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Definition 

Acid rock drainage (ARD) is one of the major environmental problems at active and closed coal and metalliferous mining

sites. ARD forms naturally when sulfidic material comes in contact with atmospheric oxygen and the oxidation of sulfide

minerals releases acid, sulfate and metal contaminants. The large-scale ARD that is generated within the mining area is

called acid mine drainage (AMD).
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Introduction

The characterization of acid rock drainage (ARD) is traditionally based on mineralogical and geochemical techniques

(e.g., Acid Base Accounting tests). The complexity of ARD processes warrants contribution of methods from various

disciplines. In the past decade, the increasing role of environmental isotopes in pollution monitoring has enabled the

successful application of isotope methods in ARD investigations. While isotopic compositions of different pollutants can

refer to their parent mineral, the degree of isotope fractionations are indicative of the mechanisms taking place during the

release and transportation of ARD-related contaminants. In natural environments, however, the measured isotope

fractionations are predominantly the result of several coexisting or sequential processes. Therefore, the identification and

quantification of the distinct contributions of these processes to isotope variations is difficult and requires well-defined

laboratory conditions, where the influence of ARD generation on different isotope systems can be assessed with greater

certainty.

Sulfur Isotope Signatures of Pyrite Leaching

Sulfur isotope composition of dissolved sulfates in ARD—generated via Reactions (1) and (3) —relates to the source of

sulfur, therefore it has the potential to be successfully used in mass balance calculations as part of the pollution

monitoring: 

FeS  + 3.5O  + H O → Fe  + 2SO  + 2H (1)

Fe + H + 0.25O   → Fe  + 0.5H O (2)

FeS  + 14Fe + 8H O → 15Fe  + 2SO  + 16H (3)

Pyrite leaching experiments demonstrate that the quantitative conversion of pyrite to sulfate results in only minor sulfur

isotope fractionation (Δ S ) under acidic, aerobic-biotic, or abiotic conditions ranging between −1.3‰ and +0.4‰.

 In addition, processes like precipitation and dissolution of secondary sulfate phases were also demonstrated

to produce negligible S isotope fractionation (e.g., Δ S −0.2‰ – +0.3‰ and Δ S +0.3‰ –

+1.1‰).  Although these relatively small S isotope fractionation factors allow the identification of the parent sulfides

in ARD-impacted water, the seasonal precipitation and dissolution cycles of sulfate minerals might cause small variations

in the isotopic composition of sulfate. According to the overall stoichiometry of pyrite oxidation mechanisms, abiotic

oxidation (Reaction (1)) can take place only when there is enough dissolved oxygen to complete the reaction. Even

though Reactions (1) and (3) are the most frequently used pathways to demonstrate pyrite oxidation, the actual

mechanisms are much more complex and involve the occurrence of intermediate sulfur species like thiosulfate (S O ),

elemental sulfur (S ), and sulfite (SO ), depending on the availability of oxygen. Pyrite is mostly oxidized by bacterially

generated Fe  (Reaction (3)) via thiosulfate oxidation pathway.  The formation of sulfur intermediates during abiotic

and biotic pyrite oxidation was confirmed by several authors both under acidic and alkaline conditions, reporting

systematically smaller amounts of intermediates at lower pH due to their rapid oxidation to sulfate.

 The incomplete oxidation of pyrite or its stepwise oxidation to sulfate is frequently accompanied by sulfur isotope

variation in agreement with the general concepts of isotope fractionation, and the more oxidized form of sulfur is enriched

in the heavier isotope compared to more reduced forms.  As S and O isotopes of sulfate are intensively involved in
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redox reactions that control the sulfur oxyanion formations, the isotope fractionation has the potential to provide insight on

the governing pathways of sulfur oxidation or reduction. Due to the complexity of these redox processes along with the

large number of variables that control the sulfur conversion mechanisms (e.g., residence time of sulfur intermediates, pH,

crystal structure of the leached mineral, bacterial occurrence, oxygen availability, dominant oxidant), current

understanding of the influence of sulfur intermediates on both the ARD sulfur cycle dynamics and its isotope geochemical

characteristics is relatively limited.

Oxygen Isotope Signatures of Pyrite Leaching

Sulfate preserves its oxygen isotope composition after formation. This allows for the identification of the reaction

mechanisms that are responsible for sulfide oxidation; if most of the sulfate oxygen is derived from the dissolved

molecular oxygen via Reaction (1), the emerging SO  should be enriched in O relative to SO  that incorporates

dominantly water-derived oxygen (WDO) following Reaction (3). The reason for this is that air is characterized by δ O =

+23.8 ‰,  whereas meteoric water has variable δ O values mainly δ O ≤ 0 ‰.  Using Equation (4), the relative

contributions of WDO and molecular oxygen to dissolved sulfate can be calculated.

δ O = X(δ O ε )  + (1 – X) (δ O ε )                                                                                              (4)

where X is the fraction of sulfate produced by Reaction (3) and (1 – X) is the fraction of sulfate from Reaction (1). ε is the

enrichment factor that describes the partition of oxygen between the sulfate and air or water. ε O  = 0.0 ‰ to +4.1

‰ for both anaerobic biotic and abiotic experiments and ε O  = -10.0 ‰ to -11.4 ‰ for biotic and -4.3 ‰ to -9.8 ‰

for abiotic reactions.

The general concept regarding the relative percent contribution of various oxygen sources to sulfate is that: (i) if pyrite

oxidation is anaerobic and Reaction (3) is the dominant, then 100% of the sulfate oxygen is derived from water and (ii) if

dissolved molecular oxygen is present, sulfate oxygen shows a combination of air and water oxygen. Pyrite oxidation

Reaction (1) suggests that 87.5% of sulfate oxygen is dissolved molecular oxygen and the remaining 12.5% is water

derived. The WDO values, however, do not necessarily reflect the stoichiometry of Reactions (1).  To understand the

reason for significant water oxygen incorporation into sulfate at low pH even under oxygen-saturated conditions, it is

necessary to review the mechanism of pyrite oxidation. The initial step is the oxidation of the adsorbed Fe (H O)

complexes on the pyrite surface by molecular oxygen to form Fe (H O)  complexes that rapidly oxidize the pyrite (Figure

1).  During the initial release of Fe  to solution, the pyrite surface is dominated by sulfur atoms. The adsorbed iron

continuously experiences oxidation and reduction during the interaction with molecular oxygen and the acceptance of

electrons from the pyrite. The latter process is governed by the electron loss of iron on the pyrite surface during the

interaction via molecular oxygen.  The electron originates from the sulfur site and its transmission to Fe  takes place

via the iron site of the mineral (Figure 1b).
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Figure 1. Illustration of the abiotic oxidation mechanism of pyrite. The adsorption of released Fe  from pyrite as aqueous

Fe (H O)  is the first step of pyrite oxidation. (a) The oxidation of Fe (H O)  complex by the dissolved molecular oxygen

forms (b) Fe  that accepts electron from the pyrite during its oxidation.

An oxygen atom from the adsorbed Fe (H O)  complex is added to the sulfur site of pyrite as the closing step of pyrite

oxidation that produces different sulfur intermediates (Figure 2a).  The reaction sequence of the oxidation-reduction

of the Fe in the adsorbed aqueous complex, and the transfer of oxygen from water molecules to the sulfur site of pyrite,

continues until a sulfur oxyanion is more stable in solution, and disassociates from the pyrite surface (Figure 2b).

 

                                         (a)                                                                          (b)

Figure 2. Illustration of the formation of sulfur oxyanion during the abiotic oxidation of pyrite using the example of

thiosulfate. (a) Addition of oxygen molecules from the aqueous Fe (H O)  complex to pyrite sulfur to form thiosulfate. (b)

The oxygen transfer continues until the detachment of the stable thiosulfate.

In accordance with the mechanism described above, oxygen plays a role in the initiation of the pyrite oxidation reaction,

but the reaction pathway is mainly controlled by Fe  as the oxidant. As molecular oxygen is not directly involved in the

formation of sulfur intermediates, the incorporation of water oxygen into thiosulfate from Fe (H O)  complexes is the

major process that affects the oxygen isotope composition of this sulfur compound. The participation of molecular oxygen

in sulfate takes place at the more advanced stages of oxidation. The major potential factors that are considered to cause

variations in sulfate oxygen isotope values and the ratio of WDO and O  are: (i) the contribution of different oxygen

sources, (ii) degree of the oxygen isotope exchange between water and various sulfur intermediates, (iii) environmental

conditions such as pH or availability of oxygen and (iv) the reaction mechanisms of pyrite oxidation through the related

sulfur intermediates.

Iron Isotope Signatures of Pyrite Leaching

Laboratory experiments have demonstrated isotope fractionation from 2.63 ‰ to 3.00 ‰ between coexisting aqueous

Fe(II) and Fe(III) complexes and precipitated Fe(III) phases.  The degree of Fe isotope fractionation during Fe(III)

oxides and (oxy)hydroxides precipitation is significantly affected by factors such as grain size and the rate of precipitation

in addition to pH conditions.  The enrichment of Fe in the fluid phase at the start of oxidative dissolution of sulfide-rich

rocks at pH 2 has been demonstrated (Figure 3a).  The initial enrichment was caused by the dissolution of a Fe-rich,

thin layer of ferric-oxide on the sulfide surface that was the result of air oxidation prior to leaching This transient redox

isotope effect was followed by the dominance of kinetic fractionation as more iron was released with time, which

decreased the δ Fe value of the solution. Figure 3b shows that during the dissolution of sulfide-rich rocks under

circumneutral conditions, the leachate is consistently characterized by lower δ Fe values compared to bulk rock due to

the immediate formation of secondary precipitates.  Whereas the aqueous oxidation of Fe  under acidic abiotic

conditions (pH 2)—described by Reaction (2)—is limited due to its sluggish kinetics,  the rapid oxidation of aqueous
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Fe(II) and the subsequent precipitation of Fe(III) (oxy)hydroxides is enabled at circumneutral pH values (pH 5). The

precipitated Fe(III) prefers the incorporation of heavy Fe isotopes, that results in a decrease of the Fe isotope ratios in the

fluid phase (Figure 3b).
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Figure 3. Fractionation of iron isotopes between solution and sulfide-rich rocks (Δ  = δ Fe  – δ Fe ) as

a function of Fe recovery (a) under pH = 2 and (b) pH = 5 conditions during continuous batch leaching. Square symbols—

leachate of sulfide rock (SR) group: pyrite, chalcopyrite, galena, sericite, pyrophyllite, anglesite, sphalerite. δ Fe  = –

1.25 ± 0.25 ‰ . Circle symbols—leachate of quartz-sericite-pyrite (QSP) group: pyrite, sericite, pyrophyllite, quartz.

δ Fe  = 0.11 ± 0.25‰. Redrawn from Fernandez and Borrok.

Influence of Microorganisms on Iron Isotope Fractionation

Leaching experiments of different iron minerals demonstrate both the presence and absence of bacterial control on Fe

isotopes during the dissolution. The authors of Croal et al.  demonstrated 1.5 ‰  microbial fractionation between

aqueous Fe(II) and Fe(III). This suggests the biological control on redox processes and subsequent isotope fractionations.

In contrast, the authors of Balci et al.  identified abiotically controlled Fe isotope fractionation between Fe(II) and Fe(III)

under acidic conditions (pH < 3). Bio- and electrochemical leaching experiments of metal sulfides under consistent redox

conditions found no significant difference in Fe isotope fractionation (Figure 4).  This emphasizes the importance of

redox potential conditions as the main factor governing the redistribution of Fe isotopes during sulfide dissolution, which

seems to be a unique signature of the sulfide system.
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Figure 4. Plot of δ Fe values in residues and leachates as a function of redox potential for (a) bioleaching and (b)

electrochemical leaching of pyritic chalcopyrite concentrate. Grey areas represent the initial isotopic composition of the

mineral concentrate with 2σ errors. Dashed areas represent the initial isotopic composition of the solution with 2σ errors.

Error bars of samples are 2σ. Redrawn from Pérez Rodríguez et al.

Concordant Fe isotope variation mechanisms in biotic and abiotic experiments do not allow for the distinction between

biological Fe fractionation and that of abiotic chemical reactions, and points to the complexity of controlling mechanisms of

various isotope systems even under laboratory conditions. Further investigations that allow for the accurate

characterization of abiotic and biotic processes are warranted.

Summary

The importance of the oxidative dissolution of pyrite relates to its environmental impact through ARD generation.

Therefore, an understanding of the processes and mechanisms governing pyrite dissolution facilitates the predictive

modelling of ARD, which in turn can be used to inform effective geotechnical designs and rehabilitation strategies. The

controlled laboratory conditions allow measurement of the discrete isotope fractionations and therefore the effects of ARD-

related processes on different isotope systems can be inferred with greater certainty. Interpretation of results in the field

are therefore strengthened by laboratory experiments.
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