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Zusammenfassung 
 

Zusammenfassung 

Bergbau-Abfälle werden als Abraum oder als mit Metallen abgereicherte 

Aufbereitungsrückstände (Tailings) deponiert. Bergbauhalden enthalten oft Sulfidminerale 

wie Pyrit oder Pyrrhotit, die chemisch und biologisch unter Freisetzung von Schwefelsäure 

und Schwermetallen oxidiert werden. Die sauren, mit Schwermetallen angereicherten 

Sickerwässer dieser Halden werden als acid mine oder rock drainage (AMD/ ARD) 

bezeichnet. Um AMD/ ARD bildende Prozesse zu verstehen, abzuschätzen und zu 

kontrollieren, ist es nötig, die Mikrobiologie und Biogeochemie von sulfidischen 

Bergbauhalden zu untersuchen. 

In dieser Arbeit wurden mikrobielle Gemeinschaften in drei verschiedenen sulfidischen 

Tailings-Halden quantitativ analysiert unter Verwendung der molekularbiologischen 

Quantifizierungstechniken Catalyzed Reporter Deposition – Fluorescence in situ 

Hybridization (CARD-FISH), FISH und quantitative real-time PCR (Q-PCR) im Vergleich mit 

SYBR Green Direktzählungen und der most-probable-number (MPN) Kultivierungsmethode. 

Gesamtzellzahlen, Zahl der Bacteria, Archaea, Eukarya und der spezifischen Bakterien 

Acidithiobacillus sp., At. ferrooxidans, At. caldus, Leptospirillum sp., L. ferrooxidans, 

Sulfobacillus sp., Acidiphilium sp., Acidimicrobium und Verwandte, Geobacteraceae, Sulfat-

Reduzierer (dsrA) sowie MPN-Zahlen von acidophilen Fe(II)- und Schwefel-Oxidierern 

wurden bestimmt. Tiefenprofile dieser Zellzahlen zeigten, dass die Zusammensetzung der 

mikrobiellen Gemeinschaft an den drei Standorten sehr unterschiedlich ist und auch stark 

zwischen den Zonen der oxidierten und nicht-oxidierten Tailings-Halden variiert. Zonen mit 

hohen Zellzahlen korrelieren mit hohen mikrokalorimetrisch gemessenen Pyrit und Pyrrhotit 

Oxidationsaktivitäten, ebenso wie mit Lagen von Verkrustungen, die relevant sind für den 

natürlichen Rückhalt von Schwermetallen und Arsen (natural attenuation). Maximale 

Zellzahlen mit bis zu 109 Zellen g-1 Trockengewicht wurden in den Pyrit oder Pyrrhotit 

Oxidationszonen detektiert, während die Zellzahlen in den Zonen der nicht oxidierten 

Tailings deutlich geringer waren. Bacteria dominierten über Archaea und Eukarya an allen 

untersuchten Standorten. Unter den Bacteria dominierte an zwei Standorten der acidophile 

Fe(II)- und Schwefel- oxidierende Acidithiobacillus sp. über den acidophilen Fe(II)-

oxidierenden Leptospirillum sp., während beide Gattungen gleichstark am dritten Standort 

vertreten waren. Der acidophile Fe(II)- und Schwefel-oxidierende Sulfobacillus sp. war 

generell in geringerer Zahl zu finden und der Fe(II)-oxidierende Acidimicrobium und 

Verwandte konnten gar nicht nachgewiesen werden. Der acidophile Fe(III)-reduzierende 

Acidiphilium sp. wurde nur an einem Standort gefunden, während die neutrophilen Fe(III)-

reduzierenden Geobacteraceae, ebenso wie das dsrA Gen von Sulfat-Reduzierern an allen 

Standorten quantifiziert wurden. FISH Analysen lieferten zuverlässige Daten nur für Tailings-

Zonen mit hoher mikrobieller Aktivität, während CARD-FISH, Q-PCR, SYBR Green 
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Direktzählungen und MPN sich für eine quantitative Analyse von mikrobiellen 

Gemeinschaften von Tailings-Halden im Allgemeinen eigneten. 

Außerdem erwiesen sich FISH und Q-PCR als sinnvolle Methoden für die Überwachung 

von Zellzahlen in einem Experiment zur biologischen Metalllaugung (Biomining). Es konnte 

gezeigt werden, dass Biomining eine Option für die Bio-Sanierung (Bioremediation) von 

Tailings-Halden und die Extraktion von wertvollen Metallen aus Bergbauabfällen ist. 

 

 

Schlagworte: Tailings, Acid Mine Drainage, Acidithiobacillus 

 



Summary
 

Summary 

Mine waste material is dumped as waste rock or as metal-degraded waste from ore 

processing (tailings). Waste dumps often contain sulfide minerals such as pyrite or pyrrhotite 

which are chemically and biologically oxidized and therewith generate sulfuric acid and 

mobilize heavy metals. The acidic, heavy metal enriched effluents from such dumps are 

called acid mine or rock drainage (AMD/ ARD). To understand, estimate and control AMD/ 

ARD forming processes it is necessary to investigate the microbiology and biogeochemistry 

of sulfidic mine waste dumps.  

In this thesis the microbial communities in three different sulfidic mine waste tailings 

were quantitatively analyzed using the molecular quantification techniques catalyzed reporter 

deposition – fluorescence in situ hybridization (CARD-FISH), FISH and quantitative real-time 

PCR (Q-PCR) in comparison with SYBR Green direct counting and most-probable-number 

(MPN) cultivation. Total cell numbers, numbers of Bacteria, Archaea, Eukarya, and of the 

particular bacteria Acidithiobacillus sp., At. ferrooxidans, At. caldus, Leptospirillum sp.,  

L. ferrooxidans, Sulfobacillus sp., Acidiphilium sp., Acidimicrobium and relatives, 

Geobacteraceae, sulfate reducer (dsrA) as well as MPN-numbers of acidophilic Fe(II)- and 

sulfur-oxidizers were determined. Depth profiles of these cell numbers showed that the 

composition of the microbial communities is highly different at the three sites, and also 

strongly varied between zones of oxidized and unoxidized tailings. Zones with high cell 

numbers correlate with a high pyrite or pyrrhotite oxidation activity measured by 

microcalorimetry as well as with cemented layers relevant for natural attenuation of heavy 

metals and arsenic. Maximum cell numbers with up to 109 cells g-1 dry weight were 

determined in the pyrite or pyrrhotite oxidation zones whereas the cell numbers were 

significantly lower in the zones of unoxidized tailings. Bacteria dominated over Archaea and 

Eukarya at all tailings sites. Among the Bacteria, the acidophilic Fe(II)- and sulfur-oxidizing 

Acidithiobacillus sp. dominated over the acidophilic Fe(II)-oxidizing Leptospirillum sp. at two 

sites, while both genera were equally abundant at the third site. The acidophilic Fe(II)- and 

sulfur-oxidizing Sulfobacillus sp. was generally less abundant and the Fe(II)-oxidizing 

Acidimicrobium and relatives were not detected at all. The acidophilic Fe(III)-reducing 

Acidiphilium sp. could only be found at one site while the neutrophilic Fe(III)-reducing 

Geobacteraceae as well as the dsrA gene of sulfate reducers were quantifiable at all three 

sites. FISH analysis provided reliable data only for tailings zones with high microbial activity 

but CARD-FISH, Q-PCR, SYBR Green direct counting and MPN were suitable methods for a 

quantitative microbial community analysis of tailings in general. 

In addition, FISH and Q-PCR turned out to be suitable methods for monitoring cell 

numbers in a biomining experiment. Biomining is shown to be an option for tailings 

bioremediation and extraction of valuable metals from mine waste. 
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Introduction 
 

1. Introduction 

1.1 Metal mining 

Mining operations are conducted throughout the world to extract valuable mineral 

resources. Many sulfide minerals are economically important as metal ores. Metals such as 

lead, cobalt, copper, nickel, zinc, silver or gold are recovered from sulfide ore deposits. For 

example, about 66% (ca. 2.23 million tons) of the global recovered lead ores are produced in 

China, Australia and the USA. In 2006 Russia, Canada, Australia and Indonesia provided 

about 60% of the worldwide recovered nickel ores (1.4 million tons nickel). Chile is the 

biggest producer of copper with 5.4 million tons in 2006 and yielded 30% of the global 

production followed by the USA, Peru, Australia and China. Furthermore 2006 approximately 

10.2 million tons zinc were recovered worldwide. 65% of this production was extracted in 

China, Australia, Peru, the USA and Canada (Rohstoffwirtschaftliche Länderstudien, 2006). 

The demand for metals highly increased during the last years. In the 1980s and 90s an 

adequate supply, partly an oversupply of mining resources could be offered. The prices for 

the most resources reached a historical low in the 1990s. Since 2003/ 2004 resources ran 

short and supply bottlenecks occurred. This was not a result of the depletion of the worldwide 

natural resources but a consequence of a surprising fast and strong increase of demands 

without an adequate supply. In 2003 the demand of mining resources rose rapidly due to a 

global economic boom and especially the industrial production in China but also in India and 

further oriental newly industrializing countries which exceeded their recovery. This caused an 

upsurge of prices to never reached highest levels of many resources in 2004 to nowadays. 

As for example the global prices for copper reached a historical low in 2001, they rose from 

less than 3000 US-$ per ton at the beginning of 2004 to approximately 6000 US-$ per ton in 

2006 and to more than 7000 US-$ in spring of 2007. The enormous increased demand of 

steel caused a high demand in zinc since 2004 which continued undiminished in 2006 and 

2007. In 2006, due to the scarcity of the supply the world prices rose by approximately 80% 

and reached their highest value ever (Der Fischer Weltalmanach 2008). 

All predictions assume that it will take several years until a balance between demand 

and supply is established by increasing the extraction of mining resources preconditioned 

that the economic growth of the most important countries of consumption prolong in the 

present extent. According to present geoscientific findings in near to middle future mining 

resources will not run short due to exhaustion of the deposits. The extent of actual reserves 

is predominantly dependent on the price and the state of the extracting and producing mining 

techniques. It is comparative which mineral concentration is sufficient to consider a rock as 

metal ore. Periodically the amount of available resources grows with increasing prices 

because the extraction of previously disregarded low-grade deposits becomes reasonable. 
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Furthermore the exploration and recovery of so far unknown or not economically viable 

resources results from this development (Der Fischer Weltalmanach 2008). 

In this context biomining bears a special meaning for extracting metals from ores (Donati 

and Sand 2007; Rawlings and Johnson 2007a). Biomining is a general term and is 

describing applied bioleaching and biooxidation (Rawlings, 2002). Both terms describe 

oxidation processes. Bioleaching is the conversion of an insoluble metal (usually a metal 

sulfide, e.g. CuS, NiS, ZnS) into a soluble form (usually the metal sulfate, e.g. CuSO4, NiSO4, 

ZnSO4) enhanced by microbial activity. Adjacently, the metal is recovered from solution. The 

microbial oxidation process may also be termed biooxidation. However, the term biooxidation 

is usually used to describe a process in which the recovery of a metal is enhanced by 

microbial decomposition of the mineral, but the metal being recovered is not solubilized but 

more accessible for extraction. An example is the recovery of refractory gold from sulfide 

ores. After biooxidation of the gold-bearing sulfide, e.g. arsenopyrite, the gold is extracted 

from the mineral suspension by cyanide treatment. 

The advantage of biomining is the economically feasible extraction of metals from low-

grade ore deposits especially for copper recovery (Clark et al., 2006; Rawlings and Johnson 

2007a). The conventional metallurgical extraction process i.e. flotation in combination with 

roasting or smelting requires a sufficient sulfide content of the ore and is environmentally 

harmful by producing sulfur dioxide and other toxic gaseous emissions (Rawlings et al., 

2003). Although biomining processes require longer reaction times than conventional 

metallurgical processes, the increasing demand of metals, the decreasing proportion of high-

grade ore deposits and the nowadays demanded remediation of mine waste from 

conventional ore processing lead to an increased application of biomining especially for 

copper recovery. For this reason the development of e.g. molecular biological methods for 

monitoring and improving biomining processes as well as the investigation of the associated 

microbial communities as done in this study is of special meaning.  

 

1.2 Sulfidic mine waste dumps 

Mining operations are accompanied by high amounts of mine waste material which are 

accumulated and dumped as waste rock consisting of not recoverable minerals from mining 

or as tailings which are metal-degraded ore materials from ore processing. In case of metal 

mining from sulfide ores, both types of mine waste dumps, waste rock or tailings, may still 

contain sulfide minerals.  

The different mine waste dumps can be classified by the material’s capacity for acid 

generation or, conversely, the material’s capacity for neutralizing acidity (Blowes et al., 2003; 

Höglund and Herbert, 2004). The Acid-Base Accounting (ABA) is a method for determining 
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the acidification potential (AP) and the neutralization potential (NP) of a waste material. With 

this method the balance between acid producing and buffering capacity of material is 

estimated (British Columbia Acid Mine Drainage Task Force, 1989). The difference between 

NP and AP is the net neutralization potential (NNP) and is an indication for the potential 

impact of a deposit for the environment. The effluents from sulfidic mine waste dumps are 

often extremely acidic and contain high amounts of iron and other metals and are known as 

acid mine drainage (AMD) or acid rock drainage (ARD). An example is given in Fig. 1.  

 

     

B A 

Fig. 1. Pyrrhotite-containing mine waste tailings dump near Selebi-Phikwe in Botswana in 

2003. A: Tailings material is dumped as sludge from ore processing. The ore processing 

plant is located in the background. B: A trench for the collection of acid mine drainage (pH 

~2.3) surrounds the mine waste dump (Pictures: Axel Schippers, BGR Hannover). 

 

1.3 Biogeochemical processes in sulfidic mine waste dumps 

Several biogeochemical processes occur in sulfidic mine waste dumps. Most important 

are processes related to sulfide weathering. Chemical and biological oxidation of the sulfide 

minerals such as pyrite or pyrrhotite generates sulfuric acid and soluble iron and in addition 

mobilizes other heavy metals (AMD/ ARD). The sulfide oxidation processes in mine waste 

dumps are influenced by temperature, pH, humidity, and the availability of oxygen in the 

dumps, which is mainly controlled by diffusion. Furthermore the microbial abundance and 

activity of acidophilic Fe(II)- and metal sulfide-oxidizing microorganisms strongly impacts 

metal sulfide oxidation. The biological pyrite oxidation rate was shown to be up to two orders 

of magnitude higher than the chemical rate (Nordstrom and Southam, 1997; Höglund and 

Herbert, 2004).  

Two oxidizing pathways for metal sulfides can be distinguished: the thiosulfate and 

polysulfide mechanism (Schippers and Sand, 1999). Acid-insoluble metal sulfides like pyrite 
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(FeS2), molybdenite (MoS2) or tungstenite (WS2) are attacked by Fe(III) ions according to the 

thiosulfate mechanism as shown in equations 1 and 2: 

 

FeS2 + 6 Fe3+ + 3 H2O           S2O3
2- + 7 Fe2+ + 6 H+   [1] 

S2O3
2 + 8 Fe3+ + 5 H2O           2 SO4

2- + 8 Fe2+ + 10 H+  [2]. 

 

The main sulfur intermediate of this reaction is thiosulfate. 

Acid soluble metal sulfides like pyrrhotite (Fe1-xS, x ranges between 0 and 0.125), 

sphalerite (ZnS) or chalcopyrite (CuFeS2) are attacked by Fe(III) ions and/ or by protons. 

Here, the main sulfur intermediates are polysulfides and elemental sulfur (eq. 3-5): 

 

MS + Fe3++ H+            M2+ + 0.5 H2Sn + Fe2+     (n ≥ 2) [3] 

0.5 H2Sn + Fe3+            0.125 S8 + Fe2+ + H+   [4] 

0.125 S8 + 1.5 O2 + H2O           SO4
2- + 2 H+    [5]. 

 

Bacteria generate the sulfuric acid by sulfur-oxidation and therewith supply protons for 

hydrolysis attack and/ or keep the iron ions in an oxidized state (Fe(III)) for an oxidative 

attack by Fe(II)-oxidation. The oxidation of Fe(II) is highly accelerated by the activity of Fe(II)-

oxidizing prokaryotes in comparison to the pure chemical reaction (Singer and Stumm, 

1970). Fe(II) is oxidized to Fe(III) which may precipitate as Fe(III)(hydr)oxide and thereby 

producing protons: 

 

Fe2+ + 0.25 O2 + 2.5 H2O          Fe(OH)3 + 2 H+     [6]. 

 

High amounts of heavy metals can precipitate with or adsorb to Fe(III)(hydr)oxides but 

also to Mn(IV)(hydr)oxides and therefore are immobilized (Schippers, 2003). This process is 

of special meaning for natural attenuation in sulfidic mine waste dumps because these 

immobilized heavy metals are not released to the environment as AMD/ ARD.  

 

Besides the described aerobe oxidation of metal sulfides, anaerobic biogeochemical 

processes occur in mine waste dumps as well. Fe(III) and sulfate generated by the activity of 

Fe(II)- and/ or sulfur compound-oxidizing Bacteria or Archaea can be used by Fe(III)- and 

sulfate-reducing prokaryotes for anaerobic respiration. While some microorganisms can grow 

with sulfur compounds as electron donor and Fe(III)-ions as electron acceptor, Fe(III)-oxides 

can also serve as the final electron acceptor for the oxidation of organic carbon [eq. 7] 

(Schippers, 2007; Fortin and Praharaj, 2005):  
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Fe(OH)3 + 0.25 CH2O + 2 H+                Fe2+ + 0.25 CO2 + 2.75 H2O  [7]. 

 

As described above heavy metals can adsorb to Fe(III)(hydr)oxides. Therefore the 

microbial reduction of Fe(III)(hydr)oxides [eq. 7] releases soluble Fe(II) and precipitated or 

adsorbed metals in solution and additionally consumes protons. Hence, solubilized heavy 

metals can flow out of the sulfidic mine waste dump as AMD/ ARD. In contrast, the increased 

pH counteracts AMD/ ARD generating processes.  

The reduction of sulfate to sulfide is carried out by sulfate-reducing microorganisms 

according to following equation [eq. 8] (Fortin and Praharaj, 2005): 

 

2 CH2O + SO4
2-        2 HCO3

- + H2S     [8], 

 

in which CH2O represents the organic matter. H2S easily reacts with dissolved metal species 

such as Fe(II) and other heavy metals and precipitates as metal sulfides [eq. 9] (Fortin and 

Praharaj, 2005; Fortin et al., 1995):  

 

M2+ + S2-         MS (s)       [9]. 

 

Furthermore sulfide mineral formation may occur when elemental sulfur is 

microbiologically disproportionated to sulfide and sulfate in the presence of Fe(III)- or 

Mn(IV)(hydr)oxides (Schippers, 2003): 

 

3 S0 + 2 FeOOH        SO4
2- + 2 FeS + 2 H+    [10]. 

 

These microbial formations of sulfide minerals [eq. 9, 10] are called biomineralization 

and is another metal immobilizing process in sulfidic mine waste dumps relevant for natural 

attenuation.  

The rates of biogeochemical processes in mine waste dumps correlate with the 

microbial activity. So far, methods such as standardized column experiments and humidity 

cells or the less frequently applied microcalorimetry and in situ oxygen consumption 

measurements were used for determining biogeochemical processes (Schippers and Kock, 

2007). Column experiments and humidity cell tests are laboratory approaches for 

accelerating and continually control weathering processes for estimating potential AMD 

formation. The rate of metal sulfide oxidation reactions is measured by microcalorimetry via 

the reaction energy and by in situ oxygen consumption measurements via the decrease of 

the oxygen content [eq. 5,6] over time in a reaction chamber in the tailings. Investigations of 

pyritic uranium mine waste heaps near Ronneburg in Germany clearly showed a correlation 
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between cell numbers and microbial activity measured by microcalorimetry (Schippers et al., 

1995). A comparative study of an Arctic Canadian pyritic mine tailings pond yielded 

consistent pyrite oxidation rates for two methods, in situ oxygen uptake rates and 

microcalorimetric measurements. There, oxygen uptake rates were approximately  

40 moles O2 m2- day-1 in ½ and 6 years old, well-drained tailings, and only approximately 

0.005 moles O2 m
2- day-1 in 6 years old nearly water-saturated tailings due to lower oxygen 

diffusion rates (Elberling et al., 2000). The oxidation rate measurements of metal sulfides 

provide an instrument for predicting time periods of AMD formation and for estimating and 

controlling remediation concepts as well as natural attenuation processes (Blowes et al., 

2003; 2004).  

 

1.4 Remediation measures for sulfidic mine waste dumps and 

natural attenuation 

The release of AMD/ ARD from sulfidic mine waste requires a treatment of AMD after 

release and/ or remediation measures to prevent AMD generation in the waste dump itself. 

The fundamental idea of all remediation measures applied to waste dumps is to reduce 

oxidation processes and to immobilize metals either by reducing the oxygen diffusion rate, 

increasing the pH and/ or inhibiting metal sulfide-oxidizing microorganisms. So far, 

remediation treatments with chemicals or biocides, underwater storage, dry covering or 

replanting of the dump were applied to mine waste (Ledin and Pedersen, 1996; Schippers 

and Bosecker, 2002; Johnson and Hallberg, 2005). The combination of different treatments 

can improve the results of remediation. Nevertheless, the individual situation at each mine 

waste dump influences the success of the attempts and requires adjustment of the 

measures. Therefore, it is necessary to investigate and to observe ongoing processes in the 

mine waste dumps before, while and after remediation. 

An alternative to active treatment of mine waste or AMD is natural attenuation of the 

release of toxic compounds (e.g. metals and arsenic) to the environment. As mentioned in 

the previous chapter several biogeochemical processes may contribute to natural 

attenuation. The ongoing processes of oxidation and reduction in mine waste tailings affect 

the alteration of the tailings material, i.e. weathering of reactive mineral phases, precipitation 

of secondary mineral phases and gels, which may coat particles, agglutinate them, and 

reduce the porosity and therewith forms hardpans and cemented layers (chapter 4.2.5: 

Graupner et al., 2007). Cemented layers and hardpans in mine waste dumps effect a 

temporary natural attenuation of the toxic compounds, a restriction of oxygen permeation and 

therewith a restriction of the downward movement of the oxidation front and a reduction of 

erosion events on the dump surface by wind and water (McGregor and Blowes, 2002; Gilbert 
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et al., 2003). Therefore natural attenuation and the formation of cemented layers and 

hardpans are beneficial processes which can complement other remediation measures. 

 

1.5 Microbial ecology of sulfidic mine waste dumps 

The microbial ecology comprises the relationship of microorganisms with each other as 

well as with their environment. The diversity of microorganisms, their quantity and their 

activity represent the ecology of a certain environment. As described in chapter 1.3, the 

determination of metal sulfide oxidation rates provide information about the microbial activity 

in sulfidic mine waste dumps. In the following, the diversity of microorganisms so far 

identified in these environments is presented. Afterwards, the methods used for 

quantification of the microbial communities and their representatives in environmental 

samples are elaborated and an overview on previous studies about sulfidic mine waste 

dumps is given. 

 

1.5.1 Microbial diversity of sulfidic mine waste dumps 

Different microorganisms are involved in the oxidation and reduction processes in mine 

waste dumps. The microbial diversity comprised aerobic and anaerobic species which are 

autotrophic (CO2-fixation) or heterotrophic (Corg as carbon source) as well as lithotrophic 

(inorganic compounds as energy source) or organotrophic (Corg as energy source).  

In several previous studies Fe(II)-oxidizing Bacteria such as At. ferrooxidans, 

Leptospirillum ferrooxidans, L. ferriphilum  and Sulfobacillus sp. (Selenska-Pobell et al., 

2001; Demergasso et al., 2005a; Bruneel et al., 2005; Diaby et al., 2007) were detected in 

sulfidic mine waste dumps. While representatives of the genera Acidithiobacillus and 

Sulfobacillus are additionally able to oxidize sulfur compounds as well as to reduce Fe(III) 

under anaerobic conditions, Leptospirillum only uses Fe(II) as substrate. In contrast, the 

acidophiles At. thiooxidans, Thiobacillus sp. and Thiomonas sp. detected in mine waste 

dumps oxidize sulfur compounds but not Fe(II) (Schippers et al., 1995, 1996, 2000; Wielinga 

et al., 1999; Dill et al., 2002; Bruneel et al., 2005; Diaby et al., 2007). Furthermore, the 

heterotrophic bacteria Acidiphilium sp. and Pseudomonas sp. may grow via oxidation of 

sulfur compounds and additionally are able to reduce Fe(III) under anaerobic conditions 

(Groudev and Groudeva, 1993; Macur et al., 2001; Selenska-Pobell et al., 2001; Diaby et al., 

2007). An exclusively organotrophic Bacterium detected in this environment is 

Acidobacterium (Diaby et al., 2007). The contribution of organo- and heterotrophic 

microorganisms within the community are presumably synergistic interactions with bacteria 

by removing metabolic byproducts of the autotrophs as implicated in different studies (Pronk 

11 



Introduction 
 

and Johnson, 1991; Hallmann et al., 1993; Schippers et al., 1995; Baker and Banfield, 2003). 

As representatives of anaerobic, sulfate-reducing bacteria Desulfosarcina sp. and 

Desulfotomaculum sp. were detected (Schippers et al., 1995; Blowes et al., 1995; Fortin et 

al., 1996, 2000; Fortin and Beveridge, 1997; Wielinga et al., 1999; Benner et al., 2000; 

Bruneel et al., 2005; Diaby et al., 2007).  

But not only Bacteria could be detected in mine waste dumps. The acidophil, facultative 

mixo- and organotrophic archaeum Ferroplasma acidiphilum was detected by Demergasso 

et al. (2005a) and is capable to oxidize Fe(II) aerobically and to reduce Fe(III) under 

anaerobic conditions. As representative of an eukaryotic organism the fungus Aspergillus sp. 

(Harrison, 1978) was found by cultivation techniques in tailings samples.  

So far, for biomining applications and AMD effluents more studies were carried out for 

the identification and quantification of microorganisms than for mine waste tailings. 

Additionally to the above mentioned microbes, in these environments acidophilic metal 

sulfide-oxidizing Bacteria such as Acidimicrobium ferrooxidans, “Ferrimicrobium acidiphilum” 

as well as further strains of the genus Acidithiobacillus and acidophilic metal sulfide-oxidizing 

Archaea such as Metallosphaera spp., Sulfolobus spp. and Acidianus spp. were detected 

(Baker and Banfield, 2003; Johnson and Hallberg, 2003; Schippers, 2007; Rawlings and 

Johnson, 2007b). 

 

1.5.2 Quantification of microorganisms in environmental samples 

For the investigation of biomining applications, AMD effluents, and mine waste dumps 

several identification and quantification methods were used. While, so far, prokaryotes in 

sulfidic mine waste dumps primarily were quantified by cultivation techniques, several 

qualitative molecular biological approaches were applied to investigate the microbial diversity 

in biomining environments. Generating clone libraries and sequencing DNA as well as the 

application of methods like denaturing gradient gel electrophoresis (DGGE), terminal 

restriction fragment length polymorphism (T-RFLP) or amplified ribosomal DNA restriction 

enzyme analysis (ARDREA) are just few approaches which were used for the investigation of 

these environments (Schippers, 2007). These qualitative molecular biological investigations 

provide valuable information about the microbial diversity but little or no information about the 

microbial activity and the quantities of the different microbial groups or species. 

The quantification of microorganisms in environmental samples can be done by classical 

cultivation techniques such as the most–probable-number technique (MPN) or agar plates 

which yield cell numbers just according to microbial physiological properties. So far, several 

studies enumerated or isolated prokaryotes involved in oxidation and reduction processes in 

biomining environments by cultivation techniques. For instant, acidophilic Fe(II)-oxidizing 

microorganisms could be detected with highest cell numbers of up to 108 cells g-1 dry weight 
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(dw) in sulfidic mine tailings in Quebec and Ontario in Canada (Southam and Beveridge, 

1992; Blowes et al., 1995) but also in smaller numbers in uranium, sulfidic mine waste rock 

heaps in Germany (Schippers et al., 1995) and in a porphyry copper tailings impoundment in 

Chile (Diaby et al., 2007). Furthermore sulfur-oxidizing microorganisms were detected in cell 

numbers of up to 103 cells g-1 dw in the above mentioned tailings dump in Ontario, Canada 

and in the mine waste heaps in Germany. Also sulfate- and Fe(III)-reducing bacteria were 

found in the mine waste heaps in Germany as well as in sulfidic mine tailings in Ontario, 

Canada and in mining-impacted sediments in Idaho, USA in cell numbers up to 106 cells g-1 

dw (e.g. Schippers et al., 1995; Fortin et al., 1996; Wielinga et al., 1999; Cummings et al., 

2000). Additionally, the growth of microorganisms such as sulfur compounds-, ammonia- and 

nitrite-oxidizers, nitrate- and manganese-reducers as well as aerobic and anaerobic 

chemoorganotrophic bacteria in adequate media was performed in different studies of sulfidic 

mine waste tailings (e.g. Southam and Beveridge 1992; Schippers et al. 1995; Wielinga et 

al., 1999; Diaby et al., 2007).  

There are different molecular biological methods for quantifying microorganisms. Nucleic 

acid staining fluorochromes such as SYBR Green, acridine orange or DAPI were used to 

determine total cell numbers. This technique was applied to sulfidic mine waste tailings 

located in Namibia and Chile and provided total cell numbers of up to 108 and 109 cells g-1 

dw, respectively (Dill et al., 2002; Diaby et al., 2007). 

In the case of fluorescence in situ hybridization (FISH) and catalyzed reporter deposition 

- fluorescence in situ hybridization (CARD-FISH) 16S ribosomal RNA (rRNA) probes are 

used to quantify specific groups of microorganisms. So far, these epifluorescence methods 

were applied to AMD effluents and biomining applications but not to sulfidic mine waste 

dumps. Bacteria and Archaea were quantified in an industrial heap bioleaching operation in 

Chile by FISH as well as CARD-FISH (Demergasso et al., 2005b). The biooxidation of pyrite 

by defined mixed cultures in bioreactors was investigated by using specific FISH-probes 

detecting microorganisms such as Leptospirillum sp., Acidithiobacillus caldus, 

Acidimicrobium ferrooxidans or Ferroplasma sp. (Okibe and Johnson, 2004). Furthermore 

several sites of AMD effluents were investigated by FISH analyses. Eukarya, Bacteria, 

Archaea as well as beta-proteobacteria and microorganisms of the genera Acidithiobacillus, 

Leptospirillum, Sulfobacillus, Acidiphilium, Acidimicrobium, Ferroplasma or Thermoplasma 

were quantified in AMD effluents from the Richmond Mine at Iron Mountain, California or 

from Pynydd Parys, Anglesey in North Wales as well as in the Tinto River in Spain (Edwards 

et al., 1999; Bond and Banfield, 2001; González-Toril et al., 2003; Hallberg et al., 2006).  

Quantitative real-time PCR (Q-PCR) applies specific primers for 16S rRNA genes for 

identification and quantification of microorgansims. This highly sensitive method was 

successfully applied to pure cultures of Bacteria and Archaea involved in biomining and in 
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samples from biomining operations (Liu et al., 2006; Remonsellez et al., 2007; Zammit et al., 

2007) but not to samples from sulfidic mine waste dumps. Specific assays were developed 

for detecting microorganisms such as Acidithiobacillus sp., Acidithiobacillus caldus, 

Leptospirillum sp., Sulfobacillus sp., Sulfolobus sp. or Ferroplasma sp.. 

 

1.6 Aims of the thesis 

The aims of this thesis were: 

1. Evaluation of the applicability of the molecular quantification techniques FISH, CARD-

FISH and Q-PCR to solid samples from mine waste tailings dumps and a biomining 

experiment, and the comparison with the established methods direct counting of total 

cells using SYBR Green staining and MPN cultivation 

2. Quantitative microbial community analysis of sulfidic mine waste tailings dumps, 

considering different depths layers in the dumps especially a comparison of oxidized 

and unoxidized zones 

3. Comparison of the microbial communities in three chemically and mineralogically 

different sulfidic mine waste tailings dumps located in different climate zones 

4. Investigation of the role of the microbial communities for biogeochemical processes in 

the sulfidic mine waste dumps, i.e. potential metal sulfide oxidation rates and natural 

attenuation processes leading to cemented layer formation in the dumps 

 

Samples for the studies were obtained from one biomining experiment run in the 

geomicrobiology laboratory of the Federal Institute for Geosciences and Natural Resources 

(BGR), Hannover, and from three different sulfidic mine waste tailings dumps. The first 

tailings dump was located in semi-arid climate near Selebi-Phikwe in Botswana, was still in 

operation at the time of sampling and dominated by the metal sulfide pyrrhotite (Fig. 1, 2A). 

The second one was located in cold and wet climate near Kristineberg in northern Sweden 

(Fig. 2B). This tailings dump was remediated by a soil cover and the main metal sulfide was 

pyrite. The third investigated tailings dump was unremediated and located in temperate 

climate near Freiberg in Germany (Fig. 2C). The main metal sulfides in these tailings dump 

were pyrite, arsenopyrite, sphalerite and galena. 
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C A B 

 

Fig. 2. In this thesis investigated mine waste tailings dumps. A: The drilling vehicle on top of 

the tailings dump located near Selebi-Phikwe in Botswana which was still in operation 2003 

(see also Fig. 1). B: The drill rig on top of the remediated tailings dump near Kristineberg in 

Sweden. C: The outcrop on the unremediated tailings dump near Freiberg in Germany 

(Pictures A, B: Axel Schippers, BGR Hannover).  
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2. Results and Discussion 

2.1 Geomicrobiological and geochemical investigation of a 

pyrrhotite-containing mine waste dam near Selebi-Phikwe in 

Botswana 

The first manuscript is concerned with geochemical and geomicrobiological analyses of 

the sulfidic tailings dump near Selebi-Phikwe in Botswana. For a remediation strategy within 

the mine closure plan the AMD potential of this mine waste dump was quantified.  

The AMD generating tailings dump consisted at the year of sampling 2003 of waste from 

about 32 years of Ni-, Cu-, Zn- and Co-sulfidic ore processing, was approximately 40 m high 

and covered an area of ca. 1 km2. Because the tailings material was dumped as sludge, the 

surface of the central part of the dump was water covered (Fig. 1, 2A). In the dry periphery 

three holes were drilled through the water unsaturated down to the saturated zone at about 

25 m depth and 65 solid samples were taken in 1 m intervals. Brown precipitates of 

Fe(III)(hydro)oxides could be found throughout the entire unsaturated zone which had a 

paste pH in the range of 3-4. The total sulfur content in the tailings ranged between 2-8% 

and mainly consisted of reduced inorganic sulfur. The main metal sulfide was pyrrhotite while 

pyrite, Ni- and Co-sulfides occurred in minor amounts.  

The whole water unsaturated zone of 25 m depth at the periphery was colonized by 

microorganisms in high numbers. The mean cell number of total microorganisms detected by 

SYBR Green direct counting was 8 x 107 cells g-1 dw. A high proportion of this number could 

be detected as Bacteria by CARD-FISH (1 x 107 cells g-1 dw). These Bacteria are considered 

to be alive since the method detects ribosomal RNA which is quickly degraded in dead cells 

in the environment (Schippers et al., 2005). Cultivable, Fe(II)-, and metal sulfide-oxidizing At. 

ferrooxidans-like microorganisms were present in high numbers, too (mean value of MPN: 3 

x 106 cells g-1 dw). These high cell numbers indicate a high bacterial activity in the tailings 

dump. Surprisingly, a decrease of cell numbers with depth could not be observed, as found 

in other sulfidic tailings (Silver, 1991; Elberling et al., 2000). Furthermore the numbers of 

cultivable metal sulfide-oxidizing microorganisms were significantly greater in the here 

investigated tailings dump than in other tailings (Silver, 1991; Blowes et al., 1995, 1998; 

Elberling et al., 2000; Schippers et al., 2000).  

The high cell numbers in the tailings dump of this study correlated with high potential 

pyrrhotite oxidation rates of up to 1 mmol m-3 s-1 for all depths. A half of the pyrrhotite 

oxidation was chemically the other half biologically as determined by microcalorimetric 

measurements. A mean potential pyrrhotite oxidation rate related to the mineral surface of 

1.9 x 109 mol pyrrhotite m-2 s-1 was determined which was in the range of laboratory 
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pyrrhotite oxidation tests (Janzen et al. 2000) but several times higher than rates determined 

for other sulfidic tailings (Elberling and Nicholsen, 1996; Elberling et al., 2000). Assuming 

constant pyrrhotite oxidation rates over time, the pyrrhotite in the tailings dump of this study 

would be oxidized within 80-140 years. These findings clearly showed the high microbial 

activity and high AMD potential of the tailings dump in Botwana and the requirement of 

remediation measures. For the reduction of AMD formation during mining operations, metal 

sulfides like pyrrhotite should be separated from the tailings material and separately 

deposited e.g. under a cover to prevent oxidation by oxygen in the air. 

 

2.2 Geomicrobiological investigation of two different mine waste 

tailings generating acid mine drainage 

In this paper the mine waste tailings located in Selebi-Phikwe, Botswana and in 

Kristineberg, Sweden were investigated and compared. In addition to the first manuscript 

(see 2.1), further microbiological analyses of the site in Botswana were performed for 

studying the microbial impact on metal sulfide oxidation on acid mine drainage and 

comparing it with the second site in Sweden.  

The tailings in Sweden covered an area of 0.1 km2 and were 6-8 m high (Fig. 2B). This 

tailings dump consisting of waste from Cu- and Zn-sulfide ore processing was in operation 

from the 1940s until the early 1950s and left unremediated. Sulfide oxidation occurred in 

distinct depth layers (oxidized tailings) characterized by low sulfide contents (1-2%) and 

brown precipitates of Fe(III)(hydr)oxides. In the unoxidized tailings sulfide contents of 10-

30% occurred, totally dominated by pyrite. The mean pH in the unoxidized zone was 4.9, and 

3.5 in the oxidized zone. In 1996 the tailings dump was covered with an approximately 2 m 

thick soil cover. Three boreholes were drilled and 30 subsamples from the oxidized and 

unoxidized tailings were taken for laboratory analysis in 2003. 

Microorganisms were quantified using four different methods (SYBR Green direct 

counts, CARD-FISH, Q-PCR and MPN). Additionally, the potential pyrite or pyrrhotite 

oxidation rates in the two mine waste tailings were determined by microcalorimetry.  

The geomicrobiological analyses in the uncovered, pyrrhotite-containing tailings in 

Botswana and the covered tailings impoundment in Sweden showed significant differences 

for both tailings. In the tailings dump in Botswana the whole water unsaturated zone of 25 m 

depth at the periphery was colonized by microorganisms in high numbers. The cell numbers 

detected by SYBR Green direct counts provided highest values of 8 x 107 cells g-1 dw in 

average. The Q-PCR values for total prokaryotes and total Bacteria are somewhat lower 

(mean values: 6 x 107 cells g-1 dw and 3 x 107 cells g-1 dw, respectively). The mean number 

of living Bacteria detected by CARD-FISH was 1 x 107 cells g-1 dw. A high proportion of 30% 
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of the living Bacteria could be detected via MPN cultivation of acidophilic Fe(II)-oxidizing 

microorganisms. The average potential pyrrhotite oxidation rate was 3.4 x 10-4 mol pyrrhotite 

m-3 tailings s-1 at 25°C while about half of this oxidation activity was biologically catalyzed. 

In contrast, in the tailings in Sweden, distinct differences in cell numbers in the oxidized 

and unoxidized zones could be observed. Acidophilic Fe(II)-oxidizing microorganisms were 

only detected in the zone of oxidized tailings (mean value: 5 x 105 cells g-1 dw). The number 

of Bacteria was 3 x 108 cells g-1 dw in average (Q-PCR). Total cell numbers detected by 

SYBR Green are considerably higher in the oxidized than in the unoxidized zone and 

identical to the cell number of Bacteria (Q-PCR). Up to 100% of the pyrite oxidation was 

biologically catalyzed and the average potential pyrite oxidation rate was 1.6 x 10-5 mol pyrite 

m-3 tailings s-1 at 10°C. In both mine waste tailings Archaea could not be detected by Q-PCR 

and CARD-FISH which indicates the dominance of Bacteria in the tailings. 

For the first time microorganisms were quantified in sulfidic mine tailings using four 

different methods. All methods provided reliable results which clearly showed the differences 

of the microbial community composition of these two mine waste tailings. In Botswana 

throughout the entire unsaturated zone a high proportion of the SYBR Green and Q-PCR 

detectable cells could be detected by CARD-FISH and MPN. This indicated that a high 

proportion of the microorganisms was alive because the cells were cultivable by MPN and 

detectable by CARD-FISH targeting ribosomal RNA which is quickly degraded in dead cells 

in the environment (Schippers et al., 2005). The high potential pyrrhotite oxidation rate and 

the high proportion of biological oxidation demonstrate the high AMD generation potential in 

these tailings and the huge impact of microorganisms on metal sulfide oxidation. By contrast, 

in the tailings impoundment in Sweden, only a minor proportion of less than 1% of acidophilic 

Fe(II)-oxidizing microorganisms was detected in the oxidized zone and the potential pyrite 

oxidation rate was one order of magnitude lower than the rate for the pyrrhotite-containing 

tailings in Botswana. These results can be explained with reduced molecular oxygen 

diffusion due to the soil cover in Sweden and the lower reactivity of pyrite in comparison with 

pyrrhotite (Belzile et al., 2004). 

 

2.3 Quantitative microbial community analysis of three different 

sulfidic mine tailings dumps generating acid mine drainage 

A comparative quantitative microbial community analysis for three different tailings 

dumps is given in the third manuscript. Additionally to the already described uncovered and 

covered tailings dumps in Botswana and Sweden, respectively (chapter 2.1 and 2.2), the 

uncovered tailings dump near Freiberg, Germany was part of this study (Fig. 2C). This 

tailings dump was up to 30 m high and 0.06 km2 large, unremediated and a soil cover of less 
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then 0.2 m could partly be found at the time of sampling 2006. The tailings was in operation 

from 1955 to 1968 and consisted of waste from Pb- and Zn- sulfidic ore processing. The 

main metal sulfides of the tailings material were pyrite, arsenopyrite, sphalerite and galena. 

The oxidized zone between the soil cover and 0.6 m depth was characterized by metal 

sulfide contents ≤ 0.1% and a pH of 4-5. In 0.6-0.63 m depth three thin cemented layers (pH 

3-4) delimited the zone of active oxidation processes below (metal sulfide content ≤ 1%; pH 

~3). Below 0.85 m depth the unoxidized zone was located with metal sulfide contents of 1% 

and pH values between 5 and 7. From an outcrop-profile in the center of the tailings dump 

down to 1.2 m 21 samples were taken (Fig. 3).  

 

B A 

 

Fig. 3. (A) Depth profile of oxidized tailings (<85 cm) with cemented layers (60-63 cm) in a 

tailings dump in Freiberg, Germany. The oxidation zone was located at depths of ~60-85 cm. 

(B) Magnification of three distinct 0.2-0.25 cm thick cemented layers (arrows), underlain by 

altered silt layers in the depth range of ~60-63 cm. Red marks on scale define 20 cm. 

 

The five quantification methods Q-PCR, FISH, CARD-FISH, SYBR Green II direct 

counting and MPN were used to investigate the microbial community in the different sulfidic 

and acidic mine waste tailings dumps. The depth profiles of the three sites showed significant 

differences in cell numbers and in the composition of the microbial communities as well as 

strong variations between zones of oxidized and unoxidized tailings. SYBR Green II total cell 

counts provided highest cell numbers in all three tailings of up to 109 cells g-1 dw in the 

oxidation zones in Botswana and Germany whereas significant lower cell numbers were 

detected in unoxidized tailings. Bacteria were detected as the dominating microorganisms at 

all here investigated sites. Archaea and Eukarya were less abundant. The physiologically 

more versatile At. ferrooxidans dominated over the exclusively Fe(II)-oxidizing acidophilic 
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Leptospirillum sp. in the samples from the tailings in Botswana and Germany. In the tailings 

dump in Sweden both genera were detected in equal numbers. Other quantified and less 

abundant, acidophilic Fe(II)- and sulfur-oxidizing organisms belonged to the genus 

Sulfobacillus. Cell numbers of Acidimicrobium and relatives were below detection limit in all 

investigated samples. Besides Fe(II)- and sulfur-oxidizing microorganisms, Fe(III)-reducing 

representatives were detected in different numbers at the three sites. Besides At. 

ferrooxidans and Sulfobacillus, which also reduce Fe(III), the acidophilic Acidiphilium sp. 

could only be found in the tailings in Botswana, but the neutrophilic Geobacteraceae were 

present in all three tailings. Sulfate-reducers could be quantified by detecting their specific 

functional gene dsrA in all three tailings as well.  

With exception of FISH all used methods in this study were shown to be applicable to 

mine waste tailings in general and provided suitable results. In the case of FISH only in 

samples from zones of high microbial activity as found in the tailings in Freiberg (Fig. 4), 

comparable cell numbers could be detected than quantified with the more sensitive method 

CARD-FISH.  

 

       

       

C D 

A B 

Fig. 4. Quantification of microorganisms by FISH (A) and CARD-FISH (B) in a tailings 

sample from a mine waste dump in Freiberg, Germany. Living cells with weak FISH- and 

bright CARD-FISH-signals detected with the EUB338 probe specific for Bacteria are shown. 

Additional, total cells are counterstained with the blue fluorescing DNA-dye DAPI (C, D). 

Each DAPI picture shows the same detail than shown in the FISH and CARD-FISH picture, 

respectively. Some cells are depicted by encircling. 
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The results of this study as well as of the investigation of a porphyry copper mine in 

Chile (Diaby et al., 2007) demonstrated that the composition of the Fe(II)- and sulfur-

oxidizing bacterial community largely varied at different tailings sites. Fe(III)- and sulfate-

reducing microorganisms were detected in this study as well as in other studies of sulfidic 

mine waste (Schippers et al. 1995; Wielinga et al., 1999; Cummings et al., 2000). The 

anaerobic and presumably neutrophilic Bacteria might be protected from acidity and oxygen 

by living in microenvironments (Fortin et al., 1996; Schippers et al., 1995). Archaea seem to 

play a minor role in sulfidic mine tailings which presumably can be explained by the fact that 

species relevant for iron- and sulfur-cycling described are extremophiles which grow under 

very acidic conditions with high iron and sulfate concentrations or at high temperatures which 

usually do not prevail in mine tailings.  

For the first time the microbial communities in sulfidic mine waste tailings were 

extensively quantified by molecular biological methods in this study. The intense colonization 

by Fe(II)- and sulfur-oxidizing as well as Fe(III)- and sulfate-reducing microorganisms in the 

here investigated tailings dumps and elsewhere show, that biogeochemical iron- and sulfur-

cycling are predominant processes mediated by microbial activity. 

 

2.4 Quantification of microorganisms involved in cemented layer 

formation in sulfidic mine waste tailings (Freiberg, Saxony, 

Germany) 

The aim of this study was to investigate the contribution of microorganisms to mineral 

weathering and cemented layer formation in the mine waste tailings near Freiberg, Germany 

(see also 2.3). Microorganisms were quantified by molecular biological and cultivation 

methods in a high resolution depth profile. Highest cell numbers were detected in the zone of 

cemented layers (0.6-0.63 m) and the oxidation zone below. Total cell numbers of >109 cells 

g-1 dw were found by SYBR Green direct counting. Bacterial cell numbers detected by Q-

PCR throughout the whole investigated depth profile were in average an order of magnitude 

lower, while Archaea were only detected (by Q-PCR but not by CARD-FISH) in the oxidized 

zone above the cemented layers (up to 108 cells g-1 dw). Numbers of living Bacteria and 

cultivable Fe(II)-oxidizing microorganisms detected by CARD-FISH and MPN reached 

highest values of 109 cells g-1 dw in the zone of cemented layers and the oxidation zone 

underneath. Cell numbers of cultivable sulfur-oxidizing microorganisms (MPN) showed a 

similar depth profile but distinct lower cell numbers than those of cultivable Fe(II)-oxidizing 

microorganisms. 

In particular, the high numbers of Fe(II)-oxidizing microorganisms detected in the zone 

of cemented layers and the oxidation zone below demonstrate the high microbial metal 
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sulfide oxidation activity in these zones. Secondary mineral phases of cemented layers are 

formed by oxidation processes. Extracellular polymeric substances (EPS) formed by 

microorganisms are able to bind metals in complexes and further may serve as nucleation 

site for mineral formation (Sand et al., 2001; Ferris et al., 1989; Southam and Beveridge, 

1992). The high microbial cell numbers in these tailings indicate a significant role of 

microorganisms in cemented layer formation by microbial mineral weathering and formation 

of secondary mineral phases. 

 

2.5 Formation of sequences of cemented layers and hardpans 

within sulfide-bearing mine tailings (mine district Freiberg, 

Germany) 

This study with geochemical, mineralogical and geophysical focus was applied to 

investigate the mechanism of the formation of cemented layers in an AMD generating tailings 

dump and the natural attenuation of metals in the cemented layers. The site was the sulfidic 

mine waste tailings dump near Freiberg, Germany (see also 2.3 and 2.4). A high resolution 

profiling combining geochemical and mineralogical with geomicrobiological analyses was 

carried out to describe the process of weathering of reactive mineral phases, to determine 

the position of the oxidation front as well as to reveal the mechanisms of cementation of 

tailings.  

The significant change in cell numbers of metal sulfide-oxidizing microorganisms at the 

recent position of the oxidation front correlated with the strong changes in geophysical and 

geochemical data and corresponded with the location of the cemented layers. This indicates 

the importance of biogeochemical processes such as microbial metal sulfide oxidation for the 

formation of cemented layers. The main effects of the cemented-layer formation are the 

natural attenuation of the toxic As and Pb species in the secondary phases, a slowing of the 

downward movement of the oxidation front due to reduced porosities and dense silt/ clay 

layers as well as a reduction of the extent of the erosion of the surface of the tailings dump 

by wind and water. Furthermore these investigations showed that the potential of a tailings 

dump to form cemented layers is greatly enhanced by a heterogeneous distribution of grain 

sizes and reactive materials in the upper zone and also by the presence of sulfide-rich 

tailings on top of slightly permeable layers.  
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2.6 The use of FISH and real-time PCR to monitor the biooxidation 

and cyanidation for gold and silver recovery from a mine tailings 

concentrate (Ticapampa, Peru) 

The aim of this study was to verify if biomining is an option for tailings bioremediation 

and extraction of valuable metals from mine waste and if quantitative molecular methods are 

suitable for monitoring of biomining. In this study, gold and silver recovery from an acid mine 

drainage generating sulfidic mine tailings dump near Ticapampa, Peru, via biooxidation and 

cyanidation was demonstrated. Refractory gold (up to 316 g/t) is hosted in As-rich zones of 

some arsenopyrites. An adapted mixed culture of At. ferrooxidans, At. thiooxidans and 

L. ferrooxidans was applied for biooxidation of a tailings concentrate. During biooxidation, 

arsenopyrite was preferentially dissolved. The following cyanidation of the biooxidized 

concentrate showed a recovery of 97% and 50% for gold and silver, respectively. The values 

were 56% and 18% for the untreated concentrate.  

The biooxidation process was monitored by using FISH, CARD-FISH, SYBR Green 

direct counting and Q-PCR. The total cell numbers showed bacterial growth over the 

experimental time and an increase from about 106 cells mL-1 to about 108 cells mL-1. Cell 

numbers detected by FISH were slightly lower than cell numbers detected by the more 

sensitive method CARD-FISH. By FISH and Q-PCR analyses At. ferrooxidans was detected 

as dominating bacterium in the biooxidation experiment while Leptospirillum sp. was 

quantified in distinct lower cell numbers.  

In conclusion, the here applied methods FISH, CARD-FISH and Q-PCR are suitable 

methods for monitoring numbers of metal sulfide-oxidizing bacteria during biooxidation and 

bioleaching processes. The high proportion of the recovered precious metals indicates that 

biomining of tailings offers a low-cost and efficient bioremediation measure especially if the 

present high market prices for metals are considered. 
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