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ABSTRACT: The oxidative dissolution of sulfide minerals
(principally pyrite) is responsible for the majority of acid
metalliferous drainage from mine sites, which represents a
significant environmental problem worldwide. Understanding
the complex biogeochemical processes governing natural
pyrite oxidation is critical not only for solving this problem
but also for understanding the industrial bioleaching of sulfide
minerals. To this end, we conducted a simulated experiment of
natural pyrite oxidative dissolution. Pyrosequencing analysis of
the microbial community revealed a distinct succession across
three stages. At the early stage, a newly proposed genus,
Tumebacillus (which can use sodium thiosulfate and sulfite as
the sole electron donors), dominated the microbial commun-
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ity. At the midstage, Alicyclobacillus (the fifth most abundant genus at the early stage) became the most dominant genus, whereas
Tumebacillus was still ranked as the second most abundant. At the final stage, the microbial community was dominated by
Ferroplasma (the tenth most abundant genus at the early stage). Our geochemical and mineralogical analyses indicated that
exchangeable heavy metals increased as the oxidation progressed and that some secondary sulfate minerals (including jarosite and
magnesiocopiapite) were formed at the final stage of the oxidation sequence. Additionally, we propose a comprehensive model of
biogeochemical processes governing the oxidation of sulfide minerals.

B INTRODUCTION

The oxidation of sulfide minerals (principally pyrite) plays a
key role in the biogeochemical cycling of iron and sulfur.

However, this oxidation process may have harmful con-
sequences for the environment, because it can produce
excessive quantities of acidic, metal-rich drainage from mine
sites.” In the past two decades, many efforts have been made to
improve our understanding of the biogeochemical processes
involved in oxidation of sulfides,* ® which is essential not only
for developing efficient approaches for dealing with the
environmental pollution caused by oxidation but also for
bioleaching of sulfide minerals. As the most abundant sulfide
mineral in nature, the oxidation of pyrite (FeS,) has been
investigated more extensively than any other sulfide mineral.”®
Based on geochemical and mineralogical data from many
previous studies, the mechanism of chemical oxidation of FeS,
has been proposed, summarized by the following equations:”

FeS, + 6Fe’™ + 3H,0 — S$,0,"” + 7Fe’* + 6H™ (1)

$,0,>” + 8Fe’" + SH,0 — 2SO} + 8Fe’* + 10H*
@)
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In this thiosulfate mechanism, the Fe—S, bond can only be
broken by the attack of Fe**. Thus, Fe®* has been considered as
the most important oxidant for FeS, dissolution in nature.’

Geomicrobiological studies on the oxidation of mine tailings
and acid mine drainage (AMD) have shown that some Fe-
oxidizing microorganisms, such as Acidithiobacillus ferrooxidans,
Leptospirillum ferrooxidans, and Ferroplasma acidiphilum, can
greatly enhance the oxidation of pyrite, by oxidizing Fe** and
rapidly replenishing the oxidant Fe**.® In addition, some S-
oxidizing microorganisms, such as Acidithiobacillus thiooxidans
and Acidithiobacillus caldus, have been also found to be strongly
involved in pyrite oxidation, wherein they can generate sulfuric
acid via oxidation of intermediary sulfur compounds.®

Despite these important advances, we still have a relatively
limited understanding of the elaborate mechanisms responsible
for the oxidation of the naturally occurring mineral pyrite in the
environment. In particular, very little is known about the
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potential shifts in community structure of microbes associated
with the oxidation. There are several underlying reasons for
this. First, the oxidation of natural pyrite in the environment
involves a set of complex biogeochemical processes in which
many microbes may have different roles.'® However, a majority
of previous studies have attempted to address these processes
using either pure pyrite or pure cultures of individual
microbes."”'* In some cases, where natural pyrite and mixed
cultures of several microbes were used, pyrite was added in
reactors at very low concentrations (<109%).">" It is apparent
that the experimental conditions of these previous studies did
not reflect the real situations of natural pyrite oxidation in the
field. Second, characterizing the biogeochemical processes
involved in oxidation of natural pyrite will require the assay
of a series of samples that may represent different stages of the
oxidation process through a combination of geochemical,
mineralogical, and microbiological approaches. The typical
method for profiling a microbial community based on 16S
rDNA clone library analysis is laborious, costly, and time-
consuming, which diminishes its utility in studies that may
require a relatively large sample size.'> Thus, there have been
very few good empirical studies that couple the geochemical
and/or mineralogical measurements of pyrite oxidation with
the shifts in community composition of the microbes
associated.”'® Third, mine sites are highly disturbed ecosys-
tems, and the oxidation process of natural pyrite in these
ecosystems can be frequently interrupted by various random
factors. This implies that it is a challenge to track the oxidation
process in the field and to obtain appropriate samples
representing different stages of the process. Lastly, most
previous studies addressing the biogeochemical processes
involved in natural pyrite oxidation by analyzing environmental
samples have focused on either pyrite-containing mine tailings
or AMD rather than pyrite per se.>~*'%!7

It is only quite recently that next-generation high-throughput
pyrosequencing has been applied to analyze the microbial
community composition of environmental samples."® This new
technology eliminates the need for laborious cloning of DNA,
making possible the sequencing of DNA from many different
samples simultaneously, so allowing researchers to characterize
many microbial communities more rapidly and more cheaply
than previously possible."

In the present study, we used pyrosequencing to characterize
microbial communities associated with the oxidation of natural
pyrite and thereby further address the linkages between the
geochemistry, mineralogy, and microbiology of the oxidation
process. Specifically, the objectives of this study were to (1)
investigate the potential shifts in microbial community
composition of samples representing different stages of natural
pyrite oxidation; (2) determine the differences between the
samples in geochemical and mineralogical characteristics; and
(3) explore the biogeochemical processes governing natural
pyrite oxidation. For these purposes, we conducted a simulation
experiment of pyrite oxidation in the field using naturally
occurring mineral pyrite but without the intentional addition of
microbes under greenhouse conditions, which was expected to
reduce disturbances to the oxidation process.

B MATERIALS AND METHODS

Simulation Experiment. Owing to the difficulty of
tracking natural pyrite oxidation in the field, we conducted a
simulation experiment with natural pyrite under greenhouse
conditions. The experiment was performed with an artificial
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system established on June 26, 2009 in a ventilated greenhouse
on the Sun Yat-sen University campus. A 1 X 1 X 1 m cement-
lined pit was constructed and then filled with approximately 5 t
of natural pyrite particles (<S cm in diameter) collected from
Yunfu Pyrite Mine, which is the richest pyrite mine in China.*
Specifically, pyrite content for the natural pyrite used in this
study was 23%. Four PVC pipes (approximately 15 cm in
diameter and 1.2 m in height) were inserted into four holes
located in the four corners of the pit (Supporting Information,
Figure S1). To simulate the oxidation of natural pyrite in the
environment, we exposed the pyrite to wetting and drying
cycles, with the pyrite partly immersed in the fluid during the
wetting process. At the beginning of each cycle, sterilized water
was added to the pit through the pipes (with each pipe received
near equal amount of water per time, Figure S1). Unlike
previous studies, intentional addition of microbes was excluded
from this experiment, because we believed that such a design
better reflects the real field situation.

Sampling. We attempted to track the temporal dynamics of
oxidation of the natural pyrite and collect representative
samples at different stages of the oxidation process. Thus, we
determined the pH of the pyrite weekly, given that a direct
consequence of pyrite oxidation is a decrease in pH.>!
However, we did not observe any remarkable decrease 2
years after the experiment was set up, which further confirmed
the difficulty of tracking the oxidation process of natural pyrite.
To reduce the cost of time and labor, we measured the pH of
the pyrite each month from July 2011. The expected gradual
decrease in pH was not recorded; instead, a sudden decrease in
pH (<3) was recorded at the end of a drying process in
November 2011 (Figure S1). At the same time, the
characteristic yellowish-red deposits (“yellow boy”), which are
expected to be formed when the pyrite oxidation begins, were
observed in some surfaces of the pyrite (Figure $1).*** In such
circumstances, we had to employ a space-for-time substitution
sampling approach. Specifically, to obtain samples that were
likely to represent different stages of the pyrite oxidation
process, a total of 29 samples showing no, slight, and strong
signs of oxidation (principally color, texture, and degree of
concretion)** was collected in November 21, 2011. Samples
were collected from the top 1 cm surface with sterile spoons,
transferred to sterile culture bottles, stored in ice boxes,
transported to the laboratory, and stored at 4 °C for subsequent
analyses. We divided our samples into three groups according
to their pH (see Table 1 for more details). These groups of
samples were used to represent the following three stages of the
pyrite oxidation process: the early stage (pH > 5), 8 samples;
the mid stage (3 < pH < S), 6 samples; the final stage (pH < 3),
1S samples. This was done largely based on a notion that the
mine tailings with pH < 3 and pH > 5 can be considered as
“actively oxidizing” and “unoxidized”, respectively.”> It should
be noted that the three groups of our samples showed a
random spatial distribution within our study area (ie., the
sampling zone within the pit, Figure S1). In this sense, our
study seemed to be different from those typical studies using
the “space-for-time” approach,”*™>® because samples of the
latter often show an apparent spatial distribution (i.e.,
nonrandom) pattern within the study areas. This discrepancy,
however, did not undermine the assumption of the “space-for-
time” approach, because we demonstrated that our samples did
show substantial differences in chemical and mineralogical
characteristics (see the Results and Discussion section for more
details). These differences were comparable to those observed
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for temporal sequences in previous studies involving the
oxidation of pyrite-containing materials.”**”** There were at
least two possible reasons for the random spatial (ie.,
heterogeneous) distribution of our samples. On the one
hand, there is evidence that attachment of Fe-oxidizing microbe
cells to a mineral surface can increases the rate of oxidation of
sulfide minerals,® although such an attachment is a random
process (as exemplified by the random distribution of the cell-
sized and -shaped dissolution pits in the mineral surface).>> On
the other hand, burrowing into the pre-existing cracks, fissures,
and pores in sulfide minerals can facilitate the attachment of Fe-
oxidizing microbes to the mineral surface; however, this
burrowing process also seems to be random due to the fact
that other microbes can also occupy the “niche” space.**™>*

Chemistry. Electrical conductivity (EC) and pH were
measured in situ by use of specific electrodes. Redox potential
(Eh) was determined using an Ag/AgCl reference electrode.
Ferrous and ferric ions were measured immediately after
sampling by an UV colorimetric assay with 1,10-phenanthroline
at 530 nm wavelength. Moisture content was measured as the
difference in sample weight before and after drying at 105 °C
for 12 h. The samples were air-dried for analysis of other
geochemical characteristics. Sulfate was extracted by deionized
water and detected using a 1 mM NaHCO;/8 mM Na,CO;
eluent at a 1.0 mL min~" flow rate through an IonPac AS14A
column. Total sulfur was oxidized to sulfate by Mg(NO;), and
determined by a BaSO,-based turbidimetric method. Total C
was determined using an elemental analyzer (Vario EL,
Elementar, Hanau, Germany). Total N was measured by
Kjeldahl digestion procedures, and total P was determined
colorimetrically by the ascorbic acid method at 700 nm
wavelength. Total concentrations of heavy metals (Fe, Pb, Zn,
Cu, Cd, and Mn) were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES; Optima
2100DV, PerkinElmer, Massachusetts, U.S.A.) after digestion
with an HNO,;/HCI/HF mixture. Five fractions of heavy metals
(exchangeable, bound to carbonates, bound to Fe—Mn oxides,
bound to organic matter, and residual) were extracted®® and
measured by ICP-OES.

X-ray Diffraction (XRD). For each sample, 1 g of air-dried
subsample was ground and homogenized for XRD analysis. X-
ray diffractions were performed with a Rigaku Model D/Max-
IIIA Powder diffractometer (Cu Ko radiation, operated at 35
kV and 25 mA) in order to identify the crystalline phase in the
samples. Continuous scans were taken over a 26 range of 5° to
80° at a speed of 3° min™". The analysis of diffraction data was
carried out using JADE 5.0 software (Materials Data, Inc.,
Livermore, U.S.A.) and the PDF4+ database (ICSD). We used
a standard (i.e., the reference intensity ratio, RIR) method for
quantitative analysis of every phase in our samples as shown by
XRD. The RIR is defined as the ratio of the intensity of the
strongest peak of a phase to that of an internal standard (i.e.,
corundum) when the phase is mixed 1:1 by weight with
corundum.*”*®

Scanning Electron Microscopy (SEM). To reveal
potential changes in surface morphology of pyrite samples
representing different oxidation stages, a fraction of each
sample was air-dried, homogenized, carbon-coated, and
observed using a field-emission scanning electron microscopy
(model JSM-6330F, JEOL, Tokyo, Japan).

DNA Extraction and Bar-Coded Pyrosequencing. An
indirect method was employed to recover microbial cells from
the samples.*” Then the community DNA of microbes was
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extracted using a FastDNA Spin kit (Bio 101, Carlsbad, CA,
U.S.A.) according to the manufacturer’s protocol. We used the
F515 and R806 primer set that was designed to amplify the
bacterial and archaeal 16S rRNA genes V4 hypervariable
region.** The R806 primer contained an 8-bp bar-code
sequence. PCR amplification (30 uL) was conducted in
triplicate under the following conditions: 30 cycles of
denaturation at 94 °C for 30 s, annealing at 50 °C for 1 min,
and extension at 72 °C for 1 min, with a final extension at 72
°C for 10 min. The PCR products from individual samples
were combined in equimolar ratio in a single tube,*' purified by
a QIAquick Gel Extraction Kit (Qiagen, Chatsworth, CA,
U.S.A.), and the composite DNA was sequenced using the GS
FLX Titanium pyrosequencing platform (454 Life Sciences
Corp., CT, U.S.A.).

Processing of 454 Pyrosequencing Data. Data were
processed and analyzed following the pipelines of Mothur*> and
Quantitative Insights Into Microbial Ecology (QIIME).* The
chimeric and low quality sequences were identified and
removed, whereas the 8 bp bar code was examined in order
to assign sequences to individual samples. The phylotypes were
defined at the sequence similarity level of 97%, and a
representative sequence from each phylotype was aligned
using NAST.* Taxonomic classification of each phylotype was
determined using the Ribosomal Database Project (RDP) with
a minimum confidence of 80%.*> The number of quality
sequences for individual samples ranged from 634 to 3883. To
reduce the potential bias of variation in sequencing depth, 634
randomly selected sequences were used for each sample for
further analyses (OTU richness, phylogenetic diversity, Chaol,
Shannon and Simpson index). Sequences were compared using
BLAST against NCBI-nr database with default parameters and
have been deposited in the European Nucleotide Archive under
accession number ERR445557. The sequence similarities
between the dominant genera (whose average relative
abundances >1% in at least one stage) in this study and the
reference species (sequences) were provided in Table S1.

Statistical Analysis. All statistical analyses were performed
using SPSS 18.0 software (SPSS, Inc.,, Chicago, U.S.A.). One-
way ANOVA was carried out for the three pyrite oxidation
stages to test for differences in geochemical, mineralogical, and
microbial characteristics. Differences between means were
tested by least significant difference (LSD) at the 5% level.
To explore any correlations between the geochemical and the
microbial characteristics of our samples, a robust multivariate
analysis method (canonical correspondence analysis, CCA)*®
was used (see the Supplementary Note in Supporting
Information for more details). This method was chosen,
because relationships between species abundance or occurrence
probability and environmental variables are often unimodal,
Whicz}ds makes other linear-based multivariate methods unsuit-
able.

B RESULTS AND DISCUSSION

Geochemical Characteristics of Samples Representing
the Three Stages of Pyrite Oxidation. The total S contents
of the pyrite samples were higher than 20% (Table 1), showing
that the natural pyrite used in this study can be considered as
midgrade pyrite. The pyrite was further characterized with low
contents of C, N, and P (Table 1), indicating nutrient
deficiencies. At the early stage of oxidation, pyrite showed an
average pH value of 5.6, which dropped dramatically to 2.5 at
the final stage (pH < 3, Table 1). In contrast, EC, Eh,
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a

Table 1. Geochemical Properties (means + SEs) of Samples Representing the Three Stages of the Pyrite Oxidation

T-P

T-N

182 + 30ab

Fe2+
2.3 + 0.9b

E e3+
2.5 + 0.4b

Neka
25 + 6b

T-C
1.2 £ 0.1a

T-Fe
34 +

moisture content

Eh
135 + 46b
178 + 69b
667 + 69a

EC
1981 + 109¢
4065 + 230b

pH
5927 + 64a

5.6 + 0.19a

sample

pH>S

17 + 7a
13 + 4a
13 + 2a

219 + Sla

43 + 1.1a

4.6 + 0.4b
14 + 1a

la

32 + 1a

25+ 1a

22 + 1a

24 + 1.1b

4.2 + 0.22b

+ 7b
69 + 6a

27

12 £ 0.1a

2.3 + 0.3b
12 + 1a

2.5 + 0.24¢

S>pH >3

pH <3

105 + 13b

2.0 + 0.2b

1.0 £ 0.1a

“Within each column, mean values followed by different lower-case letters after SEs are significantly different from each other (p < 0.05, LSD). EC, electrical conductivity (uS cm™); Eh, redox potential
(mV); moisture content (%); T-S, total sulphur (%); T-Fe, total Fe (%); T-C, total carbon (%); SO,*~ (g kg™'); Fe** and Fe** (g kg™'); T-N, total nitrogen (mg kg™'); T-P, total phosphorus (mg kg™").

5540

concentrations of SO,2~ and Fe**, and moisture content
increased significantly as oxidation progressed, being consistent
with the results of the previous studies addressing pyrite
oxidation using pure pyrite, pure cultures of microbes, or pyrite-
containing miif tailifr)lérs.m’ 017297324750 o2+ concentlg}t’;ons
did not show any significant trend (Table 1), which was likely
due to the fact that Fe** was easily oxidized. In addition, the
molar ratio of net Fe** to SO, decreased from 0.158 at the
early stage to 0.05 at the final stage, which was much lower than
the theoretical expected value (ie., 0.5) at steady state, and
indicated a stronger extent of secondary sulfate mineral
formations and reoxidization Fe®" at the final stage.

It has frequently been reported that pyrite oxidation is
associated with increased mobility of the heavy metals existing
in the crystalline structures of the mineral.'®'”**%'753 In
agreement with this, our results showed that the percentages of
exchangeable fractions of Pb, Zn, Cd, and Mn increased
significantly (p < 0.05) as the oxidation progressed (Figure S2).
On the other hand, no clear trend was found for the
percentages of these heavy metals in the residual fraction,
indicating that this fraction was not easily oxidized.*®

Mineralogical Characteristics of Samples Represent-
ing the Three Stages of Pyrite Oxidation. The XRD
analysis indicated that the surface of the pyrite samples at the
early and mid stages of oxidation consisted largely of calcite,
quartz, pyrite, and gypsum (Table S2), which was similar to the
results from an investigation of the mineralogical composition
of samples collected from Rio Tinto deposits in Spain.>* It
should be noted that the relative content of pyrite (21%)
recorded here was relatively low, considering that the total S
content of the pyrite samples was >20% (Table 1). A possible
reason for this was that the majority of pyrite in the surface of
the mineral was oxidized.>® At the final stage, the relative
content of pyrite was not significantly (p > 0.05) different from
those of the early and mid stages. However, the relative content
of calcite decreased markedly from 23% at the early stage to
14% at the final stage (Table S2), in agreement with the finding
that chemical oxidation of pyrite was able to increase the
dissolution of calcite.’® In contrast, the relative content of
gypsum was found to increase dramatically from 8% at the early
stage to 27% at the final stage (Table S2). This result was
expected, because it has been proposed that the Ca** and SO,*~
within the gypsum from the sulfide-rich environments are
derived from pH-buffering reactions between pore water and
Ca-bearing carbonates and the oxidation of sulfide minerals,
respectively.’> Indeed, gypsum has been considered as a
common initial cementing phase within the cemented layers
in sulfide-bearing environments,*>*® where pyrite oxidation
occurs naturally. It has been also noted, however, that the
dominance of gypsum is likely to be replaced with that of
jarosite, because the pH decrease associated with pyrite
oxidation favors the precipitation of jarosite.””> In agreement
with this, jarosite (with a relative content of 10%) was detected
at the final stage but not at early and mid stages (Table S2).
Although goethite was not detected in this study, it should be
noted that the precipitation of secondary minerals (such as
gypsum, jarosite, and goethite) can lead to an incomplete
oxidation of the pyrite, because the formation of either a
gypsum/jarosite-based cement or a goethite-rich cement is able
to restrict the diffusion of the oxidizing agent through the
pyrite.>*>* Additionally, another secondary sulfate mineral
(magnesiocopiapite), which has been reported as a component
of precipitation in environments where pyrite oxidation has

dx.doi.org/10.1021/es500154z | Environ. Sci. Technol. 2014, 48, 5537—5545



Environmental Science & Technology

100% -

80% -

60% -

40% -

20%

0% -

M Unclassified

N
[¢)]

M Other Archaea

M Other Bacteria

W Gammaproteobacteria

M Deltaproteobacteria

M Betaproteobacteria
Alphaproteobacteria

M Acidobacteria

M Actinobacteria
Nitrospira

M Euryarchaeota

M Firmicutes

All samples
(average)

pH>5

5>pH>3

pH<3

Figure 1. Relative abundance (%) of the dominant microbial phyla in all the samples and those representing the three stages of pyrite oxidation.
Those phyla with an average relative abundance of >1% in at least one stage were defined as dominant ones. The figures above the bars indicate the

sample size.

occurred,***”%® was recorded at the final stage with a relative
content of 8%, although it was not detected at the earlier stages
(Table S2). Further studies are clearly needed to elucidate the
effects of various secondary minerals on the oxidation of natural
pyrite.

Representative SEM photomicrographs of the pyrite samples
are shown in Figure S3. The cubic pyrite crystal was relatively
complete and the particle surface was smooth at the early stage,
but the surface became increasingly rough as the oxidation
progressed, which is consistent with SEM observations of the
mineralogy of pyrite oxidation by different chemical oxidants
made by others.*”* This change in surface morphology, in
turn, would have important effects on natural pyrite oxidation,
because oxidative dissolution of pyrite-rich mine tailings was
reported to be sensitive to surface imperfections and changes in
surface area.'’ The small brighter patches in the surfaces of
pyrite at mid and final stages were likely attributed to the
secondary sulfate minerals (Figure S3) precipitated onto the
cubic pyrites crystal after evaporation.”*® Additionally, some
surfaces of pyrite at the final stage contained deep euhedral pits,
which are considered as typical etched-pitted texture of pyrite
results from active oxidation. A similar observation using SEM
has been reported for the mineralogical characteristics of the
oxidized pyrite AMD sediments at Iron Mountain (California,
USA).%®

Microbiological Characteristics of Samples Repre-
senting the Three Stages of Pyrite Oxidation. The bar-
coded pyrosequencing analysis of microbial communities across
all the 29 samples generated 64 150 quality sequences, with the
sequences for individual samples ranging from 634 to 3883
(Table S3). In total, 1226 OTUs were identified in the
complete data set, with an average of 53 OTUs per sample.
These OTUs had a Chaol index value ranging from 10 to 331.
Over 99% of the OTUs could be assigned to a taxonomic group
(phylum) by the RDP classifier (80% threshold). It was evident
that the bacterial phylotype richness and phylogenetic diversity
in all the pyrites samples were significantly related with pH (p <
0.01; Figure S4). In total, 19 phyla were identified. The
dominant phyla were Firmicutes, Euryarchaeota, Proteobacteria,
and Nitrospira (relative abundance >$%), whose sequences
accounted for >94% of the total (Figure 1). Additionally, the
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phyla that were less abundant but still observed in most of the
samples included Actinobacteria and Acidobacteria (Figure 1).

The relative abundance of different phyla varied considerably
across the three stages of pyrite oxidation (Figures 1 and SSA).
Specifically, the relative abundance of Firmicutes, Proteobacteria,
Actinobacteria, and Bacteroidetes significantly decreased as the
oxidation progressed (Figure SSA). In particular, the relative
abundance of Firmicutes and Proteobacteria decreased from 53%
to 27%, and 32% to 3.2%, respectively. By contrast, the relative
abundance of Euryarchaeota increased dramatically from 0.88%
at the early stage to 47% at the final stage (Figure SSA),
indicating the important roles of the archaea in pyrite oxidation.
These results were consistent with our previous findings that
the relative abundance of the archaea increased markedly as the
oxidation of pyrite-containing mine tailings progressed.'®'”
However, contrasting results have been reported by other
researchers. A detailed quantitative real-time PCR and
fluorescence in situ hybridization analysis of microbial
communities involved in pyrite oxidation found that archaea
occurred only in low numbers in the oxidized zones (pH: 3—4)
of two pyrite-containing tailings located in Europe.”
Furthermore, no archaea were detected in the oxidized zone
of a pyrite-containing mine tailings in Chile.” One possible
explanation for this discrepancy was that the low abundance
(even disappearance) of the archaea in the mine tailings was
likely attributed to the fact that the archaea reported to be
relevant for pyrite oxidation are extremophiles,” and the pH
conditions of the mine tailings were not optimal for the growth
of the archaea.

At the genus level, the microbial composition also differed
greatly across the three stages of the oxidation and displayed a
distinct succession (Figures 2 and SSB). At the early stage, the
most dominant genus was Tumebacillus, followed by
Thiobacillus, Brevundimonas, Dyella, Alicyclobacillus, Rubrobacter,
Thiomonas, Bacillus, Sphingomonas, and Ferroplasma (Figure 2).
At the mid stage, Alicyclobacillus (the fifth most abundant genus
at the early stage) became the most dominant genus, whereas
the abundance of Tumebacillus decreased significantly (p < 0.0S,
Figure SSB) as compared to that at early stage but was still
ranked as the second most abundant genus. At the final stage,
Ferroplasma (whose relative abundances at the two earlier
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Figure 2. Relative abundance (%) of dominant microbial genera in
samples representing the three stages of pyrite oxidation. Those genera
with an average abundance of >1% in at least one stage are defined as
dominant ones.

stages were about 1%) became the most dominant genus (with
a relative abundance of 46%), followed by Leptospirillum,
Sulfobacillus, Alicyclobacillus, and Acidithiobacillus (Figure 2).
Surprisingly, Tumebacillus is a newly proposed genus, and only
three species of this genus are currently recognized.61_63 At the
present time, there has been no reéport of the occurrence of this
genus in mine environments.” However, the numerical
dominance of this genus at the first and mid stages highlighted
a possibility that Tumebacillus is likely to play an important role
in sulfur oxidation at the two stages. In support of this, two
species of Tumebacillus were shown to be able to use sodium
thiosulfate and sulfite as sole electron donors,®"® leaving
another species being untested for its ability in sulfur
metabolism.> Four additional abundant genera (Thiobacillus,
Alicyclobacillus, Thiomonas, and Ferroplasma; Figure 2) at the
early stage have been reported to include members with sulfur-
oxidizing capacity.® The predominance of sulfur-oxidizing
genera at the early stage indicated that sulfur oxidation was a
major biogeochemical process at this stage. In contrast, the
genera predominating the final stage were those with members
having Fe- or sulfur-oxidizing capacities (Ferroplasma, Lep-
tospirillum, Sulfobacillus, and Acidithiobacillus; Figure 2),
indicating a possibility that iron and sulfur oxidation occurred
at similar intensity at this stage. However, it is worth pointing
out that the exceptionally high relative abundance of

Ferroplasma at the final stage suggests that members of this
genus are likely to play a critical role in oxidation of the natural
pyrite,'®"” because they can oxidize Fe** rapidly into Fe*,
which can attack pyrite directly and widely considered as the
most important oxidant for pyrite oxidation.® In addition, it
could not be excluded that the predominance of Ferroplasma
was partly attributed to its extremely high tolerance of a low
pH, given that the relationship between low pH and % pyrite
content is not necessarily directly a proportional one.

Correlations between Geochemical and Microbial
Characteristics of Samples Representing the Three
Stages of Pyrite Oxidation. The CCA result showed that
the abundances of a majority of the dominant microbial genera
(including Ferroplasma, Sphingomonas, Leptospirillum, and
Sulfobacillus) were most closely correlated with EC and pH
(see Figure S6 and the Supplementary Note for more details),
the changes of which are generally a result of pyrite oxidation.
This finding can be largely explained by either the varying pH
tolerance of these genera or their involvement in different
stages of pyrite oxidation. For example, as mentioned above,
the extremely high tolerance of Ferroplasma to low pH was
likely a cause of the increased predominance of this genus with
decreasing pH (Figure S6).

Biogeochemical Model of Sulfide Mineral Oxidation.
Combining our results with those from the previous
studies,”®”!” we propose a biogeochemical model of sulfide
mineral oxidation (Figure 3 and Table S$4), which can facilitate
the understanding of the couplings between geochemical,
mineralogical, and microbial dynamics. The biogeochemical
process is initiated at neutral pH by the release of ferrous iron
(Fe?"), which can be easily oxidized into Fe** by O,. The ferric
iron is then able to oxidize pyrite and other sulfide minerals by
reacting with the mineral surface directly. It is widely accepted
that Fe-oxidizing microbes can greatly increase the rate of
oxidation by regenerating Fe>* efficiently,® although there is no
consensus as to whether the cells of these microbes are attached
to the mineral surface when they are functioning. It should be
noted, however, that Fe** is not soluble in water when the pH
is >3.5, where Fe®* will be precipitated as oxyhydroxide. This
process releases H and lowers the pH, which will reinitiate the
oxidation of sulfide minerals by facilitating Fe®* remaining in
solution. On the other hand, some microbes, including
Acidiphilium cryptum, Ferribacterium sp., and Bacillus sp., can
reduce Fe’* to Fe" 5% However, the abundance of these
microbes tends to decrease as sulfide mineral oxidation
progresses (e.g, Bacillus sp. in this study, Figure 2). It has
been proposed that acid-insoluble (e.g., FeS,) and acid-soluble
(e.g, FeS) sulfide minerals are oxidized through a “thiosulfate
mechanism” and a “polysulfide mechanism”, respectively.” In
the thiosulfate mechanism, the most important intermediate
product is S,0,>7, which can be used as an energy source and
produce SO,>” by sulfur-oxidizing microbes, such as Acid-
ithiobacillus thiooxidans, A. caldus, and A. ferrooxidans. In the
polysulfide mechanism, the most important intermediate
product is S,>”, which can be either oxidized chemically by
Fe*" or biologically by sulfur-oxidizing microbes to rings of
elemental sulfur (mainly Sg). Sg can only be oxidized by sulfur-
oxidizing microbes (e.g, A. ferrooxidans, A. thiooxidans, A.
thiooxidans, and A. caldus) generating SO,>”. Common to both
these two mechanisms is the regeneration of Fe**, which is
oxidized again by Fe-oxidizing microbes, such as Ferroplasma
acidiphilum, Leptospirillum ferriphilum, L. ferrooxidans, and L.
ferrodiazotrophum. As sulfide mineral oxidation progresses, pH
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Figure 3. Proposed biogeochemical model of sulfide mineral oxidation. The most relevant microbes found in this study and reported by others are
shown. Mineral abbreviations: Cal, calcite; Fh, ferrihydrite; Gp, gypsum; Gt, goethite; Jt, jarosite; Mc, magnesiocopiapite; MS, metal sulfide minerals;

Py, pyrite; Sh, schwertmannite.

will greatly decrease, and then divalent cations, SO,*, and
protons are released. At low pH (<3) under oxidizing
conditions, Fe** can be readily hydrolyzed to form secondary
minerals, such as ferrihydrite, goethite, schwertmannite,
jarosite, magnesiocopiapite, and other Fe(III) hydroxides.®®
The acid conditions also favor silicates dissolution, which may
release the necessary K' and Mg®* for jarosite and
magnesiocopiapite formation.°® Zn?*, Cu®, Mn?*, and Pb**,
generated from oxidation of metal sulfide minerals (e.g,
sphalerite, chalcopyrite, and galena), can also form secondary
minerals by adsorption. Carbonate minerals (such as calcite)
associated with metal sulfide minerals can be dissolved by H",
so that the relative content of calcite may decrease as the
oxidation proceeds, while the released Ca** can combine with
SO, to form gypsum (CaSO,).

In summary, the information gathered here not only
improves our understanding of the complex biogeochemical
processes governing the natural pyrite oxidation but also has
important implications for remediation of acid metalliferous
drainage and industrial bioleaching of sulfide minerals.
Notwithstanding, there is a clear need to conduct more
experiments to confirm our novel finding that the newly
proposed genus Tumebacillus is likely to play an important role
in natural pyrite oxidation. In addition, further study is needed
to evaluate the general applicability of the findings of this study,
given that the spatial distribution of our samples is more
heterogeneous than previously thought. Nevertheless, if the
results we observed are indeed general, considering not only
the well-known “bioleaching” microbes but also Tumebacillus,
they offer great promise in both the management of
environmental pollution associated with pyrite oxidation and
the bioleaching of sulfide minerals.
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