
Chapter 7

Mineralogical and Geochemical Controls

in Biomining and Bioremediation

Bernhard Dold

7.1 Introduction

Biomining is generally defined as a biotechnological process to enhance metal

recovery by oxidative dissolution of sulfide ore minerals catalyzed by the activity of

prokaryotic microorganisms like bacteria and archaea (Donati and Sand 2007;

Rawlings and Johnson 2007). The bioleaching process is mainly used for metal

liberation from copper sulfide ores (Domic 2007). New approaches also involve the

reductive dissolution of oxide ores (Ni-laterites) by microbial interactions

(Hallberg et al. 2011).

Many of the current large-scale biomining operations, especially in Cu-sulfide

ores, are inefficient with recoveries mostly in the range of 5–10 %, with some

exception of up to 40 %. This is in most cases due to inappropriate parameters for

selection of leachable material. For example, in copper mining, like in porphyry

copper systems, the cutoff ore grade (typical range between 0.3 and 0.6 wt.% Cu)

defines if the material is to be sent to the flotation process or leached in low-ore

grade (0.1–0.4 wt.% Cu) run-off-mine (ROM) dumps, heaps, or additionally

crushed (Fig. 7.1). By using the cutoff as selection criteria, the properties and

suitability for bioleaching of the mineral assemblage is ignored, as some key

minerals like chalcopyrite are not acid soluble in sulfuric acid (Table 7.1).

Most of the currently exploited Cu-sulfide mines contain mainly chalcopyrite as

target mineral, which is not acid leachable, thus it must be oxidized by microor-

ganisms in order to solubilize the copper. This process at ambient conditions is

relatively inefficient, as the typical bacterial communities (Acidithiobacillus
ferrooxidans and Leptospirillum spp.) present at these conditions are not able

to oxidize chalcopyrite efficiently. Thermophilic population dominated by archaea

(e.g., Sulfolobus spp.) are able to oxidize chalcopyrite efficiently with acceptable
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kinetics only above 50 �C as applied in some stirred tank operations for concen-

trates (du Plessis et al. 2007). In this chapter the influences of the mineralogy and

geochemical conditions on the effectiveness of biomining operations and further

potential for research and applications are discussed.
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Fig. 7.1 Typical evolution of the cutoff grade during the evolution of a mine operation. Ore with

ore grades above cutoff will be crushed, milled, and floated. Material below cutoff and above

0.1 wt.% Cu (blue area) will be sent to leach dumps (ROM or crushed to increase the reactive

surface). Material below 0.1 wt.% Cu (red line) is normally classified as waste rock

Table 7.1 Solubility in water and in sulfuric acid (H2SO4) of some selected metals sulfide and

oxide minerals in the different zone of a copper deposit

Water soluble Acid soluble Acid insoluble Zone

Pyrite X Primary

Chalcopyrite X Primary

Molybdenite X Primary

Wolframite (WS2) X Primary

Arsenopyrite X Primary

Bornite X Primary

Galena X Primary

Sphalerite X Primary

Chalcocite–digenite X Enriched

Covellite X Enriched

Chalcanthite X Oxidation

Eriochalcite X Oxidation

Atacamite X Oxidation

Azurite–malachite X Oxidation

crysocolla X Oxidation
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7.2 Sulfide Oxidation

Sulfide oxidation occurs when sulfide-rich rock units are exposed to the atmosphere

and to water for example by erosion or is enhanced by anthropogenic activities like

mining (Dold 2010). It is a natural process, which started to occur in geological

times with the first presence of an atmosphere and has been going on ever since and

might have an important role on the global iron cycle (Dold et al. 2013). This

process is responsible for the formation of supergene ore deposit and the main

environmental problem of mining industry called acid mine drainage (AMD).

However, it can be used as a process for solubilization of metals from sulfide ores

in biomining (Dold 2008).

The most common sulfide mineral in the earth crust is pyrite (FeS2). Oxidation of

pyrite takes place in several steps including the formation of the metastable

secondary products ferrihydrite (5Fe2O3·9H2O), schwertmannite [between

Fe8O8(OH)6SO4 and Fe16O16(OH)10(SO4)3], goethite [FeO(OH)], and the more

stable secondary jarosite [KFe3(SO4)2(OH)6] and hematite (Fe2O3) depending on

the geochemical conditions (Bigham et al. 1996; Cornell and Schwertmann 2003).

Oxidation of pyrite may be considered to take place in three major steps: (1) oxi-

dation of sulfur [Eq. (7.1)]; (2) oxidation of ferrous iron [Eq. (7.2)]; and (3) hydro-

lysis and precipitation of ferric complexes and minerals [Eq. (7.3)]. The kinetics of

each reaction is different and depends on the conditions prevailing in the system.

FeS2 þ 7

2
O2 þ H2O ! Fe2þ þ 2SO4

2� þ 2Hþ ð7:1Þ

Fe2þ þ 1

4
O2 þ Hþ , Fe3þ þ 1

2
H2O ð7:2Þ

Reaction rates strongly increased by microbial activity (e.g., Acidithiobacillus
spp. or Leptospirillum spp.)

Fe3þ þ 3H2O , Fe OHð Þ3 sð Þ þ 3Hþ ð7:3Þ
FeS2 þ 14Fe3þ þ 8H2O ! 15Fe2þ þ 2SO4

2� þ 16Hþ ð7:4Þ

Equation (7.1) describes the initial step of pyrite oxidation in the presence of

atmospheric oxygen. Once ferric iron is produced by oxidation of ferrous iron,

especially at low pH conditions, it becomes the primary oxidant [Eq. (7.4)] of pyrite

and the reaction would be strongly accelerated by microbiological activity

[Eq. (7.2)] (Ehrlich 1996; Moses et al. 1987; Nordstrom et al. 1979; Rimstidt and

Vaughan 2003). Under abiotic conditions the rate of oxidation of pyrite by ferric

iron is controlled by the rate of oxidation of ferrous iron, which decreases rapidly

with decreasing pH. Below about pH 3 the oxidation of pyrite by ferric iron is about

ten to a hundred times faster than by oxygen (Ritchie 1994).

Chalcopyrite is one of the main target mineral in copper mining. In order to

solubilize the copper, chalcopyrite should be oxidized and complete oxidation of

chalcopyrite may be written as:
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2CuFeS2 þ 4O2 ! 2Cu2þ þ Fe2þ þ SO4
2� ð7:5Þ

The above reaction is without the acid production. However, the combination of

ferrous iron oxidation and ferrihydrate hydrolysis is the main acid producing

process.

2CuFeS2 þ 17

2
O2 þ 5H2O ! 2Cu2þ þ 2Fe OHð Þ3 þ 4SO4

2� þ 4Hþ ð7:6Þ

Chalcopyrite, together with molybdenite, is known as one of the most resistant

sulfides to oxidation (Plumlee 1999). Rimstidt et al. (1994) reported that the

oxidation rate of chalcopyrite increases with increasing ferric iron concentration,

but with an oxidation rate of 1–2 orders of magnitude less than pyrite.

It has been known for nearly 50 years that Acidithiobacillus ferrooxidans and
Leptospirillum ferrooxidans obtain energy by oxidizing Fe2+ to Fe3+ from sulfides

(Bryner et al. 1967) with increased rate of reaction (7.2) up to the factor of about

100 over abiotic oxidation (Singer and Stumm 1970). More recent results show that

a complex microorganism community is responsible for sulfide oxidation (Baker

and Banfield 2003; Johnson and Hallberg 2002; Johnson et al. 1993; Nordstrom

2000). The initial step of pyrite oxidation does require an elaborated sequence of

different geochemical reactions that dominate at different pH ranges (Nordstrom

and Southam 1997). Schippers and Sand (1999) have demonstrated that acid-

insoluble metal sulfides are chemically reacted by iron (III) hexahydrate ions,

generating thiosulfate, which is then oxidized to sulfuric acid (Table 7.1). The

acid-soluble sulfides are attacked by iron (III) and protons, resulting in the forma-

tion of elemental sulfur via intermediary polysulfides.

Acidithiobacillus spp. form nano-environments to grow on sulfide mineral

surfaces. These nano-environments can develop thin layers of acidic water that

do not affect the bulk pH of the water chemistry. With progressive oxidation, the

nano-environments may change to microenvironments. Evidence of acidic micro-

environments in the presence of near neutral pH for the bulk water can be inferred

from the presence of jarosite (forms around pH 2) in certain soil horizons and mine

tailings where the current water pH is neutral (Carson et al. 1982; Dold et al.

2011a). Barker et al. (1998) observed the solution pH decreased from near neutral at

the mineral surface to 3–4 around microbial colonies living within confined spaces

at interior colonized cleavage planes of biotite.

When mine water, rich in ferrous and ferric iron, reaches the surface it may fully

oxidize, hydrolyze, and may precipitate to ferrihydrite (fh), schwertmannite (sh),

goethite (gt), or jarosite (jt) depending on pH–Eh conditions and availability of key

elements such as potassium and sulfur (Fig. 7.2). Jarosite, schwertmannite, and

ferrihydrite are metastable compared to goethite (Bigham et al. 1996). The hydro-

lysis and precipitation of iron hydroxides (and to a lesser degree, jarosite) would

produce most of the acid in this process. If pH is less than about 2, ferric hydrolysis

products like Fe(OH)3 are not stable and Fe3+ remains in solution.
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Note that the net reaction of complete oxidation of pyrite, hydrolysis of Fe3+, and

precipitation of iron hydroxide (sum of reactions 1, 2, and 6) produces 4 mol of H+

per mole of pyrite; thus, pyrite oxidation is the most efficient producer of acid

among the common sulfide minerals.

FeS2 þ 15

4
O2 þ 7

2
H2O ! Fe OHð Þ3 þ 2SO4

2� þ 4Hþ ð7:7Þ

The precipitation of these secondary Fe(III) hydroxides can form coatings

(Huminicki and Rimstidt 2009) and cemented layers (Blowes et al. 1991; Dold

et al. 2009; Graupner et al. 2007), which can decrease the oxidation rates and

change the flow direction of the pore solution. Evangelou and Zhang (1995)

reported increased oxidation rates of pyrite by addition of HCO3
� due to the

formation of pyrite surface Fe(II)-CO3 complexes resulting in a limitation of

the iron availability. Additionally, the formation of silica gel can encapsulate

minerals and limit the interaction with the environment (Evangelou 2001). This

can lead to the formation of cemented layers, which limit oxygen and water flow

as well as form preferential flow regimes (Graupner et al. 2007; Rammlmair

et al. 2008). The formation of these secondary mineral phases can not only limit
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Fig. 7.2 pe–pH diagram for Fe-S-K-O-H system at 25 �C; total log activities of Fe2+ ¼ �3.47;

Fe3+ ¼ 3.36 or �2.27; SO4
2� ¼ �2.32; K+ ¼ �3.78; log Kso values for solid phases for gt

goethite, jt K-jarosite, fh ferrihydrite, sh schwertmannite are 1.40, �12.51, 4.5, and 18.0, respec-

tively. Py pyrite. Mean composition of the schwertmannite used for the development of this pe–pH

diagram was Fe8O8 (OH)4.8 (SO4)1.6. After Bigham et al. (1996), note that these stability fields

have to be interpreted as indicative, as the thermodynamic data published from schwertmannite

and ferrihydrite show high variability (Majzlan et al. 2004)
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the access of bacteria to the sulfide mineral surface but can also inhibit

the bacterial activity by co-precipitation of the bacterial cell into the mineral

phase (Hedrich et al. 2011). The secondary mineralogy of the oxidation and

cemented zones can scavenge environmentally critically elements under oxic

condition. This effect can be reversed, when placed under reducing conditions

like during bioremediation and has to be considered before a remediation

approach is chosen.

7.3 How Is Biomining Done Today?

There are several criteria, which decide nowadays to which type of process the

mined material is send. If a new mining operation is starting, there is often an

oxidation zone on the surface present, which might contain some economic value in

form of metal oxides (chalcanthite, azurite, malachite, chrysocolla, or Au and Ag

concentrations among others). This oxide mineral assemblage is water soluble or

acid leachable (Table 7.1), so that these metals can easily be recovered by an acid

leach process, mainly using sulfuric acid. If the deposit shows important secondary

enrichment due to supergene processes, as for example the porphyry copper

deposits in northern Chile, the mineral assemblage is dominated by secondary

sulfide minerals like covellite and chalcocite–digenite, which are also acid soluble.

If the two latter cases are important in the system, usually a separated acid leach

operation is installed in order to recover the soluble metals by solvent extraction

electro-winning process (SX-EW).

If exploitation goes further on toward the primary zone or the oxide and enriched

zone are less important, the criteria of decision making is the cutoff grade as

explained above. In this case not the mineral assemblage, but only the element

concentrations of the mayor target elements decide the process applied. This can

then lead to a very low recovery of the target elements due to their mineral

assemblage.

There are several options how the leaching or bioleaching is done in the mining

operation (Fig. 7.3):

1. In small leach piles (or heaps) of some meters high (Fig. 7.3a), where the

material is exposed to acid leach by sulfuric acid irrigation (pH ~ 1) some

days or weeks up to months. Sometime the material is crushed before or sulfuric

acid is mixed with water in a reaction tank to fracture the material. The pregnant

leach solutions (PLS) are recovered by underlying geomembrane basement

liners (Fig. 7.4 and Fig. 7.6). The PLS is send to an SX-EW plant for metal

recovery and then recycled to the leach pile. In these operations usually oxide

ores or material from the supergene enriched zones is exploited. Afterwards, the

material is replaced by fresh ore, and the residual is deposited on waste dumps.

As in these operations usually high-ore grade (e.g., 1–2 wt.% Cu) is processed,

the waste material still can contain 0.4–0.8 wt.% of Cu and the resulting waste
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dumps normally do not have impermeabilization, so that they can be a important

source of groundwater contamination.

2. Permanent leach deposits (leach dumps) for low-grade sulfidic ore material (i.e.,

Escondida, Chile; Figs. 7.3a and 7.5). In this case material with ore grade below

cutoff and normally above 0.1–0.2 wt. Cu is placed above an impermeabilized

surface (usually by geotextile). When the first level is completed, new material is

placed above in order follow on the leach process. Additionally, artificial

ventilation ensures the air supply for the microbiological activity. Characteriza-

tion of the microbial community is undertaken (Demergasso et al. 2005; Zepeda

et al. 2009), however, mineralogical control is often missing. In cases that

supergene enrichment is important, recovery is relatively high (up to 41 %)

(Zepeda et al. 2007). However, as these operations are mainly from porphyry

copper deposit (e.g., Escondida, Chuquicamata), only temperatures in the range

for a mesophile community are reached, so that chalcopyrite leaching is not very

efficient.

3. Waste dumps, which, due to increased metal prices are redefined into leach

dumps. They are usually only irrigated sulfuric acid and no baseliner to recover

PLS is present. Instead, it is tried to recover the PLS by a series of piezometer or

wells in order to recover the metals from the groundwater. This practice has to be

evaluated very critically as often no detailed knowledge on the hydrogeology is

available and therefore the flow directions are little know, resulting in a high risk

for groundwater contamination by PLS.

4. The trend in metal mining goes clearly into lower-ore grade and greater volumes

mined; thus also the mobilized non-economic or low-grade material is increas-

ing, so that, for example, in Chileans copper mines waste dumps or leach dumps

are in planification to completely new dimensions with the associated technical

challenges. For example, at the Andina porphyry copper mine (Central Chile) a

dump is planed with 4 km length and 1 km high containing 1,900 Mt of

low-grade material (Weibel et al. 2011). The challenge in this type of deposits

is to design a dump, which can produce its own impermeabilization in order to

prevent infiltrations to the groundwater and to enable the PLS recovery on a

long-term perspective and optimize the leach kinetics.

a b c

waste - dump

leach-heap

replacement
with fresh ore

1-2 wt% Cu
0.4-0.8 wt% Cu

0.1-0.4 wt% Cu (cut-off ) Low-grade ore

old waste-dump
0.1-0.4 wt% Cu

Now: Leach-dump

PLS
SX-EW

PLS
SX-EW

Fig. 7.3 Schematic designs of (bio) leaching and biomining operations. (a) Acid leach heaps with

final deposition on waste dump (Fig. 7.4). (b) Permanent bioleach dump (Fig. 7.5). (c) Former

waste dump redefined to leach dump. Potential groundwater contamination is highlighted
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5. Tank or Reactor leaching operations are used to leach mainly concentrates or

high-ore grade material with thermophile archaea communities (du Plessis

et al. 2007).

Fig. 7.4 Leach pile or heap operation (acid leach) for high-grade copper oxide ores

Fig. 7.5 Overview of the bioleaching operation for low-ore grade material at the Escondida,

porphyry copper deposit, Northern Chile
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7.4 Main Drawbacks of Today’s Bioleaching Operations

(A) The most important drawback today is the inadequate selection of the material

for the leaching process. This has to be seen as the main reason for the low

recovery of these systems. In order to improve this it must be clear that a

mineral deposits is exploited, not a metal deposit. Characterization and deci-

sion making are nowadays done on behalf of the ore grade of a material (i.e.,

the concentration of the target element), but the mineralogical association of

this element is ignored. The mineral association is key to evaluate extraction of

a certain element by the chosen mining process. Thus, not the ore grade but the

mineralogical association of the target element has to be the process selection

criteria.

(B) In case of porphyry copper deposits, only around 2 % of pyrite is available for

heat production during sulfide oxidation. This is usually not enough to reach

the thermophile temperature range (>50 �C). Thus, the mesophilic bacterial

community, dominated by Acidithiobacillus ferrooxidans and Leptospirillum
ferrooxidans, are not able to oxidize efficiently chalcopyrite. Therefore, the

primary ore mineralogy (cp, bn) is not suitable for bioleaching operations in

porphyry copper systems.

(C) Most of these leach dumps are built with ROM material. This ensures a

relatively good aeration as the coarser material is in the lower part of each

level of the dump, which promotes advection through the chimney effect.

However, some operations crush additionally the material in order to increase

Fig. 7.6 Collection facility for PLS of a mayor (bio) leaching operation. After SX-EW, the

solution is recycled to the leaching process
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surface for the oxidation process. This limits the airflow through the system and

can so decrease the oxidation kinetics. Some operations have additionally

ventilation infrastructure, which increases the operation costs (e.g.,

Escondida).

(D) Many of the leach operations are managed at pH of 1 or even below. This pH is

lower than the optimum range for the iron and sulfur oxidizers, hence might

also play a role in the low efficiency of the operation. The low pH is generally

used to prevent precipitation of secondary minerals like Fe(III)hydroxides and

sulfates like, for example, jarosite and/or goethite.

(E) The chemistry of the PLS is often ignored. In many of these operations, the PLS

are recycled after the metal recovery. This is done to increase oxidation kinetics

as the PLS have high concentrations of ferric iron, the predominant oxidant in

this system. Due to evaporation during recycling, the concentrations of the

solutes in the PLS tend to increase. As the solubility of the secondary minerals

like jarosite is a function of pH, Eh, and concentrations, this increase of solutes

makes it possible that, for example, jarosite might precipitate at lower pH as the

ferric iron concentration increases during recycling (Figs. 7.6 and 7.7). The

precipitation of secondary minerals like jarosite might inhibit sulfide minerals

from oxidation by coating and cemented layer formation and thus lowers the

recovery.

(F) The presence of other minerals like ferrihydrite, goethite, and schwertmannite

in the leach material has to be considered, as they might dissolve due to the low

pH conditions and increase the concentrations of ferric iron as an additional

source, and thus decrease the pH where jarosite can precipitate. These second-

ary mineral precipitation can inhibit the sulfides from oxidation and change the

solution flow path and make sectors of the leach pile inaccessible for the leach

solution (Rammlmair et al. 2008).

7.5 How Can We Improve the Biomining Process?

To increase sulfide oxidation kinetics for bioleaching purpose, following parame-

ters should be considered:

(A) pH: The chemolithotrophic autotroph iron- and sulfur-oxidizer have their

optimum in a pH range of 2–3. However, most of the bioleaching operations

manage pH conditions around 1 or even lower due to constant irrigation with

sulfuric acid and evaporation effects, which is below the optimum pH for the

microbial activity and might be a reason for lower microbial activity (Hallberg

2010). This low pH prevent precipitation of secondary Fe(III)hydroxides,

which could coat the sulfides and lower recovery. It must also be considered

that the gangue mineralogy can be responsible of an important acid consump-

tion, slowing down the recovery at the beginning due to increased pH

conditions.
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(B) Redox potential: The redox potential (Eh) must be operated and maintained

constantly in oxidizing conditions. Saturation with the leach solution has to be

avoided.

(C) Temperature: Acidithiobacillus spp. or Leptospirillum spp. have their optimum

temperature between 20 and 40 �C (Johnson and Hallberg 2003). As sulfide

oxidation is an exothermic reaction, increased temperatures are often reached

in bioleaching operations. However, to effectively operate bioleaching of

chalcopyrite, 40–50 �C or higher are needed in order to stimulate conditions

for thermophile archaea, which have shown increased recovery of chalcopyrite

oxidation under stirred tank conditions (Rawlings and Johnson 2007). In

laboratory cell tests it has been shown that Cu release is enhanced at constant

40 �C and 100 % humidity (Dold et al. 2011b), in relation to the standard

wet–dry cycles of the Standard humidity cell tests ASTM D5744-96. An

elegant way to increase the heat production during sulfide oxidation can be

the addition of pyrite, which was separated by an additional flotation step from

the tailings. This would have a dual positive effect of increasing temperature in

the leach dump to increase recovery, and lowering the acid potential of the

tailings, where it might lead to AMD and produce high environmental damages

and costs.

(D) Humidity and air flow: Increased humidity can prevent precipitation of sec-

ondary soluble salts, which can inhibit the sulfide surface from reaction. As for

sulfide oxidation atmospheric oxygen is needed at least at the beginning of the

process (in a later stage Fe3+ will be the principal oxidant), and bacteria

community is autotroph, a good airflow throughout the system has to be

ensured during the operation. In Escondida, Chile, this is ensured by a giant

Fe3+
FeSO4

+

KFe3(SO4)2(OH) 6(c)

-Fe(OH)4
Fe2 +

FeS2(c)

pH
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[Fe3+]TOT= 1.00 mM [SO 4

2-]TOT= 1.00 mM
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Fig. 7.7 pH–Eh diagrams of the system Fe-K-S at concentrations typical for a PLS (a) and with an

increase (b) to show how the stability field of jarosite expands toward lower pH
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ventilation system. Specific designs of the leach dumps in order to promote the

chimney effect could enhance aeration at a lower energy cost.

(E) Control of the geochemistry of the PLS: The water chemistry of the leach

solution have to be controlled constantly in order to ensure optimum conditions

for the microbial community and to limit the risk of mineral precipitations,

which can coat the target minerals and change the flow path of the leach

solutions.

7.6 Bioremediation

As explained before, sulfide oxidation is the biogeochemical process, which leads

to the solubilization of sulfides and the subsequent formation of acid rock drainage

(ARD). In biomining, this process is accelerated in a controlled environment in

order to extract the metal content. If this process occurs uncontrolled in mine waste,

it produces the most important environmental problem of the mining industry,

called acid mine drainage, and needs remediation. There are different approaches

in order to control and remediate the damage produced by AMD formation. The

main principle of these approaches is to invert or close the biogeochemical cycle

back from the oxidizing environment, which is responsible for acid production and

metal liberation and mobilization, into a reducing environment, in order to remove

the contaminant elements by precipitation or sorption processes from solution.

Below the term bioremediation usually the precipitation of secondary sulfide

minerals and the formation of alkalinity triggered by microbial activity is under-

stood and used for remediation of mine waste systems like tailings (Dold

et al. 2011a), waste dumps (Schippers et al. 2010), and pit lakes (Klapper

et al. 1998; Fauville et al. 2004; Knoller et al. 2004). Sometimes also sorption

processes onto organic matter falls below this definition, as well as

phytoremediation (Sheoran et al. 2012).

The microbiology of bioremediation process is extensively reviewed (Johnson

2002, 2003; Johnson and Hallberg 2002; Hallberg and Johnson 2005). Two princi-

pal approaches in bioremediation of mine waste can be distinguished:

1. Treatment of AMD by enhanced biogeochemical processes (reduction, precip-

itation, sorption) in treatment facilities (Hallberg 2010) and constructed

(Hallberg and Johnson 2005) or natural wetlands (Kalin 2001) or permeable

reactive barriers (Benner et al. 2000; Blowes et al. 2000).

2. Change of the geochemical conditions of the contamination source (e.g., mine

tailings and waste dumps) to reducing environment in order to stop sulfide

oxidation and AMD formation (Diaby 2008; Dold et al. 2011a).

In case of AMD treatment, the AMD chemistry is the key in order to guarantee a

proper function of the treatment process and also decides if the process can function

in an inorganic way or microbial intervention is needed. For example, the formation

of the exotic deposit at the Chuquicamata mine, Northern Chile, is a good example
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of natural attenuation of ARD. The source of the ARD was the exposure of the

porphyry copper ore body to natural oxidation through erosion and uplift of the

Andes. The West-fault triggered the formation of a gravel filled paleo-channel, in

which the acid, Cu, and Fe(III) rich-ARD were channeled in an oxic environment

downstream. Close to the source, at the beginning of the paleo-channel, Fe(III)

hydroxides precipitated and scavenged oxyanions like molybdate and arsenate, due

to their known behavior of sorption onto Fe(III)hydroxides at low pH condition.

Therefore Mo, one of the target elements in this system, is enriched close to the

ARD source. Copper maintains mobile under the prevailing acid pH conditions and

flew downstream, were it encountered two types of bedrock. On the east site of the

channel prevailed bedrock altered by propylitic alteration, which adds a neutrali-

zation potential to the rock in the form of calcite. The other bedrock is mainly based

on granodiorite and andesitic gravels, without any carbonates. This difference of

bedrock controls the buffer capacity and subsequent the final pH conditions. The

propylitic zone is able to buffer the pH to near neutral pH, necessary for the

observed precipitation of chrysocolla, whereas the gravels only are able to buffer

toward pH 5–6, where atacamite will form (Dold 2006). Thus, this system is mainly

pH controlled, triggering the precipitation of the different mineral in a neutraliza-

tion sequence and forming a secondary ore deposit, a modern way of pollution

control.

In case of AMD treatment, there are two scenarios to consider. One is a neutral

ferrous iron-rich plume and the other is an acid ferrous iron-rich plume out-groping

from a mine waste system (tailings or waste dumps) or underground mines. In the

first case, the contact with the atmosphere will initiate the autooxidation of the

ferrous iron to ferric iron and initiate the hydrolysis of the Fe(III)hydroxides

(ferrihydrite and/or goethite). If the ferrous plume is contaminated by oxyanions

(e.g., As, Mo, Se, S) these will tend to be scavenged by these secondary precipitates.

In this process still no bacterial interaction is needed.

If the ferrous plume is acid (< pH 4), then iron oxidizers will oxidize ferrous to

ferric iron and the hydrolysis of schwertmannite and/or jarosite and goethite is

initiated. Again, if oxyanions are in solution, they will be scavenged by the Fe(III)

hydroxides. Bivalent metal cations can maintain in solution and can be extracted

selectively. The most important role of microbial activity in these systems is now to

use the ability of some microorganisms to modulate the redox state of a target

element selectively in order to extract the element as pure as possible from solution

in order to be able to recover the element as an economic value, instead of an

environmental cost.

Many of the so-called bioremediation or microbiological treatment methods for

AMD control are based on the action of heterotrophic iron and sulfate-reducing

bacteria, which initiate the precipitation of secondary sulfide minerals in a wetland

or a permeable reactive barrier. The main drawback of these methods is that they

are not able to treat the AMD for selective metal recovery; instead, a mixture of

organic matter and metal sulfides is produced, which itself represent a hazardous

waste material, which has to be managed in a proper way. Thus, new research goes

into the selective recovery of the metals from industrial waste solutions like AMD,
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in order to recover as much economic values as possible (Hallberg 2010; Kamradt

et al. 2012).

In case of acid lake remediation, the heterotrophic approach has shown good

results specially in pit lakes formed by coal mining where mainly iron and the

acidity are the main problems to solve (Geller et al. 1998). In order to control and to

limit an AMD source (tailings impoundment, waste dump, underground mine, pit

lakes) by a bioremediation approach, usually the system is changed from an oxic

environment toward a reducing environment. This can be reached by addition of

organic matter or simply by flooding or is often done by implementation of

geotechnical and soil covers, phytoremediation, or by implementation of wet covers

with a wetland (Dold et al. 2011a).

As expressed above, natural processes can scavenge some of the pollutants in a

very effective way. For example, oxyanions like arsenate are always associated to

the Fe(III) hydroxides in an oxic AMD environment; this can be in a waste dump, in

the oxidation zone from a tailings impoundment (Dold and Fontboté 2001; Smuda

et al. 2007), or in the unsaturated zone of an underground mine or in the pit lakes

walls. By the change toward reducing and increased pH conditions, the sorbent, in

this case the Fe(III)hydroxides, will undergo reductive dissolution and liberate the

sorbed arsenic into solution, thus, by solving a problem producing another, as

happened in case of the flooding of the Wismut uranium mines (Jenk et al. 2009).

Therefore, before a remediation approach is selected, a thorough knowledge of the

mineralogy and element speciation is needed in order to predict geochemical

stability and behavior during the remediation process.

7.7 Conclusions

Nowadays biomining operations are in most cases highly inefficient, mainly due to

the lack of mineralogical, geochemical, and microbiological characterization and

control before and during the operations. Most of them are not effectively

bioleaching but mainly acid leaching operations and have therefore an enormous

potential for process improvement. The goal must be to optimize these operations

by a thorough characterization of the mineral assemblage and the microbiological

community present or to be developed and to ensure the biogeochemical parameters

for an optimized operation. Especially, the selection criterion (today cutoff grade)

for the definition of the leachable units has to be changed toward the mineral

assemblage.

Special attention has to be given to the impermeabilization of these operation, in

order to be able to recover the PLS on a long-term perspective in the future and also

with the objective to prevent groundwater contamination.

In bioremediation, special focus has to be given that the microbial community

supposed to do the job has the suitable geochemical conditions in order to function

in the optimum range. Mineralogical and geochemical studies of the element and

mineral speciation have to be performed in order to prevent negative secondary
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pollution effects. Thus, biomining or bioremediation approaches need a detailed

knowledge of the mineralogy and the geochemistry to predict and manage a proper

function of the biogeochemical systems.
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