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Abstract Mineral processing in bioreactors has become
established in several countries during the past decade with
industrial application of iron- and sulfur-oxidizing bacteria
to release occluded gold from mineral sulfides. Cobalt ex-
traction in bioreactors has also been commercialized, and
development of high-temperature biooxidation of copper
sulfides has reached pilot-plant scale. A variety of poten-
tially useful mineral sulfide-oxidizing thermophiles have
been recognized, but the most active strains have not been
fully characterized.
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Introduction

The development of industrial mineral processing in
bioreactors has utilized mineral sulfide-oxidizing acido-
philes (Rawlings 1997). Many of the described species have
been found in both natural and industrial environments, for
example, in proximity to sulfurous geothermal springs and
at mine sites that have acidic drainage. The heterogeneous
conditions in such environments with gradients of tempera-
ture and acidity support a wide diversity of acidophiles. The
most useful mixed cultures or individual strains can be se-
lected for their oxidative capacities and their adaptability
with regard to industrial mineral-processing conditions.

Progress continues to be made in identifying key organisms
in mineral sulfide oxidation and in identifying factors that
influence their activities and their relative numbers in mixed
cultures, where elements of competition and mutually
beneficial interactions have been observed. A summary of
mineral-processing bioreactors and cultures used in indus-
try is presented, followed by discussion of recent microbio-
logical and process developments with thermoacidophiles
that could expand the range of mineral sulfides processed
commercially using microorganisms.

Commercial bioreactors

The successful operation of mineral-processing bioreactors
at the Fairview mine in South Africa led to commissioning
of several similar plants in the early 1990s (Table 1). In
these reactors, gold has been liberated from sulfides (arse-
nopyrite, pyrite, and pyrrhotite) before its downstream re-
covery by cyanidation. Several modules of reactors in series
at the largest plant have treated approximately 1000 tonnes
of refractory gold concentrates per day (Table 1). Commer-
cial extraction of less valuable metals has begun with bacte-
rial oxidation of cobaltiferous pyrite in the largest reactors
in use for mineral bioprocessing with tank volumes of
1350m3 (d’Hugues et al. 1999; Briggs and Millard 1997).
The development of bioreactor processes for nickel and
copper extraction from mineral sulfide flotation concen-
trates has reached pilot-plant scale (Dew et al. 1999). Most
industrial plants for biooxidation of gold-bearing concen-
trates have been operated at about 40°C with mixed
cultures of mesophiles and, in some cases, thermotolerant
organisms. Moderately thermophilic bacteria were utilized
at the Youanmi plant at about 50°C (Table 1) (Miller 1997).
The potential of thermophilic Archaea in copper extraction
has attracted particular interest following recognition that
the most efficient oxidation of mineral sulfides that are most
recalcitrant to dissolution can be achieved using organisms
which tolerate the most extreme conditions (Brierley and
Brierley 1986; Norris 1990).



Bioreactor microflora

The mesophilic Thiobacillus ferrooxidans was the focus of
early studies of iron- and sulfur-oxidizing bacteria that
could be applied to mineral processing. However, another
iron-oxidizing acidophile, Leptospirillum ferrooxidans, has
been increasingly studied since its capacity to grow more
successfully than T. ferrooxidans in mixed cultures on pyrite
concentrates was observed (Norris and Kelly 1982; Helle
and Onken 1988). Phylogenetic inference from 16S rRNA
sequence data groups L. ferrooxidans with Nitrospira spe-
cies and not among the Protobacteria with T. ferrooxidans
(B.M. Goebel, personal communication). Competition be-
tween these iron-oxidizing bacteria has been reviewed
(Norris 1990; Rawlings et al. 1999a); factors cited in favor of
L. ferrooxidans include its greater tolerance of acidity,
greater resistance to inhibition by ferric iron, and greater
thermotolerance. Leptospirillum ferrooxidans outnumbers
T. ferrooxidans in the bioreactors at the Fairview mine (see
Table 1) (Lawson 1997). The relative numbers and distri-
bution of these bacteria in mine drainage (Walton and
Johnson 1992; Schrenk et al. 1998) and in an in situ
bioleaching operation (Hallman et al. 1992) have also been
related to localized ferrous/ferric iron ratios, acidity, and
temperature. Although individual bioreactors represent a
relatively homogeneous environment compared to these
sites, the operation of reactors in series with progressive
oxidation of substrate ensures variable concentrations
of iron and acid and consequently different ratios of
acidophiles in primary or secondary tanks (Lawson 1997).
Thiobacillus thiooxidans, which is incapable of pyrite degra-
dation in pure culture, can utilize the sulfide moiety of the
mineral when it is released by the action of iron-oxidizing
L. ferrooxidans (Norris 1983). Thiobacillus thiooxidans
initially shared attention with T. ferrooxidans in the study
of sulfur oxidation in bioleaching of metals, but just as
L. ferrooxidans has become recognized alongside T.
ferrooxidans for iron oxidation, Thiobacillus caldus
(Hallberg and Lindström 1994) rather than T. thiooxidans
has become recognized as the significant sulfur-oxidizing
bacterium in mineral-processing bioreactors that are oper-

ated at about 40°C (Rawlings et al. 1999b). The dominance
of T. caldus reflects its thermotolerance with a growth rate
that exceeds that of T. thiooxidans at temperatures above
about 30°C (Norris et al. 1986).

The species of moderately thermophilic bacteria that
were used in commercial bioreactors at about 50°C (Miller
1997) were not defined. Sulfobacillus species are the most
studied moderately thermophilic, mineral sulfide-oxidizing
acidophiles (Golovacheva and Karavaiko 1979; Norris et al.
1996). However, analysis of cultures from laboratory reac-
tors processing mineral sulfides at about 50°C have indi-
cated that Acidimicrobium ferrooxidans (Clark and Norris
1996) can outnumber Sulfobacillus species, while T. caldus
is the dominant organism overall (A. Cleaver and P. Norris,
unpublished data; noted in Dew et al. 1999).

The potential of thermophilic mineral sulfide-oxidizing
Archaea for biomining was evident enough to be reviewed
in 1986 (Brierley and Brierley), but pilot-scale development
work has only recently made progress toward their in-
dustrial application in bioreactors. The principal target of
high-temperature biooxidation of mineral sulfides is the
dissolution of chalcopyrite to release copper. Comparison
of chalcopyrite oxidation by mesophiles, moderate thermo-
philes, and thermoacidophilic Archaea has shown the effi-
ciency of extraction to increase roughly in proportion to
temperature up to about 80°C (Norris 1990; Norris and
Owen 1993). Comparison of mineral sulfide oxidation by
different Sulfolobus-like Archaea has considered their rela-
tive capacities for mineral oxidation (Norris and Owen
1992, 1993). Sulfolobus metallicus (optimum activity at
about 70°C, and referred to as Sulfolobus strain BC in early
studies) and Metallosphaera sedula showed greater capacity
for mineral dissolution than Acidianus brierleyi, but the
most rapid oxidation of pyrite and most efficient extraction
of copper from chalcopyrite were obtained with an
uncharacterized mixed culture of Sulfolobus-like organisms
capable of optimum activity at 80°–85°C. The nature of
uncharacterized cultures that grow optimally at about 80°C
and their capacity for copper extraction in continuous
bioreactors is considered further.

Diversity of high-temperature strains in pyrite
enrichment cultures

It has so far been difficult to grow some of the autotrophic,
iron-oxidizing thermoacidophilic Archaea on solid media,
which has hindered their purification and characterization.
The mineral oxidation capacities of cultures at the high
temperatures required for efficient extraction of copper
from chalcopyrite have mostly been assessed with mixed
enrichment cultures.

The establishment of pyrite enrichment cultures at about
80°C has been used to preclude survival of Sulfolobus
metallicus, which has dominated enrichment cultures estab-
lished at about 70°C with samples from various natural and
industrial acidic environments (unpublished observations).
Initial evidence for diversity within mineral-oxidizing

Table 1. Mineral-processing bioreactors operating in the early 1990s

Location Operating Tonnes Total
period per day capacity (m3)

Fairview, South Africa 1986–1991 10
1991– 40 900

São Bento, Brazil 1990–1995 150
1995– 110 1 160

Harbour Lights, 1991–1993 40
Australia

Wiluna, Australia 1993–1996 115
1996– 152 4 240

Youanmi, Australia 1994–1998 120 ~3 000
Obuasi, Ghana 1994–1995 720

1995– 1152 21360

Sources: D. Dew, Billiton Process Research (personal communication);
Dew et al. (1997)
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enrichment cultures at 80°C has come from comparative
SDS-PAGE of whole-cell proteins (Fig. 1). Some of the
water–sediment samples from geothermal sites that were
used to establish these enrichment cultures samples were
not collected by the authors and there are no details of the
precise sample sites, but these were geographically wide-
spread (hot springs at Krísuvík, Iceland; in Yellowstone
National Park, United States; two different hot springs at
Bandung, Java; and from Galway’s and Upper Gages
Soufrieres, Montserrat). Some enrichment cultures (e.g.,
cultures from Iceland and Montserrat) gave different elec-
trophoretic protein profiles soon after the cultures were
established but showed almost identical patterns after serial
subculture under the same conditions for several years (see
Fig. 1, lanes 1 and 2). In contrast, protein profiles of cultures
originating from Yellowstone National Park and Java have
remained relatively stable for several years and are differ-
ent from each other and the Iceland/Montserrat enrichment
culture profiles (Fig. 1), which has indicated that a variety of
organisms are active in mineral sulfide oxidation at high
temperature.

The diversity of strains within particular enrichment cul-
tures as opposed to between them is not yet clear, but at
least three species have been observed in one culture (data
not shown). The mixed nature of some of the cultures has
been indicated by comparative PAGE of cell extracts after
growth with different substrates. For example, serial culture
of the enrichment from Iceland in medium that contained
ferrous iron instead of pyrite as the substrate resulted in
many differences in the whole-cell protein profiles (Fig. 2,
lanes 1 and 2), indicating selection of a strain that was
probably a minor component of the pyrite enrichment cul-
ture. The profiles of major cell proteins of pure cultures of
these thermoacidophiles do not change greatly with this
substrate change, as illustrated with S. metallicus grown on

pyrite or ferrous iron (Fig. 2, lanes 4 and 5). Further ex-
amples of diversity among these thermoacidophiles have
come from isolation in pure culture from a Javan enrich-
ment culture of an iron-oxidizing strain with a protein pro-
file distinct from those of enrichment cultures from the
same area (see Fig. 1, lanes 4 and 5) and from sequencing of
ribosomal RNA genes from environmental samples (see
following).

Phylogeny of mineral-oxidizing thermoacidophilic
Archaea

In the absence of distinctive phenotypic characteristics that
might indicate its closest relatives, the Javan isolate ob-
tained in pure culture as noted earlier has been provision-
ally designated as a species of Metallosphaera to reflect its
phylogenetic proximity to the other species of this genus
(Fig. 3). The lack of definitive physiological or biochemical
characteristics that might allow the grouping of previously
undescribed isolates within particular subgroups of the
Sulfolobales (Fuchs et al. 1996) has been reflected in the
appearance of Sulfolobus species on various branches of
the thermoacidophile evolutionary tree (Fig. 3). The cur-
rent appreciation of the diversity of Sulfolobus-like organ-
isms is based largely on the study of strains that have been
readily isolated in the laboratory. The finding of novel
sequences of Sulfolobus-like rRNA genes that were most
readily cloned from DNA extracted directly from Mont-
serrat hot spring samples (Burton and Norris, unpublished
work; clones MS1 and MS2, Fig. 3) might indicate that
some strains make the transition to the laboratory less
readily than others or that their optimum growth conditions
have not yet been replicated. The relative phylogenetic

Fig. 1. SDS-PAGE of whole-cell proteins of Sulfolobus-like organisms
grown on pyrite at 78°C. Enrichment cultures were established with
samples from Iceland (lane 1), Montserrat (lane 2), United States (lane
3), and Java (lane 4). A pure culture (strain J1; lane 5) was isolated
from a Javan enrichment culture

Fig. 2. SDS-PAGE of whole-cell proteins of Sulfolobus-like organ-
isms. Enrichment cultures of a sample from Iceland (Ic) were grown at
78°–80°C on pyrite (pyr, lane 1) and on ferrous iron (Fe) in the absence
(lane 2) and presence (lane 3) of yeast extract. Sulfolobus metallicus
(Sm) was grown on pyrite (lane 4) or ferrous iron (lane 5) at 70°C
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placement of these novel sequences and those of Acidianus
infernus and Sulfolobus metallicus is currently uncertain,
with low bootstrap values (Fig. 3).

The capacity for iron and mineral sulfide oxidation
among these thermoacidophiles might be restricted to a
major phylogenetic subdivision of the order (Fig. 3) but
is nevertheless found in several distinct evolutionary
branches, which reflects the varied potential of strains for
efficient mineral sulfide oxidation under industrial condi-
tions. The more widespread distribution of the capacity for
sulfur oxidation among the thermoacidophiles increases the
possibility that mineral processing at high temperatures
might involve mixed cultures of iron- and sulfur-oxidizing
species from different genera, in a similar fashion to the
bacterial combinations seen at lower temperature and
noted earlier (for example, T. caldus with L. ferrooxidans).
In addition to the capacities of iron and sulfur oxidation
either in a single strain or in a mixed culture, application of
the extreme thermophiles will require strains with tolerance
of high concentrations of metals in solution and of agitation
in the presence of high concentrations of mineral solids.

Mineral oxidation at high temperature in
continuous culture

The enrichment cultures from the United States, Iceland,
Java, and Montserrat noted earlier have all been used to
oxidize mineral sulfides at high temperature and, as might
be expected from the indications of strain diversity in the

cultures, there were differences in mineral oxidation rates
and efficiencies (unpublished data). A demonstration of the
capacity of one of the enrichment cultures to maintain ex-
traction of copper from chalcopyrite in laboratory continu-
ous reactors is presented (Fig. 4). The steady-state pH was
1.3. The inoculum in this case was from another continuous
reactor that was fed continuously with chalcopyrite for
more than 30 days with a 3-day residence time. Details of
the metal extraction performance are not considered here,
but the attainment of roughly stable concentrations of
metals in solution indicated continuous growth and mineral
dissolution and a noteworthy tolerance of high metal ion
concentrations. The concentration of copper in solution in
such experiments varies with the mineral feed concentra-
tion and the copper content of the mineral concentrate. The
10% w/v mineral feed would ideally be more concentrated
for a commercial process, but the limited tolerance of
the thermoacidophilic Archaea of high solid concentrations
is an area of concern (Lindström et al. 1993; Norris
1997; Nemati and Harrison 1999). Some Sulfolobus-like
thermoacidophiles are inhibited by a few grams of copper
per liter (Huber et al. 1989; Miller et al. 1992), but the
tolerance shown in Fig. 4 of more than 20g copper/l has
been exceeded in other experiments in which the tolerance
has approached that of S. metallicus at more than 40g
copper/l (data not shown).

The efficiency of copper extraction from chalcopyrite by
thermoacidophiles is influenced by the characteristics of
individual mineral concentrates, but typical results with
laboratory-scale reactors (see Fig. 4) operated in series
have indicated between 40% and 60% copper extraction in

Fig. 3. An unrooted phylogenetic distance tree showing the relation-
ship between 16S rRNA gene sequences of thermophilic Archaea
(GenBank sequence accession numbers in brackets). Strains known to
oxidize ferrous iron and pyrite are underlined. MS1 and MS2 are se-
quences of rRNA genes that were cloned from Montserrat hot spring
sample DNA. “Metallosphaera” sp. J1 was isolated from a Javan en-
richment culture (see text) but has not been fully characterized. Boot-

strap values at nodes are from 100 estimations using maximum parsi-
mony (above the lines) and distance methods (below the lines). The
scale bar represents 0.1 substitutions per nucleotide position. Analysis
used the PILEUP programme of GCG (Genetics Computer Group,
University of Wisconsin) and DNADIST, DNAPARS, and FITCH
programmes of PHYLIP version 3.57 (Felsenstein 1995)
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primary reactors and more than 90% extraction in second-
ary reactors with overall residence times of about 6 days
(data not shown). The use of similar cultures in pilot-scale
trials has confirmed their capacity to perform successfully
under industrial conditions and increased the likelihood
of the development of mineral processing by thermoaci-
dophilic Archaea at industrial scale (Dew et al. 1999).
Specific 16S rRNA probes have been used successfully to
indicate the predominant species in a mixed culture in a
high-temperature, mineral-processing reactor in the labora-
tory (N. Burton, D. Clark, and P. Norris, unpublished data),
and it is anticipated that their use at larger scale will facili-
tate process understanding and development, at least from
the microbiological perspective.
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