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Introduction
Acid and Metalliferous Drainage (AMD), acid mine drainage or 

acid rock drainage, is recognised as a critical global environmental 
issue, resulting predominantly from the oxidation of pyrite (FeS2) 
[1,2] “the most abundant sulfide mineral on the earth” [3] through 
chemical and microbially-mediated reactions with surface water 
and oxygen. The presence of some naturally occurring iron- and 
sulfur-oxidising bacteria (e.g. Acidithiobacillus ferrooxidans) can 
significantly accelerate pyrite oxidation, and therefore, microbial 
action plays an important role in the formation of AMD. AMD can 
occur due to natural weathering or anthropogenic activities such 
as mining. It is often associated with low pH (< pH4) and elevated 
concentrations of sulfate and toxic metal(loid)s such as As, Cd, Pb, 
Se and Zn [4-6]. Acid and metal(loid) runoff can impact hundreds 
of kilometres from the site along hydrologic gradients within 
relatively short times [7], and can devastate downstream rivers, 
streams and aquatic life. Treatment of runoff can be required for 
hundreds to thousands of years or “in perpetuity” [8]. The United 
Nations has recently acknowledged AMD as the second biggest 
global issue after global warming [9], highlighting the significance 
of this environmental challenge. AMD is widespread in resource-
rich countries such as Australia, Brazil, Canada, Chile, China, 
Romania, South Africa and the U.S. For example, more than 200,000 
AMD sites have been identified in the U.S., with the potential to cost 
up to several tens of billions of dollars for full rehabilitation [10].  

 
In Australia, Queensland and New South Wales have approximately 
60,000 and 20,000 legacy mine sites, respectively, with tens of 
thousands of other sites across other states in Australia (e.g. over 
3,000 mine sites recorded in Tasmania); at least 10% of these 
legacy mine sites may contain potentially acid generating wastes. 
In Australia, the annual AMD liability cost was estimated in 1997 
to exceed US $120 million for operating sites and US $650 million 
in inherited liability [11], a cost that would be considerably 
greater today. Due to both the severity and long-lasting nature 
of negative environmental impacts associated with AMD, it has 
been recognized as a very complex and costly issue for the mining 
industry and regulatory government sectors. Therefore, the 
development of long-term effective and economically sustainable 
strategies, implementable at mine sites, for AMD mitigation is of 
critical importance.

AMD Generation from Pyrite Oxidation 
Pyrite is known as the major contributor to AMD generation. 

The (abiotic) oxidation of pyrite can be commonly represented by 
the following reactions (Equation 1 and 2), involving the two most 
common oxidants, Fe3+ and O2. The mechanisms and kinetics of 
pyrite oxidation have been previously extensively reviewed [12-
17], and readers are suggested to refer to those publications and 
references therein for extended reading.
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FeS2 + 7/2O2 + H2O → Fe2+ + 2SO4
2− + 2H+  (1)

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

 Fe2+ + 1/4O2 + H+ → Fe3+ + 1/2H2O                    (3)

The presence of aqueous Fe3+ accelerates pyrite oxidation and 
AMD generation. The faster kinetics of pyrite oxidation by Fe3+ 
than by O2 is proposed to be due to the ease of chemical bonding 
of Fe3+ to the pyrite surface [15]. It is noted that one mole of pyrite 
oxidised by Fe3+ produces 16 moles of protons (Equation 2), an 
eight-fold increase as compared to that from pyrite oxidation 
by O2 only (Equation 1). Fe3+ can be formed by oxidation of Fe2+ 
(Equation 3), but this reaction is kinetically slow at pH < 4 [18]. As 
the chemical oxidation of Fe2+ to Fe3+ by O2 is negligible below pH 4 
and the regeneration of Fe3+ is the rate-limiting step during pyrite 
oxidation [19], the acidophilic iron-oxidising microorganisms 
play a vital role in the evolution of AMD at low pH [20,21]. The 
significance of bacteria in catalysing pyrite oxidation is well 
documented, with increases in pyrite oxidation rates by up to six 
orders of magnitude [22,23]. While some iron- and sulfur-oxidising 
microbes can accelerate pyrite oxidation and AMD generation, 
other microorganisms such as some beneficial oxygen-consuming 
and iron-reducing heterotrophic bacteria can help develop surface 
passivating biofilms on pyrite reducing the rate of AMD generation 
by limiting the availability of oxidants (O2 and Fe3+) at the mineral 
surface and also the availability of O2 in the bulk AMD environments 
[20,24]. Therefore, the beneficial interactions between microbes 
and (sulfide) minerals can be used to develop microbial-based AMD 
remediation approaches. 

AMD Control
AMD treatment options can be generally classified into two 

categories: source- and migration- and control [20]. Source control 
is defined as control measures that can prevent the formation 
of AMD from sulfides in the first instance, i.e. control at-source. 
In contrast, migration control is described as treatments that 
reduce the impact of the resulting AMD wastewaters on aquatic 
environment (i.e. treatments after AMD generation) and can be 
further divided into active and passive treatments – both of which 
can involve abiotic and biotic approaches.

Source Control
The aim of source control is to create conditions required to 

reduce pyrite oxidation rate by limiting O2 and water ingress to the 
pyrite surface. A number of control methods have been proposed 
including application of wet and dry covers (physical barriers), 
microencapsulation (surface coating), sealing of underground 
mines, underwater storage of mine tailings, flooding and sealing 
of underground mines, blending of mineral wastes, etc [20]. In this 
review, only the surface coating-based source control is briefly 
described below.

Among various at-sources approaches, mineral surface 
passivation is an appealing and viable approach for control of acid 
generation and has received increasing attention over the last two 
decades. Four main types of surface passivation layers developed 
to date are organics (abiotic) [25-27], phosphates [28,29], silicates 
[30-32] and biofilms [33,34]. Although the use of organics and 
phosphates can reduce pyrite oxidation, their application in 
the field in still challenging due to the high concentra rations of 
chemicals and harsh conditions needed to form organic coatings 
and possible secondary pollution from organic and eutrophication 
of freshwater environments by phosphates. Another potential issue 
with application of phosphate is that inhibition of pyrite oxidation 
based on this approach may only be temporary due to the formation 
of armoring layers on the phosphate materials used [20, 35]. 

In our opinion, silicates- and biofilm-based surface passivation, 
and the recently developed pyrite passivation by Al (OH)3–iron (oxy)
hydroxide double layers [36], are more promising, effective and 
potentially sustainable, as compared to other surface passivation 
techniques. It has been reported that pyrite oxidation rate can be 
reduced by >97% over approximately 290 days at neutral pH with 
approximately 20 ppm added Si4+ or Al3+ sources under non-stirred 
conditions, through the development of surface passivating layers 
on pyrite. Note: non-stirred (static) conditions are more commonly 
encounted in natural AMD environments. Under realistic AMD 
environments, these Si- or Al-containing species required for the 
development of surface passivating coatings can be potentially 
provided by the dissolution of silicates or alumino-silicates such as 
K-feldspar, chlorite and mica, commonly found in AMD sulfidic waste 
rocks and tailings. Microbial populations in AMD environments can 
also be manipulated to stimulate the growth of beneficial bacteria 
[24] (e.g. aerobic oxygen-consuming and iron-reducing microbes) 
and develop biofilms on pyrite surfaces [34]. It has been found 
previously that application of heterotrophic iron-reducing bacteria 
(Acidiphilium and Acidocella spp.) can reduce pyrite oxidative 
dissolution by about 80%, even under highly acidic (pH <2) and 
oxygen-saturated conditions, through possible formation of biofilms 
[37]. The presence of the biofilms also limits the availability of 
sulfide mineral surfaces for interactions with deleterious bacteria 
(e.g. iron- and sulfur-oxidising microorganisms).

Migration Control
While it is preferably to prevent or limit acid generation at-

source, it is often challenging to inhibit the AMD generation from the 
sulfide source. Migration control then becomes the only alternative 
strategy for AMD treatment, where source control is not possible, 
and includes active and passive processes. Active treatments often 
involve applications of alkaline materials to neutralise acidic AMD 
wastewaters and precipitate metals [20], adsorption, ion exchange 
and membrane-based technologies [38]. Among all traditional 
chemical-based active treatment methods, neutralisation of AMD 
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using industrial alkaline chemicals, such as hydrated lime (Ca 
(OH)2) and limestone (carbonates), is more commonly used for 
removal of metals (as metal hydroxide precipitates) and sulfate 
(as gypsum precipitate) [38]. Although active treatments present 
high efficacies in treating AMD, they require large amounts of 
alkaline materials and also generate significant amounts of 
sludges (by-products) which require further management [1]. 
Passive treatments for AMD remediation are often based on 
natural and constructed wetland systems [39]. Some other passive 
treatment methods include limestone-based (e.g. anoxic and toxic 
limestone drains, open limestone channel), bioreactors-based 
(e.g. application of sulfate-reducing bacteria), permeable reactive 
barrier-based (application of reactive materials to induce beneficial 
physical, chemical and biological processes) systems and others. 
More details regarding active and passive treatment options can be 
found in previous review articles [1, 38]. Passive systems generally 
require relatively little maintenance as compared to active systems; 
however, they suffer from significant limitations as they are most 
suitable for treatment of AMD wastewaters with low acidity (< 800 
mg CaCO3 L–1) and flow rates (< 50 L/s) [40,41].

Concluding Remarks
AMD is acknowledged as the most serious environmental 

threat posed by mining to aquatic ecosystems. Treatment of 
AMD is complex and remediation options need to be determined 
largely on a case-by-case basis. For mine sites with AMD issues, 
the matching of acid generation rate and the acid neutralisation 
rate is, in principle, the only economically sustainable treatment 
option for long-term mine closure and site relinquishment [42]. 
It is preferably to preventatively limit the formation of AMD at-
source where possible, through source control measures such 
as development of surface passivating layers on sulfide mineral 
surfaces. While surface passivation has been successful under 
laboratory conditions, scale-up and implementation at mine sites 
are required to test their efficacies under field conditions. The 
application of surface passivation and its effectiveness under 
realistic microbiological AMD environments also needs to be 
verified. Where source control is not possible, migration control is 
the only alternative to minimise the impact of AMD wastewaters on 
aquatic environments. When applying a migration control method 
for AMD treatment, the following aspects need to be considered: 
east of operation, materials availability and cost, maintenance cost, 
system durability, the limitation of each migration control method, 
etc.
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