 88 Proteobacteria 

2 Desulfomonile limimaris 91 Proteobacteria 

3 Desulfococcus biacutus 88 Proteobacteria 

4 Syntrophobacter sp, strain TSUA1 96 Proteobacteria 

5 Delta proteobacterium K18 92 Proteobacteria 

6 Uncultured bacterium Clone LCSA-GLU60   98  

7 Uncultured bacterium clone 1894a-17 99  

8 Streptomyces sp. 322C10  92 Actinobacteria 

9 Alpha proteobacterium AP-21 86 Proteobacteria 

10 Uncultured bacterium clone aab57g07 90  

11 Bacterium Ellin5258 86 Acidobacteria 

12 Uncultured Rubrobacteridae bacterium clone     

EB1084 

97 Actinobacteria 

13 Legionella-like amoebal pathogen  95 Proteobacteria 

14 Uncultured bacterium,clone AV9-8 89 Firmicutes 

15 Moorella thermoacetica strain ET-5a 84 Firmicutes 

16 Desulfobacterium catecholicum strain DSM 3882 86 Proteobacteria 

17 Methylosinus trichosporium 90 Proteobacteria 

18 Uncultured organism Actinomycete species 

(clone Ep   T1.240 

93 Actinobacteria 

19 Desulfomicrobium apsheronum, strain KB1 92 Proteobacteria 

20 Candidatus Heliobactillus elongatus, isolate JHB2 94 Firmicutes 

21 Rhodospirillum rubrum 94 Proteobacteria 

22 Phaeospirillum sp. MPA1 88 Proteobacteria 

23 Delta proteobacterium LacK9 90 Proteobacteria 

24 Cryptanaerobacter phenolicus strain LR7.2 88 Firmicutes 
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APPENDIX C: PHOTOGRAPHS OF MICROCOSM STUDY 

 

        
                         (a)                                                            (b) 

Figure C1. The study of ferric reduction process in laboratory scale microcosm. (a) 

Photograph was taken on day 1, Lake Kepwari water was dark orange in colour due to 

the dissolved ferric ions. (b) Photograph was taken at the end of the experiment, the 

lake water was now colourless. 

 

 

        
                          (a)                                                            (b) 

Figure C2. The study of sulfate reduction process in laboratory scale microcosm. (a) 

Photograph was taken on day 1 (b) Photograph was taken at the end of the 

experiment, black sulfide precipitate was formed around the inner wall of the serum 

bottles and on the sediments layers. 

 

 

 


