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Abstract

The last decade has witnessed a plethora of research related to the hydrogeochemistry and
microbiology of acid mine waters and associated tailings and waste-rock waters. Numerous books,
reviews, technical papers, and proceedings have been published that examine the complex bio-
geochemical process of sulfide mineral oxidation, develop and apply geochemical models to site
characterization, and characterize the microbial ecology of these environments. This review summa-
rizes many of these recent works, and provides references for those investigating this field. Compar-
isons of measured versus calculated Eh and measured versus calculated pH for water samples from
several field sites demonstrate the reliability of some current geochemical models for aqueous spe-
ciation and mass balances. Geochemical models are not, however, used to predict accurately time-
dependent processes but to improve our understanding of these systems and to constrain possible
processes that contribute to actual or potential water quality issues. Microbiological studies are
demonstrating that there is much we have yet to learn about the types of different microorganisms
and their function and ecology in mine-waste environments. A broad diversity of green algae, bac-
teria, archaea, yeasts, and fungi are encountered in acid mine waters, and a better understanding of
their ecology and function may potentially enhance remediation possibilities as well as our under-

standing of the evolution of life.

Introduction

MINERAL RESOURCE PRODUCTION is vital to modem,
industrialized societies. Scientific, technological,
health, educational, and overall economic benefits
that developed countries enjoy would not be possi-
ble without the products of the minerals industry.
Unfortunately, mineral production can damage, and
has damaged, other needed resources. Huge tracts
of land are moved and sometimes destroyed. Serious
degradation of air, water, and soil resources has
occurred and continues to occur on a large scale. It
is estimated that 24 billion tons of non-fuel minerals
are extracted each year, with about 2.7 billion tons
in non-overburden waste (Young, 1992). The U.S.
produces about 1 billion tons of non-fuel mineral
wastes (including overburden) each year. The global
amount of earth moved from mining is nearly twice
the average annual sediment load of the world’s riv-
ers (Young, 1992). Acid mine waters, produced from
metal sulfide mining activities, have destroyed
aquatic life, crops, and livestock, and they have
endangered the health and livelihood of many com-
munities. In late December, 1991, the Nangiles
mine portal plug at the Wheal Jane, Cornwall, UK,
unexpectedly burst and released 50,000 m? (13 mil-

lion gallons) of acid mine drainage and sent a color-
ful plume into the Fal Estuary (Banks et al., 1997).
On April 24-25, 1998, a large mine impoundment
at the Aznacollar—Los Frailes mine complex, about
1 km across, failed and released 6 million cubic
meters of acid water (4 million m?) and sulfidic tail-
ings (2 million m3) into the Guadiamar River, near
Seville, Spain, threatening a major wildlife refuge at
Dofiana National Park, covering a total of 4,286
hectares of farmland, river banks, and river channel,
and destroying all aquatic life (see www.csic.es; Gri-
malt and Macpherson, 1999). The cyanide spill from
a 4 km long impoundment at a gold leaching opera-
tion in Romania on January 30-31, 2000, entered
the Tisza River, and destroyed aquatic and bird life
for hundreds of miles into Hungary (see
www.unep.org and search: Tisza River). The cyanide
spill also put thousands of fisherman out of work,
contaminated water supplies for several towns and
rural communities, and caused contamination all
the way into the Danube River.

In addition to the degradation and depletion of
water resources, soils have been removed or con-
taminated, and the air quality has been compro-
mised. The global atmosphere has become enriched
in trace metals, especially Hg, As, Pb, Zn, Cd, Cu,
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and Sb, as well as in SO, and SO,. More than 50%
of the anthropogenic As, Cd, and Zn emitted into the
atmosphere is derived from the nonferrous metals
industry. Mercury and Pb in atmospheric particles
are primarily derived from fossil fuel combustion.
Antimony is primarily associated with copper pro-
duction and is most likely associated with smelting
activities.

Increased concern for the effects of mining on
the environment has led to renewed efforts by
researchers and regulators to learn more about the
problems and processes associated with sulfide
mineral oxidation and the effects of residual metals
on environmental health. Many economic geologists
have become environmental geochemists. New stud-
ies have focused on water-rock-microbe interactions
involving sulfide minerals. New techniques in sur-
face spectroscopy, restored interest in geomicrobiol-
ogy, new experiments on sulfide oxidation kinetics,
advances in computer codes for simulating aqueous
geochemical reactions, and alternative ideas for
remediation have revitalized a focus on causes, con-
sequences, and clean-up possibilities for acid rock
drainage. The number of conferences on the topic of
acid rock and acid mine drainage has increased
substantially, to the point where important inter-
national meetings are occurring simultaneously—
e.g., Sudbury 99: Mining and the Environment II, in
Ontario, Canada (Goldsack et al., 1999) was held
the same week as Mine, Water, and Environment for
the 21st Century in Sevilla, Spain (Fernandez-
Rubio, 1999).

The purpose of this paper is to review recent
research (mostly during the last decade) on sulfide
mineral oxidation, especially on hydrogeochemistry
and microbiology related to acid mine water forma-
tion. There are far more recent papers on this sub-
ject than could be included in this review, so this
paper makes no claim to be comprehensive nor com-
plete. It can only be hoped that by including some of
the more recent documents, related references can
be located more easily.

General References

Three relevant books have been published on
environmental geochemistry related to the mining
and processing of metallic sulfides. Alpers and
Blowes (1994) have edited a volume covering
research on field, lab, isotope, analytical, and reme-
dial design aspects of mineral sulfide oxidation and
consequences in 39 chapters. Jambor and Blowes

(1994) have edited a short-course handbook con-
taining 13 chapters that emphasizes the mineralogy
and hydrogeology and some of the basic principles.
Plumlee and Logsdon (1999) and the companion
volume (Filipek and Plumlee, 1999) have provided
30 chapters and 583 pages of fundamental princi-
ples, processes, health topics, and case studies on
the environmental geochemistry of mineral deposits.

The Mineral Policy Center has surveyed the
problems associated with abandoned mines in Lyon
et al. (1993) and have more extensively treated the
subject of mining impacts on hydrology and water
quality in Da Rosa and Lyon (1997). The annual
Fort Collins meeting on tailings and mine waste has
continued to grow in size, and the 1999 meeting
resulted in a volume of more than 800 pages and 88
short papers (Tailings and Mine Waste ‘99). The U.S.
Geological Survey (USGS) has for many years pub-
lished investigations related to acid mine waters as
part of its Toxic Substances Hydrology program. In
1997, the USGS implemented the Abandoned Mine
Lands (AML) Initiative to assist other federal agen-
cies in their efforts to clean up mine-waste hazards
on federal lands. The most recent Toxic Substances
Hydrology program meeting produced a separate
volume devoted to investigations on contamination
from hard-rock mining (Morganwalp and Buxton,
1999). The second Mining and the Environment
meeting (or Sudbury "99, Goldsack et al., 1999) has
been a popular one for the international community
(also see Sudbury "95, Hynes and Blanchette, 1995).
The California Mining Association published a book
on Mine Waste Management (Hutchinson and Elli-
son, 1992) and more recently Marcus (1997) has
produced a 785-page Mining Environmental Hand-
book. Noteworthy for coal mine drainage issues is
the Brady et al. (1998) volume published by and for
the State of Pennsylvania. Evangelou (1995) pub-
lished a CRC book and Evangelou and Zhang (1995)
produced a major review paper on pyrite oxidation
and the control or prevention of acid mine drainage.
The most recent summaries and results of research
on the geochemistry of acid mine waters can be
found in Schmiermund and Drozd (1997), Rose and
Cravotta (1998), and Nordstrom and Alpers (1999).

On the World Wide Web, a valuable home page
for up-to-date information and discussions on mine
waste issues is maintained (www.enviromine.com).
The USGS maintains a home page for its Mine
Drainage Interest Group as well {mine-drain-
age.usgs.gov/mine/).
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Geochemical Modeling of Acid Mine Waters

Tremendous advances have been made with the
application of geochemical modeling to pyrite oxi-
dation, formation of acid mine waters, and remedia-
tion consequences. The most recent review on this
subject can be found in Alpers and Nordstrom
(1999). The discussion in this section will follow
that review, with condensation and additions from
other recent studies.

Several important points need to be raised about
modeling and its application. First, modeling does
not necessarily imply a computer code nor does it
necessarily imply mathematics. As pointed out by
Greenwood (1989), “a model is a well-constrained
logical proposition, not necessarily mathematical,
that has necessary and testable consequences.” The
goal is to improve and refine our conceptual model.
Experimental models, mathematical models, and
computerized models all are tools that help us to
reach our goal.

Second, a geochemical model is a theoretical
construct of chemical principles developed for geo-
logic (or hydrogeologic) systems. These constructs
can be developed and applied in a variety of ways
but usually have some similar properties, such as
speciation, to be described below.

Third, users of geochemical models must have
some basis for determining the model reliability for
the intended range of application. For aqueous spe-
ciation calculations, it has been suggested that the
seawater and river water test cases of Nordstrom et
al. (1979b) be used for checking the consistency of
speciation calculations. Some speciation, such as
redox species, some free ion activities, and some
organically bound metals, can be analytically deter-
mined and should be compared to computed specia-
tion to evaluate reliability (Nordstrom, 1996). Ball
and Nordstrom (1991) contributed two additional
ground-water test cases that include expanded
redox options and an Se(IV/VI) determination. Test
cases that include mass transfer, mixing, ion
exchange, evaporation, adsorption, and reactive
transport have been described with the PHREEQC
program (Parkhurst, 1995; Parkhurst and Appelo,
1999).

Fourth, models are only as reliable as the input
data and auxiliary assumptions allow. Input data are
of two general types: field or analytical parameters
and physicochemical parameters. Physicochemical
parameters include thermodynamic and kinetic
data. Examples of sensitivity analyses for thermo-

dynamic and analytical data applied to geochemical
modeling are reported by Schecher and Driscoll
(1987, 1988) and Nordstrom and Ball (1989).
Numerous sources of thermodynamic data can be
found and such data should be checked for accu-
racy, precision, and consistency. The thermody-
namic data of Nordstrom et al. (1990) are commonly
employed for aqueous geochemical modeling with
supplementary data such as those found in Appelo
and Postma (1993), Langmuir (1997), Johnson et al.
(1992), and Nordstrom and Munoz (1994). Aqueous
geochemical modeling should be based on water-
chemistry, hydrological, mineralogical, and geologi-
cal data. The more that it is based on data from a
specific site, the more it can be used for site-specific
applications. The less site data that are available,
the less useful and the more uncertain are any
conclusions.

Fifth, the background training and experience of
the modeler is of critical importance to any model-
ing activity and its interpretation. Peer review can
help in this regard and should always be utilized,
but the adequacy, efficiency, and quality of a model-
ing exercise will reflect the capabilities of the per-
son or group who carries out the task.

There are many aspects to geochemical model-
ing. Most models use aqueous speciation, or the
equilibrium distribution of aqueous species among
free ions and complexes. Heterogeneous reactions
involve mass transfer, or the transfer of mass
between two or more phases (such as dissolution or
precipitation reactions). Mass balances are used in
several different senses. In the context of this paper,
mass balances refer to the conservation of mass that
must exist when minerals undergo mass transfer
reactions between the solid phase and the aqueous
phase. Mass transport refers to solute movement by
fluid flow. Reaction transport combines mass trans-
fer with mass transport.

Modeling acid mine waters

The following three examples give an idea of how
well our current speciation, redox, and mass transfer
computations can simulate measurements made on
the chemistry and mineralogy of actual mine water
samples. The first is a comparison of computed ver-
sus measured redox-potential measurements for the
Fe(II/ITI) redox couple. The second is a comparison
of computed versus measured pH changes on oxida-
tion of mine water samples, and the third is a com-
parison of computed versus measured pH and mass
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FIG. 1. A. Comparison of Eh measured by platinum electrode with Eh calculated from a speciation model based on
complete water analyses and Fe(II/I1T) determinations. B. Difference between measured and calculated Eh as a function

of the total dissolved iron concentrations.

transfer parameters for water samples collected from
two mine sites in Brazil.

Aqueous speciation of acid mine waters is a dif-
ficult task. It requires careful and reliable determi-
nations of numerous dissolved constituents,
including Fe(Il) and Fe(Ill). Without high quality
control, including reasonable charge balances
(£10%), the analyses are not adequate for speciation
calculations. Without sufficient knowledge of speci-
ation for actual mine waters, more complex calcula-
tions that depend on speciation may be seriously in
error. A new method for the direct determination of
Fe(III) helps to decrease errors when the Fe(lll)
concentration is a small proportion of the total dis-
solved iron (To et al., 1999).

Redox equilibrium between redox couples for
dissolved species usually is not attained (Lindberg
and Runnells, 1984). Redox equilibrium between
the platinum electrode and aqueous redox species is

reached for only two constituents in aquatic sys-
tems: dissolved iron and dissolved sulfide. There is
some indication that for some few ground waters,
uranium redox species may actually equilibrate with
the platinum electrode (Ahonen et al., 1994). Nord-
strom et al. (1979a) and Nordstrom (1996) showed
that excellent correspondence could be achieved
between the electrode-measured Eh values and the
Eh calculated values based on Fe(II/III) determina-
tions (To et al., 1999) and speciation calculations to
determine the activities of Fe(Il) and Fe(Ill). The
figure showing this comparison in Nordstrom (1996)
is updated here in Figure 1A with data from the Iron
Mountain Mine site (Nordstrom, 1977), and the
Summitville Mine site (Nordstrom et al., pers. com-
mun., 1999) added to the original data of the Levia-
than Mine site (Ball and Nordstrom, 1989). This
agreement corroborates the reliability of the iron
speciation computation for acid mine waters. Simi-
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lar results were obtained by Stipp (1990) for a range
of pH and iron sulfate concentrations synthesized in
the laboratory. At concentrations of iron below about
0.5 mg/L or 10~> molal, the electroactivity weakens
and the competition from oxygen produces a mixed
potential. This effect causes the measured Eh to
become progressively greater than the calculated Eh
at decreasing concentrations of iron, as shown in
Figure 1B.

Alpers and Nordstrom (1999) showed how pyrite
oxidation can be simulated by reaction with oxygen
and pure water. Their calculation was done with the
PHRQPITZ code (Plummer et al., 1988) using the
Pitzer specific ion interaction approach. The objec-
tive was to look at the formation of very low pH mine
waters, and no Fe(lIl) was allowed to form because
of the lack of Fe(IIl) Pitzer parameters. This exam-
ple can be expanded upon to consider the oxidation
of Fe(I) by using the ion association model and
maintaining the pH range above 0.5 using the
PHREEQC code (Parkhurst, 1995). The result can
be seen in Figure 2, where the pH increases after
oxidation of the solubilized Fe(Il). On this log-linear
plot, however, the pH values above the location of
the open circle, about 2.4, cannot be seen.

The results at higher pH can better be seen in the
log-log plot of Figure 3. Here, three lines are shown:
a solid line representing pyrite oxidation with no
oxidation of dissolved Fe(Il), a dotted line repre-
senting the pH after pyrite oxidation and oxidation
of the dissolved Fe(II) but no precipitation of an iron

oxyhydroxide phase, and a dashed line representing
the pH after pyrite oxidation, Fe(ll) oxidation, and
precipitation of an iron oxyhydroxide phase with a
log K_ = 3.0, comparable to a low-solubility ferrihy-
P

drite. Ferrihydrite, a common and widespread
hydrous ferric oxide precipitate (Jambor and Dutri-
zac, 1998), is taken as a proxy for a range of hydrous
ferric oxide minerals known to precipitate in acid
mine waters. The stoichiometry is assumed to be the
same as Fe(OH),, which gives the same dissolution
stoichiometry for the aqueous ions as that for
goethite:

Fe(OH),+3H' =Fe** +3H,0, (1)
FeOOH+3H" =Fe3++2H20. ©

The range of log K_ values for hydrous ferric oxides
ranges from about —0.2 for goethite (D’yakonov et
al., 1994; Sergeeva et al., 1999) to an estimated 3 to
5 for ferrihydrite (Nordstrom et al., 1990).

In Figure 3, there are two crossover points: one
for the Fe(Il)-oxidation-without-precipitation line at
a pH of 3.26 and the other for the Fe(Il)-oxidation-
with-precipitation line at a pH of 2.39. Hence, at pH
values higher than the crossover point, oxidation of
dissolved Fe(Il) leads to a decrease in pH, while oxi-
dation at lower pH values leads to an increase in
pH. The inflection seen near the pH = 2.39 cross-
over is indicative of buffering by Fe(IlI) hydrolysis
and may help to explain why most acid mine waters
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rarely achieve pH values below 2 without significant
evaporation or extreme conditions, such as at Iron
Mountain (Nordstrom and Alpers, 1999). These
crossovers represent the point at which the proton
consumption reaction:

2+ 1 3+, 1
Fe™+,0,+H" =Fe ++§H20 3

is balanced by the proton production reaction:

Fe’'+H,0=FeOH " +H". @

When precipitation occurs, an additional 2 protons
are produced:

FeOH" +2H,0=Fe(OH),+2H", ()

so that the crossover point occurs at a lower pH.
Note that pyrite oxidation always causes a decrease
in pH (the solid line in Figure 3), but oxidation of
the resultant aqueous Fe(Il) may cause either an
increase or a decrease in pH, depending on the ini-
tial pH value (determined in Figure 3 by the mass
amount of pyrite that was oxidized) relative to the
pK values for hydrolysis and precipitation.

The next aspect of this example is to determine
how well these calculations match observations of
pH changes in oxidized mine waters. For most acid
mine waters the mass balances have not been
obtained to determine the amount of pyrite dissolved
to produce a particular composition. Hence, it is not

possible to reproduce a plot such as Figure 3 for
acid mine waters. There are sufficient data, how-
ever, from the Leviathan mine study (Ball and Nord-
strom, 1989), augmented by some unpublished data
from Iron Mountain (Nordstrom, pers. commun.,
1976) and from other mines in Colorado and Mon-
tana (Verplanck, pers. commun., 1999) to make a
comparison. Instead of plotting pH against amount
of pyrite dissolved, the final pH can be plotted
against the initial pH before oxidation. The actual
pH values measured after a variety of mine water
samples had fully oxidized in the laboratory are
shown by the solid circles in Figure 4. These results
are complemented with arrows to designate a pH
decrease at high initial pH, and a pH increase at low
initial pH. The linear solid line indicates the initial
pH (= final pH) and the curved solid line shows the
pH change from computer calculations used to
derive Figure 3.

Three conclusions can be drawn from this plot.
First, at low initial pH, the measured pH change
agrees with the simulated pH change. Second, the
measured crossover point agrees with the simulated
crossover point, indicating that the choice of K_ is
reasonable for iron precipitates in mine waters
stored for a few weeks. Third, for higher measured
pH changes, the measured values tend to be much
lower than the simulated pH changes, although they
are both in the correct direction (i.e., shifted down
from the initial pH line). The pH values do not agree
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FIG. 4. The final pH plotted as a function of the initial field pH for mine waters that have been allowed to oxidize

upon contact with the air for a few weeks.

well above 2.4 because the initial pH values are not
only a result of pyrite oxidation but also a result of
carbonate and silicate weathering reactions that
tend to neutralize the water. If the initial pH of a
water sample is 6 because of carbonate weathering
reactions, but initially contains 10 mg/L of ferrous
iron, it will decrease in pH much more than if it
began at a pH of 3 (with no carbonate dissolution}
and had the same amount of ferrous iron to oxidize.
If the amount of neutralization were determined by
mass balances, it should be possible to model the
entire pH change. The next example will demon-
strate this approach. The pH change at high pH is
always greater the higher the initial pH because the
initial concentration of protons is much lower. Thus,
the amount of pH decrease is a function of both the
initial pH and the amount of reduced iron available
for oxidation and hydrolysis. The agreement
between calculated and measured pH values in this
example is another corroboration of the reliability of
geochemical modeling for acid mine waters and acid
rock drainage.

The third and final example in this section is a
comparison of pH computed from mass balance (or
inverse modeling) and mass transfer assumptions
with measured pH. These results are based on a
study of water-rock interactions at the Osamu
Utsumi mine and the Morro do Ferro thorium and
rare-earth-element deposit near Pocos de Caldas,
Brazil (Chapman et al., 1993). Both sites have

experienced about 75 million years of weathering of
pyrite, carbonates, and silicates. Ground waters
were pumped from several wells and the samples
analyzed for all major and most trace elements,
including the redox species of iron.

An important aspect of the geochemical model-
ing at these sites was the application of mass bal-
ances to determine the relative amounts of minerals
that might have dissolved and precipitated to pro-
duce the observed water compositions (Plummer
and Back, 1980; Plummer et al., 1983). The basic
concept requires water composition data, mineral-
ogy for the reactive phases in the system, and a
knowledge of the ground-water flow system. From at
least two points along a ground-water flow path,
water compositions are chosen and the amount of
mass transfer is calculated. With available com-
puter programs (Parkhurst and Appelo, 1999; Plum-
mer et al., 1994) additional constraints such as
mixing of different waters and isotopic mass bal-
ances can be included. A simple example should
clarify how this approach works. Consider a two-
component system composed of calcium and carbon
and two phases that can dissolve in water, calcite
and carbon dioxide. This example could be a simpli-
fied limestone aquifer system. Well 1 contains 1.2
mmol/kg (millimolal) of Ca and 0.3 mmol/kg of C.
Well 2, downgradient from Well 1, contains 3.3
mmol/kg of Ca and 3.0 inmol/kg of C. The mass
amounts of calcite and carbon dioxide that have
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TABLE 1. Mass Balance Results for Three Wells near Pocos de Caldas, Brazil, mmol/kg;,,!

Mineral MF12 PC-GW-42 F1
Fluorite 0.140 0.0092 0.0108
Calcite 0.072 0.002 0.0009
K-spar 0.02865 0.33 0.325
Albite 0.0365 0.0091 0.0087
Chlorite - 0.0007 0.0006
Barite - - 0.0009
Kaolinite -0.377 ~0.1697 -0.1663
Chalcedony -0.156 ~0.120 -0.1095
Pyrite 0.056 0.0814 0.0822
Sphalerite 0.004 0.0012 0.0013
Ferrihydrite -0.043 -0.0696 —0.0560
MnOOH 0.0306 0.0033 0.0035

IMF12 is at the Morro do Ferro site; the other two are at the Osamu Utsumi site. Values are amounts of minerals dissolved
(positive) or precipitated (negative) in deriving the ground-water composition from infiliration of pure water.

dissolved or precipitated can be solved by solution
of simultaneous equations:

Ca g1y~ Ca(inigialy = ACa=

2.1mmol kg—l =0ylcite

CAC— ©)
Citinay~Cinitian=AC=

-1
2. 7mmol kg =eqleite T %C0,

where the a coefficients are the mass amounts trans-
ferred per kg of water. The only two phases specified
were calcite and carbon dioxide, so that 2.1 mmol/
kg of calcite must have dissolved. The increase in
dissolved carbon is 2.7 mmol/kg, of which 2.1
mmol/kg is from calcite dissolution, so that 0.6
mmol/kg of carbon dioxide must have dissolved.
This method has been called “inverse modeling”
because the amounts of minerals that undergo mass
transfer are backed out from known data on the min-
eralogy of the aquifer and known ground water com-
positions along flow paths. Forward modeling differs
in that only an initial condition is known, say a given
mineralogical assemblage and a starting water com-
position, and assumptions inherent in the computer
code (or those applied by the user) about what
geochemical reactions are allowed to occur. Inverse
modeling is, of course, much better constrained than
forward modeling because it uses much more site-
specific field data.

Table 1 lists the mass balance results describing
the chemical evolution from rainwater (pure water)
to the ground-water composition for three wells near
Pogos de Caldas. Table 2 compares the measured
pH with the pH calculated from the PHREEQE pro-
gram (Parkhurst et al., 1990) based on the mass bal-
ances from Table 1. The comparison demonstrates
nearly identical results between measured and cal-
culated pH values, lending a high degree of confi-
dence in the model calculations. The minerals used
in the mass balances were based on careful investi-
gations by Waber et al. (1992) and Waber (1992).
These results show that the mass balance approach
can be very effective in simulating the chemistry of
water-rock interactions when the mineralogy and the
ground-water compositions are known.

Examples of both forward modeling, to explain
why it would not be desirable to plug a mine such as
the Richmond mine at Iron Mountain, CA (Nord-
strom and Alpers, 1999), and inverse modeling, to
determine whether or not a hydrologic connection
existed between two mines at Iron Mountain, dem-
onstrate the effectiveness of geochemical calcula-
tions in regulatory decision making for remediation
of mine sites (Nordstrom and Alpers, 1999).

Reactive transport modeling in ground waters

Considerable advances have been made with
respect to the combined reaction and transport of
water and air through mined areas and mine wastes.
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age can be found in the development and applica-
tion of the OTIS/OTEQ codes (Runkel Bencala et
al., 1996; Runkel, McKnight et al., 1996; Runkel,
1998; Runkel et al., 1999). Hydrologic parameters
for these types of models often are estimated using
results from tracer-dilution studies, preferably ones
involving constant-flow injection (Broshears et al.,
1993). A good test of this code was the simulation of
an experiment in which sodium carbonate was
added temporarily to neutralize an acid mine water
(Broshears et al., 1996). Other applications of the
OTIS/OTEQ code to streams affected by acid mine
waters include investigations in the Upper Animas
River basin, Colorado (Walton-Day et al., 1999) and
the Wightman Fork—Alamosa River basin near Sum-
mitville, Colorado (Bencala and Ortiz, 1999; Ball et
al., 1999).

Pyrite Oxidation Mechanisms

The oxidation of pyrite is a complex hydrobio-
geochemical process involving three important cata-
lysts: the semiconductive surface of pyrite,
chemolitho-autotrophic bacteria, and aqueous
Fe(Ill). The strong oxidant aqueous Fe(IIl) is con-
sidered a catalyst because after it is reduced (upon
reaction with the pyrite surface) it can be rapidly
converted back to Fe(IlI) by iron-oxidizing enzymes
in microorganisms.

Nordstrom (1982) pointed out that the seven
electrons lost by the sulfur in pyrite to form sulfate
cannot be lost in a single step and several possible
intermediate sulfur species might form. Goldhaber
(1983) and Moses et al. (1987) demonstrated the for-
mation of thiosulfate, polythionates, and sulfite dur-
ing pyrite oxidation, but only when oxygen was the
oxidant. These intermediates did not appear when
Fe(IIl) was the oxidant. The lack of detectable inter-
mediate sulfoxyanions in the presence of Fe(llI)
suggests that Fe(IIl) reacts so rapidly with sulfoxy-
anions that they cannot be detected. The electrocon-
ductive surface of pyrite also may play a role in the
fast degradation of sulfoxyanions by Fe(III).

Luther (1987, 1990) used arguments based on
molecular orbital theory to conclude that thiosulfate
formation could be the first step in the oxidation of
the sulfur in pyrite. Thiosulfate and other sulfoxy-
anions are a source of energy for most species in the
Thiobacillus genus (Ehrlich, 1996; Nordstrom and
Southam, 1997). Furthermore, Xu and Schoonen
(1995) have shown that thiosulfate is catalytically
oxidized in the presence of pyrite to tetrathionate.

Williamson and Rimstidt (1993) showed that ferric
iron rapidly decomposes thiosulfate to tetrathionate.
These studies indicate that thiosulfate is formed
during the oxidation of pyrite and that it is easily
oxidized by the pyrite surface, by bacteria, and by
Fe(1Il). From thiosulfate oxidation, the main product
is tetrathionate, which should undergo similar but
slower oxidation to sulfate. Tetrathionate can be fur-
ther oxidized by microorganisms to sulfate. These
processes may help to explain the rapid transforma-
tion of sulfur in pyrite to sulfate. The rates of these
processes are fast enough that it would be unusual to
find any sulfoxyanion other than sulfate in an acid
mine water.

Another complication in the reaction mechanism
for sulfide mineral oxidation is that metal monosul-
fides, such as sphalerite and galena, produce H,S in
acid solutions. Once H,S is formed, it rapidly oxi-
dizes to thiosulfate in the presence of air and a sep-
arate pathway has been initiated to form thiosulfate
and other oxyanions (see Zhang and Millero, 1994;
Xu et al., 1998). Thiosulfate readily disproportion-
ates in acid solutions to form elemental sulfur and
sulfite. The sulfite oxidizes to sulfate and elemental
sulfur becomes an energy supply for autotrophic
bacteria. Sulfur also is formed from pyrite at moder-
ately elevated temperatures (Bergholm, 1955), but it
is not clear whether this sulfur is formed from H,,S or
from thiosulfate or from the disulfide in pyrite. It is
possible that the thiosulfate seen in the studies by
Goldhaber (1983) and Moses et al. (1987) is from
either a small amount of HyS or elemental sulfur
formed during the reaction and that the presence of
Fe(I1I) eliminates or decomposes reduced sulfur too
quickly to observe any thiosulfate formation. Schip-
pers et al. (1996) have resolved most of these ques-
tions in a revealing study in which they determined
the products of pyrite oxidation by a bacterium that
only oxidizes iron, Leptospirillum ferrooxidans, and
demonstrated the formation of tetrathionate, pen-
tathionate, and a considerable amount of elemental
sulfur. These results, similar to abiotic experiments
using only Fe(III) to oxidize pyrite, contrasted with
those found when they used Thiobacillus ferro-
oxidans, a bacterium that oxidizes both ferrous iron
and reduced sulfur compounds. With T. ferrooxi-
dans, elemental sulfur was formed, but at much
lower concentrations and no polythionates were
detected. This study confirms that the sulfur-oxidiz-
ing microorganisms are primarily responsible for the
rapid conversion of the disulfide component in
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pyrite to aqueous sulfate, preventing the accumula-
tion of detectable sulfoxyanion intermediates.

Microbiology of Acid Mine Waters

As long ago as 1919, Powell and Parr suggested
that acidic drainage from coal deposits was caused
by pyrite oxidation catalyzed by bacteria. Rudolfs
and Helbronner (1922) demonstrated the catalytic
oxidation of zinc sulfide by bacteria, but the iron-
and sulfur-oxidizing autotroph, Thiobacillus ferro-
oxidans, was not isolated from coal-mine drainage
until 1947 (Colmer and Hinkle, 1947). By the 1960s
its role in the catalysis of both aqueous Fe(Il) and
pyrite oxidation was well established, and hydro-
metallurgical applications of these bacteria for
metal extraction and the cleaning of pyrite and mar-
casite from coal were being pursued (Kuznetsov et
al., 1963; Zajic, 1969). Today, T. ferrooxidans prob-
ably has been studied more than any other autotroph
and the latest genomic characteristics have been
reported by Irazabal et al. (1997). Unfortunately, the
microbial ecology of mine waters and the role of
other microorganisms is poorly understood. This fact
is surprising because the astounding microbial
diversity in acid waters has been known for many
decades (Lackey, 1938; Joseph, 1933; Ehrlich,
1963).

Several recent reviews related to the oxidation of
sulfide minerals by microorganisms reflect strong
continuing interest in this topic (Suzuki, 1994;
Suzuki et al., 1994; Ledin and Pedersen, 1996;
Kelly et al., 1997; Nordstrom and Southam, 1997;
Kelly, 1999; Johnson, 1998). At the same time, con-
ventional concepts of the role of microbes in sulfide
oxidation and acid mine waters are changing.

The role of T. ferrooxidans has been found to be
supplemented and even replaced in some environ-
ments. The widespread association of T. thiooxidans
(which oxidizes sulfur but not iron) with T. ferro-
oxidans has long been known (Zajic, 1969; Sokolova
and Karavaiko, 1964; Scala et al., 1982). More
recent studies have found Leptospirillum ferro-
oxidans to be of comparable importance (Sand et al.,
1992; Schrenk et al., 1998). Darland et al. (1970)
first reported the unusual occurrence of an
Archaean mycoplasma (a cell without a cell wall),
Thermoplasma acidophilum, from self-heating coal
refuse piles. This species optimally grew at 55°C
and pH about 2. At the Iron Mountain Mine site, a
new iron-oxidizing Archaeon has been found, Ferro-
plasma acidarmanus (Edwards et al., 2000), along

with Thiobacillus caldus at temperatures of ~40°C
and a pH of about 0.7. Iron Mountain contains some
of the most acidic waters that have ever been
reported, with pH values as low as —3.6 (Nordstrom
et al., 2000). The lowest pH reported for which
microbes have been found is —0.06 (and a tempera-
ture of ~60°C) for the Archaean mycoplasm, Picro-
philus oshimae (Schleper et al., 1995). Other
microbes that have been identified at Iron Mountain
through cloning and RNA analysis include Acidimi-
crobium ferrooxidans and Sulfobacillus thermosulf-
oxidans (Bond et al., 1999). Other acidophilic
Archaea genera include the aerobes Metallosphaera
and Sulfurococcus (Johnson, 1998). Two Archaea
genera are facultative anaerobes, Thermoplasma
and Acidianus, and a single species, Stygiolobus
azoricus, is obligately anaerobic.

The occurrence of mycoplasma at higher temper-
atures and low pH requires an unusually “tough
skin,” because the internal pH of their cells must be
6-7 to carry out metabolic functions. The
lipopolysaccharide of their cell membrane consists
of a tetraether lipid with mannose and glucose units.
This composition makes these microbes stable in
hot acid conditions (Madigan et al., 1997). A suc-
cession from T. thioparus at neutral pH to T. ferro-
oxidans at low pH has been observed at the Kidd
Creek tailings (Blowes et al., 1995) and helps to
explain the mineralogical observations, such as the
occurrence of ferric oxyhydroxide rims in the low
pH section of the tailings.

A multitude of microorganisms, including Bacte-
ria, Eukarya, and Archaea, have been found in acid
mine waters. Yeasts, fungi, green algae (but not
cyanobacteria; Brock, 1973), amoebas, and actino-
mycetes have all been found in acid waters, but little
is known about their ecology, community structure,
limits of growth as a function of pH, and mecha-
nisms of low pH tolerance. Several species of acido-
philic yeasts and filamentous fungi have been
identified that live at pH values as low as 1-2
(Magan, 1997). Examples include Acontium, Can-
dida, Cephalosporium, Cladosporium, Penecillium,
Rhodotorula, Saccharomyces, and Trichosporon
(Nordstrom and Southam, 1997; Magan, 1997). Both
autotrophic and heterotrophic bacteria can be found
and heterotrophs may be living symbiotically or at
least commensally with the autotrophs (Ledin and
Pedersen, 1996; Nordstrom and Southam, 1997). At
least six species of Acidiphilium, a genus of acido-
philic heterotrophs, have been identified in acid
mine waters. One of the most recent ones is Acid-



Downloaded by [Tshwane University of Technology] at 07:00 29 January 2014

510 D. KIRK NORDSTROM

iphilium multivorum (Wakao et al., 1994). Natural
photosynthesis in Acidiphilium rubrum using a
novel Zn-containing bacteriochlorophyll was dis-
covered by Wakao et al. (1996). Other acidophilic
heterotrophs include Pseudomonas, Bacillus, Micro-
coccus, Sarcina, Crenothrix, Microsporium, Aero-
bacter, and Caulobacter. Common green algae found
growing in acid waters include Chlamydomonas,
Chlorella, Chroomonas, Euglena, Hormidium, and
Ulothrix.

The dissolved and particulate carbon in some of
these waters could be substantially elevated from
microbial growth and decay. The waste products and
decay of one community could become the food for
the next trophic level. Ciliates and rotifers have
been found in microbial slimes with pH of 1.5 at the
Iron Mountain site in California (Robbins et al.,
2000). Some studies have been done on green algae
in acid mine waters and metal uptake has been
observed. Research gained from such studies might
help to improve the efficiency of bichydrometallur-
gical processes and might be utilized in metal atten-
uation for streams acidified by mine drainage. Our
understanding of microbial ecology in these envi-
ronments is very limited and many more important
discoveries have yet to be made.

Conclusions

The hydrogeochemistry and microbiology of min-
ing and mineral processing sites can be very com-
plex; the sites can be extremely costly and time-
consuming to clean up. The physical and chemical
trauma to the environment and the risks to human
health can be alleviated if proper planning for mini-
mizing environmental contamination is incorporated
into the initial plans for mining and processing. The
long-term costs and liability also are greatly
reduced. Some of the tools that can be applied to
comparing risks, predicting geochemical conse-
quences, and understanding the effects of sulfide
oxidation on water quality are outlined in this
review. The application of geochemical models has
greatly enhanced the quantification of these pro-
cesses and made it easier to predict probable conse-
quences of mining activities. The microbiology of
acid mine drainage is less advanced in terms of
understanding environmental processes and rates,
but holds promise for incorporating potential reme-
dial alternatives into clean-up activities.

Some of the greatest difficulties in applying mod-
els and biogeochemical processes are in the scaling

up of rates and mechanisms from laboratory studies
to the field. At field sites, our knowledge of water
flow paths is very limited and our knowledge of the
reactive surfaces available to air and water flow is
even worse. The types and amounts of microbial col-
onization (essential for understanding reaction
rates) along flow paths is largely unknown. Often
there are severe temperature gradients. Under-
ground mines are often inaccessible for direct obser-
vations. We cannot predict local and seasonal
weather conditions with much accuracy. Hence,
applying models to site-specific conditions involves
considerable uncertainties and extensive averaging
of properties, in addition to the large number of
assumptions that most models utilize. The objective,
however, is to improve our conceptual understand-
ing of how these complex systems work rather than
to make accurate predictions. Models often can
address specific questions very well. If the major
factors that lead to acid mine water production at a
site can be determined and models can be applied
with reasonable confidence, then the best form-
ulation for cost-effective remediation should be
possible.

Recent advances in the hydrogeochemistry and
microbiology of acid mine waters have greatly
increased our ability to understand and predict the
causes and consequences of mining activities. As
this knowledge is employed and incorporated into
mining and engineering practices and remediation
activities with proper hydrogeological studies, we
can expect to see more responsible mining activities
and more environmentally safe conditions (e.g.,
Plumlee and Logsdon, 1999). Hydrogeochemistry
and microbiology are interdependent and integrated
subjects in reality; they are only treated as separate
subjects here for the sake of convenient discussion.
Hopefully, this knowledge can be incorporated into
engineering practice, so that disasters such as the
waste impoundment failure in Spain (see the Seville
proceedings [Fernandez-Rubio, 1999] and the spe-
cial issue of Science of the Total Environment [Gri-
malt and Macpherson, 1999]), the cyanide spill in
Romania, and the deleterious consequences of mine
plugging can be avoided (Nordstrom, 1999).
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