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Abstract The global imprint of acid drainage problems at
mine sites is a clear reminder that generally, natural pro-
cesses do not adequately ameliorate the acidity and metal
contamination produced by oxidizing sulfide minerals. Yet
at nearly all such sites, natural attenuation processes occur
and may contribute to site remediation. Biogeochemical
processes can be particularly important in controlling the
transport and fate of certain metal and metalloid contami-
nants, under specific environmental conditions. This paper
identifies the major natural attenuation processes that have
been documented at mine sites around the world and dis-
cusses how monitored natural attenuation is sometimes
used in combination with active treatment technologies to
achieve site-specific remediation objectives.

Keywords Ground water - Metals - Natural attenuation -
Remediation

Introduction

The term “monitored natural attenuation” (MNA) refers to
the long-term examination of natural processes with the
objective that such processes will reach site-specific
remedial targets. MNA is best applied in conjunction with
other cleanup approaches, such as source removal, source
control, or plume control (e.g. Riigner et al. 2006). To
be considered an acceptable treatment option, MNA is
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expected to achieve site remedial objectives within a time
frame that is reasonable compared to that possible by using
other more active remediation methods. Natural attenua-
tion processes include a variety of physical, chemical, and
biological processes that can act to reduce the mass,
mobility, volume, or concentration of contaminants, for
example, in ground water. Attenuation processes important
at mine sites include pH buffering and acid neutralization,
adsorption at the mineral-water interface, and mineral
precipitation.

The US Environmental Protection Agency (EPA) Office
of Research and Development has recently prepared tech-
nical resource documents for the application of MNA to
inorganic contaminants in ground water (US Environ-
mental Protection Agency 2007a, b). The documents
present a four-tiered assessment of MNA as a viable
remediation option for selected metal, metalloid, and
radionuclide contaminants in ground water. Components of
the tiered approach include: (1) demonstrating contaminant
sequestration mechanisms, (2) estimating attenuation rates,
(3) estimating the attenuation capacity of aquifer solids,
and (4) evaluating potential reversibility issues. The
technical framework outlines a tiered decision-making
approach for determining whether MNA is likely to be an
effective remedial approach at a particular location for
inorganic contaminants in ground water. Emphasis is
placed on developing a complete understanding of the site
through development of a conceptual site model that
includes an understanding of the attenuation mechanisms,
the geochemical conditions governing these mechanisms,
and indicators that can be used to monitor attenuation
progress.

Acid mine drainage (AMD) is a major source of water
contamination in metal- and coal-mining districts world-
wide. The causes of AMD are well known. AMD may form
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via the interaction of surface water or ground water with
materials enriched in metal sulfides, such as tailings piles
or the underground workings of deep mines. Environ-
mental impacts include the destruction of aquatic life and
habitats and contamination of drinking water resources.
The iron sulfides: pyrite, marcasite, and pyrrhotite, are
perhaps the most common sources of AMD production
because they are ubiquitous in metal sulfide ores and
because they are generally not the target of ore beneficia-
tion processes. Numerous variables factor into the
assessment of potential AMD releases, including the
quantity of reactive sulfides, grain size distribution and
grain morphology, bacterial activity, moisture content, and
the availability of dissolved oxygen or other oxidants (e.g.
Jambor et al. 2000; Lowson 1982; Nordstrom and Southam
1997; Rigby et al. 2006; Williamson and Rimstidt 1994).

Production of AMD may occur during mine operations
and may continue for many years after mines are closed
and tailings dams are decommissioned from operation.
Estimates of the number of sites in the US affected by
AMD vary widely from 200,000 to over 550,000 (US
Environmental Protection Agency 2004). Costs to clean up
contamination at AMD sites are equally difficult to esti-
mate. One hundred and fifty six hardrock mine sites were
on or had the potential to be on the national priorities list
(NPL) for clean up under the Comprehensive Environ-
mental Response, Compensation and Liability Act
(CERCLA), with potential clean up costs of up to $24
billion dollars (US Environmental Protection Agency
2004). Mine sites are frequently remotely located, which
further adds to the costs of site characterization, remedia-
tion, and monitoring.

In some cases, especially where ore host rock is capable
of reacting with acidic drainage, metal concentrations may
attenuate over time and space. A primary control on the
process of metal attenuation at mining-impacted sites is
acid neutralization (Al et al. 2000; Berger et al. 2000;
Stollenwerk 1994; Zhu et al. 2001). Neutralizing capacity
of sulfide ore tailings is predominantly from carbonate
minerals (calcite, dolomite, siderite) because most non-
carbonate minerals associated with metalliferous deposits
are extremely slow to react and affect pH (e.g. Jambor et al.
2000). As pH increases, aqueous metal species tend to
precipitate as hydroxide, oxyhydroxide, or hydroxysulfate
minerals (Nordstrom 1982; Nordstrom and Ball 1984). In
addition, as pH increases, dissolved metals may adsorb
onto the surfaces of these newly formed minerals and/or
other surfaces present in the environment, such as organic
matter, due to decreasing competition with protons,
decreased surface potential, and increased hydrolysis of
metal ions at circum-neutral pH.

Natural attenuation refers to the observed reduction of
contaminant concentrations and/or contaminant mass flow
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rates as contaminants are transported down-gradient from
their source. MNA is not expected to be relied on as a sole
remedy at mine sites that require cleanup of contaminated
ground water. The global magnitude of the acid drainage
problem is clear evidence that natural processes are inca-
pable of adequately ameliorating the acidity and metal
contamination produced by oxidizing sulfide minerals.
However, MNA may be an effective strategy to augment
more active approaches of remediation. In addition, natural
attenuation processes often tend to spread contaminants out
in space away from source zones via various mineral-water
reactions (Malmstrom et al. 2008). Therefore, it is impor-
tant to recognize natural attenuation processes from the
perspective of tracking contaminant transport and fate in
the environment.

MNA Processes at Mine Sites

Assessments of MNA at mine sites must evaluate the
chemical, physical, and/or biological processes that occur
to mitigate migration of contaminants, the capacity of the
MNA process in comparison to the mass of contaminants
in the source, and whether the attenuation processes are
sustainable over long periods of time. As noted previously,
a favorable demonstration of these factors is frequently
challenging at mine sites. Although research findings
clearly show that attenuation of contaminants does indeed
occur at mine sites, the documented mechanisms of
attenuation are either rate- or capacity-limited so that
contaminants are only partially attenuated or attenuation
occurs over longer flow paths than are acceptable from a
site cleanup perspective. It is equally clear, however, that
many of the attenuation processes important at mine sites
are long-lived, so that a sound understanding of the factors
that control transport and fate of metals in ground water
and across the ground water/surface water interface can
benefit site cleanup efforts (Gandy et al. 2007).

Acid Neutralization

A primary control on the process of metal attenuation at
mine sites is acid neutralization. Many factors affect the
acid neutralization capacity of a system, including the type,
abundance, and reactivity of metal-bearing sulfides in the
ore and waste rock, the permeability of the mine workings
or mine tailings, and the ability of the host or surrounding
rocks to consume acidity. Methods are available to predict
whether or not materials will be acid-generating (e.g. US
Environmental Protection Agency 1994). These methods
provide a numerical accounting with respect to prediction
of acid production and neutralization potential. In general,
materials containing elevated concentrations of carbonate
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minerals or that have elevated inorganic carbon to total
sulfur ratios are the most effective in neutralizing acidity.
Mixing of mine effluents with ambient ground and
surface water dilutes dissolved contaminants and can
increase pH. In surface waters, dilution and neutralization
can occur over spans of meters to many kilometers (e.g. Da
Silva et al. 2006). Dilution and neutralization are often tied
to seasonal variations in flow patterns and volumes. Field
studies have documented more effective attenuation of
mine effluents in dry seasons compared to wet seasons
(Webster et al. 1994). Furthermore, warmer temperatures
appear to favor attenuation processes (Parker et al. 2007).
Field studies and laboratory column testing results indicate
that mineral assemblages present in tailings piles, under-
lying aquifers, and receiving surface waters play a pivotal
role in controlling pH (Blowes and Ptacek 1994; Espafia
et al. 2005a; Gunsinger et al. 2006; Jurjovec et al. 2002;
Morin et al. 1988; Walter et al. 1994). Mineral phases
important in buffering pH are calcite/siderite, aluminum
hydroxides, iron hydroxides, and aluminosilicates.

Role of Secondary Minerals

The oxidation of iron sulfides in mine wastes results in the
release of iron, sulfate, acidity, and metals to solution. High
aluminum and silica concentrations are also commonly
encountered in mine effluents and are the result of weath-
ering of aluminosilicate minerals at low pH. Oxidation and
hydrolysis reactions can subsequently lead to the precipi-
tation of a wide array of hydroxide, sulfate, and/or
hydroxysulfate minerals depending on geochemical and
biogeochemical conditions (Nordstrom and Alpers 1999).
These secondary minerals play important roles in attenu-
ating contaminants from mine effluents (e.g. Accornero
et al. 2005; Casiot et al. 2005; Dousova et al. 2005; Espaiia
et al. 2005a; b; Fukushi et al. 2003; Gault et al. 2005;
Hewlett et al. 2005; Jamieson et al. 1999; Jonsson et al.
2006; Lee et al. 2002; 2005; Levy et al. 1997; McCarty
et al. 1998; McGregor et al. 1998; Moncur et al. 2005;
Munk et al. 2002; Parker et al. 2007; Sidenko and Sherriff
2005; Webster et al. 1998; Zinker et al. 2002). Some of the
common secondary minerals found in association with the
weathering of mine wastes, their typical pH range of for-
mation, and documented contaminant associations are
listed in Table 1.

Secondary precipitates can remove contaminants from
impacted waters through adsorption and/or co-precipitation
reactions. Adsorption processes are typically categorized
by the relative “strength” of interaction between the
adsorbate (species in solution) and the surface or adsorbent.
If solvating water molecules are positioned between the
cation or anion and the surface, the adsorption complex is
referred to as outer sphere and is considered to be weak.

Conversely, if upon adsorption, the adsorbate loses waters
of hydration such that there are no water molecules posi-
tioned between the cation or anion and the surface, the
adsorption complex is referred to as inner sphere and is
considered to be strong. The extent to which dissolved
contaminants will sorb to secondary precipitates as outer
sphere or inner sphere complexes will vary as a function of
the contaminant species, the secondary precipitate, pH,
particle size and surface area, and presence of other sorbing
species that may compete for adsorption sites (Espaiia et al.
2006).

Inorganic contaminants may be removed from solution
due to precipitation of an insoluble phase in which the
contaminant represents a major or minor component
within the solid. Examples of secondary precipitates that
form in mine-impacted sites include oxyhydroxides [e.g.,
FeOOH(s)], hydroxysulfates [e.g. FegOg(OH)g(SO4)(s)],
sulfates [e.g., PbSO4(s)], and sulfides [e.g., ZnS(s)]. For
each of these minerals, there will be a limited composi-
tional range of water chemistry over which precipitation
could occur and formation of these precipitates may com-
pete with other removal processes such as adsorption
(Table 1). In some environments, comparatively unusual
phases may form and control the aqueous concentrations of
contaminants, such as lead and arsenic in beudantite
[PbFe3(AsO4)(SO4)(OH)g] (e.g. Romero et al. 2007).
Mineral transformation may also be important over long
time frames. For example, aged schwertmannite can
transform to goethite, but the transformation pathway does
not result in the release of co-precipitated arsenic (Courtin-
Nomade et al. 2005).

Secondary precipitates are characterized using a variety
of analytical tools. Mineralogical identification is typically
accomplished using powder x-ray diffraction techniques
(XRD). The characterization of particle morphology and
semi-quantitative composition are accomplished using
microbeam techniques such as scanning electron micro-
scopy (SEM) coupled with x-ray energy-dispersive
spectrometry (EDX). Analysis of element partitioning to
well-crystalline and poorly-crystalline components of the
solid phase is typically carried out using selective chemical
extraction procedures. Advanced spectroscopic methods
such as X-ray absorption spectroscopy can be used to
identify contaminant oxidation states and bonding envi-
ronments in the solid phase. Used in combination, these
methods allow for the identification of attenuation mech-
anisms involving secondary minerals. Knowledge about
the types of mineral phases present is an important aspect
of developing conceptual site models that predict the long-
term stability of attenuated metals.

As previously indicated, the stability of a precipitate will
be dictated by water chemistry. Geochemical modeling of
the aqueous phase can be helpful in understanding observed
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Table 1 Secondary minerals formed from acid mine waters and contaminant associations

Mineral phase Formula Typical pH range  Examples of contaminant Reference
of formation associations at mine-impacted
settings
Hydroxides
Goethite FeOOH 2-4 Sorption/coprecipitation of Pb Lee et al. (2005)
(<21 wt%), As (7.7 wt%), Zn
(<4.6 wt%), and Cu
(<2.5 wt%)
HFO, hydrous ~FesHOg-4H,0 >5 Sorption/coprecipitation of As-rich  Casiot et al. (2005)
ferric oxide ferrihydrite; As/Fe = 0.02-0.1,
with 10-30% As(11I)
Gibbsite AI(OH); >5-6 Sorption in the general order of Munk et al. (2002)
Pb > Cu > Zn > Ni with
increasing pH
Hydroxysulfates
Alunite KAI;(OH)g(SO4), 4-6 Precipitation of Al Accornero et al. (2005)
Jarosite KFe3;(OH)g(SO4), 2-5 Coprecipitation with As(V), Gault et al. (2005)
replacing sulfate in the jarosite
structure
Schwertmannite FegOg(OH)4(SOy) 2-4 Coprecipitation of Cu, Ni, and Zn Sidenko and Sherriff (2005)
Tooelite Feg(AsO3)4(S0O4)(OH)4-4H,0 2.5-4 Precipitation of As(V) Morin et al. (2003)
Sulfates
Gypsum CaS0,4-2H,0 >3 “Hardpan” precipitate Moncur et al. (2005)
Anglesite PbSO,4 >3-4 Precipitation at pH =~ 3; Zianker et al. (2002)
nanoparticles
Melanterite FeSO,4-7H,O <2 Coprecipitation with Zn and Cu; Jamieson et al. (1999)

temporary removal in highly
soluble phase

mineral assemblages and for evaluating mineral stability.
Precipitate dissolution may occur due to ground water
acidification, oxidation/reduction of precipitate compo-
nents, dilution, or complexation of the precipitate
component(s) with dissolved species that form more stable
compounds. Thus, it must be recognized that attenuation
processes involving inorganic contaminants are reversible
(e.g. Casiot et al. 2005; Gault et al. 2005; Moncur et al.
2005). Metals taken up at the mineral-water interface can be
released back into solution. Geochemical modeling of
mineral stability and contaminant adsorption/desorption
behavior can provide insight into contaminant remobiliza-
tion potential due to possible future changes in geochemical
conditions. However, thermodynamic databases are often
incomplete and thermodynamic constants for specific
compounds may vary from database to database. Thus,
results from geochemical models must be carefully
reviewed. In addition, equilibrium modeling ignores rates
of mineral dissolution and precipitation. Again appropriate
data are often lacking on the kinetics of biogeochemical
processes responsible for contaminant uptake and remobi-
lization, especially data that can be applied in field systems
to predict the long-term behavior of contaminants.
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Role of Biological Processes

Microbial processes can play a role in both mobilizing and
attenuating inorganic contaminants at mine sites. For
example, Macur et al. (2001) showed that microbial
reduction of arsenate [As(V)] to arsenite [As(III)] occurred
over relatively short time scales and resulted in enhanced
arsenic mobilization in mine tailings pore water. In addi-
tion, iron-reducing bacteria may cause contaminant
dissociation from aquifer solids as a consequence of iron
oxide dissolution. Metals and metalloid species associated
with secondary iron-bearing precipitates may be released
via the activity of bacteria under certain conditions (Herbel
and Fendorf 2006; Langer and Inskeep 2000).
Sulfate-reducing bacteria (SRB), however, have the
ability to reverse the reactions causing acid mine drainage,
producing alkalinity, attenuating the movement of metals
by the precipitation of sulfide minerals (e.g. Gammons and
Frandsen 2001; Gammons et al. 2005), and raising the pH
of the water (Tuttle et al. 1969). These processes are
exploited in ex situ treatment of acid mine drainage and
they are recognized in the natural environment (Church
et al. 2007; Kimura et al. 2006; Koschorreck 2008;
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Koschorreck et al. 2003; Labrenz et al. 2000; Paktunc and
Davé 2002). The overall sulfate-reduction process can be
described by the reaction:

2CH,0 + SO? +2H' = H,S + CO, + H,0 (1)

where CH,O represents organic matter, either in the solid
or aqueous phase. The resulting dissolved hydrogen sulfide
can precipitate with divalent metals in AMD, as shown in
equation 2 (M = Cd, Cu, Fe, Ni, Pb, or Zn):

H,S + M?** (aq) = MS(s) + 2H" (2)

The mass concentration of reactants involved in sulfate
reduction is usually much larger than the mass concentra-
tion of metals involved in secondary precipitation
reactions; hence, these combined reactions can lead to an
increase in alkalinity and the pH of the water, while
simultaneously attenuating divalent metals. Alkalinity
produced during the sulfate reduction process can also
drive the precipitation of carbonate minerals, such as cal-
cite and siderite (Paktunc and Davé 2002), thus helping to
neutralize acidity in receiving water bodies.
Sulfate-reducing bacteria have been considered to be
inactive at low pH (Johnson 2003). But studies of acid
mine drainage systems have noted that there is some
promise for low-pH sulfidogenesis (Koschorreck 2008).
Laboratory studies have shown sulfate reduction in solu-
tions as low as pH 3 in bioreactors using ethanol, methanol,
or glycerol as organic substrates (Kolmert and Johnson
2001). Also, in situ remediation by sulfate reduction was
demonstrated in acidic pit lakes and sediments after the pH
was raised to 5—-6 by amendment with organic carbon plus
lime (Wendt-Potthoff et al. 2002). In natural AMD sys-
tems, the reduction of sulfate to sulfide has been reported at
pH values as low as 2-3 (Koschorreck et al. 2003), but
there are few reports on the characterization of acidophillic
SRB from these environments. In a recent study, sediments
recovered from the flooded mine workings of the Penn
Mine, a Cu-Zn mine abandoned since the early 1960s,
were cultured for anaerobic bacteria over a range of pH
from 4.0 to 7.5 (Church et al. 2007). Phospholipid fatty
acid (PLFA) analyses of Penn Mine sediment showed a
high biomass level with a moderately diverse microbial
community structure composed primarily of iron- and
sulfate-reducing bacteria. Cultures of sediment from the
mine produced dissolved sulfide at pH values near 7 and
near 4, forming precipitates of iron sulfide and elemental
sulfur. Phylogenetic sequences of Penn Mine sediment and
laboratory cultures were closely aligned to the sulfate-
reducing organisms Desulfosporosinus and Desulfitobac-
terium. At this site, sulfate-reducing bacteria play a role in
attenuating metals at moderately low pH. Precipitates of
zinc sulfide were identified in the reducing mine sediments.
In the absence of the bacterial activity, this zinc (and

other metals) would be transported into nearby surface
waters.

Characterization of microbiological impacts on natural
attenuation processes involves additional tools that can be
used during site characterization efforts. Largely within the
last decade, genetic analyses have been used to identify
microbial communities in environmental samples. Many of
these molecular biological methods rely on 16S rDNA
sequences, such as denaturing gradient gel electrophoresis
(DGGE). DGGE can be used for simultaneous analysis of
multiple samples obtained at various time intervals to
detect microbial community changes, which is an advan-
tageous feature in studying microbial ecology and MNA.
Examples of the use of molecular techniques in relation to
examinations of microbiological influences of contaminant
behavior at mine sites are presented in Church et al. (2007),
Druschel et al. (2004), and Macur et al. (2001).

Monitoring Parameters

In order to evaluate whether or not natural attenuation
processes can play a role in achieving site remediation
goals, detailed site investigations are required. Generally,
the necessary investments in site characterization for
evaluating the applicability of natural attenuation is at least
as, or even more expensive and time consuming than for
other site remediation technologies. On the other hand,
where MNA is applicable, long-term monitoring costs may
be less than for other more active remedial approaches.
The evaluation of natural attenuation in a ground water
system involves studies to determine the location, concen-
tration, and movement of contaminants in the subsurface.
Thus, natural attenuation assessments typically focus on
developing site hydrologic and conceptual models that can
be simulated with a computer geochemical model. Evalua-
tion of natural attenuation usually involves not only the
determination of processes of attenuation that are currently
occurring, but also projects the sustainability of these pro-
cesses into the future. Table 2 lists attenuation reactions of
selected contaminants and appropriate parameters that could
be examined during site investigations. Table 3 lists
examples of solid-phase analyses that would likely support
MNA assessments. The use of MNA as part of a site
remedial plan will necessarily require that a long-term
monitoring plan be established to enable decisions regarding
whether or not site remedial objectives are being met, and to
verify that site conditions are not changing in such a way as
to impact the major natural attenuation processes for con-
taminants of concern. Long-term monitoring plans should
be developed with well-defined triggers that would initiate
the implementation of contingency remedial technologies if
natural attenuation processes fail to fulfill expectations.
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Table 2 Attenuation reactions and capacity parameters for selected contaminants

Contaminant Possible attenuation reactions

Relevant parameters

As Sorption in aerobic environments
Sorption/precipitation in anaerobic
environments
Cd Sorption in aerobic environments

Sorption/co-precipitation carbonates

Sorption/precipitation in anaerobic
environments

Pb Sorption/co-precipitation in aerobic
environments

Precipitation as hydroxycarbonate or sulfate

Sorption/precipitation in anaerobic
environments

U Reductive precipitation

Sorption

e Abundance/stability of hosts, typically Fe and Al (hydr)oxides

e Solid-phase sulfide accumulation, redox buffer capacity, sulfate reducing
activity

e Abundance/stability of hosts; typically Fe and Al (hydr)oxides

o Abundance/stability of hosts; may require consideration of pH buffer capacity

e Solid-phase sulfide accumulation, redox buffer capacity, sulfate reducing
activity

e Abundance/stability of hosts, typically Fe and Al (hydr)oxides

e Aquifer pH buffer capacity, sulfate concentration

e Solid-phase sulfide accumulation, redox buffer capacity, sulfate reducing
activity

e Abundance/reactivity of electron donors

e Abundance of hosts; typically metal (hydr)oxides

Table 3 Examples of solid-phase analyses to support MNA assessments

Method

Data objectives

Powder X-ray diffraction

Microbeam analysis

Wet chemical extractions

Bulk elemental analysis

X-ray absorption spectroscopy

Batch sorption/column testing
Oxidation/reduction capacity

Biological assays of 16S rDNA sequences
Most probable number (MPN) counts

Identification of mineral forms

Analysis of micro-scale distribution and association of contaminants

Evaluation of contaminant associations in the solid-phase

Evaluation of total concentrations of contaminants and other major and minor elements
Identification of contaminant bonding environments; oxidation state

Evaluation of contaminant uptake capacity

Evaluation of redox conditions/buffering capacity

Molecular characterization of microbial populations

Bacterial enumeration

Concluding Remarks

Clean up of mine sites, and in particular, mega-sites, is
currently being viewed as a long-term process. This is partly
due to the enormous size, the complexity of contaminants
and sources, and the large volumes of materials encountered
at many mine sites. In addition, the long-term outcomes of
site cleanup programs are extremely difficult to predict
(Gustavson et al. 2007). Effective management of these sites
over long periods of time requires complex site characteri-
zation, technology selection and utilization, and long-term
monitoring. Given that cleanup expectations at many mine
sites are long-term, it may be appropriate to include an
examination of natural attenuation processes and the role that
such processes play in removing, repartitioning, or otherwise
affecting the fate of contaminants in the environment.

Disclaimer

The US Environmental Protection Agency funded the
research described here through its Office of Research and
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Development. It has not been subjected to Agency review
and therefore does not necessarily reflect the views of the
agency, and no official endorsement should be inferred.

References

Accornero M, Marini L, Ottonello G, Zuccolini MV (2005) The fate
of major constituents and chromium and other trace elements
when acid waters from the derelict Libiola Mine (Italy) are
mixed with stream waters. Appl Geochem 20:1368-1390

Al TA, Martin CJ, Blowes DW (2000) Carbonate-mineral/water
interactions in sulfidic-rich mine tailings. Geochim Cosmochim
Acta 64:3933-3948

Berger AC, Bethke CM, Krumhansl JL (2000) A process model of
natural attenuation in drainage from a historic mining district.
Appl Geochem 15:655-666

Blowes DW, Ptacek CJ (1994) Acid-neutralization mechanisms in
inactive mine tailings. In: Blowes DW, Jambor JL (eds). The
Environmental Geochemistry of Sulfide Mine Wastes, Minera-
logical Assoc of Canada, pp 271-292

Casiot C, Lebrun S, Morin G, Bruneel O, Personne JC, Elbaz-
Poulichet F (2005) Sorption and redox processes controlling
arsenic fate and transport in a stream impacted by acid mine
drainage. Sci Tot Environ 347:122-130



Mine Water Environ (2008) 27:251-258

257

Church CD, Wilkin RT, Alpers CN, Rye RO, McClesky RB (2007)
Microbial sulfate reduction and metal attenuation in pH 4
acid mine water. Geochem Trans 8:10. doi:10.1186/1467-4866-
8-10

Courtin-Nomade A, Grosbois C, Bril H, Roussel C (2005) Spatial
variability of arsenic in some iron-rich deposits generated by
acid mine drainage. Appl Geochem 20:383-396

Da Silva EF, Patinha C, Reis P, Fonseca EC, Matos JX, Barrosinho J,
Oliveira JMS (2006) Interaction of acid mine drainage with
waters and sediments at the Corona stream, Lousal mine (Iberian
Pyrite Belt, Southern Portugal). Environ Geol 50:1001-1013

Dousova B, Kolousek D, Kovanda F, Machovic V, Novotna M (2005)
Removal of As(V) species from extremely contaminated mining
water. Appl Clay Sci 28:31-42

Druschel GK, Baker BJ, Gihring TM, Banfield JF (2004) Acid mine
drainage biogeochemistry at Iron Mountain, California. Geo-
chem Trans 5:13-32

Espaiia JS, Pamo EL, Pastor ES, Andrés JR, Rubi JAM (2005a) The
natural attenuation of two acidic effluents in Tharsis and La
Zarzr-Perrunal mines (Iberian Pyrite Belt, Huelva, Spain).
Environ Geol 49:253-266

Espaiia JS, Pamo EL, Pastor ES, Andrés JR, Rubi JAM (2006) The
removal of dissolved metals by hydroxysulphate precipitates
during oxidation and neutralization of acid mine waters, Iberian
Pyrite Belt. Aquat Geochem 12:269-298

Espafia JS, Pamo EL, Santofimia S, Aduvire O, Reyes J, Barrettino D
(2005b) Acid mine drainage in the Iberian Pyrite Belt:
geochemistry, mineralogy, and environmnetal implications.
Appl Geochem 20:1320-1356

Fukushi K, Sasaki M, Sato T, Yanase N, Amano H, Ikeda H (2003) A
natural attenuation of arsenic in drainage from an abandoned
arsenic mine dump. Appl Geochem 18:1267-1278

Gammons CH, Frandsen AK (2001) Chemical interactions between
aqueous sulfide and metals in an anaerobic treatment wetland.
Geochem Trans 2:1-15

Gammons CH, Metesh JJ, Snyder DM (2005) A survey of the
geochemistry of flooded mine shaft water in Butte, Montana.
Mine Water Environ 25:100-107

Gandy CJ, Smith JWN, Jarvs AP (2007) Attenuation of mining-
derived pollutants in the hyporheic zone: A review. Sci Tot
Environ 373:435-446

Gault AG, Cooke DR, Townsend AT, Charnock JM, Polya DA (2005)
Mechanisms of arsenic attenuation in acid mine drainage from
Mount Bischoff, western Tasmania. Sci Tot Environ 345:219—
228

Gunsinger MR, Ptacek CJ, Blowes DW, Jambor JL, Moncur MC
(2006) Mechanisms controlling acid neutralization and metal
mobility within a Ni-rich tailings impoundment. Appl Geochem
21:1301-1321

Gustavson KE, Barnthouse LW, Brierley CL, Clark EH, Ward CH
(2007) Superfund and Mining Megasites. Environ Sci Technol
41:2667-2672

Herbel M, Fendorf S (2006) Biogeochemical processes controlling
the speciation and transport of arsenic within iron coated sands.
Chem Geol 228:16-32

Hewlett L, Craw D, Black A (2005) Comparison of arsenic and trace
metal contents of discharges from adjacent coal and gold mines,
Reefton, New Zealand. Mar Freshw Res 56:983-995

Jambor JL, Blowes DW, Ptacek CJ (2000) Mineralogy of mine wastes
and strategies for remediation. In: Vaughan DJ, Wogelius RA
(eds) Environmental mineralogy. E6tvos University Press, New
York, pp 255-290

Jamieson HE, Alpers CN, Nordstrom DK, Peterson RC (1999)
Substitution of zinc and other metals in iron-sulfate minerals at
Iron Mountain, California. Proc, Sudbury ’99: mining and the
environment II, pp 231-241

Johnson DB (2003) Chemical and microbiological characteristics of
mineral spoils and drainage waters at abandoned coal and metal
sites. Water Air Soil Poll 3:47-66

Jonsson J, Jonsson J, Lovgren L (2006) Precipitation of secondary
Fe(Ill) minerals from acid mine drainage. Appl Geochem
21:437-445

Jurjovec J, Ptacek CJ, Blowes DW (2002) Acid neutralization
mechanisms and metal release in mine tailings: a laboratory
column experiment. Geochim Cosmochim Acta 66:1511-1523

Kimura S, Hallberg KB, Johnson DB (2006) Sulfidogenesis in low pH
(3.8-4.2) media by a mixed population of acidophilic bacteria.
Biodegradation 17:57-65

Kolmert A, Johnson DB (2001) Remediation of acidic waste waters
using immobilised, acidophilic sulfate-reducing bacteria. J Chem
Technol Biotechnol 76:836—843

Koschorreck M (2008) Microbial sulphate reduction at a low pH.
FEMS Microbial Ecol 64:329-342

Koschorreck M, Wendt-Potthoff K, Geller W (2003) Microbial
sulfate reduction at low pH in sediments of an acidic lake in
Argentina. Environ Sci Technol 37:1159-1162

Labrenz M, Druschel GK, Thomsen-Ebert T, Gilbert B, Welch SA,
Kemner KM, Logan GA, Summons RE, De Stasio G, Bond PS,
Lai B, Kelly SD, Banfield JF (2000) Formation of sphalerite
(ZnS) deposits in natural biofilms of sulfate-reducing bacteria.
Science 290:1744-1747

Langer HW, Inskeep WP (2000) Microbial reduction of arsenate in
the presence of ferrihydrite. Environ Sci Technol 34:3131-3136

Lee G, Bigham JM, Faure G (2002) Removal of trace metals by co-
precipitation with Fe, Al, and Mn from natural waters contam-
inated with acid mine drainage in the Ducktown Mining District,
Tennessee. Appl Geochem 17:569-581

Lee PK, Kang M-J, Choi S-H, Touray J-C (2005) Sulfide oxidation
and the natural attenuation of arsenic and trace metals in the
waste rocks of the abandoned Seobo tungsten mine, Korea. Appl
Geochem 20:1687-1703

Levy DB, Custis KH, Casey WH, Rock PA (1997) A comparison of
metal attenuation in mine residue and overburden material from
an abandoned copper mine. Appl Geochem 12:203-211

Lowson RT (1982) Aqueous oxidation of pyrite by molecular oxygen.
Chem Rev 82:461-497

Macur RE, Wheeler JT, McDermott TR, Inskeep WP (2001)
Microbial populations associated with the reduction and
enhanced mobilization of arsenic in mine tailings. Environ Sci
Technol 35:3676-3862

Malmstrom ME, Berglund S, Jarsjo J (2008) Combined effects of
spatially variable flow and mineralogy on the attenuation of acid
mine drainage in ground water. Appl Geochem 23:1419-1436

McCarty DK, Moore JN, Marcus WA (1998) Mineralogy and trace
element association in an acid mine drainage iron oxide
precipitate; comparison of selective extractions. Appl Geochem
13:165-176

McGregor RG, Blowes DW, Jambor JL, Robertson WD (1998)
Mobilization and attenuation of heavy metals within a nickel
mine tailings impoundment near Sudbury, Ontario, Canada.
Environ Geol 36:305-319

Moncur MC, Ptacek CJ, Blowes DW, Jambor JL (2005) Release,
transport and attenuation of metals from an old tailings
impoundment. Appl Geochem 20:639-659

Morin KA, Cherry JA, Dave NK, Lim TP, Vivyurka AJ (1988)
Migration of acidic ground water seepage from uranium-tailings
impoundments. 1. Field study and conceptual hydrogeochemical
model. J] Contam Hydrol 2:271-303

Munk L, Faure G, Pride DE, Bigham JM (2002) Sorption of trace
metals to an aluminum precipitate in a stream receiving acid
rock-drainage; Snake River, Summit County, Colorado. Appl
Geochem 17:421-430

@ Springer


http://dx.doi.org/10.1186/1467-4866-8-10
http://dx.doi.org/10.1186/1467-4866-8-10

258

Mine Water Environ (2008) 27:251-258

Nordstrom DK (1982) Aqueous pyrite oxidation and the consequent
formation of secondary iron minerals. In: Kittrick JA, Fanning
DS, Hossner LR (eds) Acid sulfate weathering. Soil Science Soc
of America, New York, pp 37-56

Nordstrom DK, Alpers CN (1999) Geochemistry of acid mine waters.
In: Plumlee GS, Logsdon MJ (eds) The environmental geo-
chemistry of mineral deposits. Soc of Economic Geologists,
New York, pp 133-160

Nordstrom DK, Ball JW (1984) The geochemical behavior of
aluminum in acidified surface waters. Science 232:54-56

Nordstrom DK, Southam G (1997) Geomicrobiology of sulfide
mineral oxidation. In: Banfield JF, Nealson KH (eds) Geomi-
crobiology: interactions between microbes and minerals.
Mineralogical Soc of America, New York, pp 361-390

Paktunc AD, Davé NK (2002) Formation of secondary pyrite and
carbonate minerals in the Lower Williams Lake tailings basin,
Elliot Lake, Ontario Canada. Amer Mineral 87:593-602

Parker SR, Gammons CH, Jones CA, Nimick DA (2007) Role of
hydrous iron oxide formation in attenuation and diel cycling of
dissolved trace metals in a stream affected by acid mine
drainage. Water Air Soil Poll Focus 181:247-263

Rigby PA, Dobos SK, Cook FJ, Goonetilleke A (2006) Role of
organic matter in framboidal pyrite oxidation. Sci Tot Environ
367:847-854

Romero FM, Armienta MA, Gonzalez-Hernandez G (2007) Solid-
phase control on the mobility of potentially toxic elements in an
abandoned lead/zinc mine tailings impoundment. Appl Geochem
22:109-127

Riigner H, Finkel M, Kaschl A, Bittens M (2006) Application of
monitored natural attenuation in contaminated land manage-
ment-A review and recommended approach for Europe. Environ
Sci Pol 9:568-576

Sidenko NV, Sherriff BL (2005) The attenuation of Ni, Zn, and Cu,
by secondary Fe phases of differerent crystallinity from surface
and ground water of two sulfide mine tailings in Manitoba,
Canada. Appl Geochem 20:1180-1194

Stollenwerk KG (1994) Geochemical interactions between constitu-
ents in acidic ground water and alluvium in an aquifer near
Globe, Arizona. Appl Geochem 9:353-369

Tuttle LH, Dugan PR, Randles CI (1969) Microbial sulfate reduction
and its potential utility as an acid mine water pollution
abatement procedure. Appl Microbiol 17:297-302

@ Springer

US Environmental Protection Agency (1994) Acid mine drainage
prediction. EPA/530-R-94-036, US EPA Office of Solid Waste,
Washington DC, 49 pp

US Environmental Protection Agency (2004) Nationwide identifica-
tion of hardrock mine sites. Report 2004-P-00005, Office of the
Inspector General, Washington DC, 81 pp

US Environmental Protection Agency (2007a) Monitored natural
attenuation of inorganic contaminants in ground water, vol 1.
Technical basis for assessment. EPA/600/R-07/139, Office of
Research and Development, Cincinnati, OH, 77 pp

US Environmental Protection Agency (2007b) Monitored natural
attenuation of inorganic contaminants in ground water, vol 2.
Assessment for non-radionuclides including arsenic, cadmium,
chromium, copper, lead, nickel, nitrate, perchlorate, and sele-
nium. EPA/600/R-07/140, Office of Research and Development,
Cincinnati, OH, 108 pp

Walter AL, Frind EO, Blowes DW, Ptacek CJ, Molson JW (1994)
Modelling of multicomponent reactive transport in ground water,
2. Metal mobility in aquifers impacted by acidic mine tailings
discharge. Water Resour Res 30:3149-3158

Webster JG, Nordstrom DK, Smith KS (1994) Transport and natural
attenuation of Cu, Zn, As, and Fe in the acid mine drainage of
Leviathan and Bryant Creeks. In: Alpers CN, Blowes DW (eds)
Environmental geochemistry of sulfide oxidation. American
Chemical Soc, New York, pp 244-260

Webster JG, Swedlung PJ, Webster KS (1998) Trace metal adsorption
onto an acid mine drainage iron(III) oxyhydroxysulfate. Environ
Sci Technol 32:1361-1368

Wendt-Potthoff K, Frommichen R, Herzsprung P, Koschorreck M
(2002) Microbial Fe(Ill) reduction in acidic mining lake
sediments after addition of an organic substrate and lime. Water
Air Soil Poll Focus 2:81-96

Williamson MA, Rimstidt JD (1994) The kinetics and electrochem-
ical rate-determining step of aqueous pyrite oxidation. Geochim
Cosmochim Acta 58:5443-5454

Zianker H, Moll H, Richter W, Brendler V, Hennig C, Reich T, Kluge
A, Huttig G (2002) The colloid chemistry of acid rock drainage
solution from an abandoned Zn-Pb-Ag mine. Appl Geochem
17:633-648

Zhu C, Hu FQ, Burden DS (2001) Multi-component reactive transport
modeling of natural attenuation of an acid ground water plume at
a uranium mill tailings site. J Contam Hydrol 52:85-108



	Contaminant Attenuation Processes at Mine Sites
	Abstract
	Introduction
	MNA Processes at Mine Sites
	Acid Neutralization
	Role of Secondary Minerals
	Role of Biological Processes

	Monitoring Parameters
	Concluding Remarks
	Disclaimer
	References


